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Welcome to the inaugural issue of Vessel Plus. This 
recently launched journal from OAE Publishing Inc., is 
an international, peer-reviewed, open access journal 
dedicated to publishing articles focused on vascular 
physiology, biology and disease.

I would like to thank and extend my gratitude to 
my co-editors, editorial board members, reviewers, 
members of OAE Publishing Inc., especially Sylvia 
Wang, as well as the contributing authors for creating 
this first issue.

Vessel Plus publishes articles related to all diseases 
caused by pathological change of blood vessels, 
including stroke, hypertension, aneurysm and 
coronary artery and peripheral vascular diseases and 
thrombosis. This journal focuses on the latest clinical 
and basic research on the prevention, treatment and 
prognosis of disease of the blood vessels including 
those of the arterial and venous circulation as well as 

the microcirculation.

In this issue, readers will find a diverse group of manuscripts. 
Sobenin et al.[1] have provided new insight into the 
nature of low density lipoprotein modifications in diabetic 
compared to non-diabetic patients. Schiavone et al.[2] 
have compared the mechanical performance of metallic 
compared to bioresorbable polymeric stents during the 
process of crimping and deployment using finite element 
modelling. Additionally, Dong et al.[3] have reviewed the 
potential therapeutic role of a mimetic peptide of the 
ubiquitin-interacting motif of epsin, through regulation of 
VEGFR2 signaling, in brain tumors.

This is indeed an exciting time for Vessel Plus. Our 
journal will allow rapid publication of manuscripts after 
rigorous peer review, free of charge to the authors with 
open access, facilitating widespread dissemination 
and impact on the field. Future special issues may 
include a thematic focus on original research as 
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well as reviews and editorials by luminaries in the 
field. We look forward to helping advance the field of 
vascular research by providing a premier medium for 
publication.
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Epsins, endocytic adaptor proteins required for internalization of ubiquitylated receptors, are 
generally upregulated in human cancers. It has been characterized that mice deficient of epsins 
in the endothelium inhibit tumor growth by dysregulating vascular endothelial growth factor 
receptor-2 (VEGFR2) signaling and non-productive tumor angiogenesis. Binding of the epsin 
ubiquitin (Ub)-interacting motif (UIM) with ubiquitylated VEGFR2 is a critical mechanism 
for epsin-dependent VEGFR2 endocytosis and degradation, indicative of epsin UIM as a 
potential therapeutic target. A Computer Assisted Drug Design approach was utilized to create 
the UIM mimetic peptides for the functional competition of epsin binding sites in ubiquitylated 
VEGFR2 in vivo. Specifically targeting VEGFR2 in the tumor vasculature, the chemically 
synthesized chimeric UIM peptide, UPI, causes non-functional tumor angiogenesis, retards 
tumor growth, and increases survival rates in several tumor models. The authors showed 
that UPI binds ubiquitylated VEGFR2 to form a supercomplex in an Ub-dependent fashion. 
Collectively, the UPI targeting strategy offers a potentially novel treatment for cancer patients 
who are resistant to current anti-angiogenic therapies. In this review, the authors outline the 
main points of this research specifically as a potential application for glioma tumor therapy.

Key words:
UPI peptide, 
epsin, 
cancer therapy, 
glioma, 
tumor angiogenesis
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INTRODUCTION 

Angiogenesis is essential for embryogenesis and 
postnatal tissue repair. Deadly cancers, however, 
can emerge from tumor angiogenesis, a physiological 
process involving the production of functional vessels 
for cancer cell embedment, colonization, growth, 
and metastasis. In 1971, Folkman[1] hypothesized 
that inhibition of tumor angiogenesis is a potentially 
powerful tool for cancer therapy.[2-6] With the 
identification of more and more new molecules 
modulating angiogenesis,[6-8] targeting tumor 
angiogenesis has become increasingly likely, and the 
concept of inhibiting tumor vessel growth has led to the 
discovery of vascular endothelial growth factor (VEGF) 
and the anti-VEGF antibody, Bevacizumab (Avastin). 
Bevacizumab is an angiogenic inhibitor approved by 
the U.S. Food and Drug Administration (FDA) for certain 
metastatic cancers such as colorectal cancer and lung 
cancers.[9] However, this approach centered around 
the major pathways including vascular endothelial 
growth factor receptor (VEGFR) or Notch signaling 
via direct or indirect modulations.[5,10-13] Because the 
therapeutic efficacy of Bevacizumab is mild in clinical 
applications where patients could develop resistance 
to the drug during the course of the treatment, it 
was imperative to develop alternative compounds to 
modulate tumor angiogenesis and complement the 
efficacy of Bevacizumab for those who are resistant to 
anti-angiogenic therapies.

EPSIN UBIQUITIN-INTERACTING MOTIF AS 
A THERAPEUTIC TARGET FOR CANCER

Epsins are adaptor proteins in endocytosis
Epsins were originally isolated as adaptor proteins in 
the clatherin-mediated endocytosis of ubiquitylated 
cell surface receptors.[14,15] Using molecular, cellular, 
genetic, and mutant mouse models, we have 
identified that epsins modulate embryogenesis,[16] 

angiogenesis vasculature,[17] lymph angiogenesis,[18] 

tumor angiogenesis,[19,20] and cancer progression.[21] 
Mechanistic studies have demonstrated that 
epsins target the Notch[16] or ubiquitylated receptor 
VEGFR2,[17,19,20,22] VEGFR3 or Wnt signaling pathway,[21] 
and modulate angiogenesis or epithelial cell 
proliferation. In tumor angiogenesis, epsins bind to the 
ubiquitylated VEGFR2 via the ubiquitin (Ub)-interacting 
motif (UIM) to facilitate endocytosis and inactivate 
VEGFR2 signaling [Figure 1].[19,20] 

Epsins regulate tumor growth and tumor 
angiogenesis by targeting VEGFR2 signaling: 
role of UIM in epsins
We previously reported that the UIM-dependent 
binding of epsins with VEGFR2 is required for VEGFR2 

internalization, degradation, and signaling attenuation 
in tumor angiogenesis.[20] Strikingly, the UIM sequence 
is highly conserved in both human and mouse epsins 1 
and 2, indicative of a central element in epsin function and 
potential clinical applications.[20] In endothelial-specific 
loss of epsin mouse models (EC-iDKO), tumor growth 
is significantly inhibited in Lewis lung carcinoma (LLC), 
melanoma (B-16), glioma, and Tramp (Transgenic 
Adenocarcinoma of the Mouse Prostate) mouse 
models.[20] The loss of epsins drastically increased not 
only the number of vessels but also the diameters of tumor 
vessels.[20] Functional perfusion analysis suggests that 
loss of epsins leads to tumor vessel hyper leakage 
and dysfunction [Figure 2].[20] Our data also suggest 
that loss of epsins modulates VEGFR2 endocytosis by 
upregulating its expression. The heightened VEGFR2 
is anchored on the plasma membrane (PM) in EC-
iDKO mice, leading to augmented VEGFR2 signaling 
and tumor angiogenesis.[20] Because these vessels are 
not functional, the tumors are actually much smaller.[20] 

A domain mapping experiment suggests that the UIM 
in epsins is critical for regulating the epsin-VEGFR2 
interaction, and that loss of UIM in epsin 1 blocks the 
interaction between epsin and VEGFR2.[20]

Adoption of Computer Assisted Drug Design 
to mimic “in vivo” knockout phenotype in tumor 
models: specificity, enrichment, and stability 
To increase therapeutic efficacy, the design of the 

Figure 1: Epsins are adaptor proteins in endocytosis. VEGFR2 
is activated by ligand-VEGF binding. Activated VEGFR2 is 
ubiquitylated, followed by epsin binding via UIM motif. ENTH domain 
in epsin “hooks” into the plasma membrane (PM) via PiP2. Clathrin 
and other endocytotic proteins such as AP2 bind to the DPW 
domain (Asp-Pro-Trp), while the EH-domain (Eps15 homology [EH] 
domain) proteins bind to the NPF domain (Asn-Pro-Phe) so that a pit 
is formed on the PM. Receptor-containing vesicles are endocytosed 
to cytosolic degradation machinery to deactivate cell signaling
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peptide is crucial. The top gear, peptide targeting 
specificity, peptide working mechanism in vivo, and 
peptide stability in circulation are important factors that 
need to be carefully considered.

Specific targeting
We hypothesize that if a synthetic UIM-containing 
peptide can be targeted to tumor vessels, it could 
competitively bind to the ubiquitylated VEGFR2 receptor 
and therefore block the epsin-VEGFR2 interaction, 
which could photocopy the knockout of epsins in tumor 
endothelial cells (TECs). Molecular modeling revealed 
that the UIM peptide forms a helical structure known 
as yeast Vps27-UIM.[19] To ensure exclusive delivery 
of the UIM peptide to tumor vasculature, a tumor 
EC-homing peptide, iRGD, was conjugated to the 
N-terminus of the UIM peptide.[23] iRGD binds to αvβ3 
or αvβ5 integrin, then to neuropilin, and thus can be 
specifically internalized into TECs.[24,25]

Peptide working mechanism in vivo
To increase the local concentration of peptides near 

the PM, an inner PM-anchoring peptide from the Lyn 
kinase H4 domain[26-28] bound to lipid rafts through 
palmitoylation and myristoylation sites was inserted 
between iRGD and UIM. The resulting peptide 
is referred to as UPI [Figure 3].[19] To explore the 
specificity in the molecular interaction, we undertook 
docking studies and used a de novo structural 
prediction method to generate the atomic model for 
the interaction between UIM/UPI and the VEGFR2 
kinase domain (KD) [Figure 4].[19] Our model predicts 
that the unique residues Q9, A13, and K16, present 
only in epsin UIM but not in UIMs from a number of 
other endocytic proteins, play a critical role in the 
specific interaction with residues R1027 and R1080 in 
VEGFR2 [Figure 4]. Furthermore, molecular modeling 
revealed that interactions between the UIM helix and 
Ub in both UIM-Ub and UPI-Ub models are similar 
to the binding of yeast Vps27 UIM-Ub complex by 
nuclear magnetic resonance (NMR) spectroscopy 
[Figure 5A].[29] Remarkably, the interaction surfaces of 
UIM-Ub or UPI-Ub and UIM-VEGFR2 or UPI-VEGFR2 
are clearly complementary in terms of charges from 

WT                                                  EC-iDKOA

W
T

EC
-iD

KO

CD31                              FITC                               Merge B

Figure 2: Loss of epsins in endothelial cells inhibits tumor growth by producing upregulated, but non-functional tumor angiogenesis. (A) 
LLC tumor is much smaller in EC-iDKO mice, accompanied by upregulated, but dilated vessels in tumors; (B) Vessel function assay: FITC-
Dextran perfusion suggests that tumor vessels in EC-iDKO mice are hyper leaky. Scale bars = 50 µm for A and B. Figure 2 is adapted with 
permission from ref. 20. Copyright 2012 ASCI
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Figure 3: Design of the UPI peptide. (A) Alignment of human epsin UIM, mouse epsin UIM, and yeast Vps27 UIM with UPI chimeric 
peptide; (B) iRGD binds integrin and goes through proteolysis. The last 4 amino acids (GPDC) will be removed by circulating proteases.[23] UPI 
peptide contains an epsin UIM, a PM targeting sequence from the Lyn kinase H4 domain, and a tumor homing sequence (iRGD). Figure 3 
is adapted with permission from ref. 19. Copyright 2015 ASCI

UPI

VEGFR2 KD

UIM

VEGFR2 KD

Q9

A13
K16

R1027

R1080

A

B

A B C

Figure 4: Molecular modeling to study the interaction between UIM or UPI with VEGFR2 kinase domain (VEGFR2-KD). The 3D models 
of UIM and UPI were predicted using the PEP-FOLD program with 200 computational simulations. The best score models of UIM and UPI 
were docked into VEGFR2-KD respectively using the ClusPro2.0 program. (A) Ribbon representation of the interaction between UIM and 
VEGFR2-KD, which are colored green and blue, respectively. The interaction residues His891, His816, Arg1022, Arg1027, and Arg1080 
on the hairpin-shaped binding cleft of VEGFR2-KD are denoted in pink;[17,19] (B) Ribbon representation of the association between UPI 
peptide and VEGFR2-KD. In the same manner as UIM:VEGFR2-KD, UPI binds into the same binding pocket of VEGFR2-KD. VEGFR2-KD is 
denoted in blue. In UPI peptide, UIM is denoted in red, and the inner plasma membrane anchoring peptide and a tumor homing peptide (iRDG) 
are denoted in cyan; (C) Cartoon representation of the model of UIM-VEGFR2 complex. VEGFR2 is denoted in blue and shown as a ribbon; 
UIM is denoted in multicolor and shown as a stick (left). On the right: A close-up view of interaction residues between UIM and VEGFR2 is 
shown in the right panel. The key residues Q9, A13, and K16 of UIM form hydrogen bonds with R1027 and R1080 of VEGFR2.[19]

the electrostatic point of view [Figure 5]. By binding to 
the Ub moiety conjugated to VEGFR2, UPI, and Ub, 
VEGFR2 forms a supercomplex [Figure 6]. The UPI 
peptide can specifically hone in to tumor vasculature 
and enrich itself in the inner part of the TEC’s PM as 
expected, which increases the therapeutic efficacy 
and minimizes the dosage of the peptide when used in 
animal administration.[19]

Optimization of peptide stability in vivo
In order to avoid the degradation of our peptide from 
peptidases in circulation, we used the D-isomer 
of amino acids to synthesize the UIM sequence, 
while the iRGD sequence was synthesized using 
the L-isomer of amino acids for efficient binding 
to integrin. During synthesis, the iRGD is circled 
by the disulfide bond of two cysteines for in vivo 
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stabilization.[30-32] Molecular modeling suggests that 
L-UIM and D-UIM show symmetric binding features 
to the same pocket of VEGFR2 KD [Figure 7], 
implying that the UIM peptide in D-isomer does not 
change the UIM peptide docking sites in VEGFR2 
KD. Collectively, the UPI peptide is a multistep-

targeting peptide to tumor vascularization and inner 
PM enrichment. The introduced D-isomer of amino 
acids in UIM and the circled iRGD can increase the 
UPI peptide stability in vivo. This design strategy 
could empower the function of the UPI peptide in 
vivo for better therapeutic efficacy.

A B

C D

Figure 5: Models of UIM-Ub, UPI-Ub, and Ub-VEGFR2 complexes. (A) Ribbon diagrams show yeast Vps27 UIM interaction with Ub (left), 
and models of human epsin UIM-Ub complex (middle) and UPI-Ub complex (right). The NMR structure of yeast Vps27 and X-ray structure of 
Ub were taken from the Protein Data Bank, entries 1Q0W and 3JVZ, respectively. The top scoring models of epsin UIM and UPI (top panel) 
were selected and docked into Ub. The models with high scores and good topologies are shown in the bottom panel. Yeast Vps27 UIM, epsin 
UIM, and UIM of UPI peptide interact with Ub in a highly similar manner (bottom panel). Structures are multi-colored, with the N and C termini 
denoted in blue and red, respectively; (B-D) Electrostatic surface representations of UIM-Ub, UPI-Ub, and Ub-VEGFR2 complex models. 
Red and blue represent negative and positive potential, respectively. The proposed binding surfaces with negatively charged amino acids are 
indicated by yellow circles. The green circles highlight the proposed interaction surfaces of positively charged amino acids. The figures were 
prepared using PyMol (Schrödinger, Inc, Cambridge, MA). Note: Figure 5A is adapted with permission from ref. 19. Copyright 2015 ASCI

Ub
UPI

UbUPI

VEGFR2 KD

UPI Ubiquintin

Figure 6: UPI-Ub-VEGFR2 KD forms a supercomplex. (A) UPI hybrid peptide (red: UIM, cyan: plasma membrane-anchoring peptide, green: 
tumor homing peptide) interacts with Ub (pink). (B) Supercomplex of UPI-Ub-VEGFR2. The model of UPI-Ub was docked onto VEGFR2 
kinase domain (marine, PDB entry 3U6J). The UIM domain of UPI tightly binds to Ub, and the C-terminal tail of Ub (8-amino acid stretches, 
Gly76 side chain, magenta) inserts into the binding pocket of VEGFR2. (C) Surface representation of UPI-Ub-VEGFR2 KD supercomplex

A B C
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Therapeutic efficacy of UPI peptide in 
animal cancer models: role of UPI in tumor 
angiogenesis and metastasis 
UPI peptide administration can drastically inhibit tumor 
growth and metastasis in animal models of LLC, 
B16-F10, glioma brain tumor, and Tramp prostate.[19] In 
GL261 brain tumor models, the UPI peptide can obtain 
a similar therapeutic efficacy and survival rate to anti-
VEGF antibodies.[19] More importantly, in the human 
U87 glioma tumor model (an immune deficient mouse 
model), we demonstrated that UPI peptide treatment 
can significantly retard tumor growth and increase the 
survival rate, accompanied by dysregulated VEGFR2 
signaling and tumor angiogenesis.[19] Mechanistically, 
the UPI peptide treatment generates hyper leakage 
vessels via upregulated VEGFR2 signaling [Figure 8] and 
impairs metastasis in the prostate and B-16 melanoma 
animal models likely due to dysfunctional tumor 
angiogenesis.[19] 

UPI peptide targeting specificity
We tested the UPI peptide specificity in vitro and in 

vivo. In cultured human umbilical vein endothelial cells 
(HUVECs), the UPI peptide treatment had no effect on 
other angiogenic growth factor signaling such as epidermal 
growth factor receptor (EGFR), platelet-derived growth 
factor receptor (PDGFR), fibroblast growth factor receptor 
(FGFR), and transforming growth factor beta (TGFb) 
pathways.[19] We previously obtained similar results in 
UPI-treated mouse tumors.[19] This targeting specificity 
may be interpreted from the length of the UIM. It has 
been suggested that the core components of UIMs 
contain 18 amino acid (aa) residues including a core 
Ø-XX-Ala-XXX-Ser-XX-Ac (Ø: a large hydrophobic 
residue; Ac: an acidic residue), which likely form a short 
helix embedded into different protein folds.[33] Ahead of 
this core sequence, a short 10-aa peptide may create 
specificity to its binding partners. Secondly, the 3D 
structure of epsin-UIM may fit the binding to VEGFR2 
pockets more suitably than other angiogenic receptor 
molecules. Third, tumor cells in general secrete more 
VEGF than other angiogenic substances so that 
VEGFR2 may have more chances to be activated and 
ubiquitylated. Therefore, the epsin-UPI peptide may 
predominantly modulate VEGFR2 signaling rather 
than other angiogenic receptors and signaling. This 
conclusion has been further confirmed by in vitro and 
in vivo experiments, as well as by the specific designed 
peptide binding assay using isolated tumor ECs.[19] 
Interestingly, the Hrs-UIM or Eps15-UIM peptide does 
not show promising therapeutic efficacy in animal tumor 
models,[19] further suggesting the specificity of the epsin-
UIM peptide to VEGFR2 KD binding.

BIOSAFETY OF UPI PEPTIDE ADMINISTRATION

We have measured the main metabolic parameters after 
UPI peptide administration for 3 months (10-50 mg/kg, 
twice a week by i.v. injection) in mice, and our results 
showed that UPI peptide injection had minimal 
side effects (data not shown). Glucose and lipid 
metabolism remained normal, likely owing to a 
relatively lower dosage used in the homing strategy. 
Histology and immunofluorescent staining revealed 
that the UPI peptide targeted to other tissues was 
neglected. However, whether the UPI peptide causes 
drug resistance in the long term warrants further 
investigation.

PERSPECTIVE

Serving as a potential candidate for cancer therapeutics, 
the UPI peptide requires more in-depth research in 
commonly associated cancer models such as prostate 
and glioma tumors [Figure 9]. Our data have shown 
that the UPI peptide can efficiently attenuate prostate 
cancer progression in Tramp mouse models and glioma 
mouse models [Figure 9A and B].[19] Mechanistically, 

A

C

B

D

E F

Figure 7: Molecular modeling to compare the interaction between 
D-amino acids and L-amino acids of UIM or UPI with VEGFR2 
kinase domain. The 3D models of L- and D-amino acids UIM and L- 
and D-amino acids UPI were predicted by the PEP-FOLD program 
(L-form and D-form). Stick representations of the L-form of UIM (A) 
and D-form of UIM (B) form mirror-images of the actual structures. In 
the same manner, the L-form of UPI (C) and D-form of UPI (D) form 
mirror-images of the actual structures. (E) Surface representation 
of the L-form of UPI (UIM, red; anchoring peptide and iRGD, green) 
interacting with VEGFR2-KD (blue). (F) In the same manner as the 
L-form of UPI interacts with VEGFR2-KD, surface representation 
shows the D-form of UPI (UIM, red; anchoring peptide and iRGD, 
green) binds to the same binding pocket of VEGFR2 (blue)
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UPI peptide inhibits Epsin-VEGFR2 interaction in 
vivo and produces non-functional tumor angiogenesis 
[Figure 9C]. Specific targeting and therapeutic efficacy 
can be further improved by modifying the peptides, 
where clinical trials would then require further follow-
up assessments. Because epsins are ubiquitously 

expressed proteins, it is reasonable to assume that 
epsins may modulate a wide array of cellular processes 
including cell development, differentiation, proliferation, 
migration, and genetics. Targeting epsins in different 
disease models, as well as the emergence of new 
technologies such as nanoparticles,[34] liposomes,[35,36] 
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Figure 8: UPI peptide treatment produces upregulated but leaky vessels in tumors. (A) CD31 immunofluorescent staining for LLC or U87 
tumors, showing the upregulated vessels in UPI-treated tumors. Scale bar: 100 µm; (B) Control or UPI peptide-treated s.c. U87 tumor-bearing 
mice were perfused with FITC-dextran for 10 min, following which the mice were killed. Tumors were fixed and processed for CD31 staining. 
Note that vessels in UPI-treated tumors were hyper leaky. Scale bar: 100 µm. (C) Transmission electron microscopy analysis of semi-thin 
sections from control and UPI peptide-treated s.c. implanted U87 tumors. Dotted red lines indicate tumor vessels; blue arrows depict red 
blood cell leakage from tumor vessels; and red arrows indicate dying tumor cells. Scale bar: 50 µm. (D) VEGFR2 expression in control or UPI 
peptide-treated s.c. LLC and U87 tumors. Figure 8 is adapted with permission from ref. 19. Copyright 2015 ASCI
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Figure 9: UPI peptide treatment significantly retards tumor growth in glioma tumor models. GL261 glioma cells (2 × 104) were implanted to 
the right forebrain of C57BL/6 mice. At day 9, UPI peptide was administered by intravenous injection at 20 mg/kg dosage every alternate 
day. Gliomas were monitored via magnetic resonance imaging (MRI). (A) Representative MRI images. (B) Statistical analysis of tumor 
volume of terminal mice treated by control or UPI peptide; n = 5 in each group, Student t-test, *P < 0.001 vs. control. (C) Sketch of the UPI 
peptide therapeutic mechanism. UPI administration inhibits Epsin-VEGFR2 interaction in vivo, promotes non-functional tumor angiogenesis, 
and retards tumor growth
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and CRISPR/Cas9 (clustered regularly interspaced 
short palindromic repeats/CRISPR associated protein 
9) genome editing[37-39] may also provide new directions 
to develop novel therapeutic agents.

CONCLUSION

The UPI peptide is a promising compound to treat 
cancers. The UPI peptide can efficiently inhibit 
tumor growth and metastasis and specifically targets 
VEGFR2 signaling to create upregulated, nonfunctional 
tumor vessels. It is expected that the peptide may be 
applicable to treat cancer patients as a first or second 
line compound; or as an alternative replacement to the 
anti-VEGF antibody in patients who are resistant to 
anti-angiogenic therapies.
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Aim: This paper aims to compare the mechanical performance of metallic (Xience) and 
bioresorbable polymeric (Elixir) stents during the process of crimping and deployment. 
Methods: Finite element software ABAQUS was used to create the geometrical models and 
meshes for the balloon, stent and diseased artery. To simulate the crimping of stents, 12 rigid 
plates were generated around the stent and subjected to radially enforced displacement. The 
deployment of both stents was simulated by applying internal pressure to the balloon, where 
hard contacts were defined between balloon, stent and diseased artery. Results: Elixir stent 
exhibited a lower expansion rate than Xience stent during deployment. The stent diameter 
achieved after balloon deflation was found smaller for Elixir stent due to higher recoiling. 
Lower level of stresses was found in the plaque and artery when expanded by Elixir stent. 
Reduced expansion, increased dogboning and decreased vessel stresses were obtained when 
considering the crimping-generated residual stresses in the simulations. Conclusion: There 
is a challenge for polymeric stents to match the mechanical performance of metallic stents. 
However, polymeric stents impose lower stresses to the artery system due to less property 
mismatch between polymers and arterial tissues, which could be clinically beneficial.
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INTRODUCTION

Over the past three decades, significant improvements 
have been made in stent designs and materials, 

especially the development of drug-eluting stents 
(DESs, approved by Food and Drug Administration 
(FDA) of USA in 2002). The vast majority of DESs 
used so far have non-degradable polymer coatings, 
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incorporated with anti-proliferative drugs, to overcome 
the notorious in-stent restenosis (ISR) that represented 
an undesired drawback of bare metal stents.[1] 
Although ISR rates can be substantially reduced by 
DESs (lowered by 74% in high-risk patients), the life-
long presence of metallic alloy stents, under loads and 
corrosive conditions, could increase the risk of strut 
fracture and failure with time. This may lead to possible 
complications such as delayed healing, lethal migration 
and unstable angina.[2,3] Bioresorbable stents provide 
the advance of overcoming these possible long-
term complications of metallic stents. Biodegradable 
polymers are the most promising materials investigated 
to date.[4-6] Fully expandable polymeric biodegradable 
stents initially support the vessel wall as scaffolds with 
sufficient radial strength to prevent mechanic recoil after 
implantation. In about 6 months, arterial remodelling 
enters a stable phase, and no substantial scaffolding 
is required. Consequently, it is desirable for stents to 
dissolve after 6 months in the body, leaving behind an 
intact vessel with no pro-inflammatory substances or 
obstacles for future treatments.[7] During the process, 
the polymers gradually soften, which allows for a 
smooth disappearance of high stresses, imposed 
by the permanent stents, in the recovering artery. It 
should be noted that recent reports have suggested an 
independent relationship between bioresorbable stents 
and stent thrombosis.[8] Instead, the higher incidence 
rates of stent thrombosis were associated with the 2.5 
mm platforms.[9]

One of the major concerns for polymeric BRSs 
is their mechanical performance, especially their 
interaction with blood vessels during and after 
deployment. Agrawal et al.[10] carried out the earliest 
work in assessing the in vitro performance of the 
Duke biodegradable stents made of Poly-L lactide 
(PLLA) fibres. Results showed that a successful 
biodegradable stent could be achieved by carefully 
balancing the mechanical properties of PLLA fibres 
and geometrical design of stents. Nuutinen et al.[11] 
conducted in vitro tests of a woven fibre polymeric 
braided stent subjected to radial compression. The 
performance of such stents was not as good as metal 
ones, and the collapse pressure was found lower, even 
for thicker PLLA fibres. Bünger et al.[12] compared the 
in vivo performance of stents made of biodegradable 
PLLA and stainless steel, by monitoring the stents after 
the implantation in carotid arteries of living pigs. Both 
stents achieved initial technical success. However, 
PLLA was reported to be significantly softer than 
metallic alloys, which affected the radial stiffness of the 
implanted stents and needed to be further investigated. 
Over the last two decades, great effort has been made 
for the development of bioresorbable stents, and there 

have been many devices available in preclinical and 
clinical evaluations. Elixir DESolve (Elixir Medical 
Corporation, USA) stent, made of PLLA, is one of 
the major biodegradable stents currently available 
on the market. The polymer stents showed sufficient 
radial strength within 6 months of implantation, with 
the occurrence of bioresorption between one and two 
years.[13]

Finite element (FE) analyses have been largely used 
in modelling of stent expansion and deformation 
during the deployment process.[14-16] However, majority 
FE analyses were performed on metallic stents. For 
example, Imani et al.[17] modelled the effects of design 
on vessel wall stresses for Palmaz-Schatz, Xience 
V and NIR stents. The comparative study confirmed 
that Palmaz-Schatz stent generated 15.6% and 7.6% 
higher stresses in the arterial wall than Xience V stent 
and NIR stent, respectively. The results suggested a 
direct correlation between vessel wall stresses and 
in-stent restenosis rate, as Palmaz-Schatz stent gave 
the highest restenosis rate in clinical trials. Recent FE 
simulations on metallic stents by Schiavone et al.[18] 
also confirmed that stent design is a major factor that 
controls the expansion of the device and also the 
stresses generated in the artery. In addition, shape 
optimization of metallic stents, in terms of improved 
fatigue resistance and radial flexibility, can also be 
achieved by FE modelling.[19] On the contrary, there is 
very limited work dedicated to modelling the deformation 
of bioresorbable polymer stents, particularly during the 
process of deployment in diseased arteries.

In this paper, FE modelling was carried out to simulate 
the deployment of Elixir polymer stent in a diseased 
artery, with head-to-head comparison against Xience 
metallic stent. Particularly, the simulations considered 
the crimping step, which is necessary to fix the as-
produced stent to the catheter. The mechanical 
performance of the two stents has been compared 
directly, in terms of radial expansion and stresses in 
the stent-vessel system. In addition, results were also 
compared with those obtained without considering the 
residual stresses generated from the crimping process.

METHODS

Models for stents, balloon and artery
Geometries for Xience and Elixir stents were built using 
the NX design software. Both stents were created in 
expanded shape, with a diameter of 3 mm and a length 
of 10 mm. The geometries of both stents were based 
on dimensions found in open resource. The strut 
thickness is 80 µm and 150 µm for Xience stent and 
Elixir stent, respectively. The FE mesh contains eight-
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node incompatible brick elements, with full integration 
(C3D8I). The incompatible mode is chosen for the 
purpose of modelling large bending deformation during 
stent crimping and subsequent expansion. There are 
4-layer elements through the width and the thickness 
of all struts. The geometrical designs and FE meshes 
for both stents are given in Figure 1.

The balloon used to inflate the stents had a tri-folded 
geometry which was produced using the NX software. 
The diameter of the fully folded part is 1.25 mm and 
the total length of the balloon is 14 mm. To create the 
pattern, the tri-folded cross section was sketched first, 
and subsequently extruded for a length of 12 mm. 
Towards the ends, the balloon smoothly transits into 
a circle, 0.75 mm in diameter, over a length of 1 mm. 
This was done by using the sweeping tools in NX. The 
balloon was totally constrained at both ends as they 
are fixed to a catheter. The diameter of the expanded 
balloon was set to be 3 mm, matching the targeted 
stent or vessel diameter after deployment. Four-node 
shell elements, with reduced integration (S4R), were 
adopted to mesh the tri-folded balloon.

The diseased artery has a total length of 40 mm and a 
lumen diameter of 3 mm for the heathy part. The middle 
portion of the artery is covered by 10 mm plaque. The 
stenosis, defined as the ratio of plaque thickness to 
healthy lumen radius, was chosen to be 50%. The 
artery comprises three individual tissue layers, and the 
wall thickness is 0.27 mm, 0.35 mm and 0.38 mm for 
the intima, media and adventitia layers, respectively. 
Eight-node brick elements with reduced integration 
(C3D8R) were used to mesh the artery and the plaque. 
Four layers of elements were assigned through the 
wall of each tissue layer and eight layers of elements 
were assigned through the plaque thickness.

Geometry and mesh of the balloon-artery assembly are 
shown in Figure 2. Mesh-sensitivity studies confirmed 
the convergence of numerical results, with regards to 
stent expansion, stent recoiling and stresses in the 
stent-artery system, for the mesh adopted in this work.

Material model
Both stents were modelled as elastic-plastic, with non-
linear strain hardening [Figure 3]. The tensile stress-
strain curves for Co-Cr L605 and PLLA were taken 
from literature.[20,21] It can be noted that PLLA is much 

weaker than Co-Cr L605. Table 1 gives the essential 
properties for both materials as obtained from the 
tensile curves. Strain hardening was realised in 
ABAQUS by stating the yield stress as a function of the 
plastic strain, as also obtained from the tensile curves. 
The plaque was assumed to be hypocellular, and its 
behaviour was described by the Ogden hyperelastic 
model. The hyperelastic model parameters were 
provided in Zahedmanesh and Lally.[22] The tri-folded 
balloon was treated as a linear elastic material. The 
material density, Young’s modulus and Poisson’s ratio 
were taken as 1.1 × 106 kg/mm3, 900 MPa and 0.3, 
respectively.[23]

It is well recognised that the arterial layers possess 
distinct anisotropic behaviour as they are reinforced by 
two families of collagen fibres. Here, the established 
Holzapfel-Gasser-Ogden (HGO) anisotropic hyperelastic 
model[24] was employed to describe the anisotropic 
behaviour of individual coronary arterial layer. In this 
model, the hyperelastic strain energy potential W is 
given by:[24]   

W = C10(I1 - 3) + (k1/2k2)[exp(k2<Ef>
2) - 1] + (1/D)[(J2-1)/2 - lnJ]

Ef = k(I1 - 3) + (1 - 3k)(I4 - 1)

where C10, D, k1, k2 and k are model parameters, I1 
and J are the first and third stretch invariants, and I4 is 
the invariant of Cauchy-Green deformation tensor. The 
Macauley bracket is indicated by the operator <>, whilst 
γ represents the angle between the mean directions of 
the two families of fibres whose deformation is defined 
by Ef. The model parameters [Table 2] were calibrated 
against the experimental data.[25] Both longitudinal and 
circumferential stress-stretch responses, computed by 
using the HGO model, agreed with the experimental 
data very well[25] for all three vessel layers [Figure 4].

The HGO model used in this work is for incompressible 
hyperelastic materials. To consider compressible 
deformation, the HGO-C model was suggested, with 
the anisotropic part expressed by isochoric invariants 

Table 1: Properties for the Co-Cr L605 and Poly-L lactide 
stent materials[20,21]

Material ρ (kg/mm3) E (GPa) ν σy (MPa)
Co-Cr L605 9.1E-6 243 0.30 476
Poly-L lactide 1.4E-6 2.2 0.30 60

Table 2: Parameter values of the anisotropic Holzapfel-Gasser-Ogden model for the arterial layers

Layer ρ (kg/mm3) C10 D k1 k2 k γ

Intima 1.066E-6 0.03 8.95E-7 4.0 1200.0 0.303 60°
Media 1.066E-6 0.005 5.31E-6 0.57 80.0 0.313 20°
Adventitia 1.066E-6 8.32E-3 4.67E-6 1.0 1000.0 0.303 67°
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(insensitive to volumetric deformation). However, Nolan 
et al.[26] found that the HGO-C model was unable to 
simulate compressible anisotropic behavior correctly, 
because it used isochoric anisotropic invariants which 
is insensitive to volumetric deformation. Consequently, 
they formulated a modified anisotropic (MA) model by 
using the full anisotropic invariants which accounted 
for a volumetric anisotropic contribution. The MA 
model correctly predicted the material’s anisotropic 
response to hydrostatic tensile loading, pure shear 
and uniaxial deformations. They also found the HGO-C 
model significantly underpredicted arterial compliance, 
which might affect the simulation results of stent 
deployment in diseased arteries. To fully clarify this 
effect, a considerable amount of new work is required, 
especially the efforts required for coding a user-defined 
material subroutine for the MA model (interface with the 
FE package Abaqus). This is beyond the scope of this 
paper, and will be investigated in our future studies. 

Nevertheless, the HGO model used in this work 
was calibrated properly against the longitudinal and 
circumferential tensile data of arteries.[25] It was proved 
to be a reliable anisotropic formulation for modeling 
deformation of the arterial layers with collagen fibre 
reinforcement.

Crimping simulation
To model stent crimping, twelve rigid plates were 
generated around the stent as shown in Figure 5. The 
rigid plates were modelled as shell surfaces. Uniform 
radial displacement, linearly increasing to 1 mm within 
a step time of 0.1 s, was applied to the plates to enforce 
the crimping of stent. Spring back of the stent after 
crimping, due to the recovery of elastic deformation, 
resulted in a final stent diameter of 1.5 mm, which is 
able to fit in the diseased vessel.

Abaqus explicit was adopted for crimping simulations 
(0.1 s step time). No constraint was applied to the stent. 
Hard contact was assigned between the outer surface 
of the stent and the rigid plates. The friction coefficient 
was assumed to be 0.8. Following crimping, an 
additional step was used to simulate the spring back of 
the stent within 0.1 s. In this step, the contacts between 
the rigid plates and the stent were deleted, allowing for 
the stent to recover the elastic deformation freely.

Expansion simulation
The expansion procedure was simulated using two 
steps, namely inflation and deflation. During the 
inflation step (0.1 s), a pressure linearly increasing to 
1.2 MPa was applied inside the balloon. While in the 
deflation step (0.1 s), the balloon pressure was brought 
linearly down to zero. All analyses were carried out 
by considering the residual stresses generated from 
crimping. Again, simulations were performed using 
the explicit solver in Abaqus. Change of stent outer 
diameter was tracked for the middle ring and the two 
end rings of both stents. The data outputs were used 
to quantify stent expansion as well as the recoiling and 
dogboning effects.[27]

RESULTS

Stent crimping
During crimping, both stents underwent severe 
bending deformation, as illustrated in Figure 6 for Elixir 
stent. The two stents were squashed to a diameter of 
only 1.25 mm at the fully crimped state. After crimping, 
stresses were highly localised at the U-bend regions 
for both devices. The von Mises stress in the Xience 
and the Elixir stents had a maximum magnitude of 
750 MPa [Figure 7A right] and 96 MPa [Figure 7A 
left], respectively. After spring back, the maximum von 

Figure 1: Geometry and mesh for (A) Elixir and (B) Xience stents

Figure 2: Geometry and mesh of the artery with stenosis and 
angioplasty balloon

Figure 3: Stress-strain curves for the Co-Cr L605 alloy and Poly-L 
lactide[20,21]
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Mises stress in the Xience and Elixir stents relaxed to 
706 MPa and 50 MPa, respectively [Figure 7B]. These 
are also the residual stresses generated in the stent 
after crimping. And the diameter of both stents settled 
at about 1.5 mm.

Stent expansion
Pressure-diameter plots in Figure 8 showed that Elixir 
stent experienced a lower rate of expansion than 
Xience stent. Both stents developed a saturation state 
in expansion with the increasing pressure, but Elixir 
stent reached the saturation earlier. At the maximum 
pressure, the stent outer diameter was computed 
as 2.66 mm and 2.61 mm for the Xience and Elixir 
stents, respectively. The recoiling effect was 11% for 
the Xience stent [Figure 8B], which is significantly 
lower than that for the Elixir stent (20%; Figure 8B). 
Consequently, a larger final diameter was achieved 
for the Xience stent (2.40 mm) when compared to the 
Elixir stent (2.10 mm only). Consistently, the Xience 
stent also showed considerably less dogboning effect 
(24%) than the Elixir stent (45%).

High levels of stresses were developed in both stents 
following their deployment in the artery [Figure 9]. 
Similar to the crimping process, the maximum von 
Mises stresses were found in the U-bend districts, with 
a value of 935 MPa for the Xience and 95 MPa for 
the Elixir stent. In the artery, the peak stresses were 
generally found on the plaque, especially towards 
the ends of the stenosis. This was caused by the 
dogboning effect of the implanted stent. There is 
a direct connection between stress concentration 

and localized rupture for plaque as evidenced in 
numerous studies.[28,29] In our case, plaque rupture is 
likely to happen towards the ends of plaque region, a 
condition that can lead to heart attack (coronary artery) 
or stroke (carotid artery). In addition, there could be 

Figure 4: Stress-stretch curves for the three artery layers: Holzapfel-Gasser-Ogden model vs. experimental data[25]

Figure 5: Illustration of assembly used in crimping simulation for 
Elixir stent

Figure 6: Deformation of Elixir stent and balloon (A) before, (B) 
during and (C) at the end of the crimping process
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local damage to plaque/artery where the high stresses 
are located. This condition also leads to the growth of 
new tissue, e.g. proliferation of smooth muscle cells, 
around the stent, causing in-stent restenosis.

The maximum principal stress on the plaque had a peak 
value of 1.43 MPa and 0.54 MPa for the Xience and 
Elixir stents, respectively [Figure 10]. The considerably 
lower stress level for Elixir stent is consistent with 
the reduced property mismatch between the polymer 
and the artery as well as less arterial expansion 
achieved by the polymer stent. It should be noted that 
stress triaxiality was not explored for the stents and 
diseased artery. Stress triaxiality is defined as the 
ratio of hydrostatic stress to the equivalent (or von 

Mises) stress, and it is a key parameter used in ductile 
fracture analysis. In this study, we mainly focus on the 
stress state of stent-artery system during crimping and 
expansion, instead of fracture or failure. Consequently, 
stress triaxiality is not presented. But we aim to look into 
this in future studies when considering the failure and 
fracture of stent, plaque and arteries in the simulations.

Effect of residual stresses caused by crimping
As shown in Figure 7, crimping introduced severe 
residual stresses into the stent, which can affect the 
subsequent expansion of the device. To understand 
such effect, simulations of stent deployment were also 
carried out for both stents without including the residual 
stresses generated from crimping.

Figure 7: Von Mises stress (MPa) contour plot for the Elixir (left) and Xience (right) stents in (A) fully crimped state and (B) spring-back state

Figure 8: (A) Diameter change against pressure; (B) recoiling and 
dogboning effects during deployment of Elixir and Xience stents

Figure 9: Contour plot of the von Mises stress (MPa) on (A) Elixir 
and (B) Xience stents after deployment

Figure 10: Contour plot of maximum principal stress (MPa) on the 
stenotic plaque after stent deployment: (A) Elixir and (B) Xience 
stents
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For Elixir stent, it is confirmed that crimping-caused 
residual stresses do affect stent expansion [Figure 11]. 
When stent expansion was simulated without 
considering residual stress, the stent expanded faster 
and reached saturation earlier, as shown by the solid 
blue line in Figure 11A. Overall, residual stresses tend 
to compromise stent expansion both at peak pressure 
and after balloon deflation. At peak pressure, stent 
outer diameter was found to be 2.61 mm and 2.75 mm 
for simulations with and without considering residual 
stresses, respectively, and settled as 2.10 mm 
and 2.19 mm, respectively, after balloon deflation. 
Although the recoiling had similar magnitude for both 
cases (~20%; with and without residual stresses), 
less dogboning was found when residual stresses 
were excluded in simulations (i.e. 41%; versus 45% 
for simulations with residual stresses). As shown in 
Figure 12, residual stresses did not affect the pattern 
of stress distribution in the stent and artery. On the 
stent, stresses are still highly localised at the U-bend 
regions, regardless of the residual stress state. Also, 
the maximum stress on the stent changed only by 
~0.4% (95.69 to 95.32 MPa) when residual stresses 
were considered in the simulations. In the artery 
[Figure 12B], stresses were again concentrated 
towards the ends of the plaque as a result of stent 
dogboning effect. The peak value of the maximum 
principal stress changed by ~15% (0.64 to 0.54 MPa) 
when the residual stresses were included.

For Xience stent, residual stresses affected the early 
stage of expansion of the stent as shown in Figure 13. 
The achieved final diameter (~2.40 mm) and the recoiling 
effect (~11%) were similar for the two cases (with 
and without residual stresses). Dogboning increased 
when residual stresses were excluded, with a value 
of 36% (compared to 24% for the case considering 
residual stresses). As shown in Figure 14, the stresses 
developed in the stent and the diseased artery were 
similar, in terms of distribution, for the two cases (with 
and without residual stresses). In terms of magnitude, 
the maximum stress in the stent changed only by 
~0.7% (928.9 to 935.0 MPa) when residual stresses 
were included in the simulations. For the diseased 

artery, the peak value of the maximum principal stress 
changed by ~5% (1.50 MPa to 1.43 MPa) when the 
residual stresses were considered.

DISCUSSION

Clinically, in-stent restenosis (ISR), i.e. re-narrowing 
of stented artery, is one of the major drawbacks 
associated with stent implantation.[30] ISR is a direct 
consequence of the formation of neointima, largely 
caused by proliferating smooth muscle cells and 
accumulated extracellular matrix.[30] According to 
recent investigations, arterial wall biomechanics plays 
a key role in ISR. The stenting-caused alteration of 
biomechanical environment controls the inflammatory 
and remodelling processes of vessel walls. As reported 
by Timmins et al.,[31] stent designs that induced higher 

Figure 11: (A) Diameter change against pressure; and (B) recoiling 
and dogboning effects obtained from simulations with and without 
considering crimping-caused post-crimping stresses on Elixir stent

Figure 12: (A) von Mises stress (MPa) on the Elixir stent; and (B) maximum principal stress (MPa) on the artery-plaque system for 
simulations with (left) and without (right) considering residual stresses
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levels of non-physiologic stresses provoked a more 
aggressive pathobiological response of the vessel 
walls, leading to a higher degree of neointimal formation. 
In-vitro studies have also proved that mechanical 
stresses regulated the proliferation and migration of 
vascular cells,[32] and the synthesis and reorganization 
of extracellular matrix.[33] Stent-induced vessel stresses 
are closely linked with the level of artery injury, also 
promoting the development of restenosis. From this 
study, it is clear that the stresses in the artery appear to 
be largely affected by the stent materials and designs. 
PLLA has lower modulus, yield strength and strain 
hardening, which soothed the stent-artery interaction 
and led to stress reduction in vessel layers as shown 
in Figure 10. This is clinically beneficial. Bioresorbable 
polymeric stents are also more compliant than metallic 
stents, diminishing associated vascular responses 

over the scaffolded vessel segments.[34]

Residual stresses in stents were studied by Möller et al.[35] 
using X-ray diffraction method. Their work confirmed 
that even for as-produced stents, a significant amount 
of microstresses can be developed in the stent during 
crimping (this is also the case found in our work). 
Subsequent stent expansion caused an increase of 
stress due to tension. According to their study, the level 
of stresses introduced by crimping and expansion can 
considerably affect the fatigue life of the stent. Based 
on our results, crimping and expansion processes were 
found to induce comparable levels of stresses in the 
stent struts. Also, residual stresses developed during 
crimping affected the expansion behaviour, though 
only slightly, of stent in the deployment step. It is also 
thought that residual stresses in the stent contributed to 
the flexibility of the device, thus imposing less stresses 
on the plaque during further deformation as confirmed 
by our simulation results, although only marginally.

The targeted vessel diameter (i.e. 3 mm) could not 
be achieved by stent expansion only. This is the 
case for both polymer and metallic stents. Firstly, 
it was due to the saturated expansion of the artery 
layers, developed at a later stage of vessel stretching. 
This happened when the stiffness of vessel layers, 
especially the intima layer, increased steeply upon 
large stretch [Figure 4]. Secondly, vessel layers were 
assumed to deform purely elastically which imposed 
a large recovery force on the expanded stent after 
balloon deflation. Generally, the expansion of polymer 
stent was slower than that of metallic stent. Higher 
recoiling was also observed for polymeric stent due to 
the weaker mechanical properties. This indicates that 
there is a challenge to use polymer stents to achieve 
desired lumen diameter, especially for patients with 
stiffer artery and heavily calcified plaques. However, it 
is recognised that polymer stent induced significantly 
lower stresses in the artery than metallic stents, which 
could reduce the occurrence of arterial injuries and in-
stent restenosis.

In clinical practice, most stents are post-dilated with 

Figure 13: (A) Diameter change against pressure; and (B) recoiling 
and dogboning effects obtained from simulations with and without 
considering crimping-caused residual stresses on Xience stent

Figure 14: (A) von Mises stress on the Xience stent; and (B) maximum principal stress on the artery-plaque system for simulation with (left) 
and without (right) considering residual stresses
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relatively non-compliant balloons, i.e. stiffer and larger 
than the stent delivery system balloon, to ensure good 
apposition and to ensure that the intended diameter 
is achieved. However, multiple cycles of inflation were 
not simulated here which is a limitation of this study. 
The simulation in this work was a single deployment 
of stent or direct stenting of a vascular lesion. In 
clinical practice, pre-dilatation of diseased artery 
can also occur. Direct-stenting is common, but not 
with bioresorbable polymer stents. For bioresorbable 
polymer stents (or any new technology), the users 
generally acknowledge the importance of careful lesion 
preparation by pre-dilatation as well as post-dilatation. 
The pre-dilatation balloon inflation step modifies the 
plaque and results in less recoil after deployment 
of a stent or scaffold. After a stent is deployed, an 
additional post-dilatation generally occurs with a 
second larger balloon. Sometimes this is to achieve 
a better deployment through a tapered vessel, or to 
“crack” a stubborn plaque. Sometimes, this is required 
when two stents are deployed with an overlap. This 
type of balloon pre-dilatation and post-dilatation is 
essential for polymer stents to be effective in difficult 
lesions. In fact, larger degrees of recoil and dogboning 
predicted by the simulations indicate that adequate 
pre-dilatation and post-dilatation are potentially critical 
for polymeric stents to achieve optimal clinical results. 
Simulation of pre-dilation or post-dilation requires 
proper inelastic or damage models to describe 
unrecoverable deformation for the plaque and artery 
wall, which is currently beyond the scope of the paper. 
In this study, the artery and plaque were assumed to 
behave purely elastically (hyperelastic model), and the 
efforts of pre-dilation or post-dilation will be nullified as 
soon as the dilation pressure is removed. Modelling of 
inelastic deformation and damage will be attempted in 
our future work.

In addition, the stresses in the vessel layers at peak 
inflating pressure are generally beyond the ultimate 
tensile strength of the tissue layer.[25] This is also 
the case for the plaques. Therefore, tissue damage 
will need to be modelled in the FE simulations at 
high pressure levels. Tissue damage is associated 
with unrecoverable deformation in the artery, which 
could reduce the stent recoiling considerably upon 
balloon deflation. Consequently, stent is expected to 
expand further if tissue damage is considered due to 
irrecoverable mechanical deformation of the artery-
plaque system, thus resulting in a larger lumen diameter. 
Damage modeling of arterial layers is a limitation of this 
study and will be studied in our future work. However, 
it does not affect the general conclusion of this paper, 
as we aim to make like-for-like comparison of the 
scaffolding capability and mechanical performance 

between bioresorbable polymeric and metallic stents.

On the other hand, the plaque can be classified as 
hypocellular, cellular or calcified, depending on the 
composition. It is more difficult to treat calcified plaque 
by stenting due to its strong resistance to stretch when 
compared to hypocellular or cellular plaques.[18] So far, 
the effect of plaque composition on stent expansion was 
only evaluated for isotropic tissue model, and further 
work is required to study such effects by considering 
vessel anisotropy. Finally, polymers generally possess 
anisotropy and viscoplasticity effects which could 
also affect the simulation results and will need to be 
addressed in future studies.

In conclusion, crimping and deployment of polymeric 
and metallic stents have been simulated using finite 
element method to give a direct comparison of their 
mechanical performances. Results demonstrated 
that polymer stent has a lower rate of expansion than 
metallic stent. The overall expansion, reached at peak 
inflating pressure and after balloon deflation, was lower 
for polymer stent due to weaker material properties. 
This is also associated with the higher recoiling effect 
for polymer stent. Thus, it is a challenge to use polymer 
stent to treat patients with heavily calcified plaques or 
stiffer vessels, without pre-dilation or post-dilation. 
Crimping generated severe residual stresses in the 
stent, which tend to affect stent expansion and increase 
dogboning for Elixir polymer stent. However, they did 
not alter the stress distribution during the deployment 
process, and only imposed small changes to the stress 
magnitude.
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Aim: These experiments studied adipokine and interleukin imbalances during the 
development and progression of metabolic disorders in patients with arterial hypertension 
(AH) and type 2 diabetes mellitus (T2DM). Methods: Ninety-five patients with stage II 
second degree AH (53 males and 42 females, mean age 54.7 ± 5.4 years) were observed. The 
cohort was separated into: group 1 (n = 48) patients with AH and group 2 (n = 47) patients 
with both AH and T2DM. Serum protein levels of omentin, adiponectin, tumor necrosis 
factor-alpha (TNF-α), C-reactive protein (CRP), resistin, interleukin (IL)-1β, IL-4, and IL-6 
were measured. Lipid and carbohydrate metabolism rates were assessed. Results: Peak 
homeostatic model assessment for insulin resistance (HOMA-IR) index values, as well as 
circulating insulin and CRP levels, were observed in group 2. Reduced adiponectin levels 
negatively correlated with HOMA-IR indices (r = -0.52, P < 0.05), triglycerides (r = -0.52, 
P < 0.05), glucose levels (r = -0.44, P < 0.05), body mass indices (r = -0.44, P < 0.05), and 
HbA1c levels (r = -0.57, P < 0.01). Group 2 patients demonstrated low omentin levels and 
high resistin and TNF-α levels. Negative correlations between IL-6 and both omentin and 
adiponectin (r = -0.46, P < 0.01; r = -0.42, P < 0.01, respectively) were observed. Conclusion: 
A novel pathogenic link was demonstrated between metabolic disorders, adipokines, and 
pro-inflammatory IL-6 levels as negative regulators of comorbid AH and T2DM.
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INTRODUCTION

Arterial hypertension (AH) is an important public 
health challenge in both economically developing and 
developed countries.[1] The reported prevalence of AH 
has varied globally; the lowest prevalences was found 
in rural India (3.4% in men and 6.8% in women) and 
the highest was observed in Poland (68.9% in men and 

72.5% in women).[2] Sur et al.[3] in 2010 reported that 
more than 3 million people in Romania are hypertensive. 
In 2009, one-fifth of the adult Danish population was 
hypertensive.[4] Hypertension affects nearly 75 million 
adults in the USA and is a major risk factor for myocardial 
infarction, ischemic stroke, chronic kidney disease, and 
vascular disease. According to an analysis of American 
data from the Nationwide Emergency Department 
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Sample, there was a 25% increase in the number of 
people visiting emergency rooms for hypertension-
related procedures between 2006 and 2011.[5] A 
25-year epidemiological study has been devoted to 
situational dynamics related to AH in the Ukraine. 
The report enrolled urban residents aged 18-64 years 
and indicated that AH prevalence grew from 30.6% to 
35.3% (P > 0.05) over the observation period, probably 
due to increased average systolic arterial pressure 
levels.[6] The study also revealed a preponderance 
of risk factors among patients with AH. Only 5.6% of 
AH patients exhibited zero risk factors. Strikingly, 
25.4% of AH patients had one risk factor, 33.2% of 
patients had 2 risk factors, and 3 or more risk factors 
were reported in 35.8% of patients. Unfortunately, the 
epidemiologic environment contributing to AH remains 
unfavorable. The Ukrainian data suggest that the AH 
high-risk profile is common.[6] Thus, it is unlikely that a 
noticeable decline in the death rate of this population 
will occur in the near future. A significant number of 
individuals with AH are unaware of their disease. 
Among those with diagnosed hypertension, treatments 
are frequently inadequate and incidence of deaths due 
to hypertension complications is high.

Isolated AH is currently rare. More commonly, physicians 
encounter clinical situations in which cases of AH are 
associated with endocrinopathies. The turn of the 21st 
century was marked by significant prevalence of type 
2 diabetes mellitus (T2DM). Increases in incidence 
worldwide led to discussions about the global diabetes 
epidemic. The World Health Organization reported in 
2016 that the number of people with diabetes mellitus 
rose from 108 million in 1980 to 422 million in 2014. 
Among adults over 18 years of age, diabetes mellitus 
rates rose from 4.7% in 1980 to 8.5% in 2014.[7] Given 
that diabetes mellitus disables patients at very early 
ages and leads to high mortality rates, the fight against 
diabetes has been elevated to a top priority for national 
health care systems across the world.

According to epidemiological studies, in patients with 
a combination of hypertension and T2DM the risk of 
fatal coronary heart disease increases 3 to 5 times, 
stroke increases 3 to 4 times, complete loss of vision 
increases 10 to 20 times, uremia increases 20 to 25 
times, and gangrene of lower extremities becomes 20 
times more likely.[8]

One explanation for the frequent observation of 
comorbid type 2 diabetes in hypertensive patients is 
that the prevalence of overweight and obesity in the 
population has increased.[9] Prospective studies have 
shown a strong relationship between obesity and type 
2 diabetes. Almost 90% of patients with T2DM are 

obese. Similarly, the risk of hypertension is 50% higher 
in obese patients compared to those in normal weight 
ranges.

In the last few years, inflammatory mechanisms have 
been shown to regulate initiation, maintenance, and 
development of cardiovascular disease. Associations 
between cardiovascular diseases and obesity are 
mediated, in part, by secretory regulation of adipose 
tissue. Adipose tissue secretes bioactive peptides 
(adipokines), which have local and distal influences 
on organ systems through autocrine, paracrine, 
and endocrine functions. Increased production of 
adipokines in obese patients impacts multiple bodily 
functions, many of which are linked with cardiovascular 
diseases, such as: insulin sensitivity, immunity, 
angiogenesis, hemostasis, lipid metabolism, and 
blood pressure. Adipocytes, like T-lymphocytes and 
macrophages, produce cytokines and are involved 
in complement activation-stimulating inflammatory 
signaling cascades.[3,8] Cytokine imbalance is a well-
established mechanism contributing increased risk 
of vascular complications. Therefore, elucidating the 
interaction between adipokines, interleukins, and 
metabolic disorders in patients with AH and T2DM is 
relevant.

The present study was undertaken to investigate the 
effects of adipokine and interleukin imbalances on the 
development and progression of metabolic disorders 
in patients managing hypertension with comorbid type 
2 diabetes.

METHODS

Patients
Ninety-five patients with stage II second degree 
arterial hypertension (53 males and 42 females) were 
assessed. The mean age of the cohort was 54.7 ± 5.4 
years. The patients were sub-divided into 2 groups. 
Group 1 (n = 48) consisted of hypertensive patients 
without T2DM. Group 2 (n = 47) was a comorbid 
population with both AH and T2DM. The control group 
consisted of 20 age- and gender-matched healthy 
subjects. AH diagnoses were conducted according to 
guidelines for the management of arterial hypertension 
from the European Society of Cardiology (ESC) and 
the European Society of Hypertension (2013), as well 
as Ukrainian Cardiology Association recommendations 
(2013).[10]

Criteria supporting diagnosis of abdominal obesity 
were established based on recommendations by the 
World Health Organization (1997). Anthropometric 
measurements were used to calculate body mass 
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index (BMI). The severity of obesity was determined 
following guidance from the International Diabetes 
Federation (2015). Diagnoses of type 2 diabetes 
were made following general recommendations of the 
European Association for the Study of Diabetes (2013) 
and the ESC (2013).[11] Inclusion criteria: fasting blood 
glucose ≤ 8.5 mmol/L, postprandial hyperglycemia ≤ 
11 mmol/L, and HbA1c level ≤ 9%. Exclusion criteria: 
pregnancy or lactation; self-reporting with insulin-
dependent diabetes, previous acute myocardial 
infarction or ischemic stroke; cardiovascular damage ≥ 
II by New York Heart Association criteria; liver disease 
indicated by transaminase values more than 3 times 
greater than normal; chronic kidney disease with 
serum creatinine > 2 mg/dL; ongoing dialysis; human 
immunodeficiency virus positive disease; history of 
chronic alcohol abuse in the last 2 years; or history of 
cancer, stroke, or organ transplantation.

Enzyme-Linked ImmunoSorbent Assay
Serum concentrations of omentin (BioVendor, Czech 
Republic), adiponectin, tumor necrosis factor-alpha 
(TNF-α), C-reactive protein (CRP) - DRG Elisa, USA 
and resistin (MBL International Corporation, USA) 
were determined with ELISA. Serum concentrations of 
interleukin (IL)-1, IL-4, and IL-6 were also determined 
by Enzyme-Linked ImmunoSorbent Assay (ELISA, 
Protein Contour, St. Petersburg). All assays were 
tested per the manufacturers’ guidelines.

Lipid metabolism assays 
Total cholesterol (TC) in plasma, high-density 
lipoprotein (HDL), and triglyceride (TG) levels were 
determined in all patients by enzymatic methodologies 
on a Humalyser autoanalyzer (Human Company, 
Germany). Low-density lipoprotein (LDL) cholesterol 
content was calculated using the Friedewald W. 
T. formula: LDL cholesterol (mmol/L) = TC - HDL 
cholesterol - TG/2.22. Whole blood HbA1c levels 
were determined by Reagent Test-Systems (Ukraine). 
Fasting plasma glucose levels was determined using 
glucose oxidase methodology. Fasting serum insulin 
levels were determined by ELISA. Glucose tolerance 
was measured using oral glucose tolerance tests. 
Homeostatic model assessment for insulin resistance 
(HOMA-IR) levels were calculated based on laboratory 
insulin and fasting glucose levels. HOMA-IR = fasting 
insulin × fasting glucose (mmol/L)/22.5. HOMA-IR 
levels > 2.77 were diagnosed as insulin resisted.

Statistical analysis
Statistical data analyses were performed using the 
general-purpose data processing software package in 
Statistica 8.0. Analyses of statistical significance were 
performed using Student’s t-tests and non-parametric 

statistical methods.

RESULTS

Analyses of trophologic parameters revealed specific 
patterns in both groups. Patients with isolated AH 
(group 1) exhibited BMI measurements ranging 
from 18.5 to 24.9 kg/m2 (4 patients). The majority of 
patients with isolated AH and comorbid AH with T2DM 
(group 2; 65.1% and 54.6%, respectively) had BMI 
measurements ranging from 30 to 34.9 kg/m2. Third-
degree obesity (BMI > 40.0 kg/m2) was observed in 2 
patients with isolated hypertension and in 6 patients 
with comorbid AH and T2DM.

Serum lipid spectra were altered with significantly higher 
frequency in patients with concomitant AH and T2DM 
rather than AH alone (62.6% and 44.2%, respectively; 
P < 0.05). Serum TG levels [Table 1] were 1.4 fold (Р = 
0.0002) higher in group 2 patients (AH plus T2DM) than 
in group 1 patients (AH alone), and 1.5 fold higher than 
in the controls (Р = 0.0020). HDL-C levels in group 2 
patients were significantly reduced compared to controls 
(53.2% and 21.0%, respectively; Р = 0.0020). Group 2 
patients with BMI measurements of 30 to 34.9 kg/m2 
had significantly lower levels of HDL-C compared 
with control patients (P < 0.05). Progression of lipid 
disorders in patients with comorbid AH and T2DM 
directly depended on BMI. Maximum TC and TG levels 
were observed in patients with BMI measurements of 
35 to 40 kg/m2 (P = 0.242, P = 0.062, respectively), 
while HDL cholesterol serum concentrations were the 
lowest in these patients (P = 0.042).

Next, insulin resistance (IR) indices were analyzed in 
the cohort. Patients in group 2 exhibited significantly 
higher HOMA-IR index values, as well as insulin and 
C-peptide measurements, when compared to group 1 
and the controls (P < 0.0001, P = 0.0003, P = 0.0004, 
respectively) [Table 2]. These data indicated that 
hyperinsulinemic IR progression was associated with 
T2DM incidence. HOMA-IR indices in patients with AH 
alone were 2-fold higher than in controls (Р = 0.00001). 
In patients with both AH and T2DM, HOMA-IR indices 
were 2.2-fold higher than in controls (Р = 0.00001).

Regression analyses of these data identified statistically 
significant relationships between HOMA-IR levels and: 
glucose levels (r = 0.42, P = 0.06), C-peptide levels (r 
= 0.64, P = 0.0001), BMI (r = 0.54, P = 0.0054) and 
cholesterol levels (r = 0.64, P = 0.056). These results 
supported the hypothesis that the development and 
progression of IR correlated with hyperinsulinemia 
and dyslipidemia. These data also suggest that IR was 
associated with inflammation and the development of 
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vascular wall atherosclerotic lesions in patients facing 
both AH and T2DM.[12,13]

Next, glucose tolerance was tested. Impaired glucose 
tolerance (IGT) was observed in 9.6% of patients 
with hypertension only. In contrast, 96.5% of patients 
with both AH and T2DM were glucose intolerant. 
Also, HbA1c was significantly increased in group 2 
patients compared to controls (P < 0.05). These data 
affirmed that excess body weight had negative impacts 
carbohydrate metabolism [Table 3]. Furthermore, fasting 
serum glucose (FG) levels were significantly elevated 
in group 1 patients (6.2%) compared to controls (Р = 
0.034). This may result from abdominal obesity given 
that: (1) excess body weight is causally associated with 
IR development; and (2) we observed the highest FG 
levels in patients with both AH and T2DM.

Serum adiponectin levels were evaluated. Adiponectin 
levels were reduced in patients with both isolated AH 
and comorbid AH/T2DM when compared to controls 
[Table 4]. Hypoadiponectinemia was most apparent in 
group 2 patients (P < 0.05). Adiponectin levels negatively 
correlated with HOMA-IR indices (r = -0.52, P < 0.05), 
TG levels (r = -0.52, P < 0.05), glucose levels (r = -0.44, 
P < 0.05), BMI (r = -0.44, P < 0.05) and HbA1c (r = 
-0.57, P < 0.01). These data supported that adiponectin 
regulated carbohydrate and lipid metabolisms and was 
deregulated in cases of IR. Currently, IR is considered 
a major risk factor contributing to etiology of T2DM, 

hypertension, dyslipidemia, atherosclerotic vascular 
disease, and, potentially, coronary heart disease and 
stroke.[13-15] IR can also predict development of T2DM 
in individuals who are normoglycemic. Therefore, it 
is important to identify IR in the pre-diabetic or early 
disease stages when therapeutic interventions are 
most likely to succeed.

Further analyses identified a correlation between 
adiponectin levels and BMI. In patients with AH and 
T2DM, those with a BMI ranging from 25.0 to 29.9 kg/m2 
had an average adiponectin level of 12.2 ± 3.6 ng/mL. 
When group 2 patients had BMIs ranging from 35.0 
to 39.5 kg/m2, average adiponectin level dropped to 
7.4 ± 2.2 ng/mL (P < 0.05). These results suggest 
that adiponectin levels could be used to identify the 
development of vascular atherosclerotic lesions in 
patients with comorbid AH and T2DM [Table 4].

Next, omentin serum levels were evaluated. Patients 
with both AH and T2DM had 1.5-fold lower serum 
omentin than control patients (Р = 0.044), as well 
as significantly lower omentin than AH patients (P = 
0.052). There were negative correlative relationships 
between omentin levels and: systolic blood pressure 
levels (r = -0.61, P < 0.05), diastolic blood pressure 
levels (r = -0.68, P < 0.001), BMI (r = -0.36, P < 0.05), 
TG levels (r = -0.44, P < 0.001), CRP (r = -0.38, P 
< 0.001), and TNF-α (r = -0.44, P < 0.001). Also, 
omentin levels positively correlated with HDL-C (r = 

Table 1: Characteristic of patient’s lipid metabolism (mean ± SD)
Index 1. Control group (n = 20) 2. AH (n = 48) 3. AH + T2DM (n = 47) P value

Total cholesterol, mmol/L 4.90 ± 0.64 5.80 ± 1.30 6.10 ± 1.70
P1-2 = 0.0470
P1-3 = 0.0320
P2-3 = 0.7200

Cholesterol  of high-density lipoprotein, mmol/L 1.20 ± 0.06 1.00 ± 0.05 0.700 ± 0.045
P1-2 = 0.5400
P1-3 = 0.0020
P2-3 = 0.0070

Triglycerides, mmol/L 1.80 ± 0.07 1.90 ± 0.09 2.70 ± 0.16
P1-2 = 0.7300
P1-3 = 0.0020
P2-3 = 0.0002

Cholesterol of low-density lipoprotein, mmol/L 3.20 ± 0.54 3.68 ± 0.60 4.04 ± 0.97
P1-2 = 0.2300
P1-3 = 0.0330
P2-3 = 0.0530

AH: arterial hypertension; T2DM: type 2 diabetes mellitus

Table 2: Characteristic of insulin resistance indexes in observed patients (mean ± SD)
Index 1. Control group (n = 20) 2. AH (n = 48) 3. AH + T2DM (n = 47) P value

HOMA-IR 1.64 ± 0.56   4.47 ± 0.60   5.44 ± 0.72
P1-2 = 0.00001
P1-3 = 0.00001
P2-3 = 0.1500

Insulin, µU/mL 5.58 ± 1.30 11.10 ± 2.70 13.70 ± 2.60
P1-2 = 0.0003
P1-3 = 0.0002
P2-3 = 0.0470

C-reactive protein, ng/mL 0.490 ± 0.025   0.960 ± 0.053   1.300 ± 0.075
P1-2 = 0.0004
P1-3 = 0.0001
P2-3 = 0.0620

HOMA-IR: homeostatic model assessment for insulin resistance; AH: arterial hypertension; T2DM: type 2 diabetes mellitus
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0.46, P < 0.001) and adiponectin (r = 0.44, P < 0.05). 
Additionally, negative correlations were observed 
between omentin and glucose levels (r = -0.34, P 
< 0.05), as well as HOMA-IR indices (r = -0.46, P < 
0.001). These data suggested that omentin levels 
were involved in progression of metabolic disorders 
as well as atherosclerosis development in patients 
with comorbid hypertension and T2DM. Data gathered 
here support the hypothesis that abnormal omentin 
production may contribute to the pathogenesis of 
obesity-related complications, including T2DM and 
cardiovascular diseases such as AH.[16-18]

The resistin cytokine is attracting considerable research 
interest, given that it may link obesity and diabetes. 
Resistin regulates inflammatory cascade activities, 
endothelial cell activations and proliferation of vascular 
smooth muscle cells. The cytokine is of interest as a 
potential link between metabolic and cardiovascular 
diseases. Resistin plasma levels were measured here.

Results revealed expression dynamics similar to those 
observed with insulin and glucose levels. Thus, patients 

with AH and T2DM experienced significantly higher 
resistin levels than patients with AH alone or than control 
patients (Р = 0.049, Р = 0.043, respectively). However, 
resistin levels between AH patients and controls were 
not significantly different (P > 0.05). In AH/T2DM 
comorbid patients, circulating blood resistin increased 
significantly, which correlated with fasting insulin, 
fasting glucose and lipid (TC and TG) concentrations. 
These data suggested that increased adiposity 
contributed to the etiology of changes in resistin levels. 
Previous data have provided ambiguous results when 
characterizing the role of resistin secretion in the 
pathogenesis of insulin resistance and T2DM.[18-20] 
The presence of high serum resistin in these comorbid 
AH and T2DM patients suggested that it was an 
additional regulator of IR.

Next, the groups were tested for TNF-α serum levels. 
Both group 1 and group 2 patients experienced 
significant increases in serum TNF-α levels when 
compared with controls (P < 0.05). At their highest, 
TNF-α levels were 4.1-fold increased in AH/T2DM 
patients (Р = 0.0001) [Table 4]. Increased TNF-α levels 

Table 3: Characteristic of carbohydrate metabolism indexes in observed patients (mean ± SD)
Index 1. Control group (n = 20) 2. AH (n = 48) 3. AH + T2DM (n = 47) P value

Fasing glucose, mmol/L 4.27 ± 0.94   6.02 ± 1.05   7.76 ± 1.92
P1-2 = 0.0340
P1-3 = 0.0003
P2-3 = 0.0740

HbA1c (%) 4.50 ± 0.85   6.30 ± 1.23   8.70 ± 1.52
P1-2 = 0.0966
P1-3 = 0.0002
P2-3 = 0.0054

Oral glucose tolerance test, mmol/L 5.16 ± 1.06 10.42 ± 1.89 13.90 ± 2.26
P1-2 = 0.0001
P1-3 = 0.0000
P2-3 = 0.0100

AH: arterial hypertension; T2DM: type 2 diabetes mellitus

Table 4: Levels of adipose tissue hormones and inflammatory markers in the studied patients (mean ± SD)
Index 1. Control group (n = 20) 2. AH (n = 48) 3. AH + T2DM (n = 47) P value

Omentin, ng/mL 397.60 ± 5.30 319.52 ± 11.92 264.52 ± 3.76
P1-2 = 0.063
P1-3 = 0.044
P2-3 = 0.052

Adiponectin, ng/mL   13.60 ± 2.10 11.40 ± 2.70     7.30 ± 1.83
P1-2 = 0.097
P1-3 = 0.0002
P2-3 = 0.0056

Resistin, ng/mL   10.20 ± 2.58 10.30 ± 2.80   23.40 ± 3.80
P1-2 = 0.0971
P1-3 = 0.043
P2-3 = 0.049

TNF-α, pg/mL     5.24 ± 1.03 12.24 ± 1.60   27.36 ± 1.74
P1-2 = 0.008
P1-3 = 0.0001
P2-3 = 0.0038

IL-1β, pg/mL   36.8 ± 5.6 86.2 ± 6.3   93.1 ± 9.5
P1-2 = 0.008
P1-3 = 0.001
P2-3 = 0.064

IL-6, pg/mL   19.1 ± 1.2 33.5 ± 3.7    36.4 ± 4.3
P1-2 = 0.006
P1-3 = 0.002
P2-3 = 0.072

IL-4, pg/mL   42.9 ± 2.4 69.1 ± 3.4    79.4 ± 2.1 
P1-2 = 0.0031
P1-3 = 0.002
P2-3 = 0.041

AH: arterial hypertension; T2DM: type 2 diabetes mellitus; TNF-α: tumor necrosing factor-alfa; IL: interleukin
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correlated with increased concentrations of TG and 
glucose (r = 0.415, P = 0.001; r = 0,042, P = 0.014, 
respectively).

Finally, both AH and AH/T2DM patients experienced 
significant increases in IL-1β levels when compared 
to controls. The most pronounced differences were 
observed in patients with both AH and T2DM (P = 
0.008). These results have been associated with 
presumptive stimulation of acute-phase protein 
syntheses occurring as a result of AH and T2DM. 
Additionally, ІL-4 activities were increased and positive 
correlations were observed between IL-4 and IL-1β (r 
= 0.42, P < 0.01) and IL-6 (r = 0.44, P < 0.01). These 
data suggested that compensatory signaling activities 
were occurring, given that IL-4 has been regulated to 
promote stabilization of inflammation. The regularity 
in which comorbid AH and T2DM experienced 
alterations in metabolic signaling factors emphasized 
the systematic and patterned etiologies of metabolic 
disorders. Negative correlations between IL-6 and both 
omentin and adiponectin (r = -0.46, P < 0.01; r = -0.42, 
P < 0.01, respectively) were observed. These findings 
were consistent with previous studies indicating that 
IL-6 regulated adipokine production.[18,21,22]

DISCUSSION

Presence of comorbid hypertension and type 2 
diabetes is often associated with underlying metabolic 
disorders and central obesity. The combined sequelae 
lead to increased incidence of disease complications, 
and ultimately decreased patient life span. In this 
study, features of hormonal and metabolic disorders in 
patients with arterial hypertension and type 2 diabetes 
were investigated. The most significant signals 
identified were regulators of lipid and carbohydrate 
metabolisms, insulin resistance, and systemic 
inflammation development.

The data presented here indicated that all known 
manifestations of metabolic abnormalities dramatically 
increase with BMI in the cohort. The results 
suggested that in hypertensive patients with diabetes 
mellitus adipose tissue signaling was dysfunctional. 
Additionally, carbohydrate metabolism signaling 
alterations demonstrated that metabolic and hormonal 
signals were disrupted when hypertensive patients 
also had comorbid T2DM. The data suggested close 
pathogenetic links between onset of metabolic disorders 
and expressions of adipokines (omentin, adiponectin, 
and resistin). Pro-inflammatory IL-6 secretion was also 
altered, which was a negative regulator of comorbid 
arterial hypertension and T2DM.

Mounting evidence supports that adipokines are 

essential to etiology of cardiometabolic disorders. 
Despite these findings, research directions continue 
to focus on obesity as the essential therapeutic target 
for reducing the risk of metabolic syndrome, T2DM, 
and associated cardiovascular complications. Given 
the widespread incidence of comorbid hypertension in 
diabetic patients, identifying new markers responsible 
for increased blood pressure during insulin resistance 
is a paramount research concern.
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Aim: This study was undertaken to investigate the physicochemical properties of modified low 
density lipoprotein (LDL) in diabetes. Methods: LDL from 10 type 1 and 10 type 2 diabetic 
patients, as well as LDL from 10 non-diabetic subjects, was subdivided into bound and non-
bound fractions by affinity chromatography on Ricinus communis agglutinin-agarose, and 
further characterized by sialic acid content, hydrated density, electrophoretic mobility, and 
the ability to induce cholesterol deposition in cultured cells. Results: The non-bound LDL 
fraction was similar to native LDL from healthy subjects, with respect to its physicochemical 
properties, and did not produce intracellular cholesterol accumulation. The bound LDL fraction 
was characterized by several alterations differentiating it from non-bound LDL, namely, 
significantly lowered sialic acid content (by 35-50%, compared with non-bound LDL), 
increased electrophoretic mobility (by 40-50%), increased hydrated density (difference in 
modae, 5.6-5.9 mg/mL), and smaller particle size (difference in modae, 3.8-4.9 nm). Bound 
LDL possessed the ability to induce a 2.1- to 2.7-fold increase in intracellular cholesterol 
content. Conclusion: The results showed the presence of a dense, small, more electronegative, 
desialylated LDL subfraction in the blood of diabetic patients, which is in vivo modified 
atherogenic LDL.
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INTRODUCTION

Accelerated coronary and peripheral vascular 
atherosclerosis is the most common long-term 
complication of diabetes mellitus.[1-3] The mortality 
rate of coronary heart disease (CHD) is up to four 
times higher in diabetic than nondiabetic individuals. 
Therefore, CHD is the leading cause of death in 
diabetic patients.[4-6] Many factors contribute to the 
increased rate of atherosclerosis progression in 
diabetes, including alterations in plasma lipid profile, 
platelet function, clotting factors, metabolism of arterial 
wall cells, and elevated blood pressure. The precise 
mechanisms of premature atherogenesis in diabetic 
patients, however, remain unclear.

At the cellular level, the deposition of intracellular 
cholesterol in the arterial wall and subsequent foam-
cell formation is a typical feature of early atherosclerotic 
lesions.[7] Low-density lipoprotein (LDL) has been 
associated with sourcing of accumulating lipids.[6,8,9] 

However, LDL isolated from healthy individuals failed to 
produce notable cholesterol accumulation in cultured 
arterial smooth muscle cells or macrophages.[10,11] It 
was hence accepted that LDL is required to undergo 
structural alterations or chemical modifications to 
become atherogenic.[12] However, modified LDL 
particles are still not considered as clinical biomarkers 
or therapeutic targets because of insufficient evidence. 
Therefore, additional studies, both basic and clinical, 
are necessary to fill the existing gap in the knowledge.

Previously, we have shown that LDL from diabetic 
patients, unlike LDL from healthy individuals, is able 
to induce significant lipid deposition in cultured cells 
derived from uninvolved (non-atherosclerotic) human 
aortic intima.[13] LDL from diabetic patients was 
subdivided into two fractions by lectin chromatography 
on Ricinus communis agarose, wherein bound 
(desialylated) LDL showed substantial dissimilarity 
with non-bound (native) LDL with respect to chemical 
composition and atherogenic properties, i.e. it was 
just a fraction of in vivo modified LDL presumably 
responsible for lipid accumulation in cultured cells.[13,14]

In the past few years, it was demonstrated that even 
in healthy individuals, LDL is heterogeneous in size 
and hydrated density, and the presence of small dense 
LDL (sdLDL) in blood is associated with a higher 
risk of clinical manifestations of atherosclerosis.[15-17] 

We have shown that multiple-modified atherogenic 
LDL occurring in blood of atherosclerotic patients is 
characterized also by increased hydrated density, and 
therefore may be easily regarded as sdLDL.[18]

This study was undertaken to obtain more information 

on the desialylated LDL isolated from the blood of 
diabetic patients and healthy individuals, to examine 
their distribution by hydrated density and the relationship 
between the LDL density and atherogenicity.

METHODS

Patients
This study was conducted in accordance with the 
Helsinki Declaration of 1975 as revised in 1983. It 
was approved by the local ethics committee of the 
Institute for Atherosclerosis Research, Skolkovo 
Innovation Center, Moscow, Russia. All participants 
gave their written informed consent prior to inclusion 
in the study. The study group comprised of 10 type 1 
diabetic patients, 10 type 2 diabetic patients, and 10 
healthy control subjects, free from coronary artery 
disease [Table 1]. The diagnosis of diabetes mellitus 
was verified according to the 1997 criteria by the 
Expert Committee on the Diagnosis and Classification 
of Diabetes Mellitus (ADA), 1998 WHO consultation 
criteria, and 1985 WHO criteria.[19] Type 1 diabetic 
patients were on insulin therapy, and type 2 diabetic 
patients were treated with oral hypoglycemic agents, 
namely sulfonylurea derivatives. 

LDL isolation, lectin chromatography, and 
density fractionation
Venous blood (15 mL) was drawn after overnight 
fasting in plastic tubes containing 0.1% EDTA. Plasma 
was separated by centrifugation, and ε-aminocaproic 
acid (1 mmol/L) was added. LDL (density, 1.025-
1.063 g/mL) was isolated by sequential preparative 
ultracentrifugation according to Lindgren[20] in a Beckman 
L8-55 ultracentrifuge (Beckman Instruments Inc., Palo 
Alto, CA) using Type 50Ti fixed angle rotor operated at 
40,000 g at 10 ºC, and sterilized by filtration (pore size, 
0.45 μm). The LDL preparations were dialyzed against 
2,000 volumes of phosphate buffered saline (PBS) at 
pH 7.4, overnight at 4 ºC. LDL was subfractionated into 
two fractions [non-bound (sialylated) LDL and bound 

Table 1: Demographic findings and subject characteristics 
of study groups

Characteristic Healthy 
subjects

Type 1 diabetic 
patients

Type 2 diabetic 
patients

Gender, M/F 4:6 4:6 5:5
Age, years 32.3 (2.1) 46.0 (17.7)   56.3 (3.5)*
Diabetes, years - 24.7 (17.0) 16.0 (6.1)

Glycemia, mmol/L 4.6 (0.3)   9.1 (2.1)*   11.3 (1.8)*

TG, mmol/L 1.6 (0.2) 1.7 (0.6)    2.2 (0.4)

Cho, mmol/L 4.7 (0.2) 5.2 (1.0)    5.5 (0.8)

HDL-Cho, mmol/L 1.3 (0.1) 1.4 (0.2)    1.3 (0.3)

*Significant difference from healthy subjects, P < 0.05. TG: plasma 
triglycerides; Cho: plasma cholesterol; HDL-Cho: plasma high-
density lipoprotein-cholesterol
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(desialylated) LDL] using affinity chromatography on 
Ricinus communis agglutinin (RCA120)-agarose (Sigma 
Chemical Co., St. Louis, MO) as described elsewhere.[21] 
Briefly, approximately 2 mg of LDL (by protein) was 
applied on the column containing 2 mL of the affinity gel 
equilibrated with PBS. Non-bound (sialylated) LDL was 
washed from the gel with 30 volumes of PBS containing 
0.5 mol/L NaCl, and bound (desialylated) LDL was 
eluted with 5 volumes of PBS containing 50 mmol/L 
galactose (Sigma Chemical Co., St. Louis, MO). LDL 
fractions were adjusted with solid NaBr to a density of 
1.065 g/mL and concentrated by ultracentrifugation. For 
cell culture experiments, aliquots of LDL preparations 
were dialyzed against PBS and sterilized by filtration 
(pore size, 0.45 μm). The larger portions of LDL fractions 
were subdivided in a density gradient as described 
elsewhere.[22,23] Briefly, total, non-bound, and bound 
LDL were dialyzed against 2000 volumes of NaCl/
NaBr solution with a density of 1.050 g/mL overnight 
at 4 ºC. The gradients were formed into 14 × 95-mm 
tubes by successively layering 2.6 mL of NaCl/KBr 
solutions having densities of 1.1289, 1.0637, 1.0500 
(containing the LDL sample), 1.0398, and 1.0282 g/mL. 
The gradients were centrifuged for 42 h in a Beckman 
L-80 ultracentrifuge (Beckman Instruments Inc., Palo 
Alto, CA) using Type SW40Ti swinging bucket rotor 
operated at 36,000 g at 10 ºC. After centrifugation, the 
gradients were fractionated by upward displacement 
with KBr solution (density, 1.300 g/mL) at a speed of 
0.5 mL/min (Isco Density Gradient Fractionator, Model 
640, Isco, Lincoln, NE). The absorbance of the effluent 
was monitored with an Isco UA-5 absorbance detector 
(Isco, Lincoln, NE) at 280 nm, and 0.4 mL fractions were 
collected. Equal salt gradients without LDL were run and 
fractionated simultaneously, and the densities of these 
fractions were measured to reconstruct the density 
profile of the gradient (DMA 45 Calculating Digital 
Density Meter, Anton Paar, Graz, Austria).

Cell culture studies
Subendothelial cells were isolated from uninvolved 
human aortic intima by dispersion with 0.15% 
collagenase.[7] Subendothelial cells represented a 
mix of typical smooth muscle cells (about 30-40%), 
atypical (pericyte-like or stellate) smooth-muscle 
cells (about 40-45%), resident macrophages (3-8%), 
and very small number of cells that migrated from 
circulation (monocytes and lymphocytes). Because 
atherosclerosis develops only in the subendothelial 
intima, this type of primary culture is adequate for 
reproducing in vitro the major traits of atherogenesis 
at the cellular level (e.g. lipid deposition, proliferation, 
fibrosis, and inflammation), although this model has 
certain limitations with the respect to inter-experiment 
standardization. These limitations were avoided when 

the whole set of experiments was performed in the 
primary culture obtained from one autopsy sample. 
The results were reproduced twice in primary cultures 
obtained from two other autopsy samples and, hence, 
considered reliable. The autopsy material was taken 
from men aged 52-62 years who had died suddenly in 
an accident. The cells were suspended in Medium 199 
containing standard additives: 2 mmol/L L-glutamine, 
100 U/mL penicillin, 100 μg/mL streptomycin, 2.5 μg/mL 
Fungizone, and 10% fetal calf serum (FCS). Cells were 
seeded onto 24-well tissue culture plates at a density 
of 3 × 104 cells/cm2 of growth area, and cultured at 
37 ºC in a humidified CO2-incubator (95% air and 5% 
CO2). The medium was changed every other day. On 
the 7th day in culture, the total, non-bound, and bound 
LDL fractions (50 μg/mL) were added in quadruplicate 
in Medium 199 containing 10% human lipoprotein-
deficient serum (LDS). Control cells were incubated in 
Medium 199 containing 10% LDS without LDL addition. 
After 24 h of incubation, cells were rinsed thoroughly 
with PBS, and cellular lipids were extracted thrice with 
n-hexane/isopropanol (3:2, v/v) according to Hara and 
Radin’s protocol.[24] Total cholesterol in the extracts 
was determined enzymatically.[25] Cellular protein was 
measured according to Lowry et al.[26]

Electrophoresis
The aliquots of LDL samples (20 μg LDL by protein) 
were run on agarose gel films (Ciba Corning Diagnostics 
GmbH, Giessen, Germany) according to Lipid 
Research Clinics Manual of Laboratory Operations.[27] 
The same LDL sample from healthy donors was used 
as the reference sample throughout all experiments, 
and its mobility was assumed as 1.00. Nondenaturing 
polyacrylamide gradient gel electrophoresis was 
run on continuous 2-16% gradient gels as described 
elsewhere.[28] After gel staining with Coomassie Brilliant 
Blue R-250, LDL-migration distance was measured 
by scanning densitometry at 560 nm. LDL particle 
size was calculated according to the calibration curve 
reconstructed from migration distances of standards 
with known diameters using Exponential Curve Fit 
utility in the Sigmaplot 12.0 program package.

Other analyses
LDL sialic acid content was measured according 
to Warren’s modified method.[29] LDL protein was 
measured according to Lowry et al.[26]

Statistical methods
Results are reported as mean and standard deviation 
(SD). Significance of differences was evaluated using 
ANOVA and Mann-Whitney tests (IBM SPSS 20.0 
statistical program package), and P values < 0.05 were 
considered statistically significant.
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RESULTS

Sialic acid content of LDL fractions
Sialic acid content of total LDL preparations accounted 
for 40.0 (SD 3.0) nmol/mg LDL protein in non-diabetic 
individuals, 32.9 (SD 2.8) nmol/mg in type 1, and 26.4 
(SD 3.9) nmol/mg in type 2 diabetic patients. Sialic acid 
content in diabetic patients’ LDL was significantly lower 
than non-diabetic individuals (P = 0.027). Upon LDL 
sub-fractionation into non-bound and bound fractions 
by affinity chromatography on RCA120-agarose, non-
bound LDL in all studied groups were characterized by 
high levels of sialic acid, quite comparable to normal 
values [41.5 (SD 1.7), 38.7 (SD 1.4), and 35.1 (SD 1.8) 
nmol/mg] LDL protein for non-diabetic individuals, type 
1, and type 2 diabetic patients, respectively; (P > 0.1). 
However, bound LDL had significantly lower sialic acid 
levels than total LDL (P = 0.029) and non-bound LDL (P 
= 0.009) in all studied groups; the levels accounted for 
32.3 (SD 2.5), 24.8 (SD 4.0), and 17.9 (SD 2.3) nmol/mg 
LDL protein for non-diabetic individuals, type 1, and type 
2 diabetic patients, respectively. Thus, the obtained LDL 
fractions (non-bound and bound) differed significantly 
in sialic acid content and might be readily regarded as 
sialylated and desialylated LDL.

Density of sialylated and desialylated LDL
The density distributions of sialylated and desialylated 
LDL are shown in Figure 1. In non-diabetic individuals, 
the density peak of desialylated LDL was slightly 
shifted to the higher density region compared with that 
of sialylated LDL [1.0350 (SD 0.0003) vs. 1.0335 (SD 
0.0003) g/mL, P = 0.013]. A more prominent shift was 
observed for desialylated LDL from type 1 diabetic 
patients and furthermore for desialylated LDL from 
type 2 diabetic patients [1.0395 (SD 0.0006) vs. 1.0338 
(SD 0.0004), P < 0.001, and 1.0408 (SD 0.0004) vs. 
1.0350 (SD 0.006) g/mL, P < 0.001, respectively]. 
Therefore, desialylated LDL was significantly denser 
than sialylated LDL, and this difference in LDL density 
was most evident in diabetic patients. It is also notable 
that even sialylated LDL in diabetic patients seemed 
to be slightly more dense than that in non-diabetic 
individuals [Figure 1], but this difference was not 
statistically significant.

Atherogenic potential of sialylated and 
desialylated LDL: correlation with LDL density
LDL atherogenicity was determined as the ability to 
induce cholesterol deposition in cells cultured from 
unaffected human aortic intima. As shown in Table 2, LDL 
from non-diabetic individuals did not affect cellular 
cholesterol content; neither did sialylated LDL, but 
desialylated LDL fraction increased intracellular 
cholesterol level moderately and significantly (P 

= 0.037). The same difference was observed for 
sialylated and desialylated LDL from type 1 and type 
2 diabetic patients; however, in some cases, sialylated 
LDL seemed slightly atherogenic, and desialylated 
LDL caused extensive cholesterol accumulation, much 
more than that of desialylated LDL from non-diabetic 
individuals [Table 2]. The effect of total LDL from 
diabetic patients appeared to have intermediate value 
between that of sialylated and desialylated LDL [Table 2], 

Figure 1: Density distribution of sialylated (hollow circles) and 
desialylated (filled circles) low-density lipoprotein in healthy subjects 
(A), type 1 (B), and type 2 diabetic patients (C). Y-axis denotes optical 
density at λ = 270 nm. Dotted line denotes the density gradient

L
L

L



                Vessel Plus ¦ Volume 1 ¦ March 31, 2017

Sobenin et al.                                                                                                                                                                                    Desialylated LDL in diabetes

33

and was supposedly dependent on the proportion of 
desialylated (atherogenic) LDL in total preparation and 
of the extent of its desialylation.

The effects of sialylated and desialylated LDL 
fractionated by density on intracellular cholesterol 
content was also studied. The results from the 
experiment performed using LDL subfractions obtained 
from type 1 and type 2 diabetic patients are shown in 
Figure 2. The LDL samples from all patients produced 
similar but quantitatively different effects. Sialylated 
LDL did not induce an increase in the intracellular 
cholesterol content after 24 h of incubation under the 
cell culture conditions. However, the densest sialylated 
LDL subfractions (d > 1.042 g/mL) produced a moderate 
but significant rise in intracellular cholesterol level. 
Subfractions of less dense desialylated LDL (1.025-
1.035 g/mL) also produced no significant atherogenic 
effect, but LDL of greater density stimulated 1.3- to 
2.3-fold cholesterol accumulation (P < 0.05). Denser 

desialylated LDL subfractions from type 2 diabetic 
patients were much more effective than that from 
type 1 diabetic patients, with respect to intracellular 
cholesterol accumulation.

Size of sialylated and desialylated LDL
The size of total, sialylated, and desialylated LDL 
particles was assessed according to their migration 
distance in polyacrylamide gradient gel electrophoresis 
performed under non-denaturing conditions. As shown 
in Table 3, in every studied group, desialylated LDL 
particles appeared significantly smaller than the those 
in the total LDL preparation and more so than those 
in the sialylated LDL fraction. However, there was no 
significant difference in LDL size between non-diabetic 
individuals, type 1, and type 2 diabetic patients, 
with respect to either total LDL, sialylated LDL, or 
desialylated LDL.

Electrophoretic mobility of sialylated and 
desialylated LDL
The surface net charge of sialylated and desialylated 
LDL was judged according to their electrophoretic 
mobility in agarose gel. As shown in Table 4, 
desialylated LDL fractions in both non-diabetic and 
diabetic patients had higher mobility than sialylated 
LDL fractions, and this difference was statistically 
significant among diabetic patients (P = 0.041). 
Sialylated LDL from diabetic patients also seemed to 
have higher mobility than sialylated LDL from normal 
controls, but this difference was not statistically 
significant [Table 4].

Figure 2: Atherogenic effects of sialylated (hollow circles) and 
desialylated (filled circles) LDL density subfractions from type 1 (A) 
and type 2 (B) diabetic patients. Atherogenic effect was assessed 
as the ability of LDL (50 μg/mL) to induce significant increase in 
the cholesterol content of subendothelial cells cultured from normal 
human aortic intima. Intracellular cholesterol content is expressed as 
the percentage of cholesterol level in control cells. The rectangular 
shaded areas denote the range of statistically insignificant changes in 
intracellular cholesterol level. LDL: low-density lipoprotein

Table 2: The effect of total, sialylated and desialylated 
LDL on intracellular cholesterol level

Group
Cholesterol accumulation, % above control
Total LDL Sialylated LDL Desialylated LDL

Healthy subjects 5 (3) 3 (3) 26 (9)*†‡

Type 1 diabetic 
patients

47 (10)* 9 (2)† 110 (45)*†‡

Type 2 diabetic 
patients

100 (29)* 19 (10)† 169 (33)*†‡

*Significant intracellular cholesterol accumulation, P < 0.05 vs. 
control; †significant difference from total LDL, P < 0.05; ‡significant 
difference from sialylated LDL, P < 0.05. LDL: low-density lipoprotein

Table 3: The size of total, sialylated and desialylated 
LDL particles

Group
LDL particle size, nm

Total LDL Sialylated LDL Desialylated LDL
Healthy subjects 25.4 (1.2) 26.6 (1.4) 23.1 (0.9)*†

Type 1 diabetic 
patients

26.6 (1.9) 27.2 (1.0) 22.5 (0.6)*†

Type 2 diabetic 
patients

25.1 (0.7) 26.3 (1.2) 22.3 (0.5)*†

*Significant difference from total LDL, P < 0.05; †significant difference 
from sialylated LDL, P < 0.05. LDL: low-density lipoprotein

L
L
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DISCUSSION

We have shown previously that blood sera taken 
from diabetic patients, in contrast to sera from non-
diabetic individuals, can induce cholesterol deposition 
in cultured cells derived from uninvolved human aortic 
intima, mainly because of LDL.[13] LDL particles carry 
a variety of modifications, which are usually inherently 
atherogenic, unlike native LDL.[10] The increase of 
a fraction of modified LDL can cause disruption of 
lipid metabolism and contribute to the development 
of atherosclerotic and metabolic diseases such as 
diabetes. According to Tsai et al.,[30] modified LDL 
levels were significantly higher in stroke survivors, thus 
attributing it as a risk factor for stroke outcome.

LDL particles in humans are heterogeneous in a 
polysaccharide moiety, and contain a single molecule 
of apolipoprotein B-100 per particle, and also 80-100 
molecules of secondary proteins, approximately 1,500 
molecules of esterified and non-esterified cholesterol, 
and a varying amount of other lipids.[31] It is possible 
to divide the LDL pool into two different sub-fractions 
[sialylated (sialic acid-rich) LDL and desialylated 
(sialic acid-poor) LDL]. Such separation is possible 
by using a column with RCA120 immobilized on CNBr-
activated agarose.[12,21] Compared with sialylated 
LDL, desialylated LDL particles are smaller in size 
and contain more oxysterols, and less phospholipids 
and antioxidants.[12] In terms of the ability to induce 
intracellular deposition of lipids, the desialylated LDL 
fraction is atherogenic.[12,23,32] Several studies have 
reported an elevation of sialic acid serum levels in CHD 
patients, and also on its correlation with the severity of 
the coronary lesions.[33] Diabetic patients’ LDL, by the 
first approach, appeared to have a decreased level of 
sialic acid, and further investigations have shown that 
this was due to an increased proportion of desialylated 
LDL fraction in patients’ blood and a greater extent 
of its desialylation.[13,14] This LDL fraction was also 
characterized by increased non-enzymatic glycation 
and altered lipid composition, namely, decreased 
content of esterified cholesterol and elevated level 
of lyso-phospholipids.[13,14] Taken together, these 
findings indicate that this LDL fraction with multiple 
modifications has marked atherogenic potency. In the 

present study, desialylated LDL from diabetic patients 
was additionally examined by density, particle size, 
and electrophoretic mobility to obtain a more complete 
physicochemical characterization of this atherogenic 
LDL fraction.

The density distribution profile of desialylated LDL from 
diabetic patients differed from that of sialylated LDL, 
evidently owing to the presence of denser particles. 
While this difference in LDL density between sialylated 
and desialylated LDL was also observed in non-
diabetic individuals, it was markedly distinct among 
diabetics. Desialylated LDL was also characterized by 
diminished particle size, approximately by 1.2-fold as 
compared with sialylated LDL.

It has been shown that sdLDL was characterized as 
highly atherogenic, and its level strongly correlated with 
cardiovascular disease risk.[15,16] The presence of sdLDL 
is claimed to be highly associated with atherosclerosis 
development, and several studies have attempted 
to identify the risk of ischemic atherosclerotic events 
according to LDL subclass pattern.[15,16,18] The higher 
prevalence of small dense LDL has been associated 
with cardiovascular events, acute ischemic stroke 
onset, and short-term mortality after acute ischemic 
stroke.[33-36] Our data demonstrate that in the blood of 
the same patient, there are at least two distinct forms 
of LDL differing by particle size and density. Obviously, 
the LDL pattern would strongly depend on what LDL 
fraction prevails in circulation.

The most prominent feature of desialylated LDL 
is its ability to induce intracellular cholesterol 
accumulation.[12,13,23,32] We have found previously 
that LDL atherogenicity in CAD patients and diabetic 
patients correlates negatively with sialic acid levels.[13] 

Indeed, in vitro studies have shown that desialylated 
LDL treated with neuraminidase, which removes the 
sialic acid residues, results in a significant increase in 
LDL potency to induce lipid accumulation in cultured 
monocyte-macrophages or intimal cells.[32] However, 
whether the loss of sialic acid in circulating LDL is the 
primary reason for their atherogenicity, remains unclear. 
The so-called desialylated LDL is characterized by 
several alterations to its chemical composition and 
physical properties, low sialic acid level being only 
one attribute of a wider scope of changes including the 
density, size, and electric charge of particles.[12,18,23]

Desialylated LDL showed higher mobility on agarose gel 
electrophoresis, thereby indicating that this LDL fraction 
has an elevated surface net charge, i.e. is a more 
electronegative LDL particle.[18] It is definitely known that 
numerous techniques of in vitro LDL modification (e.g. 

Table 4: Relative electrophoretic mobility of sialylated 
and desialylated LDL fractions

Group
Relative LDL mobility

Sialylated LDL Desialylated LDL
Healthy subjects 1.00 (0.07) 1.27 (0.19)
Type 1 diabetic patients 1.05 (0.10) 1.55 (0.17)*
Type 2 diabetic patients 1.29 (0.21) 1.85 (0.29)*

*Significant difference from sialylated LDL, P < 0.05. LDL: low-
density lipoprotein
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acetylation, metal-dependent oxidation, methylation, 
malonic dialdehyde treatment, etc.) lead to the formation 
of anionic LDL thus rendering it atherogenic.[31] It is 
possible that LDL surface charge plays a significant role 
in the processes of lipoprotein-to-cell interaction, and 
charge alterations may substantially modify LDL cellular 
metabolism, thus resulting in lipid deposition. The 
elevated electrophoretic mobility of desialylated LDL 
may be readily explained considering the significantly 
reduced content of free amino groups of desialylated 
apoB.[30,31]

A smaller size and increased density of desialylated 
LDL particles seem to be typical attributes of modified 
atherogenic LDL.[18,31] In our study, LDL’s ability to 
induce intracellular cholesterol accumulation increased 
with LDL density. Desialylated LDL of lower density 
was not atherogenic, and the densest sialylated LDL 
was capable of inducing a moderate increase in 
cellular cholesterol. However, this does not necessarily 
imply that the density or size of LDL particles are 
the primary determinants of their atherogenicity. As 
it was demonstrated previously, desialylated LDL 
is also characterized with decreased content of 
neutral sugars such as galactose and mannose and 
acetylated residues such as N-acetylglucosamine.[31] 

It may be speculated that some extensively modified 
LDL particles may be deprived of not only sialic acid, 
but also of galactose residues, that usually become 
terminal saccharides in biantennary polysaccharide 
chains in apoB after desialylation. Such particles 
cannot be isolated from the total LDL preparation by 
RCA120 affinity chromatography and would contaminate 
non-bound LDL fractions that are generally thought to 
be non-modified, sialic acid-rich LDL. Assuming that 
diminished particle size, increased density, and loss 
of sugar residues are the processes characteristic for 
LDL modification and work in parallel, the densest part 
of non-bound (so-called sialylated) LDL would contain 
some amount of exceptionally modified LDL that could 
raise the intracellular cholesterol levels. Additionally, 
desialylated or sialylated LDL from diabetic patients 
did not differ significantly with respect to particle 
size from corresponding LDL fractions from healthy 
subjects; the difference, however, was dramatic with 
regard to the atherogenic effect. Therefore, the size 
or density of LDL particles may be regarded as the 
marker of LDL atherogenic modification, but seem 
to be secondary events reflecting the alterations in 
chemical composition of LDL that have occurred 
before. However, it may be speculated that smaller 
LDL particle size may lead to conformational changes 
in those apoB domains responsible for interaction 
with cell receptors. However, in this case, one should 
provide mechanistic explanations of the effect of LDL 

particle size on its binding, uptake, and internalization 
by cells; such explanation was provided only for 
desialylated LDL.[37]

Interestingly, LDL desialylation is assumed to be a 
systemic process, which affects not only LDL as a 
single target. Recently Koska et al.[38] have reported 
that properly glycosylated apoC-III proteoform (i.e. 
apoprotein-bearing 2 sialic acid residues per every 
biantennary polysaccharide chain), in contrast 
to partially or totally desialylated proteoforms, is 
associated with beneficial lipid profile in prediabetic 
and type 2 diabetic patients. It is possible that apoC-
III non-sialylated, monosialylated, and di-sialylated 
isoforms occur in circulation owing to desialylation (or 
another kind of deglycosylation), but not because of 
different pathways of posttranslational glycosylation in 
hepatocytes.

This study has certain limitations. First, it was of an 
experimental nature, and not aimed at estimating the 
clinical relevance of desialylated LDL with respect to 
diabetes and/or gender- and age-related differences, or 
association with metabolic control and therapy. Second, 
it was not possible to calculate the sample size prior to 
the study, because there were no available statistical 
data on variability of the studied parameters in healthy 
subjects and diabetic patients. Thus, only post hoc 
analysis was possible, which showed that the given 
sample size was sufficient to reach 96-100% statistical 
power at a 5% confidence level, with respect to 
observed inter-groups differences in LDL atherogenicity, 
electrophoretic mobility of desialylated LDL, and intra-
group differences between sialylated and desialylated 
LDL particle sizes. Regardless, the results of our study 
conclude that there is a fraction of modified LDL along 
with native LDL in the blood of diabetic patients. This 
naturally occurring modified LDL is characterized by 
various alterations to its physicochemical properties. 
Our previous findings have shown that: (1) it is 
desialylated and non-enzymatically glycated lipoprotein; 
(2) it is characterized by lowered esterified cholesterol 
level and elevated content of lyso-phospholipids; and 
(3) it is atherogenic in terms of intracellular cholesterol 
accumulation. We believe our research presents new 
and significant abnormal peculiarities of this LDL: (1) it 
is a small, dense LDL; and (2) it is more electronegative 
than native LDL. Therefore, previously described 
atherogenic LDL fraction in diabetics can be regarded 
as multiple-modified LDL that may be assigned to have 
a significant role in early atherogenesis in diabetes 
mellitus. The origin and metabolic fate of this in vivo 
modified LDL remains to be studied.
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Aim: D-dimer reportedly plays a leading role in diagnosing pulmonary embolism. 
Additionally, homocysteine is an established risk factor for atherosclerosis, vascular disease, 
and thrombosis. Herein, the authors aimed to evaluate the diagnostic significance of D-dimer 
and homocysteine levels, together with multi-detector computed tomography (CT) in suspected 
pulmonary embolism. Methods: The authors examined patients suffering from conditions and 
complaints that are typical of pulmonary artery thromboembolism (PATE), such as chest pain, 
haemoptysis, dyspnoea, tachycardia, arterial hypotension, and signs of vein thrombosis in the 
inferior limbs. In these patients, PATE was found in different localizations with varying rates of 
severity. D-dimer levels were measured in patients with suspected PATE using enzyme-linked 
immunosorbent assays. Homocysteine levels were determined by an enzymatic method. All 
patients were examined to evaluate the presence of pulmonary embolism by multi-detector 
CT angiopulmonography. Results: Changes in homocysteine levels can be considered a 
separate independent factor for PATE diagnostics. The correlation between multi-detector 
CT angiopulmonography, elevated D-dimer levels, and concomitant hyperhomocysteinemia 
can be used not only for diagnostics but also for the assessment of the effectiveness of PATE 
treatment. Conclusion: Multi-detector CT angiopulmonography, D-dimer levels and related 
hyperhomocysteinemia can serve as significant laboratory markers in the diagnosis and 
treatment efficacy of PATE.
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INTRODUCTION

Pulmonary artery thromboembolism (PATE) is an acute 
occlusion of the pulmonary trunk, or its branches, with 
thrombi, formed in the veins of the greater circulation, 
or in the cavities of the right section of the heart. Modern 
medical literature uses the term pulmonary embolism. 
More than 500,000 cases of pulmonary embolism are 
diagnosed annually.[1-3]

Modern diagnostics of PATE have faced substantial 
difficulties, associated with polymorphism of developing 
clinical syndromes; suddenness and catastrophic 
speed of disease development, and the lack of 
highly informative methods of investigation (perfusive 
scintigraphy of the lungs, pulmoangiography) in some 
hospitals.[3-5]

The diagnostic problems that need to be solved when 
patients have suspected PATE are: 
(1) to confirm the presence of an embolism;
(2) to determine the exact location of the 
thromboembolism in pulmonary vessels;
(3) to determine the rate of embolic damage of 
pulmonary vessel beds;
(4) to assess the haemodynamic state in the greater 
circulation and the lesser circulation;
(5) to ascertain the source of the embolism and to 
assess the probability of relapse.

Venous thromboembolism (VTE) is associated with 
a 5% to 27% annual risk of recurrence after the 
discontinuation of anticoagulant (AC) therapy, and 
indefinite AC treatment is recommended if the bleeding 
risk is low-to-moderate. However, in one-third of 
patients with unprovoked VTE, the risk of recurrence 
is so low (< 3% per year) that AC therapy > 3 months 
may not be necessary.[4,5]

Pulmoangiography is the method of choice in pulmonary 
embolism diagnostics. However, this examination is 
associated with discomfort, elevated cost, and the risk 
of serious complications, typical of invasive procedures. 
Ventilation-perfusion scintigraphy is widely used at 
the initial stage of revealing pulmonary embolism, but 
the validity of the method is limited due to numerous 
uncertain conclusions. Precise presentation of 
pulmonary architectonics has become possible since 
the invention of spiral, and then multilayer scanners, 
which can provide a higher accuracy of diagnostics.[3,5]

It should also be noted that numerous retrospective 
and prospective investigations have shown a close 
interdependence between homocysteine (a sulphur-
containing amino acid that is an intermediate product of 
methionine and cysteine exchange) and cardiovascular 

diseases, such as venous and arterial thromboses, 
pulmonary embolism, stroke and myocardial infarction. 
Hyperhomocysteinemia can suppress a whole range 
of anti-coagulating mechanisms, which involve the 
mediation of the vascular endothelium in pathological 
processes, and as a result, even a moderate increase 
in homocysteine levels in the blood can cause not only 
arterial thrombosis and atherosclerosis, but also vein 
thrombosis.[6-8]

Evaluation of D-dimer levels has an active application 
in current clinical practice, and provides additional 
information for thrombosis diagnostics (D-dimers 
are molecules that circulate in the blood during the 
development of thrombi, which can be resolved under 
the action of a fibrinolytic system).[9,10]

METHODS

The aim of our investigation was to assess the 
importance of measuring D-dimer and homocysteine 
levels, along with the use of multilayer computer 
tomography (CT), in the diagnosis of patients with 
suspected PATE.

We examined 54 patients (31 males and 23 females) 
from 18 to 76 years of age, who were suffering 
from conditions and complaints that are typical of 
PATE, such as chest pain, haemoptysis, dyspnoea, 
tachycardia, arterial hypotension and signs of vein 
thrombosis in the inferior limbs. In 51 patients (94.4%), 
PATE was evident in different localizations at varying 
rates of severity.

A total of 27 healthy persons, with an average age 
of 52.3 ± 1.3 years old, formed a control group. The 
investigation was randomized, as we did not include 
patients with normal values of D-dimer, and there 
were no patients with the above mentioned complains 
(chest pain, haemoptysis, dyspnoea, tachycardia, 
arterial hypotension and signs of vein thrombosis in 
the inferior limbs). All investigations were conducted at 
the Research Institute of Clinical Medicine.

D-dimer levels were measured in patients with 
suspected PATE using enzyme-linked immunosorbent 
assays. Patients with D-dimer levels > 500 ng/L were 
subjected to ultrasonic scanning of proximal veins of 
inferior limbs with compression, and to multilayer CT. 
Homocysteine levels were measured by an enzymatic 
method using the biochemical analyser COBAS 
INTEGRA 400 PLUS (Roche Diagnostics).

Multilayer CT (МLCТ) was carried out using the 
Siemens SOMATOM Sensation 16 Cardiac. During 
MLCT-pulmoangiography after native examination of 
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chest organs, we performed contrast enhancement of 
the pulmonary artery channel, by injecting 70-80 mL 
of a contrast substance using an automatic injector at 
3 mL/s; the delay time was 9-11 s, which enabled the 
initiation of tomography when there was the highest 
concentration of the contrast substance (1,220 Hertz 
units) in the area of interest, namely the pulmonary 
artery trunk. During the CT procedure, the patient was 
instructed to hold his/her breath, or tried to breathe very 
shallowly. We assessed the condition of pulmonary 
arteries and their branches up to the sub-segmental 
level [Table 1].

Ultrasonic scanning was carried out in В-mode, 
examining common femoral and popliteal veins. The 
incomplete vascular embarrassment of these veins 
during compression was considered as the criterion for 
thrombosis.

All patients were examined with CT and ultrasonic 
scanning.

Anticoagulants were prescribed to the patients with 
thrombosis of proximal deep veins, (ultrasonic scanning 
and negative CT results). The main indication for 
analyses was the portion of patients with thrombosis of 
proximal deep veins and negative CT results. Risk of 
thromboembolism during the 3 months of attendance 
was the second indication, if ultrasonic scanning of 
inferior limbs was not carried out.

Modern methods of variation statistics (Windows 7, 
SPSS21 software), performed in Microsoft Excel, were 
used for statistical processing of obtained results. 
Sampled simple average (M), simple average of error 
(m), and average standard deviation (σ), were used. 
Student’s criterion (T) was used to define reliability 
of the difference between simple average values. 
Comparison of the student’s distribution was made. 
The value of P was < 0.5 in the groups which we 
studied. To determine the ratio between variables, 
we used Pearson’s correlation coefficient, where xi 
and yi are values of compared variables, x and ӯ are 
mean values of these variables, and r is the correlation 
coefficient.

RESULTS

Our studies showed that hyperhomocysteinemia of up 
to 26.2 ± 0.4 μmol/L was found in 50 out of 54 patients 
(92.6%). Homocysteine did not exceed admissible 
levels and was 8.64 ± 0.20 μmol/L in 4 patients 
[Table 2]. It should be noted that homocysteine levels 
in healthy males and females aged 30 years and 
above is between 4 and 14 μmol/L. A homocysteine 
concentration of > 15 μmol/L indicates a high risk of 
developing cardiovascular diseases.[6]

Correlation analysis showed a significant positive 
interdependence between laboratory test results of 
D-dimer and homocysteine levels with a correlation 
coefficient of 0.557.

The series of computer tomograms during МLCТ 
angiography clearly show thrombi in the lumen 
of pulmonary trunk and its branches of lobar and 
segmental order.

Thrombi are seen in the lumen as defects of vessel 
filling, having clear, even outlines of various forms 
(oval, protruded, irregular form, V-form), dimensions 
of 2-16 mm and extensions of up to 35 mm. The 
thrombi have soft-tissue density (35-50 Hertz units), 
homogeneous structure and partially or completely 
occlude the damaged vessel.

Multilayer CT pulmoangiography revealed signs of 
PATE in 19 out of 21 patients (90.5%), who showed 
a high probability of disease, evaluated from clinical 
data. During ultrasound scanning, thrombosis of deep 
proximal veins was found in 9 out of 19 patients (47.4%). 
Only 1 out of 21 patients (0.5%) had thrombosis of 
proximal deep veins and negative CT results. PATE 
was not revealed by clinical results of CT or ultrasound 
scanning in 3 patients who had a high probability of 
PATE, and further angiography also gave negative 
results. A total of 23 out of 33 patients (69.6%) with a 
low-to-medium probability of PATE had D-dimer levels 
> 500 ng/L. CT revealed symptoms of PATE in 8 of 
these 33 patients (24%), and thrombosis of proximal 
deep veins was found in 3 of these 8 patients (37.5%) 
during ultrasound scanning. Only 2 patients (0.6%) 
with low-to-medium PATE probability had thrombosis 
of maximally deep veins and negative CT results 

Table 1: Frequency (%) of DVT in extremities and PATE 
in patients at various risk rates

Risk rate
DVT/PATE risks (objective test data)

Crus vein 
thrombosis

Proximal 
phlebothrombosis

Clinical 
PATE

Mortal 
PATE

High 40-80 10-30 5-10 1-5
Average 
(moderate)

10-40 2-10 1-8 0.1-0.7

Low < 10 < 1 < 1 < 0.01

PATE: pulmonary arteria thromboembolism; DVT: deep vein 
thrombosis

Table 2: Homocysteine and D-dimer levels in patients 
with pulmonary embolism and control group
Laboratory 
parameters

Patients with pulmonary 
embolism (n = 54)

Control group 
(n = 27)

D-dimer (ng/mL) 950.0 ± 6.0 500.0 ± 3.0
Homocysteine 
(μmol/L)

26.2 ± 0.4 9.1 ± 0.3
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[Table 1]. MLCT and pulmoangiography revealed 
pulmonary infarction of various sizes and localization 
in 13 (24%) patients, while in 41 (76%) patients, these 
signs were absent. According to the statistics, PATE 
causes complications in the form of infarction in 10-
30% of cases.

DISCUSSION

Pulmonary angiography is a gold standard of PATE 
diagnostics. However, this method is invasive, causes 
various complications and is not widely available. 
In most cases, PATE diagnosis is based on the 
combination of laboratory tests and radio-diagnostics, 
such as perfusive radionuclide scintigraphy and 
echocardiography (cardiac ultrasound), which reveal 
indirect symptoms of embolism (dilatation of the 
right ventricle of heart and pulmonary hypertension), 
observed in severe forms of PATE. CT allows the 
visualisation of pulmonary arteries and thrombi 
themselves, as well as the ability to assess structures 
of mediastinum and parenchyma, which is the main 
advantage of CT. According to some authors, two thirds 
of patients with suspected PATE were diagnosed as 
having aorta dissection, pneumonia, lung carcinoma, 
and pneumothorax. In addition, the presence of 
complicated pulmonary embolism (pulmonary 
infarction, pleural effusion, re-induced vascular picture) 
is possible.[5,8]

With the introduction of high resolution multilayer CT, all 
the problems associated with the lack of accuracy using 
spiral CT in PATE diagnostics have been overcome. 
Using of 14-16 and 64-layer CT decreases the number 
of unrevealed cases of deseases. Furthermore, 
visualization of proximal, lobar, and more distal artery 
branches (at segmental and sub-segmental levels) 
is provided, revealing peripheral emboli, with precise 
assessment of their extent being possible.[9]

Moreover, to reveal deep vein thromboses, it is 
possible to combine chest examination with vein CT 
angiography.

Using reconstructive images, left and right ventricles 
in axial and four-chamber projections can be 
assessed and measured. Right ventricle dilation is an 
unfavourable prognostic factor.[10]

We recommend CT examination to be performed 
at 3 months after diagnosis of PATE, as this period 
is sufficient for thrombus resolution. Perfusive 
radionuclide scintigraphy, recommended for a more 
accurate diagnosis is characterized with high radiation 
exposure, compared to MLCT, and is not useful for 

revealing an anatomic picture of the disease.[7,9]

On the basis of numerous results, obtained during 
the investigation of haemostasis and homocysteine, 
according to which homocysteine can cause a 
damaging effect on thrombocytes, the interdependence 
between the rate of D-dimer changes and observed 
hyperhomocysteinemia becomes evident. Moderate 
hyperhomocysteinemia, up to 19.0 μmol/L not 
complicated with thromboembolism was observed 
in patients with vein thrombosis in inferior limbs.[7,11] 

If we take considering that even moderate 
hyperhomocysteinemia can cause oxidative stress 
(homocysteine oxidation results in the formation of free 
radicals, which activate the formation of thrombi, in turn 
resulting in hypercoagulation), then the mechanism 
of the results observed in patients with thrombosis 
of proximal deep veins and in thromboembolism of 
pulmonary artery becomes evident.[11,12]

It can be concluded that multilayer CT 
pulmoangiography is a non-invasive highly 
informative method, providing a very low level 
of complications, and is thus indicated for acute 
PATE diagnostics, and for control of the disease 
dynamics after anticoagulation treatment. Moderate 
hyperhomocysteinemia, observed in cases of vein 
thrombosis of inferior limbs, uncomplicated by PATE, 
deserves further attention to determine the fate 
of these patients and the appropriate treatment to 
provide. The changes in homocysteine levels can be 
considered as a separate independent factor for PATE 
diagnostics. The interdependence between D-dimer 
and concomitant hyperhomocysteinemia can be used 
not only for diagnostics, but also for the assessment 
of the effectiveness of PATE treatment.
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INTRODUCTION

Even in the 21st century, cardiovascular disease (CVD) 
remains an important public health issue because it is 
associated with high rates of mortality and morbidity.[1-5] 
In addition, the costs of treating and managing these 
patients are very high, as such patients have a constant 
need for medical treatment and their management 
often requires sophisticated and expensive tests.[6] 
The use of preventive measures, identification of high-
risk groups,[7] early diagnosis, and treatment of women 
presenting with cardiovascular problems can all have 
a significant influence on reducing cardiovascular 
mortality, morbidity, and treatment costs, as has been 
shown in various countries.

For a long time, it was thought that CVD predominantly 

affects men. However, over the last two decades, 
it has been revealed women have higher rates of 
cardiovascuar morbidity and mortality. For example, 
49% of European women die from CVD, compared 
with 41% of men.[3] At present, the basic statistical 
facts are as follows:[1,3,5,8]

• Worldwide, one-third of all deaths among 
women are due to CVD, with up to 8.6 million women 
dying from CVD each year. Furthermore, stroke kills 
more women than men (11% vs. 8.4%).

• More than two-thirds (approximately 42%) 
of women who have heart attacks die within 1 year, 
compared with 24% of men.

• Under the age of 50 years, women have 
double the risk of death after a heart attack than men.

• Heart attack and heart failure kill 6 times more 
women than breast cancer every year.
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By the end of the 1990s, cardiovascular morbidity in 
women started to drew particular attention, leading to 
studies and intensive work by the world’s top cardiology 
societies. At the European Society of Cardiology 2005 
conference, for example, very interesting data were 
presented about the situation in Europe.[9] It was 
revealed that:

• Women are underrepresented in 
cardiovascular research and trials.

• Women are less likely to analyze the influence 
of their risk factors on morbidity and mortality rates, 
and awareness about CVD among women is low.

• Women are less likely to undergo primary and 
secondary prevention.

• Women seek medical care less often than 
men.

• Fewer women than men undergo diagnostic 
tests, which results in a delay in diagnosis and a 
resulting delay in treatment.

Currently, the following categories of women’s 
cardiovascular health are provided in modern 
guidelines:[10,11]

High risk (at least one high-risk state): clinical 
manifestations of coronary heart disease, 
cerebrovascular disease, peripheral arterial disease, 
abdominal aortic aneurysm, end-stage or chronic 
kidney disease, diabetes, coronary heart disease with 
a 10-year risk > 10%.

At risk (at least one risk factor from the following): 
tobacco consumption, arterial hypertension (systolic 
pressure > 120 mmHg, diastolic pressure > 80 mmHg, or 
treatment with antihypertensive drugs), total cholesterol 
> 200 mg/dL, high-density lipoprotein cholesterol 
< 50 mg/dL or treatment of dyslipidemia, obesity 
(especially central obesity), poor nutrition, low physical 
activity, family history of premature CVD occurring in a 
first-degree relative in men aged < 55 years or women 
aged < 65 years, the metabolic syndrome, evidence 
of subclinical atherosclerosis, poor exercise capacity 
on treadmill test and/or abnormal heart rate recovery, 
systemic autoimmune collagen vascular disease (e.g. 
lupus, rheumatoid arthritis), history of pre-eclampsia, 
gestational diabetes, or pregnancy-induced hypertension.

Ideal cardiovascular health: total cholesterol 
< 200 mg/dL, arterial blood pressure < 120/80 mmHg, 
fasting glucose < 100 mg/dL, non-smoker, healthy diet.

Raising awareness of gender-specific risk factors will 
have an impact on women’s cardiovascular health. The 
purpose of this article is to evaluate the modern views 
with respect to the diagnostic tools used to determine 
ischemia in women.

PATHOPHYSIOLOGICAL FEATURES OF 
MYOCARDIAL ISCHEMIA IN WOMEN

In general, the pathophysiological features of 
myocardial ischemia differ in women and men. There 
is a significant amount of data implicating the influence 
of sex hormones on the presentation of chest pain and 
electrocardiograph (ECG) changes.

In the mid-1990s, the US National Heart, Lung, and Blood 
Institute sponsored the Women’s Ischemia Syndrome 
Evaluation (WISE) study, one of the cornerstones in the 
evaluation of myocardial ischemia in women,[12] which 
assessed 936 women with chest pain. The aims of the 
study were to optimize the evaluation of symptoms 
and diagnostic tests; to explore the mechanisms of 
symptoms and of myocardial ischemia in the absence 
of epicardial coronary artery stenosis; and to evaluate 
the influence of reproductive hormones on symptoms 
and the results of diagnostic tests.[12-14]

The results of the study were published in scientific 
papers over a long period of time. Based on these 
results, four groups of women with chest pain have 
been described:

1. Women with severe obstructive coronary 
artery disease (CAD) and myocardial ischemia.

2. Women with obstructive CAD but without 
myocardial ischemia.

3. Women without obstructive CAD but with 
myocardial ischemia.

4. Women without obstructive CAD and without 
myocardial ischemia.

One of the conclusions of the WISE study: quality of life 
is determined more by chest pain than by the presence 
of myocardial ischemia.

Women falling into the above categories present 
daily at medical facilities with chest pain, dyspnea, 
or other symptoms, and the proper differentiation of 
any underlying conditions will determine the need 
for further investigations and the most appropriate 
treatment options. These underlying conditions 
are macrovascular diseases, obstructive coronary 
atherosclerosis, and microvascular disease.

Among the women included in the WISE study, 37% 
did not have angiographic evidence of obstructive CAD; 
rather, they presented with normal or nearly normal 
coronary arteries (< 20% stenosis). In 25% of women, 
non-obstructive CAD was found (at least one 20-50% 
stenosis). And in 38% of patients included in the study, 
severe obstructive CAD was revealed (> 50% stenosis). 
Therefore, 62% of women with angina included in the 
study did not have severe obstructive CAD.[12-14]
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Similar results have been obtained in other studies. In 
2015, Lee et al.[15] published the results of a prospective 
study that evaluated patients with non-obstructive CAD. 
Overall, 77% of patients in the cohort were women; 
44% of all patients had endothelial dysfunction, 21% 
had microvascular impairment, and 5% had a reduced 
fractional flow reserve. In 23% of cases, it was not 
possible to determine the cause of coronary symptoms. 
This study confirmed the results of previous studies[16-18] 
indicating that while the symptoms of CAD are well 
understood, women tend to develop symptoms 10-15 
years later than men, and have more risk factors by the 
time of symptom onset. The study by Lee et al.[15] did 
not evaluate the influence of hormonal factors on the 
clinical presentation of symptoms.

Thus, an incomplete understanding of the sex-specific 
physiology of myocardial ischemia and underdeveloped 
diagnostic and treatment options may lead to the 
inadequate management of a large proportion of the 
population and a large number of women without signs 
of obstructive CAD at coronary angiography presenting 
with symptom-related disability. All of this consumes a 
considerable amount of healthcare resources.[6]

A European study published in 2012 found that angina 
in patients with normal blood vessels or non-obstructive 
atherosclerosis was associated with an increased risk 
of the combined endpoint of cardiovascular death, 
hospitalization due to myocardial infarction, heart 
failure, or stroke of up to 52% in the case of patients 
with normal coronary arteries and 85% in those with 
non-obstructive coronary atherosclerosis. In addition, 
these patients had an increased risk of all-cause 
mortality of up to 29% and 52%, respectively, with 
no differences between men and women.[19] Such 
physiological patterns have also been reported in other 
studies evaluating invasive and non-invasive coronary 
flow reserve.[20,21] All of these findings demonstrate the 
importance of evaluating and managing women with 
non-obstructive CAD.

Morphological studies have shown that the development 
of myocardial infarction is based on plaque rupture, 
plaque ulceration, and plaque calcification.[22] Plaque 
erosion/ulceration is another pathophysiological 
mechanism of myocardial infarction. In this case, 
damage of the integrity of the plaque cap leads to 
the development of a thrombus, with emboli from the 
plaque travelling to areas distal to the plaque and 
eventually blocking the lumen of the vessel. In most 
cases, this mechanism underlies the development of 
myocardial infarcts in women, and this type of non-
obstructive atherosclerosis of coronary arteries is 
found more commonly in women with myocardial 
infarction than in men.[14,17,20-22]

The difference between men and women also exists 
in stable coronary syndromes. As noted above, in the 
WISE study, only 38% of women with a stable coronary 
syndrome had severe obstructive CAD, and the rest 
(62%) showed evidence of non-obstructive CAD.[13,14,17,20] 

CORONARY MICROVASCULAR DYSFUNCTION

Myocardial ischemia is usually caused by narrowing of 
epicardial coronary arteries. Over the past 30 years, 
however, many studies have revealed that impaired 
coronary microcirculation can also lead or contribute to 
the development of ischemia of myocardial cells.

Most of the articles published on myocardial ischemia 
have been designed to evaluate coronary obstruction 
and to determine strategies for the early detection of 
obstructive CAD. However, there is lack of research 
on detection of ischemia in patients with normal 
or non-obstructive coronary arteries, which mainly 
present in women. As previously mentioned, women 
are less likely than men to undergo diagnostic or 
preventive measures. Since the 1980s, the information 
about microvascular disease has expanded. In 2007, 
Camici and Crea[23] evaluated clinical settings in 
which myocardial ischemia occurs and proposed a 
classification of coronary microvascular dysfunction 
(CMVD) based on the underlying diseases in which 
it occurs (e.g. obstructive CAD, cardiomyopathy, and 
systemic diseases). Their classification is as follows:

• Class 1: CMVD in the absence of obstructive 
CAD and myocardial diseases.

• Class 2: CMVD in the presence of myocardial 
diseases.

• Class 3: CMVD in the presence of obstructive 
CAD.

• Class 4: CMVD caused by coronary recana-
lization (i.e. iatrogenic).

In an everyday setting, it is very difficult to distinguish 
the forms of CMVD because small coronary arteries 
cannot be visualized by angiography. During invasive 
investigations, complex, time-consuming, and costly 
methods are required to carefully assess the function 
of the coronary microcirculation. In patients suspected 
of having microvascular angina, accepted hallmarks 
of myocardial ischemia, such as stress-induced left 
ventricular contractile alterations,[23-26] are usually 
undetectable. A sparse distribution of myocardial 
ischemia in a patient presenting with CMVD is, 
on one hand, sufficient to produce ECG changes 
and myocardial perfusion defects on single-photon 
emission computed tomography (SPECT); but, on the 
other hand, might not result in detectable contractile 
abnormalities because of normal function of the 
surrounding myocardial tissue.[26,27]
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EVALUATION AND DIAGNOSIS

The high incidence of cardiovascular death in 
women, particularly due to CAD, raises the need for 
the early evaluation of women at increased risk in 
order to determine the optimal therapeutic strategies. 
Coronary angiography remains the reference standard 
for diagnosing ischemic heart disease. However, it 
has very low possibilities to evaluating patients with 
microvascular angina. Because the majority of patients 
with microvascular dysfunction are women, it is very 
important to determine which tests are of value for 
their evaluation. Coronary angiography cannot provide 
information about the severity and extent of ischemia. 
Thus, in women, non-invasive tests that save money 
and reduce periprocedural risks, are of particular value.

The simplest formula - ischemia is mismatch between 
oxygen demand and delivery - indicates the importance 
of the direct visualization of ischemia in women, 
particularly because the rate of microvascular angina 
is higher in women than in men. Exercise stress 
testing remains the basis for the evaluation and risk-
stratification of patients with suspected CAD. It is a 
valuable and informative tool in both men and women. 
However, the accuracy of interpreting the test depends 
not only on ST-segment changes, but also on the 
double product, heart-rate recovery time, and so on. To 
accurately interpret the results of the test, the pretest 
probability of the patient having ischemic heart disease 
and her hormonal state should be considered. It is well 
known that during the physical exercise test (treadmill 
or veloergometer), increased oxygen demand and 
energy consumption lead to ECG changes.[28-32]

It is also well known that an exercise stress test has 
relatively lower sensitivity and specificity for diagnosing 
ischemia. Meta-analyses have indicated that there 
are frequent false-positive and false-negative results, 
and that this test is more valuable in young patients 
compared with older ones.[29,30] This view has been 
echoed in other meta-analysis.[32,33] An analysis of ECG 
results acquired during exercise stress tests found 
sensitivity and specificity of 64% and 81%, respectively, 
in men, compared with 61% and 65%, respectively, 
in women -- quite a big difference in specificity 
between men and women. Analyses for other imaging 
modalities have found sensitivities and specificities, 
respectively, of: 77% and 81% for men compared with 
78% and 86% for women for stress echocardiography; 
88% and 74% for men compared with 82% and 81% 
for women for SPECT; and 86% and 82% for men 
compared with 78% and 74% for women for magnetic 
resonance imaging (MRI).[33] In all of these studies, the 
standard for diagnosis (and comparison) was coronary 
angiography and the presence of obstructive CAD.

But how about the detection of microvascular disease? 
Angiography cannot record it. Is there a standard 
for diagnosing microvascular disease? To answer 
these questions, the physiology of tests should be 
considered. The major advantage of the exercise 
ECG is that it is inexpensive, and therefore readily and 
widely available. However, quantification of the extent 
of microvascular dysfunction is not possible.

Direct visualization of the blood supply and hence 
ischemia is possible only by studying perfusion via the 
well-established tool SPECT and the emerging tool MRI.

The advantages of SPECT stress perfusion images 
include direct visualization of ischemia, high 
interobserver agreement, low operator dependence, 
a high technical success rate, high sensitivity, better 
accuracy when multiple resting left ventricular 
motion abnormalities are present, and the ability to 
detect ischemia in an infarct area. Higher specificity, 
and greater availability, versatility, and (arguably) 
convenience favor the use of stress echocardiography 
over SPECT.[33-35] However, the lower specificity of 
SPECT compared to stress-echocardiography may 
correspond to the presence of microvascular disease, 
which does not currently have clear diagnostic criteria. 
Data regarding the use of MRI in this context remain 
limited and insufficient. However, it is seems promising.

Quantitative rest/stress myocardial perfusion imaging 
[best documented using positron emission tomography 
(PET)] combined with clinical circumstances usually 
provides a definitive direct visualization of ischemia, 
and is therefore a highly informative tool in the diagnosis 
of patients and guiding management, including risk-
factor management and revascularization for patients 
with physiologically severe epicardial stenosis by 
quantitative PET.[36]

Compared with negative tests, a positive result on 
computed tomography angiography (CTA) in women 
has been found to be more predictive of subsequent 
clinical events than a positive stress test (adjusted P = 
0.028).[32] Among men, a positive CTA was slightly but 
not significantly less informative of risk detection than 
a positive stress test (adjusted P = 0.168).[28,37,38]

However, all of these results, and all of the sensitivity 
and specificity data, refer to the evaluation of patients 
with obstructive CAD. There are very few data on the 
value of these tests in diagnosing microvascular angina, 
and this represents a main limitation of current research.

Evaluating women with chest pain seems to be difficult, 
with various pathophysiologic mechanisms behind the 
condition, diverse clinical presentations, and limited 
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diagnostic standards. Hence there is no single test that 
will definitely diagnose ischemia due to microvascular 
disease in women.[39] Even after a normal exercise-
stress test, further testing may be needed to gain 
important diagnostic information. Further research is 
aimed for optimizing the non-invasive identification 
and management of CMVD in such patients.
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Extracorporeal blood purification is becoming increasingly important in intensive therapy 
for multiple organ dysfunction syndrome (MODS) and sepsis, considering all of their 
pathophysiological aspects. The results of treatment, particularly in children, considering 
their anatomical and physiological features, are related to the severity and progression of 
organ failure, the indications that are found, the choice of method, and the timely initiation 
of blood purification. Multiple organ support therapy is the aim of introducing and applying 
blood purification today. Various extracorporeal blood purification techniques directly affect 
the molecular and electrolyte composition of blood and influence all structures of the human 
body, which can allow us to correct, recover, replace and maintain homeostasis in MODS. The 
potential of new extracorporeal molecular technologies allows their successful use in severe 
cardiac and respiratory failure, acute kidney injury and hepatic dysfunction and in complex 
therapy for severe infections and sepsis and extreme metabolic violations. Adult and pediatric 
patients after cardiac surgery with cardiopulmonary bypass form a special cohort that often 
requires the application of various intra- and extracorporeal techniques due to the development 
of MODS, infections and sepsis in the postoperative period.
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INTRODUCTION

Extracorporeal blood purification is a modern 
medical direction based on the modification of blood 
components outside the patient’s body aiming to 
change their properties or remove pathological 
substances that cause or support the disease. The use 
of these methods concerning the pathophysiological 
process allows us to achieve therapeutic effects, even 
when traditional methods are ineffective.

BLOOD PURIFICATION FOR ACUTE 
KIDNEY INJURYIN PATIENTS WITH 
MULTIPLE ORGAN DYSFUNCTION 
SYNDROME

Renal replacement therapy (RRT) is a routine method 
for intensive care patients with acute kidney injury 
(AKI). However, the incidence of isolated AKI in adult 
intensive care unit (ICU) patients does not exceed 
5.7%;[1] up to 90% of the AKI in this group are part 
of a multiple organ dysfunction syndrome (MODS), 
indicating the severity of the patients’ condition.[2,3] 
Similarly, AKI remains one of the serious complications 
after open heart surgery in children. The reported 
incidence of AKI after cardiopulmonary bypass (CPB) 
ranges from 23-52% with up to 17% of these patients 
require RRT.[4] It prolongs the duration of ICU stays up 
to 3-4 weeks and increases mortality up to 40-90%.[5] 
Isolated pediatric AKI corresponds to only 15%, and it 
is more common in MODS.[6]

The goal of extracorporeal blood purification in the ICU 
today should be the treatment of MODS considering 
the pathophysiological aspects of it rather than the 
classical RRT in AKI.[7,8] The choice of the optimal blood 
purification modality is based on the ability to correct 
water-electrolyte and metabolic imbalances and to 
decrease the manifestations of endo- and exotoxicosis, 
and other homeostatic disorders, thereby improving 
survival of critically ill patients. Multiple organ support 
therapy is an effective clinical approach. Various 
systems and procedures for extracorporeal blood 
purification including diffusion, convection, filtration, 
adsorption, and apheresis directly affect the molecular 
and electrolyte composition of the blood, allowing one 
to correct, recover and maintain homeostasis.

Dialysis, convection and filtration can be used today 
not only for RRT. Hemodialysis (HD), hemofiltration 
(HF) and hemodiafiltration (HDF) are pathogenically 
valid and effective methods in MODS. Pediatric AKI, 
especially in underweight children, usually requires 
the contemporary use of peritoneal dialysis (PD) 
and extracorporeal methods. Each technique has its 

advantages and limitations, which form an algorithm of 
therapeutic protocol choice.[9,10]

Cardiosurgery patients with MODS form an extremely 
serious group. First, one should pay attention to the 
left and right ventricle efficiency, level of preload, 
volume overload of pulmonary circulation and 
oxygenation index (PO2/FiO2). At the time of initiating 
extracorporeal therapy, such patients usually 
have severe gas exchange and hemodynamic 
disturbances, which require a multicomponent 
inotropic (epinephrine > 0.2 μg/kg/min, dobutamine 
> 5 μg/kg/min, dopamine > 7 μg/kg/min) and 
mechanical circulatory support [intra-aortic balloon 
counterpulsation and extracorporeal membrane 
oxygenation (ECMO)]. Patients with MODS have an 
increased preload [central venous pressure (CVP) 
> 18 mmHg, left atrial pressure (Pla) > 20 mmHg], 
low oxygenation index (PO2/FiO2 < 150), edematous 
syndrome, azotemia (creatinine > 350 μmol/L, 
urea > 25 mmol/L), and electrolyte (hyperkalemia) 
and metabolic (lactic acidosis) disorders. After 
the first several hours of dialysis, hemofiltration, 
hemodiafiltration (HD, HF, HDF), we observed 
preload reduction (CVP and Pla decreased > 10%) 
and hemodynamic stabilization [cardiac index, left 
ventricular ejection fraction (LVEF) and arterial 
pressure] against a background of inotropic support 
decline, up to 25% of the prescribed dose.

In the pediatric ICU, the use of acute PD is justified 
as the RRT method. PD does not adversely affect 
hemodynamics; it requires no systemic anticoagulation 
or vascular access, and it excludes the emergence 
of disequilibrium syndrome. Moreover, this method 
is simple, efficient and safe, and it does not require 
complex expensive equipment. The indications for 
PD in children after cardiac surgery are oligo/anuria, 
hypervolemia, edematous syndrome with cardiac 
and respiratory insufficiency progression, azotemia 
and hyperkalemia.[5,11] PD allows one to decrease 
circulatory insufficiency, in particular, to raise mean 
arterial pressure (MAP) and LVEF with inotropic support 
decline, to normalize ventricular filling pressure and 
preload and postload (CVP and Pla), to optimize the 
circulating blood volume and correct edema syndrome 
[Figure 1]. The favorable effect of slow and constant 
filtration in PD helps reduce tissue hyperhydration, 
improve pulmonary gas exchange and increase the 
oxygenation index. Individualized programs and 
dosages of PD and appropriate parenteral nutrition 
make it possible to predict the course of AKI, along with 
the stabilization and further decrease of azotemia.[12]

More “aggressive” blood purification in infants is 
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dictated by an inadequate PD dosing in metabolic 
and water-electrolyte disorders with severe edema 
syndrome, tissue hyperhydration and the preservation 
of azotemia. Carrying out constant HF/HD in 
infants makes it possible to achieve the necessary 
fluid balance, and decreases in CVP and Pla are 
accompanied by MAP and LVEF increases, which 
allow inotropic support reduction in some cases.[13]

We are in strong agreement with researchers who 
believe that hemodynamic and gas exchange 
improvements are associated with the optimization of 
circulating blood volume and plasma colloid osmotic 
pressure.[5] We also think that blood purification’s 
positive effects are implemented by filtration of 
interstitial fluid excess and reduction of myocardial and 
pulmonary edema.[8]

The effectiveness of any blood purification method 
in cardiosurgery patients depends on the adequate 
correction of electrolyte (hyperkalemia, hyper- and/or 
hyponatremia) and metabolic (lactatemia, acidosis, 
alkalosis) disorders and azotemia. Hyperkalemia 
is caused by acute kidney injury, catabolism, 
rhabdomyolysis and reperfusion after crash syndrome, 
hemolysis and disseminated intravascular coagulation. 
It is often aggravated by concomitant metabolic 
acidosis and is an additional cardiotoxic factor.

The diffusion and filtration rates during continuous 
veno-venous hemofiltration (CVVHF) or CVVHF 
dialysis permit one to correct azotemia, hyperkalemia 
and metabolic parameters and control them later.[14] In 
contrast to PD, constant or intermittent extracorporeal 
therapy stabilizes and significantly reduces the 
azotemia level earlier, quickly corrects hyperkalemia 
and metabolic disorders, and provides clearance of 
exo- and endotoxins.

Extracorporeal blood purification in adult and pediatric 
MODS patients is used for both renal and extrarenal 

indications. Its elimination of medium-molecular 
depressive factors, which are elevated in MODS 
and sepsis,[2,8] and correction of hyperkalemia and 
azotemia prevent the development of immune paralysis 
and uremic polyserositis. During extracorporeal 
procedures, it is possible to normalize body temperature 
and temperature balance as a whole.

The ability to perform the necessary volume of 
infusion-transfusion therapy in anuria and tissue 
hyperhydration without the risk of hypervolemia is 
very important.

Because of the high risk of both hypo- and 
hypercoagulation in cardiosurgery patients, choosing 
the anticoagulation mode carefully is also very 
important.

CVVHF IN CONJUNCTION WITH ECMO 
IN CHILDREN WITH CRITICAL HEART 
FAILURE AND ACUTE KIDNEY INJURY 
AFTER CARDIAC SURGERY

Due to the significant expansion of cardiac 
surgery worldwide, the number of ECMO patients 
in the near postoperative period has increased 
significantly. Severe cardiac and/or respiratory 
failure is accompanied by cardiogenic shock 
and hypoxia with MODS and AKI development. 
These patients have hypervolemia and electrolyte 
disorders (hyperkalemia, hypocalcemia, hypo- or 
hypernatremia, tissue hyperhydration), which can 
increase azotemia and metabolic disorders. Thus, 
continuous hemofiltration in conjunction with ECMO 
is a justified method of correcting the entire complex 
of homeostatic disorders.[15]

Many medical centers offer continuous RRT as 
the most manageable and effective method.[16] We 
chose CVVHF, which influences various aspects of 
the pathogenesis of MODS, inhibits its development 
and progression, and helps eliminate the medium 
molecular weight substances, thereby contributing 
to a decrease in inflammatory cascade activity.[17] In 
addition, the use of high volumes of replacement 
liquids (more than 30-35 mL/kg/h) can be of great 
importance for enhancing lymphatic transport between 
the intercellular space, tissues and blood and for 
reducing the activity of the inflammatory cascade.

The results of the treatment and its cost allow the 
conclusion that CVVHF connected to an ECMO circuit 
(single circuit) is relatively simple and has advantages 
for intensive care patients.[18,19]

Figure 1: Hemodynamics parameters during peritoneal dialysis. 
CVP: central venous pressure; Pla: left atrial pressure; MAP: mean 
arterial pressure; LVEF: left ventricle ejection fraction
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We have shown the successful use of CVVHF in 
conjunction with ECMO in children (more than 80 
patients) who have undergone correction of complex 
congenital heart defects.[20] This combination of 
different techniques in a single extracorporeal 
circuit allows the correction of water and electrolyte 
disturbances, metabolic disorders and azotemia from 
the first day of treatment. Moreover, the prescribed 
ultrafiltration volume is calculated and programmed 
according to the level of volemia in each specific 
case. The determining factors are as follows: CVP 
and Pla, pulmonary artery pressure, ventricular end-
diastolic volumes, the volume of necessary infusion 
and transfusion therapy and nutritional support. Only 
one day after connecting CVVHF to an ECMO circuit, 
we observed a significant (P < 0.05) decrease in CVP 
and Pla to 15 (14-17) and 16.5 (14-18.75) mmHg, 
respectively. When CVP reached 8-12 mmHg and 
Pla 10-14 mmHg, the RRT mode was switched to 
isovolemic ultrafiltration [Figure 2].

Since a significant amount of liquid is exchanged 
daily during CVVHF in conjunction with ECMO, 
the use of automated volumetric control devices 
(infusomats) is a prerequisite to avoid possible 
errors and maintain clear liquid balance. It should 
be noted that passive (non-automated) ultrafiltration 
in CVVHF is always associated with an inaccurate 
calculation of the liquid balance and is dangerous, 
particularly in children weighing up to 10 kg.[20]

According to the proposed scheme (CVVHF + ECMO 
in single circuit), a substitute is administered in one of 
the patient’s central veins (v. femoralis, v. subclavia 
or v. jugularis) by means of infusomat. The type of 
replacement solution is determined directly in each 
case, depending on the level of potassium and other 
blood electrolytes. As a substitute, we used crystalloid 
solutions of Duosol (BBRAUN, Germany) with 
bicarbonate buffer and variable potassium content 
(2 or 4 mmol/L). The hemofiltration “dose” is set at a 

rate of 20-40 mL/kg/h to ensure the required quality of 
the procedure. Anticoagulation was carried out for the 
combined ECMO and HF single circuit with the use of 
unfractionated heparin; the activated clotting time was 
maintained within 180-200 s.

The circuit lifetime should not exceed 48 h. Since the 
aim of the CVVHF connection was to perform RRT, its 
duration was determined by the dynamics of the renal 
dysfunction and the clinical state of the child.

The use of methods of extracorporeal blood purification 
should be considered a “bridge” to the recovery of 
kidney function. Given the obvious need to control the 
electrolyte, acid-base and water balance in patients 
with AKI, the use of CVVHF may be considered a 
method of supporting kidney function that is similar 
to breathing assistance by mechanical ventilation 
or cardiac and respiratory support by ECMO.[19,21] 
The primary goal of RRT is to prevent undesirable 
additional effects by reducing uremic intoxication and 
maintaining the “internal environment” as close to 
the physiological state as possible, without adversely 
affecting the functions of the patient’s vital organs and 
system.[20]

EXTRACORPOREAL BLOOD 
PURIFICATION IN INTENSIVE CARE 
PATIENTS WITH ACUTE LIVER FAILURE

Acute liver failure (ALF) is a rare but severe and 
life-threatening condition in patients after cardiac 
surgery. In most cases, ALF develops in the setting 
of MODS. The frequency of MODS in patients after 
cardiac surgery with CPB is relatively low, but the 
occurrence of liver dysfunction increases mortality to 
almost absolute values.[22-24] Despite the progress of 
conservative treatment for ALF and the development of 
new therapeutic recommendations, blood purification 
continues to play an important role in this case. 
Extracorporeal methods have the ability to eliminate 
both hydrophobic albumin-bound and water-soluble 
substances, thereby limiting the extent of hepatocyte 
damage and providing time for the organ’s recovery 
or performing liver transplantation for the patient.[25,26] 
Extracorporeal therapy also helps achieve one of the 
most important goals in this case -- increasing the 
albumin binding capacity by eliminating albumin-bound 
toxic substances.

Currently, there are two groups of extracorporeal 
methods to support liver functions: the systems 
containing cells (human or animal hepatocytes), and 
techniques without biological substrates.

Figure 2: Dynamics of CVP and Pla during CVVHF in conjunction 
with ECMO. CVP: central venous pressure; Pla: left atrial 
pressure; CVVHF: continuous veno-venous hemofiltration; ECMO: 
extracorporeal membrane oxygenation
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Extracorporeal methods based on patient’s blood 
perfusion through exogenous hepatocytes were not 
widely used due to their high complexity and cost, the 
insufficient cell mass for liver regeneration (≥ 400 g 
would be needed) as well as low biocompatibility and 
infection risk.

Modern extracorporeal blood purification methods 
without using biological components comprise 
high-volume plasma exchange, albumin dialysis 
[Molecular Adsorbent Recirculating System (MARS®)], 
single-pass albumin dialysis (SPAD) and methods 
that combine plasma separation and adsorption 
[Fractionated Plasma Separation and Adsorption 
(FPSA) Prometheus®)].

In acute liver failure, plasma exchange provides a 
reduction in bilirubinemia, but this is achieved only 
at high exchange volumes (up to 10 L), and the lack 
of specificity and high risk of allergic and infectious 
complications reduce the benefits and limit the use 
of this method.[27,28] SPAD therapy uses standard 
equipment for kidney replacement therapy with a 
highly porous membrane dialyzers and albumin 
containing dialysis solutions to remove hydrophobic 
substances.

The emergence of new hi-tech techniques, such as 
albumin dialysis (MARS-therapy) and fractionated 
plasma separation and adsorption (Prometheus-
therapy), allow optimistic results to be obtained with 
complex intensive therapy for this severe category of 
patients.[29]

The beneficial effect of these procedures on clinical 
and laboratory parameters is explained by the 
removal of vasoactive substances and toxins, leading 
to improvements in organ and tissue perfusion, 
hemodynamic parameters and kidney function and 
reducing portal hypertension, intracranial pressure 
and hepatic encephalopathy.[30,31] The experience from 
implementing this therapy in adults allows the use of 
extracorporeal liver support to be recommended in 
pediatric practice.[32-34]

MARS-therapy is a method of albumin dialysis that 
uses a filter permeable to substances with a molecular 
weight of up to 50 kDa. The toxins accumulated on 
the filter membrane are subsequently bound to the 
donor albumin used as a dialysate. Simultaneously, 
the albumin dialysate is purified by passing through 
activated carbon, anion exchange resin and a low-
permeability dialyzer, which provides a link between 
the albumin circuit and the traditional bicarbonate-
based dialysis solution. Thus, the simultaneous 
selective removal of albumin-bound and water-soluble 

substances has become possible.[35,36]

The principle of Prometheus-therapy is based 
on plasma separation on the AlbuFlow filter, the 
membrane of which is permeable to molecules of 
up to 250 kD, including albumin, clotting factors and 
fibrinogen. Separated plasma regenerates when 
it successively passes through absorbers with ion 
exchange and neutral resin. Removal of low molecular 
weight water soluble compounds is provided by the 
performance of HF or HD. This technique is the most 
effective for eliminating albumin-bound toxins such as 
unconjugated bilirubin and bile acids.[37,38]

In assessing the safety and efficacy of MARS and 
Prometheus therapies in adult patients with ALF 
after cardiac surgery, we analyzed the dynamics 
of hydrophobic and hydrophilic toxic substance 
concentrations as well as the severity of hepatocyte 
cytolysis and the impairment of liver synthetic 
function. A key aspect in the evaluation of MARS 
and Prometheus liver support system safety in 
patients after cardiac surgery was the absence of 
a negative influence on hemodynamics and lung 
oxygenation function. In evaluating the safety of 
these systems, monitoring the dynamics of serum 
albumin is recommended, which is important in the 
setting of initial dysproteinemia in ALF and the use of 
high permeability hemo- or plasma filters. According 
to several authors, the serum albumin concentration 
during MARS-therapy remains unchanged 
because the diameter of the filter pores (50 kDa) 
does not exceed the size of the albumin molecule 
(65 kDa).[26,38] However, the albumin loss during 
Prometheus-therapy can reach 3 g/L (P = 0.055).[31,39] 
We observed no significant negative dynamics of 
serum albumin [oscillations: 32 (30-35) and 30 (26-
35) g/L, P = 0.052, before and after MARS-therapy; 
33 (31-34) and 31 (28-36) g/L, P = 0.051, before and 
after Prometheus-therapy], which is probably due to 
the adequate routine correction of hypoproteinemia 
in patients with ALF.[39] Likewise, despite published 
data on the loss of coagulation factors during 
Prometheus-therapy,[40] we did not observe clinically 
significant hemorrhagic complications.

The use of both liver support systems in cardio 
surgical patients provided a significant reduction in 
the total bilirubin concentration, and Prometheus-
therapy allowed the clearance of unconjugated 
bilirubin. During MARS-therapy, the initial level of total 
bilirubin was 230 (181-256) μmol/L whereas during 
Prometheus-therapy, it was 333 (189-450) μmol/L; 
the concentrations of unconjugated bilirubin were 
103 (72-135) and 119 (74-166) μmol/L, respectively. 
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Extracorporeal liver support provided a statistically 
significant reduction in total bilirubin concentration 
(8.6% for MARS-therapy (P = 0.028) and 33% for 
Prometheus (P < 0.001)). Prometheus-therapy 
also provided significant clearance of unconjugated 
bilirubin (29%, P = 0.003).[39] These results agree with 
data from other researchers, who reported a total 
bilirubin reduction of 26-59% during Prometheus and 
of 23% during albumin dialysis.[41-43] Such differences 
in reducing the level of total bilirubin are primarily due 
to the technical characteristics of the membranes and 
the different rates of perfusion and albumin dialysate/
plasma.

During our study, we noted positive dynamics of 
the serum aminotransferase levels, which reflect 
hepatocyte cytolysis. This trend indirectly indicated 
a decrease in the degree of liver parenchyma lesion. 
The decrease of ASAT and ALAT was 15.5% (P 
= 1.0) and 43% (P = 0.31) during MARS-therapy, 
respectively, and 8% (P = 0.79) and 26% (P = 0.0005) 
during Prometheus-therapy, respectively. According 
to foreign colleagues, Prometheus-therapy decreases 
serum aminotransferase to 40-55% in patients with 
predominantly toxic ALF.[44]

In our study, serum cholinesterase was the marker of 
normalization of liver synthetic function. Its growing 
concentration in the setting of extracorporeal liver 
support suggests a positive effect of the treatment. 
This conclusion is also confirmed by the observed 
growth of the initially low level of antithrombin III in 
patients enrolled in the study [MARS-therapy: 31% 
(30-33%), Prometheus-therapy: 51% (33-62%)]. Since 
most of the patients were receiving RRT at the time 
of enrollment, the baseline levels of azotemia and 
ammonia were low. However, in spite of the performed 
blood purification procedures, there were significant 
positive changes of urea and creatinine levels, which 
indicates that the efficiency of MARS and Prometheus 
methods in eliminating water-soluble substances was 
sufficiently high to allow their use in AKI and ALF in the 
setting of MODS.[39,44]

According to many authors, the impact of 
extracorporeal blood purification methods on survival 
rate in ALF was statistically insignificant. However, 
the results of multi-center prospective randomized 
studies for this issue were ambiguous.

In the HELIOS study including 145 patients with 
acute-on-chronic liver dysfunction receiving 8-10 
Prometheus procedures, the increase in total survival 
rate was statistically insignificant. However, the 
subgroup of patients with the most severe condition, 
i.e. with hepatorenal syndrome type I and MELD score 

above 30, a statistically significant increase in survival 
rate was found.[45] Taking such results into account, 
we recommend to perform a differentiated evaluation 
of extracorporeal therapy effectiveness, including its 
effect on survival rate in specific patient subgroups.

At the A.N. Bakulev NSPCCS, the MARS-therapy 
method was successfully applied for the first time 
in children with MODS after the radical correction 
of congenital heart disease. Patients with MODS 
developed severe hepatic failure along with heart (EF 
< 40%, required inotropic support), respiratory and 
renal failure. We observed the failure of conservative 
therapy for hepatic insufficiency, progressive increases 
in bilirubin (up to 500 μmol/L) and cytolytic syndrome 
with an increase of ASAT and ALAT enzymes (more 
than 200 U/L). During MARS-therapy, positive 
dynamics were more evident in children than in adults. 
The reduction of jaundice was noted at the end of the 
procedure (duration: 16-18 h), which indicates the 
effective elimination of bilirubin and bile acids. This 
fact can be explained by the ratio of the child’s body 
surface area to the sorption capacity of the columns 
with activated carbon and ion-exchange resin. 
For example, the total bilirubin decrease in a child 
weighing less than 6 kg (age: 4 months) at the end was 
approximately 75% and stayed constant over 12 h. 
The unconjugated bilirubin decrease in this patient 
amounted to 80% of the initial value, continued 12 h 
later and reached almost 90%. Conjugated bilirubin 
decreased less significantly: by 70% directly at the end 
of the procedure and by 55% in 12 h [Figure 3].

As observed for other types of blood purification, 
the liver support system’s effects on the circulatory 
and respiratory systems are very important for using 
these methods in intensive therapy for children after 
cardiac surgery. By the end of MARS-therapy, MAP 
exceeded 25% of the baseline, but the need for 
inotropic support decreased.[32,33]

Due to the large heat loss during extracorporeal 

Figure 3: Dynamics of the fractions of bilirubin during molecular 
adsorbent recirculating system-therapy (4-month patient)
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blood purification in children, it is important to prevent 
hypothermia. Hypothermia can lead to cardiac output 
decrease by peripheral vasospasm and an increase 
in TPVR and post-load. To avoid heat loss during 
MARS-therapy in children, it is necessary to use a 
heat exchanger and other physical heating means 
and to establish a high temperature (38-39 °C) on the 
bicarbonate line.[44]

EXTRACORPOREAL BLOOD 
PURIFICATION IN COMPLEX INTENSIVE 
THERAPY FOR SEPSIS IN ADULT AND 
PEDIATRIC PATIENTS AFTER OPEN-
HEART SURGERY

Sepsis and septic shock are among the most common 
causes of death in critically ill patients in the ICU. Over 
the last decade, clinics worldwide have noted a trend 
towards a decrease in the frequency of Gram-positive 
bacteria and an increase in the frequency of Gram-
negative bacteria within microbiological studies.

A structural component of the membrane of 
gram-negative microorganisms is bacterial 
lipopolysaccharide (or endotoxin), which is the main 
trigger of both sepsis and a cascade of inflammatory 
reactions.[46] When entering the systemic bloodstream 
from a focus of infection (e.g. pneumonia, mediastinitis) 
or natural reservoir (for example, the gastrointestinal 
tract, particularly after CPB), endotoxin interacts 
with competent cells of the immune system as a 
hormone and activates the synthesis of a wide 
range of mediators. The excess production of which 
determines the clinical manifestations of sepsis, such 
as systemic endothelial damage, decreased vascular 
tone, hypotension, cardiovascular hyporeactivity, 
fever, microcirculatory disorder, activation of 
hemostatic system factors, tissue hypoperfusion, 
hypoxia and multi-organ failure.[47,48] The development 
of microcirculatory disorders and tissue hypoxia in the 
gastrointestinal tract creates conditions for bacterial 
translocation. Thus, the vicious circle initiated by 
lipopolysaccharide is closed.[49,50]

The pathogenic chain of septic development and 
progression determines a need to develop and 
introduce new promising technologies.[47,51,52]

Modern methods of blood purification allow 
etiopathogenic therapy application for sepsis: to 
eliminate the etiotropic agent (endotoxin) by selective 
lipopolysaccharide (LPS)-adsorption and to remove 
the effector substances of systemic inflammation, 
replacing the functions of the affected organs and 
recovering the body’s homeostasis by coupled 

plasmofiltration and adsorption (CPFA), convection 
and filtration techniques using ultrahigh permeable 
membranes.[53,54]

Many authors have observed that LPS-adsorption 
with PMX cartridges leads to a significant decrease 
in endotoxin activity levels after two consecutive 
procedures.[55] Positive dynamics of the endotoxin 
concentration (lowering by 38%) in patients with 
abdominal sepsis and septic shock were demonstrated 
in the European multicenter study “EUPHAS”.[56] In the 
MEDIC study conducted in Europe and North America 
on ICU patients, selective LPS-adsorption led to a 
decrease in the mean endotoxin activity assay (EAA) 
level from 0.65 to 0.45 within 12 h after the procedure. 
According to the authors, the average reduction of the 
endotoxin concentration (26.1%) measured with the 
EAA is equivalent to a 50-100-fold decrease in the 
LPS level.[57]

In the European multicentre trial, the EUPHAS trial, 
28-day survival after DHP-PMX was 53% and 32% 
in the study and control groups, respectively.[56] The 
assessment of retrospective data on using selective 
LPS adsorption in 306 patients with severe sepsis 
enrolled in the EUPHAS 2 trial indicated that 28-
day mortality was 35% and 49% in the group with 
abdominal surgical pathology and in the group 
with non-abdominal pathology, respectively.[58] 

Similar results were observed in earlier published 
Japanese[59-61] and European studies[62] and in the 
meta-analysis data regarding immobilized Polymyxin 
B use efficacy during sepsis.[52,63]

Our experience with combined application of various 
techniques in a single circuit (LPS-adsorption + 
CPFA and LPS-adsorption + HD/HDF using filters 
with high cut-off membranes) showed their safety 
and pathogenic efficiency.[53,54] The application of 
convection and filtration techniques (CPFA, HDF 
using filters with high cut-off membranes) allows 
the correction of water-electrolyte and metabolic 
disorders and azotemia, which often accompany 
sepsis-associated MODS.[64-67]

LPS-adsorption using Toraymyxin-PMX-20R 
Polymyxin B immobilized fiber cartridges was found 
to be effective, simultaneously acting through sorption 
and apheresis on bacterial endotoxin, systemic 
inflammatory mediators and activated immune 
cells.[59-61,68,69]

CPFA performs an immunomodulatory role by acting 
on inflammatory mediators (interleukin-1β, -6, -8, 
-10, -18, tumor necrosis factor-α and others) via 
various mass transfer mechanisms such as diffusion, 
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convection and adsorption. The advantages of 
CPFA include the passage of plasma (and not blood) 
through the sorption column, which increases the 
contact time with the sorption surface and improves 
the efficiency of the procedure.[65,70]

HDF, which is carried out using filters with high cut-
off membranes (EMiC2, Fresenius, Germany; 40 kDa 
cut-off), eliminates substances of low and medium 
molecular weight without albumin or coagulation 
factor loss. The permeability of these filters is similar 
to that of the kidney glomerular basement membrane, 
suggesting that the therapeutic effect of HDF is more 
physiological.[66,71-73]

Several studies have demonstrated the beneficial 
effect of selective LPS-adsorption, HD/HDF (with high 
cut-off membranes) and CPFA in sepsis.[58,64-66]

We proposed two new techniques of combined 
blood purification methods in single circuit: (1) 
LPS-adsorption + HDF using filters with high cut-
off membranes; and (2) LPS-adsorption + CPFA. 
In the available literature, there was no information 
about a similar extracorporeal therapy protocol for 
sepsis in cardiac surgical patients. A study of adults 
enrolled in these protocols, carried out at the A.N. 
Bakulev NSPCCS in 2009-2016, showed the safety 
and efficacy of the combined therapies mentioned 
above.[53,54]

We observed that the combination of LPS-adsorption 
and HDF filters with high cut-off EMiC2 membranes 
led to a 34% MAP increase [from 76 (65-81) to 90 
(85-102) mmHg, P < 0.001] with reduced vasopressor 
and inotropic support. The increase in MAP during 
LPS-adsorption with CPFA was 12% with the 
significant decrease in vasopressor support [the dose 
of noradrenaline was halved from 0.2 (0.15-0.3) to 
0.1 (0.05-0.15) µg/kg/min, P = 0.024]. The improved 
oxygenation was confirmed by an increase in the 
oxygenation index increase (by 36% and 28% in LPS-
adsorption with HDF in single circuit using EMiC2 
and LPS-adsorption with CPFA in single circuit, 
respectively). One of the mechanisms that have a 
favorable effect on blood oxygenation is a decrease in 
the intensity of the infiltrative-inflammatory lung tissue 
process during blood purification.

We also evaluated the efficiency of blood purification 
in sepsis by monitoring the dynamics of EAA, 
procalcitonin level, bacteriological blood and sputum 
examination and the clinical state of patients during 
the procedures. The obtained results showed a 
decrease of 20% in EAA (from 0.74 to 0.59, P = 0.03) 
and of approximately 70% in procalcitonin (from 

8.2 to 2.44 pg/mL, P = 0.01) in patients with sepsis 
after two procedures of combined LPS-adsorption 
and HDF with EMiC2. Similar dynamics of the 
infectious markers were observed when conducting 
LPS-adsorption with CPFA: EAA decreased by 30% 
(from 0.77 to 0.53, P = 0.003) and procalcitonin 
by 55% (from 6.23 to 2.83 pg/mL, P = 0.005). We 
also observed positive dynamics in leukocytosis 
and hyperthermia. Both variants of combined blood 
purification contributed to decreases in C-reactive 
protein (CRP) and pro-inflammatory cytokine levels, 
thus confirming the decrease in the intensity of the 
systemic inflammation response.[53,54]

Including combined blood purification methods into 
the complex therapy for sepsis allowed the results of 
treatment to be optimized. The 28-day survival was 
65% in the LPS-adsorption + HDF with EMiC2 group 
and 75% in the LPS-adsorption + CPFA group.

The efficiency of the proposed concept of 
etiopathogenetic extracorporeal therapy for gram-
negative sepsis is confirmed by the favorable results 
obtained in cardiac surgical patients characterized 
by their initially severe condition and more severe 
course of septic complications. The combined 
methods of blood purification can affect either the 
starting factor in the early development of sepsis 
by endotoxin removal or the subsequent release of 
inflammatory mediators after immune cell activation. 
These therapeutic methods also maintain vital organ 
function in MODS development.

Our experience from using selective LPS-adsorption 
in adult patients with sepsis allowed us to use this 
method for sepsis treatment in children. Blood 
purification in children with sepsis is limited to RRT 
technologies.[74] The principle of selective sorption use 
in children is absolutely innovative. No information 
was found in the database of the US National Library 
of Medicine National Institutes of Health on the use 
of selective LPS-adsorption for sepsis treatment in 
children after cardiac surgery.

The application of the smaller volume and sorption 
capacity of the Polymyxin B-immobilized cartridge 
(Toraymyxin-PMX-0.5R) is a new and promising 
extracorporeal technology that aims to reduce 
mortality from sepsis in children. Experience in 
selective endotoxin sorption is available only in 
Japan, where a study group enrolled children with 
abdominal pathology. The authors identified the safety 
and high efficiency of using Toraymyxin-PMX-0.5R 
cartridges.[75,76]

Today, the A.N. Bakulev NSPCCS has gained initial 
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experience with selective LPS-adsorption for sepsis 
treatment in children after congenital heart disease 
correction with cardiopulmonary bypass. Selective 
endotoxin adsorption was carried out using Polymyxin 
B-immobilized cartridges (Toraymyxin-PMX-0.5R). 
Ten children aged 9-48 months and weighing 6.2-14 kg 
received this procedure. In 8 cases, the infection 
source was ventilator-associated pneumonia, and in 
1 case, it was mediastinitis and pleural empyema, and 
in 1 patient infected by bacterial translocation from the 
gut after the ECMO procedures (duration of 5 days) 
and dysfunction of gut. Gram-negative etiology in all 
cases was confirmed by microbiological examination 
of blood and of bronchoalveolar lavage fluid (sputum). 
The decision to include selective LPS-adsorption in 
complex therapy was made on the basis of clinical and 
laboratory data by a council of physicians. This study 
was approved by the Local Ethics Committee of the 
A.N. Bakulev NSPCCS.

Children before LPS-adsorption have clinical and 
laboratory signs of sepsis, hyperthermia (38.7-
39.5 °C), leukocytosis/leucopenia 3.3-21 × 109/L, 
subcompensated disseminated intravascular 
coagulation syndrome (D-dimer 530-1,580 ng/mL), 
procalcitonin 6.5-130 ng/mL, presepsin 415-1,300 
pg/mL, EAA 0.6-1.0, and high levels of CRP. The 
cardiopulmonary component prevails in the structure 
of organ failure, which requires multicomponent 
inotropic and/or vasopressor support and mechanical 
ventilation with high positive end expiratory pressure. 
Two children required RRT, daily intermittent 
hemodialysis, which used polysulphone high-flux 
membrane filters (AVpaed, Fresenius, Germany).

The results of this pilot study showed an improvement 
in hemodynamic and oxygenation indices, a tendency 
for leukocytosis and body temperature to decrease, 
positive X-ray dynamics and negative microbiological 
examination results. After LPS-adsorption, we noted 
decreases in the endotoxin level, procalcitonin and 
CRP [Table 1]. Statistical analyses were performed 
with SPSS software, version 20 (SPSS, Inc., USA). 

The results are expressed as the median and 
interquartile range. The critical level of significance 
was set at 0.05. Nine patients were discharged, and 
one patient died of cerebral edema and MODS after 
repeated emergency surgery due to the development 
of an acute fistula of the prosthetic mitral valve.

Other authors also reported that this blood purification 
method in children has no side effects.[75,76] Our results 
suggest that selective LPS-adsorption in children 
from middle childhood is clinically effective and safe. 
Endotoxin adsorption using Polymyxin B cartridges is 
one of the promising methods in children.

In this article, we briefly discussed some aspects 
of blood purification in the ICU of a cardiac surgery 
hospital. Over the last several decades, there have 
been huge changes in extracorporeal therapy use for 
critically ill patients. This is due to the proven efficiency 
of these methods in many pathological conditions 
and the emergence of new promising technologies. 
The availability of appropriate equipment and trained 
medical staff limiting the wide use of extracorporeal 
blood purification, especially in pediatric intensive care 
where it seems so complicated, is a thing of the past. 
The only issue that preserves a degree of technical 
complexity is creating adequate vascular access in a 
child and providing the possibility of performing the full-
dose extracorporeal therapy according to the protocol 
and the assigned clinical tasks. Of course, we await 
the results of new multicenter randomized trials and its 
application for practical goals of blood purification in 
specific pathological conditions and clinical situations, 
particularly in MODS. These results will allow the most 
appropriate time for the initiation of blood purification 
to be determined, valid indications to be developed 
and its efficiency to be proven (convective or diffusive, 
continuous or intermittent, sorption or apheresis) in 
critically ill patients after high-risk surgery.
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Table 1: Changes of clinical and laboratory data before and after LPS-adsorptionin the children with sepsis

Indices Before After P
MAP, mmHg 65.5 (63.5-74.8) 80.5 (76.3-83.5) 0.012
HR, beats/min 141 (126-146) 135 (126-141) 0.19
Epinephrine, μg/kg/min 0.05 (0.048-0.07) 0.05 (0.05-0.06) 0.92
Body temperature, °C 37.9 (36.2-38.5) 36.8 (36.6-37.1) 0.07
WBC, 109/L 13.3 (9.2-20.1) 11.5 (9.4-20.4) 0.65
PLT, 109/L 164 (81-257) 132 (67-253) 0.5
PCT, ng/mL 5.11 (2.48-19.48) 1.24 (0.76-2.14) 0.11
EAA 0.75 (0.68-0.97) 0.6 (0.33-0.8) 0.013
Presepsin, pg/mL 914 (673-2,812) 525 (288-3,343) 0.44
CRP, mg/dL 3.41 (1.37-5.95) 1.5 (1.04-3.67) 1.0

LPS: lipopolysaccharide; MAP: mean arterial pressure; HR: heart rate; WBC: white blood cell; CRP: C-reactive protein; PLT: platelet; PCT: 
procalcitonin; EAA: endotoxin activity assay



                                                                                                    Vessel Plus ¦ Volume 1 ¦ June 27, 2017

Yaroustovsky et al.                                                                                                                                                     Blood purification in intensive care patients

58

Yaroustovsky, M. Abramyan
Collecting samples and providing clinical data: E. 
Komardina, H. Nazarova
Final manuscript approval: M. Yaroustovsky, M. 
Abramyan, E. Komardina, H. Nazarova

Financial support and sponsorship
None.

Conflicts of interest
There are no conflicts of interest.

Patient consent
All patients in this study consented to all of the approved 
methods of treatment before their heart operation. 
Extracorporeal therapy was conducted in conformity 
with the institutional guidelines.

Ethics approval
The related study was approved by the Local Ethics 
Committee of the A.N. Bakulev NSPCCS.

REFERENCES

1. Uchino S, Kellum JA, Bellomo R, Doig GS, Morimatsu H, Morgera S, 
Schetz M, Tan I, Bouman C, Macedo E, Gibney N, Tolwani A, Ronco 
C; Beginning and Ending Supportive Therapy for the Kidney (BEST 
Kidney) Investigators. Acute renal failure in critically ill patients: a 
multinational, multicenter study. JAMA 2005;294:813-8.

2. Bellomo R, Ronco C. Continuous renal replacement therapy: 
hemofiltration, hemodiafiltration or hemodialysis. In: Ronco C, 
Bellomo R, Kellum JA, editors. Critical Care Nephrology. 2nd ed. 
Philadelphia: Saunders Elsevier; 2009. p. 1354-8.

3. Hoste EA, Kellum JA. Incidence, classification, and outcomes of 
acute kidney injury. Contrib Nephrol 2007;156:32-8.

4. Blinder JJ, Goldstein SL, Lee VV, Baycroft A, Fraser CD, Nelson D, 
Jefferies JL. Congenital heart surgery in infants: effects of acute kidney 
injury on outcomes. J Thorac Cardiovasc Surg 2012;143:368-74.

5. Kaddourah A, Goldstein S. Renal replacement therapy in neonates. 
Clin Perinatol 2014;41:517-27.

6. Gulla KM, Sachdev A, Gupta D, Gupta N, Anand K, Pruthi PK. 
Continuous renal replacement therapy in children with severe sepsis 
and multiorgan dysfunction - a pilot study on timing of initiation. 
Indian J Crit Care Med 2015;19:613-7.

7. Palevsky PM. Renal replacement therapy in acute kidney injury. Adv 
Chronic Kidney Dis 2013;20:76-84.

8. Ronco C, Ricci Z, De Backer D, Kellum JA, Taccone FS, Joannidis 
M, Pickkers P, Cantaluppi V, Turani F, Saudan P, Bellomo R, Joannes-
Boyau Olivier, Antonelli M, Payen D, Prowle JR, Vincent JL. 
Renal replacement therapy in acute kidney injury: controversy and 
consensus. Crit Care 2015;19:146.

9. Bridges BC, Askenazi DJ, Smith J, Goldstein SL. Pediatric 
renal replacement therapy in the intensive care unit. Blood Purif 
2012;34:138-48.

10. Goldstein SL. Advances in pediatric renal replacement therapy for 
acute kidney injury. Semin Dial 2011;24:187-91.

11. Bojan M, Gioanni S, Vouhé PR, Journois D, Pouard P. Early initiation 
of peritoneal dialysis in neonates and infants with acute kidney injury 
following cardiac surgery is associated with a significant decrease in 
mortality. Kidney Int 2012;82:474-81.

12. Ponce D, Balbi AL, Amerling R. Advances in peritoneal dialysis in 
acute kidney injury. Blood Purif 2012;34:107-16.

13. Jander A, Tkaczyk M, Pagowska-Klimek I, Pietrzykowski W, Moll J, 
Krajewski W, Nowicki M. Continuous veno-venous hemodiafiltration 
in children after cardiac surgery. Eur J Cardiothorac Surg 
2007;31:1022-8.

14. Iarustovskiĭ MB, Grigor’iants RG, Strakhov DG, Banketov IaV, 
Geptner RA, Abramian AV, Shipova EA. A present-day variant of 
intermittent replacement renal therapy in patients with multiple 
organ failure after cardiovascular surgery. Anesteziol Reanimatol 
2002;(2):49-54. (in Russian)

15. Askenazi DJ, Selewski DT, Paden ML, Cooper DS, Bridges BC, 
Zappitelli M, Fleming GM. Renal replacement therapy in critically ill 
patients receiving extracorporeal membrane oxygenation. Clin J Am 
Soc Nephrol 2012;7:1328-36.

16. Hoover NG, Heard M, Reid C, Wagoner S, Rogers K, Foland J, Paden 
ML, Fortenberry JD. Enhanced fluid management with continuous 
venovenous hemofiltration in pediatric respiratory failure patients 
receiving extracorporeal membrane oxygenation support. Int Care 
Med 2008;34:2241-7.

17. Shaheen IS, Harvey B, Watson AR, Pandya HC, Mayer A, 
Thomas D. Continuous venovenous hemofiltration with or without 
extracorporeal membrane oxygenation in children. Pediatr Crit Care 
Med 2007;8:362-5.

18. Chen H, Yu R, Yin N, Zhou J. Combination of extracorporeal 
membrane oxygenation and continuous renal replacement therapy in 
critically ill patients: a systematic review. Crit Care 2014;18:675.

19. Fleming GM, Askenazi DJ, Bridges BC, Cooper DS, Paden ML, 
Selewski DT, Zappitelli M. A multicenter international survey of 
renal supportive therapy during ECMO: the Kidney Intervention 
During Extracorporeal Membrane Oxygenation (KIDMO) group. 
ASAIO J 2012;58:407-14.

20. Yaroustovsky MB, Abramyan MV, Nazarova EI, Komardina EV. 
Continuous hemofiltration in a single circuit with extracorporeal 
membrane oxygenation in children with critical heart failure after 
cardiac surgery. Clin Experiment Surg Petrovsky J 2017;5:59-67. (in 
Russian)

21. Gupta P, McDonald R, Chipman CW, Stroud M, Gossett JM, Imamura 
M, Bhutta AT. 20-year experience of prolonged extracorporeal 
membrane oxygenation in critically ill children with cardiac or 
pulmonary failure. Ann Thorac Surg 2012;93:1584-90.

22. Daas M, Plevak DJ, Wijdicks EF, Rakela J, Wiesner RH, Piepgras 
DG, Dunn WF, Steers JL. Acute liver failure: results of 5 years clinical 
protocol. Liver Transpl Surg 1995;1:210-9.

23. Cochran JB, Losek JD. Acute liver failure in children. Pediatr Emerg 
Care 2007;23:129-35.

24. Lee WS, McKiernan P, Kelly DA. Etiology, outcome and prognostic 
indicators of childhood fulminant hepatic failure in the United 
Kingdom. J Pediatr Gastroenterol Nutr 2005;40:575-81.

25. Saliba F, Camus C, Durand F, Mathurin P, Letierce A, Delafosse B, 
Barange K, Perrigault PF, Belnard M, Ichaï P, Samuel D. Albumin 
dialysis with a noncell artificial liver support device in patients with 
acute liver failure: a randomized, controlled trial. Ann Intern Med 
2013;159:522-31.

26. Stange J, Hassanein TI, Mehta R, Mitzner SR, Bartlett RH. The 
molecular adsorbent recycling system as a liver support system 
based on albumin dialysis: a summary of preclinical investigations, 
prospective, randomized, controlled clinical trial and clinical 
experience from 19 centers. Artif Organs 2002;26:103-40.

27. Larsen FS, Schmidt LE, Bernsmeier C, Rasmussen A, Isoniemi H, 
Patel VC, Triantafyllou E, Bernal W, Auzinger G, Shawcross D, 
Eefsen M, Bjerring PN, Clemmesen JO, Hockerstedt K, Frederiksen 
HJ, Hansen BA, Antoniades CG, Wendon J. High-volume plasma 



                Vessel Plus ¦ Volume 1 ¦ June 27, 2017

Yaroustovsky et al.                                                                                                                                                     Blood purification in intensive care patients

59

exchange in patients with acute liver failure: an open randomised 
controlled trial. J Hepatol 2016;64:69-78.

28. Davenport A. Extracorporeal support for patients with hepatic failure. 
Hemodial Int 2003;7:256-63.

29. Saliba F, Samuel D. Artificial liver support: a real step forward. 
Minerva Med 2015;106:35-43.

30. Bañares R, Nevens F, Larsen FS, Jalan R, Albillos A, Dollinger M, 
Saliba F, Sauerbruch T, Klammt S, Ockenga J, Pares A, Wendon 
J, Brünnler T, Kramer L, Mathurin P, de la Mata M, Gasbarrini A, 
Müllhaupt B, Wilmer A, Laleman W, Eefsen M, Sen S, Zipprich A, 
Tenorio T, Pavesi M, Schmidt HH, Mitzner S, Williams R, Arroyo 
V; RELIEF study group. Extracorporeal albumin dialysis with the 
molecular adsorbent recirculating system in acute-on-chronic liver 
failure: the RELIEF trial. Hepatology 2013;57:1153-62.

31. Kribben A, Gerken G, Haag S, Herget-Rosenthal S, Treichel U, 
Betz C, Sarrazin C, Hoste E, Van Vlierberghe H, Escorsell A, 
Hafer C, Schreiner O, Galle PR,Mancini E, Caraceni P, Karvellas 
CJ, Salmhofer H, Knotek M, Ginès P, Kozik-Jaromin J, Rifai K; 
HELIOS Study Group. Effects of fractionated plasma separation and 
adsorption on survival in patients with acute-on-chronic liver failure. 
Gastroenterology 2012;142:782-9.

32. Rosenthal P. Is the molecular adsorbent recirculating system 
the answer for children with acute liver failure? Liver Transpl 
2015;21:277-8.

33. Schaefer B, Schmitt CP. The role of molecular adsorbent recirculating 
system dialysis for extracorporeal liver support in children. Pediatr 
Nephrol 2013;28:1763-9.

34. Yaroustovsky MB, Abramyan MV, Komardina EV. Methods of 
molecular transfusion in intensive care of critical states in pediatric 
postoperative cardiac surgery patients. Ann Russ Acad Med Sci 
2016;71:341-9. (in Russian)

35. Mitzner SR, Stange J, Klammt S, Risler T, Erley CM, Bader BD, 
Berger ED, Lauchart W, Peszynski P, Freytag J, Hickstein H, Loock J, 
Löhr JM, Liebe S, Emmrich J, Korten G, Schmidt R. Improvement of 
hepatorenal syndrome with extracorporeal albumin dialysis MARS: 
results of a prospective, randomized, controlled clinical trial. Liver 
Transpl 2000;6:277-86.

36. Vaid A, Chweich H, Balk EM, Jaber BL. Molecular adsorbent 
recirculating system as artificial support therapy for liver failure: a 
meta-analysis. ASAIO J 2012;58:51-9.

37. Laleman W, Wilmer A, Evenepoel P, Elst IV, Zeegers M, Zaman Z, 
Verslype C, Fevery J, Nevens F. Effect of Prometheus liver assist 
system on systemic hemodynamics in patients with cirrhosis: a 
randomized controlled study. World J Gastroenterol 2008;14:2065-71.

38. Oppert M, Rademacher S, Petrasch K, Jörres A. Extracorporeal liver 
support therapy with Prometheus in patients with liver failure in the 
intensive care unit. Ther Apher Dial 2009;13:426-30.

39. Yaroustovsky MB, Abramian MV, Komardina EV, Rep’eva EV, 
Nazarova EI, Krotenko NP, Geptner RA. Extracorporeal methods of 
hematological correction in patients with acute liver insufficiency after 
cardiac surgery. Anesteziol Reanimatol 2014;59:4-10. (in Russian)

40. Meijers BKI, Verhamme P, Nevens F, Hoylaerts MF, Bammens 
B, Wilmer A, Arnout J, Vanrenterghem Y, Evenepoel P. Major 
coagulation disturbances during fractionated plasma separation and 
adsorption. Am J Transplant 2007;7:2195-9.

41. Gong D, Ji D, Zhu D, Xu B, Liu Z. Efficient removal of serum 
bilirubin by a novel artificial liver support system using albumin 
convection: a pilot study. Blood Purif 2012;34:201-8.

42. Donati G, La Manna G, Cianciolo G, Grandinetti V, Carretta E, 
Cappuccilli M, Panicali L, Iorio M, Piscaglia F, Bolondi L, Colì L, 
Stefoni S. Extracorporeal detoxification for hepatic failure using 
molecular adsorbent recirculating system: depurative efficiency and 
clinical results in a long-term follow-up. Artif Organs 2014;38:125-34.

43. Tsipotis E, Shuja A, Jaber BL. Albumin dialysis for liver failure: a 
systematic review. Adv Chronic Kidney Dis 2015;22:382-90.

44. Yaroustovsky MB, Abramyan MV, Krotenko NP, Komardina EV. 
Methods of molecular transfusion in the intensive therapy of critical 
states. Ann RussAcad Med Sci 2016;71:281-7.

45. Rifai K, Kribben A, Gerken G, Haag S, Herget-Rosenthal S, Treichel 
U, Betz C, Sarrazin C, Van Vlierberghe H, Hoste E, Escorsell A, Gines 
P, Hafer C, Schuchmann M, Galle PR, Bernardi M, Caraceni P, Abeles 
D, Berr F, Knotek M, Kozik-Jaromin J. Extracorporeal liver support 
by fractionated plasma separation and adsorption (Prometheus) 
in patients with acute-on-chronic liver failure (HELIOS study): a 
prospective randomized controlled multicenter study. J Hepatol 
2010;52:S3.

46. Marshall JC. Endotoxin in the pathogenesis of sepsis. Contrib 
Nephrol 2010;167:1-13.

47. Hanna W, Wong HR. Pediatric sepsis: challenges and adjunctive 
therapies. Crit Care Clin 2013;29:203-22.

48. Kaukonen KM, Bailey M, Suzuki S, Pilcher D, Bellomo R. Mortality 
related to severe sepsis and septic shock among critically ill patients 
in Australia and New Zealand, 2000-2012. JAMA 2014;311:1308-16.

49. Berthet J, Damien P, Hamzeh-Cognasse H, Arthaud CA, Eyraud 
MA, Zéni F, Pozzetto B, McNicol A, Garraud O, Cognasse F. Human 
platelets can discriminate between various bacterial LPS isoforms 
via TLR4 signaling and differential cytokine secretion. Clin Immun 
2012;145:189-200.

50. Bosmann M, Ward PA. The inflammatory response in sepsis. Trends 
Immunol 2013;34:129-36.

51. Dellinger RP, Levy MM, Rhodes A, Annane D, Gerlach H, Opal 
SM, Sevransky JE, Sprung CL, Douglas IS, Jaeschke R, Osborn 
TM, Nunnally ME, Townsend SR, Reinhart K, Kleinpell RM, Angus 
DC, Deutschman CS, Machado FR, Rubenfeld GD, Webb SA, Beale 
RJ, Vincent JL, Moreno R; Surviving Sepsis Campaign Guidelines 
Committee including the Pediatric Subgroup. Surviving sepsis 
campaign: international guidelines for management of severe sepsis 
and septic shock: 2012. Crit Care Med 2013;41:580-637.

52. Zhou F, Peng Z, Murugan R, Kellum JA. Blood purification and 
mortality in sepsis: a meta-analysis of randomized trials. Crit Care 
Med 2013;41:2209-20.

53. Yaroustovsky M, Abramyan M, Krotenko N, Popov D, Plyushch 
M, Rogalskaya E. A pilot study of selective lipopolysaccharide 
adsorption and coupled plasma filtration and adsorption in adult 
patients with severe sepsis. Blood Purif 2015;39:210-7.

54. Yaroustovsky M, Abramyan M, Krotenko N, Popov D, Plyushch 
M, Rogalskaya E, Nazarova H. Combined extracorporeal therapy 
for severe sepsis in patients after cardiac surgery. Blood Purif 
2014;37:39-46.

55. Kojika M, Sato N, Yaegashi Y, Suzuki Y, Suzuki K, Nakae H, Endo 
S: Endotoxin adsorption therapy for septic shock using polymyxin 
B-immobilized fibers (PMX): evaluation by high-sensitivity endotoxin 
assay and measurement of the cytokine production capacity. Ther 
Apher Dial 2006;10:12-8.

56. Cruz DN, Antonelli M, Fumagalli R, Foltran F, Brienza N, Donati 
A, Malcangi V, Petrini F, Volta G, Bobbio Pallavicini FM, Rottoli 
F, Giunta F, Ronco C. Early use of polymyxin B hemoperfusion in 
abdominal septic shock: the EUPHAS randomized controlled trial. 
JAMA 2009;301:2445-52.

57. Marshall JC, Foster D, Vincent JL, Cook DJ, Cohen J, Dellinger 
RP, Opal S, Abraham E, Brett SJ, Smith T, Mehta S, Derzko A, 
Romaschin A; MEDIC study. Diagnostic and prognostic implications 
of endotoxemia in critical illness: results of the MEDIC study. J 
Infect Dis 2004;190:527-34.

58. Cruz DN. Polymyxin B hemoperfusion: matching the cure to the 
disease. Crit Care Med 2014;42:1309-10.



                                                                                                    Vessel Plus ¦ Volume 1 ¦ June 27, 2017

Yaroustovsky et al.                                                                                                                                                     Blood purification in intensive care patients

60

59. Mitaka C, Tsuchida N, Kawada K, Nakajima Y, Imai T, Sasaki 
S. A longer duration of polymyxin B-immobilized fiber column 
hemoperfusion improves pulmonary oxygenation in patients with 
septic shock. Shock 2009;32:478-83.

60. Tanaka Y, Okano K, Tsuchiya K, Yamamoto M, Nitta K. Polymyxin 
B hemoperfusion improves hemodynamic status in patients with 
sepsis with both Gram-negative and non-Gram-negative bacteria. J 
Clin Exp Nephrol 2016;1:4.

61. Takahashi M, Takeuchi H, Kawakubo H, Nakamura R, Takahashi 
T, Wada N, Saikawa Y, Omori T, Kitagawa Y. Effectiveness of 
polymyxin B-direct hemoperfusion (PMX-DHP) therapy using 
a polymyxin B-immobilized fiber column in patients with post-
esophagectomy sepsis. Esophagus 2014;11:189-96.

62. Vincent JL, Laterre PF, Cohen J, Burchardi H, Bruining H, Lerma FA, 
Wittebole X, De Backer D, Brett S, Marzo D, Nakamura H, John S. A 
pilot-controlled study of a polymyxin B-immobilized hemoperfusion 
cartridge in patients with severe sepsis secondary to intra-abdominal 
infection. Shock 2005;23:400-5.

63. Cruz DN, Perazella MA, Bellomo R, de Cal M, Polanco N, Corradi 
V, Lentini P, Nalesso F, Ueno T, Ranieri VM, Ronco C. Effectiveness 
of polymyxin B-immobilized fiber column in sepsis: a systematic 
review. Crit Care 2007;11:R47.

64. Berto P, Ronco C, Cruz D, Melotti RM, Antonelli M. Cost-
effectiveness analysis of polymyxin-B immobilized fiber column and 
conventional medical therapy in the management of abdominal septic 
shock in Italy. Blood Purif 2011;32:331-40.

65. Berlot G, Agbedjro A, Tomasini A, Bianco F, Gerini U, Viviani M, 
Giudici F. Effects of the volume of processed plasma on the outcome, 
arterial pressure and blood procalcitonin levels in patients with severe 
sepsis and septic shock treated with coupled plasma filtration and 
adsorption. Blood Purif 2014;37:146-51.

66. Haase M, Bellomo R, Baldwin I, Haase-Fielitz A, Fealy N, 
Davenport P, Morgera S, Goehl H, Storr M, Boyce N, Neumayer HH. 
Hemodialysis membrane with a high-molecular-weight cut-off and 

cytokine levels in sepsis complicated by acute renal failure: a phase 1 
randomized trial. Am J Kidney Dis 2007;50:296-304.

67. Rimmelé Th, Kellum J. Clinical review: blood purification for sepsis. 
Crit Care 2011;15:205.

68. Esteban E, Ferrer R, Alsina L, Artigas A. Immunomodulation in 
sepsis: the role of endotoxin removal by polymyxin B-immobilized 
cartridge. Mediators Inflamm 2013;2013:507539.

69. Yaroustovsky M, Abramyan M, Krotenko N, Popov D, Plyushch M, 
Popok Z. Endotoxin adsorption using polymyxin B immobilised fibre 
cartridges in severe sepsis patients following cardiac surgery. Int J 
Artif Organs 2014;37:299-307.

70. Hu D, Sun S, Zhu B, Mei Z, Wang L, Zhu S, Zhao W. Effects of 
coupled plasma filtration adsorption on septic patients with multiple 
organ dysfunction syndrome. Ren Fail 2012;34:834-9.

71. Lee D, Haase M, Haase-Fielitz A, Paizis K, Goehl H, Bellomo R. 
A pilot, randomized, double-blind, cross-over study of high cut-off 
versus high-flux dialysis membranes. Blood Purif 2009;28:365-72.

72. Morgera S, Haase M, Kuss T, Vargas-Hein O, Zuckermann-Becker 
H, Melzer C, Krieg H, Wegner B, Bellomo R, Neumayer HH. Pilot 
study of the effects of high cutoff hemofiltration on the need for 
norepinephrine in septic patients with acute renal failure. Crit Care 
Med 2006;34:2099-104.

73. Naka T, Haase M, Bellomo R. “Super high-flux” or “high cut-off” 
hemofiltration and hemodialysis. Contrib Nephrol 2010;166:181-9.

74. Liu JP, Wang XW, Qie LP. Disease indicators for sepsis and analysis 
of sepsis treatment in children using the continuous blood purification 
technique. Genet Mol Res 2015;4:5685-93.

75. Hirakawa E, Ibara S, Tokuhisa T, Hiwatashi S, Hayashida Y, Maede 
Y, Matsui T, Nakazawa Y, Inoue T, Kodaira Y. Septic neonate rescued 
by polymyxin B hemoperfusion. Pediatr Int 2013;55:e70-2.

76. Morishita Y, Kita Y, Ohtake K, Kusano E, Hishikawa S, Mizuta K, 
Kawarasaki H. Successful treatment of sepsis with polymyxin-B 
immobilized fiber hemoperfusion in a child after living donor liver 
transplantation. Dig Dis Sci 2005;50:757.



   © 2017 OAE Publishing Inc.  www.oaepublish.com 61

Galectin-3 as a potential biomarker of 
metabolic disorders and cardiovascular 
remodeling in patients with hypertension 
and type 2 diabetes
Lesya Bobronnikova

Department of Clinical Pharmacology, Kharkiv National Medical University, 61000 Kharkiv, Ukraine.

Correspondence to: Prof. Lesya Bobronnikova, Head of Department of Clinical Pharmacology, Kharkiv National Medical University, 2A Postysheva 
Avenue, 61000 Kharkiv, Ukraine. E-mail: l.bobronnikova@mail.ru

How to cite this article: Bobronnikova L. Galectin-3 as a potential biomarker of metabolic disorders and cardiovascular remodeling in patients with 
hypertension and type 2 diabetes. Vessel Plus 2017;1:61-7.  

Aim: To determine the impact of galectin-3 levels on the progression of metabolic disorders 
and structural-functional changes in the myocardium and blood vessels in patients with 
concomitant systemic arterial hypertension (AH) and type 2 diabetes mellitus (type 2 DM). 
Methods: Ninety-five patients with hypertension stage II grade 2 (53 males and 42 females) 
were examined. The patients were separated: group 1 (n = 32) patients with AH, without 
carbohydrate metabolism disorders; group 2 (n = 30) patients with AH and pre-diabetes; group 
3 (n = 33) concomitant AH and type 2 DM. Carbohydrate metabolism, insulin resistance 
parameters and galectin-3 levels were measured. Echocardiography was performed to 
determine the structural-functional condition of the heart. Estimation of the intima-media 
complex thickness of the common carotid artery was performed by duplex ultrasound scanning. 
Results: Hypertrophy of the left ventricular myocardium is most evident in patients with AH 
and type 2 DM compared with groups 1 and 2, and the control group (P < 0.05). The levels 
of galectin-3 in the group with concomitant hypertension and type 2 DM were higher than in 
groups 1 and 2, and the control group (P < 0.05). A positive correlation was revealed between 
the level of galectin-3, indices of insulin resistance, and structural-functional cardiac and vessel 
remodeling. Conclusion: Galectin-3 levels in serum are significantly linked with indices of 
insulin resistance and cardiovascular remodeling.
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INTRODUCTION

Despite the appreciable advancement in arterial 
hypertension (AH) prevention and treatment, the 
disease remains to be one of the most urgent problems 
in cardiology.[1] Commonly, AH accompanies pre-
diabetes and type 2 diabetes mellitus (type 2 DM), 
important risk factors for cardiovascular complications.

Chronic hyperglycemia in AH patients with glucose 
metabolism disorders and type 2 DM significantly 
contributes to the formation and progression of 
cardiovascular disease.[2] Carbohydrate metabolism 
disorders significantly increase risk of acute 
cardiovascular events, such as myocardial infarction.[3] 
A meta-analysis of large prospective studies 
encompassing a total of 450,000 selected patients 
demonstrated that the risk of coronary death is 
increased 2-3 fold in patients with diabetes.[4] Chronic 
hyperglycemia not only directly promotes myocardial 
lesions, but also exacerbates the negative effect of 
other risk factors for cardiovascular pathology.[5] It has 
been noted that the degree of impairment in myocardial 
diastolic properties directly depends on the level of 
glycated hemoglobin, which relates to the degree 
of myocardium protein glycation[6] and deposition of 
collagen in the myocardium with fibrosis.[7] Furthermore, 
it is known that patients with carbohydrate metabolism 
disorders have higher left ventricular (LV) mass, even 
in the absence of AH and heart disease.[8]

Recently, new biomarkers that may reflect the 
pathogenic process of insulin resistance and 
consequent cardiovascular events have been identified. 
One of those markers is galectin-3 (Gal-3).[9] It belongs 
to the β-galactoside-binding proteins family. Due to 
the presence of a collagenous domain in its structure, 
galectin can interact with a wide range of extracellular 
matrix proteins such as tenascin, fibronectin, and 
laminin.[10] Gal-3 is produced by numerous cells including 
neutrophils, macrophages, labrocytes, fibroblasts, and 
osteoclasts.[11] Gal-3 is found in lungs, stomach, intestine 
and uterus.[12] It was determined that Gal-3 is involved 
in proliferation, macrophage chemotaxis, phagocytosis, 
neutrophil transudation, oxidative stress, apoptosis, 
angiogenesis, and associated with the development of 
insulin resistance.[13,14] In experimental studies using 
different models of cardiovascular disease, Gal-
3 has been implicated as an inducer of fibrosis and 
myocardial remodeling.[15,16]

Recently, a single-case study demonstrated Gal-3 as 
a mediator of development and progression of cardiac 
hypertrophy in patients with AH.[17] There are also 
data describing its impact on the formation of diastolic 
myocardial dysfunction.[18]       

The role of Gal-3 has not yet been examined in large 
cohorts of AH and type 2 DM patients, but according to 
single-case studies the plasma Gal-3 levels correlate 
with the prevalence of type 2 DM, AH and obesity.[19,20]

Thus, the goal of determining the effect of this biomarker 
on the progression of dysglycemia and cardiovascular 
remodeling in patients with AH and comorbid type 2 DM 
is attracting considerable interest in clinical practice.

The experiments herein studied the effect of Gal-3 
levels on the progression of metabolic disorders and 
structural-functional changes in the myocardium and 
blood vessels of patients with concomitant AH and 
type 2 DM.

METHODS

Ninety-five patients with hypertension stage II grade 
2 (53 males and 42 females) were examined in the 
specialized Department of Arterial Hypertension and 
Kidney Disease of State Institution (National Institute 
of Therapy named after L.T. Malaya) of National 
Academy of Medical Sciences of Ukraine. The patients 
were distributed into the following groups: group 1 (n 
= 32) included patients with AH, without carbohydrate 
metabolism disorders; group 2 (n = 30), patients with 
AH and pre-diabetes; group 3 (n = 33), concomitant 
AH and type 2 DM. The control group (n = 20) was 
comparable by age and gender to each group of 
examined patients. All the patients signed an informed 
consent agreement to participate in the research.

The exclusion criteria included the presence of 
severe somatic diseases such as kidney, liver, heart, 
and respiratory failure, anamnestic evidence of 
stroke, myocardial infarction, oncological diseases, 
decompensated type 2 DM course according to 
World Health Organization criteria, female patients 
previously diagnosed with type 2 DM macrovascular 
complications, thyroid function disorders, primary familial 
hypercholesterolemia, secondary hypertensions, and 
pregnancy.

AH diagnostics were performed according to the 
recommendations of the European Society of 
Hypertension and the European Society of Cardiology 
(ESH/ESC, 2013), as well as the Ukrainian Association 
of Cardiology on prevention and treatment of 
hypertension (2013). Anthropometric measurements 
included the calculation of body mass index (BMI) and 
the degree of obesity according to the International 
Diabetes Federation criteria (2015). Type 2 DM was 
diagnosed according to the general recommendations 
of the European Association for the Study of Diabetes 



               Vessel Plus ¦ Volume 1 ¦ June 27, 2017

Bobronnikova                                                                                                                          Biomarker of metabolic disorders and cardiovascular remodeling

63

(EASD, 2013).

Glycated hemoglobin (HbA1c) levels in whole blood were 
measured using the test-system produced by Reagent 
(Ukraine). Homeostatic model assessment for insulin 
resistance (HOMA-IR) was calculated by the formula: 
HOMA-IR = insulin (fasting insulin, mcU/mL) × fasting 
glucose (mmol/L) / 22.5. At HOMA-IR > 2.77 patients 
were considered as having insulin resistance.[21] 
C-reactive protein (CRP) - DRG Elisa were determined 
with Enzyme-Linked ImmunoSorbent Assay (ELISA).

The concentrations of fasting blood glucose (FBG) 
levels was determined using glucose oxidase 
methodology. Fasting serum insulin levels were 
determined by ELISA with DRG kit (USA). In order to 
determine glucose tolerance, an oral glucose tolerance 
test was performed.

Gal-3 levels in the serum were determined by ELISA 
using the kit of Bender Med Systems (Austria).

Structural-functional cardiac parameters were 
determined by echocardiography using the diagnostic 
system (Philips IU, USA) in B- and M-modes by standard 
technique according to the general recommendations 
of the American Society of Echocardiography (2015). 
The determination of the interventricular septal wall 
thickness, LV posterior wall, end-systolic dimension 
(ESD), end-diastolic dimension (EDD), LV ejection 
fraction; end-systolic volume (ESV), end-diastolic 
volume (EDV); and analysis of the LV diastolic function 
were conducted during the registration of transtricuspid 
diastolic flow in the pulsed-wave Doppler mode. LV 
myocardial mass (LVMM) was calculated using the 
formula of Devereux R.B. (1986) and the index of 
LVMM (LVMMI) was determined as the ratio of LVMM 
to body surface area as described by Brown D.W. 
(2000).

To assess the structural-functional state of the vessels 
we performed ultrasound scanning of common carotid 
arteries with measurement of the intima-media 
complex thickness of the common carotid artery (IMT 
CCA) using an ultrasound diagnostic system (Philips 
IU, USA) with linear sensor at the frequency of at least 
7 MHz in B-mode.

As soon as the distribution of indices were converted 
to the normal, statistical processing of obtained 
results was performed by parametric methods (with 
evaluation of mean, its standard error or standard 
deviation; Student t-test for independent samples by 
groups, Pearson correlation) using Statsoft Statistica 
8.0 software package. The threshold of P-value of 

0.05 was chosen; in case of multiple comparison a 
Bonferroni correction was made.

RESULTS

The results of trophological status analysis revealed 
characteristic features in the examined groups. Patients 
with a BMI of 18.5 to 24.9 kg/m2 (n = 5) were identified 
in the group with isolated AH. However third-degree 
obesity (BMI > 40.0 kg/m2) was observed in one patient 
with AH, in three patients with AH and pre-diabetes, 
and in 5 patients with concomitant AH and type 2 DM. 
The majority of patients with isolated and concomitant 
disease in groups 2 and 3 (64.2%, 54.3%, and 51.3% 
respectively) had a BMI of 30 to 34.9 kg/m2. In patients 
with type 2 DM, those with a BMI of 30.0 to 34.9 kg/m2 
were predominately male (67.3%), while those with a  
BMI of 35.0 to 39.9 kg/m2 were predominately female 
(74.5%).

FBG levels were significantly higher in patients with 
concomitant AH and type 2 DM compared with patients 
in group 1, group 2 and the control group (P < 0.05).

Maximal values of HOMA-IR, insulin and C-peptide in 
patients of group 3 compared to that of groups 1 and 
2 [Table 1], describes the progression of IR associated 
with the presence of type 2 diabetes. HOMA-IR 
exceeded control values by 2.1-fold in the group 
of patients with AH, 2.4-fold in patients with AH and 
pre-diabetes, and by 2.7-fold higher in patients with 
concomitant AH and type 2 DM.

In groups 2 and 3, there was a positive correlation 
between insulin levels in the peripheral blood and LV 
hypertrophy (LVH) (r = 0.44, P < 0.01; and r = 0.42, P 
< 0.01, respectively) and IMT CCA (r = 0.36, P < 0.05; 
and r = 0.38, P < 0.05, respectively).

Examination of IMT CCA showed mean values 
in patients with AH (0.85 ± 0.05 mm, P < 0.05) in 
comparison with groups 2 and 3, and control group. In 
patients with AH and pre-diabetes this index was 0.9 
± 0.05 mm (P < 0.05). In patients with AH and type 
2 diabetes IMT CCA was 0.95 ± 0.07 mm (P < 0.05). 
IMT CCA indices in groups 2 and 3 displayed reverse 
correlation with HOMA-IR (r = 0.36, P < 0.001).

An increase of IMT CCA ≥ 0.9 mm was observed in 
patients with AH in 46.8% of cases, 52.7% in patients 
with AH and pre-diabetes, and 59.2% in patients with 
concomitant disease.

Indices of IMT CCA were associated with age (P = 
0.032), BMI (P = 0.044), waist measurements (P = 
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0.046), and HOMA-IR (P = 0.044). Patients from group 
2 in 12.3% of cases, and in 38.7% of cases from group 
3 were marked as having atherosclerotic plaques with 
a degree of stenosis < 10%.

LVH was diagnosed in 92.3% of patients from group 3, 
75.8% of patients from group 2, and 55.4% of patients 
from group 1, compared to the controls (P < 0.05). 
Patients with AH and type 2 DM were characterized by 
an increase of average LVMM (P < 0.05) and LVMMI 
values (P < 0.05) compared with patients in group 
1, group 2, and the control group. Indices of Doppler 
echography intracardiac hemodynamics in patients 
with AH were characterized by a decrease in the early 
and late diastolic filling rate of LV [Table 2]. However, 
under the concomitant conditions of disease in groups 
2 and 3, these indexes were significantly reduced 
compared to group 1 and the control group (P < 0.05). 
Similar patterns were observed in the ratio of the early 

and late diastolic filling velocities. 

Also, the maximum ESD LV and EDD LV values 
were registered in patients of group 3 in comparison 
with group 1 and control (P < 0.05) and a pattern of 
increase in these indicators was observed in group 2. 
The same situation was observed with respect to ESV 
LV and EDV LV (P < 0.05). Patients in groups 2 and 3 
with concomitant disease had a significant increase of 
MMI relative to group 1 (P < 0.05).

Levels of Gal-3 were heightened in patients concomitant 
AH and type 2 DM compared to groups 1 and 2, and 
the control group (34.2 ng/mL compared to 27.6 ng/mL, 
25.8 ng/mL, 15.6 ng/mL respectively, P < 0.001).

In patients with AH and pre-diabetes we observed a 
trend towards a positive correlation between Gal-3, 
CRP, and HOMA-IR, which is most marked in patients 

Table 1: Carbohydrate metabolism and IR indices in surveyed groups of patients (mean ± SD)

Indices 1. Control
(n = 20)

2. AH
(n = 32)

3. AH + pre-diabetes
(n = 30)

4. AH + type 2 DM
(n = 33) P

HOMA-IR 1.66 ± 0.56   3.46 ± 2.70   4.46 ± 2.70   5.42 ± 3.10 P1-2 = 0.00001
P1-3 = 0.00001
P2-3 = 0.13

Insulin, mcU/mL 5.57 ± 2.10 10.90 ± 5.80 11.90 ± 5.80 13.80 ± 7.40 P1-2 = 0.0004
P1-3 = 0.0002
P2-3 = 0.049

CRP, ng/mL 0.48 ± 0.23   0.94 ± 0.53   1.02 ± 0.41   1.20 ± 0.73 P1-2 = 0.0003
P1-3 = 0.0001
P2-3 = 0.064

Glucose, mmol/L 4.25 ± 0.12   6.58 ± 1.12   7.60 ± 3.85   8.20 ± 1.23 P1-2 = 0.00002
P1-3 = 0.00003
P2-3 = 0.14

HbA1c (%) 4.60 ± 0.02   6.50 ± 0.01   7.10 ± 0.50   9.20 ± 0.60 P1-2 = 0.0006
P1-3 = 0.0003
P2-3 = 0.035

GTT, mmol/L 5.12 ± 0.04   6.16 ± 0.05 11.34 ± 0.40 14.80 ± 2.10 P1-2 = 0.0004
P1-3 = 0.0002
P2-3 = 0.054

SD: standard deviation; IR: insulin resistance; AH: arterial hypertension; type 2 DM: type 2 diabetes mellitus; HOMA-IR: homeostatic model 
assessment for insulin resistance; CRP: C-reactive protein; HbA1c: glycated hemoglobin; GTT: glucose tolerance test

Table 2: Hemodynamic parameters in surveyed groups of patients

Indexes Control
(n = 20)

AH
(n = 32)

AH + pre-diabetes
(n = 30)

AH + type 2 DM
(n = 33)

SBP, mmHg 125.30 ± 4.40  158.70 ± 3.20* 173.90 ± 4.60*,# 185.40 ± 4.80$

DBP, mmHg   81.80 ± 5.60    90.20 ± 5.30*   98.50 ± 8.20*,# 105.20 ± 9.30$

LASPh, cm     2.72 ± 0.09     2.82 ± 0.90     3.25 ± 0.05*,#     3.64 ± 0.07$

EDV, cm3 129.00 ± 1.16 135.24 ± 1.16  141.10 ± 1.15 *,# 144.20 ± 1.13#

ESV, cm3   47.40 ± 0.30   48.10 ± 0.40   61.20 ± 0.80*,#   78.40 ± 0.60$

EDD, cm3     4.62 ± 0.02      5.16 ± 0.04*     5.35 ± 0.06*,#     5.56 ± 0.08#

ESD LV, cm     4.12 ± 0.04     4.18 ± 0.04   3.55 ± 0.03*     3.96 ± 0.04#

Stroke volume, cm3   75.50 ± 1.27   83.90 ± 1.36   91.10 ± 0.74*,#   97.20 ± 0.72#

Ejection fraction, %   65.40 ± 0.86   66.80 ± 0.74 52.90 ± 0.42*   54.80 ± 0.44#

Myocardium mass index LV, g/m2   81.60 ± 0.02   98.60 ± 0.03 116.40 ± 1.42*,#   143.40 ± 1.36#,$

*P < 0.05 vs. control group; #P < 0.05 vs. AH patients; $P < 0.05 vs. patients with AH and pre-diabetes. AH: arterial hypertension; type 2 
DM: type 2 diabetes mellitus; SBP: systolic blood pressure; DBP: diastolic blood pressure; LASPh: left atrial systole phase; EDV: end-
diastolic volume; ESV: end-systolic volume; EDD: end-diastolic dimension; ESD: end-systolic dimension; LV: left ventricular
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with AH and type 2 DM [Gal-3, CRP (r = 0.52, P < 
0.01), and HOMA-IR (r = 0.62, P < 0.01)].

In patients with concomitant AH and type 2 DM there 
was a positive correlation between Gal-3 and the IMT 
CCA (r = 0.44, P < 0.001). It is should be noted that 
in patients with isolated AH and in patients of groups 
2 and 3 having LVH, Gal-3 levels were significantly 
higher than in patients without LVH (P < 0.05).

DISCUSSION

The study found patients from group 3 to have the 
highest insulin and C-peptide values, suggesting 
that the progression of IR under hyperinsulinemia is 
associated with the presence of type 2 diabetes.

Identified correlations between insulin and LVH and 
IMT CCA in patients from groups 2 and 3, suggest that 
hyperinsulinemia is an important component for the 
development and progression of AH and contributes 
to the development of myocardial hypertrophy and 
smooth muscle elements of peripheral vessels.

Further observation is necessary in patients from 
groups 2 and 3 with identified atherosclerotic plaques 
of stenosis grade exceeding 10%. It should be noted 
that current results are concordant with the Insulin 
Resistance Atherosclerosis Study, which revealed a 
clear direct dependence between the degree of insulin 
resistance and the carotid artery wall thickness both in 
individuals without diabetes, and in patients with type 2 
DM. With each unit of insulin resistance, IMT increased 
by 30 μm.[22] Similar conclusions were obtained in an 
analysis of the results of 11 studies, involving 1578 
patients with type 2 DM, including 132 patients with 
pre-diabetes who developed IMT CCA index during the 
treatment.[23] It was found that un-treated patients with 
type 2 DM had an average content of HbA1c = 7.86%, 
and an increase in IMT CCA by 0.034 mm per year.[24] 

This reveals significant dependence between HbA1c 
levels and the rate of IMT CCA increase.[24]

Patients of group 2 with concomitant AH presented with 
structural-functional and intraventricular hemodynamic 
changes, changes that were most apparent in group 3.

As to the mechanisms of LVH in AH patients with type 
2 DM, we should mention a complex of metabolic 
disorders which are typical for type 2 DM.[25] Those 
disorders primary include insulin resistance and 
hyperinsulinemia. Indeed, insulin resistance and 
hyperinsulinemia are triggers that induce a series of 
hormonal, neurohumoral and metabolic events that are 
the basis of early LVH in concomitant AH and type 2 

DM.[26] This process is largely a result of activation of 
the sympathetic-adrenal system, a powerful stimulus 
for renin and angiotensin II excretion with a consequent 
increase of aldosterone production and development of 
the hyperkinetic, hyper-renin variant of hypertension.[27] 
Powerful hypertrophic and proliferative processes in 
the myocardium are triggered accompanied by volume 
overload of the heart, which leads to LVH in patients 
with AH and type 2 DM. The most important proliferative 
and hypertrophic factors involved in the processes of 
myocardial hypertrophy include a number of cytokines 
and other growth factors.[25]

It has been observed that Gal-3 levels are positively 
correlated with insulin resistance indices (CRP, НОМА) 
in all groups of patients. These data confirm that Gal-
3 is involved in the formation of insulin resistance. In 
this study, higher levels of Gal-3 are associated with 
the development of type 2 DM. The obtained results 
substantiate the study of Seferovic et al.,[28] which 
describes elevated levels of Gal-3 in patients with 
type 2 DM that were strongly correlated with HbA1c 
levels. Yilmaz et al.[29] showed that Gal-3 may be 
an independent predictor of type 2 DM in general. 
Recent clinical studies have shown that high levels 
of Gal-3 correlate with gender, age, and the risk of 
cardiovascular pathology development.[30] On the other 
hand, the study of Ohkura et al.[31] found that low levels 
of serum Gal-3 are associated with insulin resistance 
in patients with type 2 DM, but it should be noted that 
a small sample of patients were examined with no 
comorbid pathology and a BMI within the normal range.

Gal-3 values were positively correlated with LVH 
and increased indices of IMT CCA. These data are 
consistent with available literature showing that Gal-3 
increases its activity under the influence of such factors 
as increased levels of angiotensin II and pressure 
overload of the myocardial wall. References contain 
some data identifying a correlation of GAL-3 and the 
total number of atherosclerosis plaques in coronary 
arteries.[32] It can be assumed that Gal-3 levels may 
be a marker for the major pathogenetic mechanisms of 
development and progression of atherosclerosis, which 
can help the early detection of atherosclerosis before 
its clinical manifestations. Also, increasing serum Gal-
3 levels may help to identify early heart failure with 
preserved LV ejection fraction, which often occurs in 
patients with hypertension, diabetes, and obesity.[33]

The above results indicate that elevated levels of Gal-
3 in the blood plasma can be a predictor of type 2 
DM, and factor in the development of structural and 
functional changes in the myocardium. Nevertheless, 
these findings require further study on a large sample 
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of patients, taking into account gender differences and 
duration of comorbid pathology.

In conclusion, chronic hyperglycemia and insulin 
resistance affected the cardiovascular remodeling 
of the myocardium and blood vessels, which was 
mostly observed in the concomitant AH and type 2 DM 
patients.

This study makes it possible to assume that Gal-
3 is involved in the processes of insulin resistance 
progression and cardiovascular remodeling in 
patients with isolated hypertension and patients with 
hypertension and type 2 DM.

In order to gain a clearer understanding of the Gal-3 
role in the pathogenesis of hypertension and type 2 
DM, the larger clinical trial needs to be conducted.
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Aim: Bioresorbable vascular scaffolds (BVS) have recently been introduced to minimise 
the long-term complications of metallic stents in acute coronary syndrome (ACS), but 
their benefits have not been well analysed. Methods: The authors studied all ACS patients 
treated with any kind of stent at a single centre between March 2013 (when the first BVS was 
implanted) and June 2016. Results: The study included 951 subjects, mean age 67.9 ± 13.3 
years, mean Global Registry of Acute Coronary Events (GRACE) score 148.5 ± 44.8, 75.2% 
men and 38.2% with an ST-segment elevation myocardial infarction. The mean number of 
stents implanted was 1.3 ± 1.0 and 54 subjects (5.7%) received at least 1 BVS. Drug-eluting 
stents were implanted in 57.3% subjects, followed by bare-metal stents (19.0%). The subjects 
treated with BVS were younger and had lower GRACE scores compared to the rest. In-
hospital mortality was 4.8% and no subject treated with BVS died before discharge. BVS-
treated patients received dual antiplatelet therapy or new antiplatelet agents more frequently. 
During a median follow-up of 13 months, all-cause mortality was 7.8%, cardiovascular 
mortality was 6.1%, and at least 1 major cardiovascular event occurred in 26.4% of the 
subjects. Stent type did not affect prognosis. Conclusion: Coronary revascularisation using 
BVS in selected ACS patients is safe and effective.
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INTRODUCTION

Cardiovascular disease is the leading cause of 
mortality in the world, and coronary heart disease 
is the primary contributor to that cardiovascular 
mortality.[1] Coronary heart disease is a progressive 
condition resulting from atherosclerosis that produces 
unstable coronary plaque, with episodes of erosion 

and intraluminal thrombosis that become manifest 
as an acute coronary syndrome (ACS),[2] ventricular 
fibrillation, asystole, and sudden death. Percutaneous 
coronary interventions are the cornerstone of ACS 
treatment, and coronary stents are utilised in almost 
all of these.[3-5] Bare-metal stents (BMS) were the first 
devices developed to improve the results of balloon 
angioplasty by the resolving post-balloon dissections, 
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and preventing coronary wall recoil and constrictive 
remodelling.[6] Percutaneous coronary intervention 
(PCI) with stents was progressively adopted as the 
standard of care for interdiction of ACS, myocardial 
ischemia and infarction.[7] However, as this strategy 
was being adopted it became clear that stent restenosis 
was a frequent and potentially fatal complication in 
patients treated with BMS.[6] Drug-eluting stents (DES) 
largely overcame the restenosis problem with BMS but 
they were also linked to many long-term complications 
such as late stent-thrombosis, neo-atherosclerosis, 
side-branch jailing and/or preclusion of future surgical 
revascularisation at the same lesion.[8]

Bioresorbable vascular scaffolds (BVS) are newly 
adopted device for coronary stenting and were 
designed to minimise the long-term complications of 
stents[6] by providing an on-permanent scaffold.[9] The 
first BVS was designed and tested in humans at the 
end of last century and now shows promising results 
in terms of feasibility and complete reabsorption.[10] 

Several randomised clinical trials and meta-analyses 
have outlined the usefulness of BVS for coronary 
revascularisation,[11-13] although the clinical benefit for 
ACS patients has not been well analysed.[14,15] The 
objective of our study was to report the safety and 
utility of BVS compared to other stents in a cohort of 
ACS patients.

METHODS

Study design
In 2009, we initiated an ongoing prospective registry of 
all patients admitted for ACS in our institution. Several 
results have already been published.[5,16] For this study, 
we included all patients admitted with the diagnosis of 
ACS between January 2013 and March 2016, resulting 
in a cohort of 951 consecutive subjects. The patients 
were classified according to the stent type that was 
used and the cohort was divided in 4 groups: no stent, 
BMS, DES, or BVS. The interventional cardiologist 
made the treatment decisions and stent selection after 
considering the clinical situation. The DES implanted 
during the study period were all second- and third-
generation devices. Intravascular ultrasound and 
optical coherence tomography were performed in 
most cases where a BVS was implanted but the 
final decisions were made according to the treating 
physicians’ clinical judgements.

ACS was defined by the presence of typical clinical 
symptoms of unstable angina or impending myocardial 
infarction. ACS was classified as ST-elevation 
myocardial infarction (STEMI) and non-STEMI 
according to the electrocardiographic findings. The 

mortality risk was assessed by the Global Registry of 
Acute Coronary Events (GRACE) score; according to 
individual scores patients with categorised in low risk 
< 108), intermediate risk (109-130) and high-risk (> 
140).[3] All patients with STEMI received primary PCI 
and patients with non-STEMI were referred for PCI, 
if appropriate as determined by a comprehensive 
medical evaluation. According to previous reports, 
incomplete coronary revascularisation was defined as 
when at least one of the main coronary arteries, or a 
secondary branch > 1.5 mm, with significant lesions 
(> 70%), was treated but not fully revascularised.[17,18]

Risk factors, clinical antecedents, treatments, 
complementary tests, and main diagnosis at discharge 
were tabulated for all subjects by trained medical 
staff.[5] For the diagnosis of previous coronary artery 
disease, subjects needed to have a clinical diagnosis 
of myocardial infarction, stable or unstable angina or 
known prior coronary revascularisation. Previous heart 
failure was determined based upon their prior clinical 
diagnosis of heart failure. Glomerular filtration rate 
was estimated from serum creatinine values with the 
Modification of Diet in Renal Disease Study equation. 
Overall estimation of comorbidities was assessed by 
the Charlson Index, adapted for patients with coronary 
heart disease;[19] patients with a Charlson score ≥ 4 were 
considered as having high-comorbidity risks. Following 
current recommendations, optimal medical treatment 
was codified when patients received prescriptions 
for four medical treatments: an antiplatelet agent, a 
statin, a beta-adrenergic blocker, and an angiotensin-
converter enzyme inhibitor or angiotensin-receptor 
blocker.[20,21] Statin treatment was classified as low 
intensity, moderate intensity, or high intensity based 
on the current guidelines.[22,23] Ticagrelor and prasugrel 
were analysed together as a group of new antiplatelet 
agents in place of clopidogrel.

The post-discharge follow-up of all subjects followed 
a well-established protocol. The end-points analysed 
were cardiovascular and all-cause mortality as well as 
time to first major cardiovascular event (MACE) (ACS, 
heart failure hospitalisation, fatal or non-fatal stroke, or 
major bleeding). Two staff members reviewed clinical 
records, and (in absence of hospital contact), the 
electronic medical history was consulted for outpatient 
follow-up care. All physicians in the geographic area 
use a unified electronic medical record (EMR) that 
documents every contact with the health care system, 
for either medical or nursing visits. If electronic medical 
reports were lacking, one nurse who had been trained 
to acquire the needed data by telephone was directed 
to call the subject and assess all endpoints through 
a follow-up conversation. All emergency calls, visits 



                                                                                                    Vessel Plus ¦ Volume 1 ¦ June 27, 2017

Cordero et al.                                                                                                                                              Bioresorbable scaffolds in acute coronary syndrome

70

to the emergency room of the hospital, or hospital 
readmissions also are registered in the single informatics 
application. Fatalities directly related to cardiac events, 
such as ACS, heart failure hospitalisation or sudden 
death were attributed to cardiovascular causes; non-
cardiovascular mortality was coded when another 
concurrent process was thought to be the main cause 
of the fatality, representing mainly infections, cancer 
deaths or accidents. The ethics committee of the 
hospital approved the protocol for the study and for 
obtaining informed consent from the subjects.

Statistical analysis
Data were processed with IBM SPSS 22.0 and 
STATA 14-0 statistical packages for Mac computers. 
Quantitative variables are presented as mean 
± standard deviation (SD) and differences were 
assessed by a Students t-test or Chi-squared tests. 
Qualitative variables are presented as percentages 
and differences were analysed by the analysis of 
variance (ANOVA) test. An analysis of interactions 
and collinearity between main clinical variables was 
performed and results were taken under consideration 
for further analysis. Statistical differences were 
accepted as significant if the P value was < 0.05.

Cox regression models performed survival analyses 

once the proportional risk tests were verified. The 
model was adjusted by all variables that obtained P 
values < 0.1 in the univariate analysis or could have 
plausible clinical implications; results are presented as 
the hazard ratio (HR) and 95% confidence intervals 
(CI). Stent type was analysed as a categorical variable 
in dummy models. The model’s discriminative accuracy 
was assessed by the Harrell’s C-statistic, and its 
calibration was verified by the Gronnesby and Borgan 
test. Analysis of recurrent cardiovascular events 
was performed by negative binomial regression, and 
results are presented as incidence rate ratio (IRR) and 
rates/100 patients/year.[24]

RESULTS

During the study period, a total of 951 patients were 
enrolled as subjects. They had a mean age of 67.9 (± 
13.4) years, 75.2% were male, 38.2% were diagnosed 
with STEMI, and their mean GRACE score was 148.5 
(± 44.8). The revascularisation strategies included DES 
(57.3%) and BMS (19.0%); 54 (5.7%) received at least 
1 BVS [Table 1]. In 171 subjects (18.0%), no stents were 
placed after the angiography and diagnostic studies 
were done. BVS-treated patients were the younger, 
and had the highest percentage of current smokers 
but the lowest prevalence of known heart failure, atrial 
fibrillation, or stroke. No differences were observed in 

Table 1: Clinical features of the cohort according to the stent type
Characteristics No stent BMS DES BVS P
Number 171 (18.0%) 181 (19.9%) 545 (57.3%) 54 (5.7%)
Age (years), mean ± SD 71.4 ± 13.0 72.4 ± 13.8 66.5 ± 12.3 56.4 ± 12.7 < 0.01#

Age > 75 years 41.5% 50.3% 26.1% 5.6% < 0.01
Males 63.2% 74.6% 78.0% 87.0% < 0.01
Diabetes 32.7% 35.9% 29.7% 31.5% 0.47
Hypertension 70.8% 69.1% 59.8% 38.9% < 0.01
Current smokes 19.9% 24.9% 36.5% 50.0% < 0.01
Dyslipidemia 49.7% 50.3% 47.0% 42.6% 0.70
Previous HF 7.6% 2.8% 1.8% 0.0% < 0.01
Previous CHD 25.1% 21.5% 22.4% 5.6% 0.02
Previous PCI 14.7% 10.1% 16.7% 3.7% 0.02
Previous CABG 7.1% 3.6% 4.0% 0.0% 0.13
Peripheral arterial disease 7.6% 7.2% 4.6% 5.6% 0.37
Atrial fibrillation 15.8% 14.4% 4.4% 0.0% < 0.01
Previous stroke 10.5% 13.3% 5.1% 3.7% < 0.01
COPD 9.4% 12.7% 10.3% 9.3% 0.73
STEMI 11.1% 46.4% 43.5% 42.6% < 0.01
GFR (mL/min/1.72 m2), mean ± SD 78.3 ± 38.5 70.7 ± 29.6 82.8 ± 31.3 82.9 ± 22.9 < 0.01#

GFR < 60 mL/min/1.72 m2 26.3% 40.7% 16.7% 15.4% < 0.01
GRACE score, mean ± SD 146.8 ± 50.6 162.6 ± 46.0 145.6 ± 42.3 124.8 ± 29.7 < 0.01#

GRACE > 140 42.9% 67.1% 51.4% 32.7% < 0.01
Charlson index, mean ± SD 2.6 ± 2.9 2.7 ± 2.4 2.2 ± 1.8 2.1 ± 2.1 0.03*
Charlson index ≥ 4 23.4% 24.9% 18.2% 14.8% 0.12
LVEF (%), mean ± SD 54.6 ± 13.0 52.5 ± 12.4 53.3 ± 12.5 56.4 ± 8.8 0.07

#For comparisons between BVS and the rest; *for comparisons between BVS or DES and the rest. BMS: bare metal stent; DES: drug-
eluting stents; BVS: bioresorvable vascular scaffold; HF: heart failure; CHD: coronary heart disease; PCI: percutaneous coronary 
intervention; CABG: coronary arterial bypass graft; COPD: chronic obstructive pulmonary disease; STEMI: ST-elevation myocardial 
infarction; GFR: glomerular filtration rate; GRACE: Global Registry of Acute Coronary Events; LVEF: left ventricle ejection fraction
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the prevalence of diabetes or dyslipidaemia according 
to the stent type received. BMS-treated patients had 
the highest prevalence of comorbidities, reflected by 
the highest mean Charlson index.

The details of the revascularisation outcomes are 
presented in Table 2. The radial artery approach was 
utilised in most cases and in all BVS-treated subjects. 
The mean number of coronary lesions was 1.6 (± 0.9) 
which was significantly higher in BVS-treated subjects; 
the mean number of stents per subject was 1.3 (± 1.0) 
and BVS-treated cases also had the highest rate. As a 
consequence, the rate of complete revascularisation 
was the highest in patients treated with BVS. No BVS 
implantations were attempted in the left main coronary 
artery.

In-hospital mortality was 4.8% (46 patients out of 951) 
and no patient treated with BVS died prior to discharge. 

The highest in-hospital mortality rate was observed in 
patients who were not (or could not be) stented (8.8%), 
followed by those treated with BMS (7.2%) and DES 
(3.3%). As shown in Table 3, BVS-treated patients 
received the highest rate of dual antiplatelet treatment 
and 70% received a new antiplatelet drug (prasugrel 
or ticagrelor). Generally, patients treated with DES or 
BVS received more intensive medical treatments.

Post-discharge follow-up was achieved in 95.0% of the 
cohort, with median time of 13 months (interquartile 
range 9.0 to 22.0). All-cause mortality was 7.8%, and 
cardiovascular mortality was 6.1%. Additionally, 26.4% 
subjects experienced at least one MACE. Kaplan-Meier 
curves are presented in Figure 1. All-cause mortality 
varied according to stent type: no stent (13.5%), BMS 
(10.1%), DES (5.7%), and BVS (5.6%); the differences 
were significant (log-rank test, P < 0.01). Cardiovascular 
mortality declined in the same order: no stent (10.3%), 

Table 2: Procedure and coronary lesions characteristics
Characteristics No stent BMS DES BVS P
Radial approach 93.0% 96.4% 98.1% 100.0% 0.01
No. of vessels with lesions, mean ± SD 0.8 ± 1.1 1.6 ± 0.8 1.7 ± 0.8 2.1 ± 0.8 < 0.01
No. of stents/patient, mean ± SD 0.0 ± 0.0 1.4 ± 0.6 1.6 ± 0.9 2.8 ± 1.5 < 0.01
Complete revascularization 49.0% 71.4% 76.3% 85.2% < 0.01
Left main disease 7.1% 0.6% 6.1% 0.0% < 0.01
Coronary lesions < 0.01
1 vessel disease 13.1% 59.9% 47.4% 24.1%
2 vessel disease 13.1% 22.2% 29.8% 42.6%
3 vessel disease 5.7% 16.8% 16.5% 33.3%
LM + 1 vessel disease 1.6% 0.0% 0.6% 0.0%
LM + 2 vessel disease 0.8% 0.0% 2.3% 0.0%
LM + 3 vessel disease 6.6% 0.6% 3.2% 0.0%

BMS: bare metal stent; DES: drug-eluting stents; BVS: bioresorvable vascular scaffold; LM: left main

Table 3: Medical treatments recommended at discharge according to the stent received within hospital revascularization
Characteristics No stent BMS DES BVS P
Aspirin 76.9% 96.4% 96.6% 98.1% 0.01
Clopidogrel 25.6% 64.3% 43.5% 29.6% < 0.01
Ticagrelor 5.8% 14.9% 28.3% 31.5% < 0.01
Prasugrel 0.0% 17.3% 25.6% 38.9% < 0.01
Any new antiplatelet 5.8% 32.1% 53.9% 70.4% < 0.01
DAPT 18.6% 92.9% 94.5% 98.1% < 0.01
Oral anticoagulants 14.1% 10.1% 5.3% 0.0% < 0.01
ARB/ACEI 71.2% 79.2% 82.0% 79.6% 0.03
Beta blockers 64.7% 83.3% 88.4% 90.7% < 0.01
Diuretics 37.2% 26.8% 19.5% 11.1% < 0.01
Statins 69.2% 95.2% 95.1% 96.3% < 0.01
   High dose statin 32.1% 70.8% 73.6% 83.3% < 0.01
   Moderate dose statin 29.5% 16.7% 16.9% 13.0% < 0.01
   Low dose statin 7.7% 6.5% 1.7% 0.0% < 0.01
Nitrates 19.9% 6.5% 4.7% 1.9% < 0.01
Fibrates 1.9% 3.0% 1.9% 1.9% 0.87
Ezetimibe 1.9% 0.6% 4.0% 1.9% 0.10
Optimal medical treatment 33.3% 63.7% 70.4% 66.7% < 0.01

BMS: bare metal stent; DES: drug-eluting stents; BVS: bioresorvable vascular scaffold; DAPT: double antiplatelet treatment; ARB: 
angiotensin receptor blocker; ACEI: angiotensin-converter enzyme inhibitors
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BMS (9.5%), DES (4.0%), and BVS (3.7%) (log-rank 
test, P < 0.01). No differences were observed between 
DES and BVS in mortality rates. No differences were 
observed in the incidence of MACE according to stent 
type, although a tendency to lower incidence of time to 
first MACE was noted for BVS: no stent (28.8%), BMS 
(31.5%), DES (25.5%), and BVS (16.7%) (P = 0.16). 
The highest rate of MACEs/year/100 patients was 

recorded in patients that received no stents, followed 
by BMS, DES, and BVS [Figure 2]. Multivariate analysis 
did not find any associations of mortality or cumulative 
MACEs with stent type [Table 4]. Diabetes, age > 75 
years and GRACE score > 140 were associated with 
higher cardiovascular and all-cause mortality, whereas 
predictors of recurrent MACEs included age > 75 
years, diabetes, and previous cardiovascular disease; 
revascularisation was negatively associated with 
recurrent events.

DISCUSSION

This single-centre experience with BVS supports 
their safety and effectiveness for revascularisation 
during ACS. BVS-treated patients had a lower risk 
profile despite the fact that they had more coronary 
lesions and were treated more aggressively, as they 
received a higher number of stents, more complete 
revascularisation, and more intensive antiplatelet and 
statin regimens.

Decision-making for stent use is influenced by many 
factors related to patient characteristics, coronary 
lesions, and other risks. DES were introduced to better 
control the rate of restenosis that occurs in patients 
treated with BMS. The superiority of DES has been 
largely demonstrated,[25] although mortality benefit was 
only clearly outlined with the later generation of DES.[8] 

BVS were conceived to avoid long-term complications 
of the metal structures by providing temporary 
structural integrity before being resorbed completely 
within the vessel wall.[9,26] The long-term incidence of 
cardiovascular events related to DES-treated vessels 
is around 2% to 3% per year for at least 5 years[27,28] 

and the contribution of permanent metallic devices in 
lumen target lesions has a relevant contribution.[29] 
The Absorb® BVS is a 150 μm thick bioresorbable 
polyl-lactide scaffold with a conformal bioresorbable 
coating (with a total thickness of 7 μm) that elutes 
everolimus.[30] Angiographic follow-up of BVS has 

Figure 1: Kaplan-Myer curves presenting cardiovascular mortality, 
all-cause mortality and time to first major cardiovascular event 
(MACE) according to stent type. BMS: bare metal stent; DES: drug-
eluting stent; BVS: bioresorbable vascular scaffold
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Figure 2: Major cardiovascular event (MACE) rates/100 patients/
year according to stent type. BMS: bare metal stent; DES: drug-
eluting stent; BVS: bioresorbable vascular scaffold
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clearly demonstrated the complete reabsorption of 
the scaffolds[9] and significant lumen gain.[31] The 
initial experience of BVS in our institution supports the 
clinical safety and efficacy of BVS in ACS patients with 
a significant post-discharge follow-up.

As with every innovation, concerns arose when data 
from randomised clinical trials and large numbers of 
patients treated with BVS became available. The pooled 
analysis of first studies showed the equivalence at 
1-year of BVS compared with everolimus-DES although 
a non-significant trend (HR: 2.09, 95% CI: 0.92 to 4.75, 
P = 0.08) to higher late stent-thrombosis was already 
outlined.[30] In the ABSORB-II trial, BVS had similar 
rates of repeat revascularisation at 1 year of follow-up, 
despite inferior mid-term angiographic performance, in 
comparison with everolimus-eluting metallic stents.[11] 
Nonetheless, patients treated with a BVS had a three-
fold increased risk of subacute stent thrombosis. 
These results have been verified in subsequent 
meta-analyses.[12,13] Stent thrombosis is a challenging 
clinical problem and related to many factors, including 
the different antiplatelet regimens, discontinuation of 
dual antiplatelet therapy, procoagulant states, stent 
malposition, polymer content, and many others.[32,33] 

Major cardiovascular events and mortality rates in 
the BVS-treated patients in our cohort were similar or 
even lower than in patients treated with other stents. 
Moreover, patients treated with BVS in our study had 
a higher number of vessels with significant lesions, 
and subsequently received more stents. This suggests 
that in well-selected ACS patients under intensive 
platelet treatment, the use of BVS can be a reasonable 
strategy of percutaneous revascularisation as has been 
proposed by other reports[14,15] and meta-analyses.[12,13]

BVS-treated patients in our cohort received dual 
antiplatelet therapy with clopidogrel or the newer 
antiplatelet drugs, prasugrel or ticagrelor, more 
frequently than the rest of patients. This could be 
influenced by many factors, such as the percutaneous 
coronary intervention characteristics, the number of 
stents, the younger age or absence of concomitant 
anticoagulation, but reflects that patients that received 
a BVS were treated more intensively. The effect of BVS 

for late adverse events could be especially important 
for young patients with ACS because they have an 
impaired vascular healing[34] and new antiplatelet 
agents could have similar effects.[35] The efficacy of 
BVS has been tested in only two randomised clinical 
trials[36,37] and most reports come from observational 
studies.[14,15,38] The primary endpoint in many of these 
studies was not cardiovascular mortality, and only the 
feasibility of the BVS implantation was assessed. We 
conducted an observational prospective study with the 
aim of providing mortality rates in a real-world cohort 
of patients. Moreover, we examined the cumulative 
incidence of recurrent events, which has been 
proposed as the best approach to monitor the actual 
course and prognosis of coronary heart disease.[24]

Coronary heart disease is a chronic inflammatory 
disease and it develops as a result of a progressive 
process.[39] Despite optimal medical treatment and 
revascularisation, recurrent events are common.[21,40] 
The most frequent statistical analyses for follow-up 
events are based in time-to-events, and therefore, 
patients are excluded from further analysis once 
they experience such events. Nonetheless, analysis 
of recurrent events has been proposed as a more 
accurate way to assess the actual life-long course 
and prognosis.[41] Optimal medical treatment has been 
demonstrated to provide benefit in patients with stable[42] 
and unstable[21] coronary heart disease regardless of 
revascularisation. Nonetheless, revascularisation has 
a much more critical role in ACS patients, and it has 
been identified as one of the major factors related 
to long-term ACS survival. Our analysis identified a 
negative association between revascularisation and 
recurrent events that provides additional support to 
its key role in the treatment of ACS patients. STEMI 
represents less than 40% of ACS and its emergent 
treatment requires many resources because acute 
phase mortality is much higher than in non-STEMI.[1] 
Nonetheless, the long-term mortality and medical 
costs are equivalent for both types of ACS. Non-STEMI 
patients comprise a heterogeneous group, and these 
patients are usually older and have more comorbidities. 
This can yield challenging decision-making with regard 
to revascularisation and medical treatment. As a result, 

Table 4: Results of the multivariate analysis

Characteristics
Cardiovascular mortality All-cause mortality Cumulative major cardiovascular events
HR, 95% CI P HR, 95% CI P IRR, 95% CI P

Age, > 75 years 3.67 (1.82-7.41) < 0.01 3.17 (1.75-5.74) < 0.01 1.73 (1.26- 2.39) < 0.01
Diabetes 2.96 (1.63-5.36) < 0.01 3.35 (2.00-5.62) < 0.01 1.91 (1.45-2.53) < 0.01
Revascularization 0.69 (0.25-1.89)    0.48 0.75 (0.32-1.77)    0.52 0.58 (0.33-1.00)    0.05
Previous CVD 1.01 (0.96-1.08)    0.55 1.03 (0.98-1.08)    0.23 1.05 (1.01-1.08) < 0.01
GRACE score > 140 3.27 (1.76-6.09) < 0.01 3.49 (2.04-5.99) < 0.01 1.12 (0.82-1.53)    0.47

HR: hazard ratio; CI: confidence intervals; IRR: incidence rate ratio; CVD: cardiovascular disease; GRACE: Global Registry of Acute 
Coronary Events
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revascularisation rates are significantly lower in non-
STEMI compared to STEMI patients, highlighting the 
unmet needs for validated and organised systems of 
care for non-STEMI patients.[43] Our results highlight 
the role of revascularisation for ACS and the recurrence 
of ischemic events. Stent type was not associated with 
any of these events although our follow-up suggested 
that revascularisation has higher impact than the other 
techniques used.

Our study has several limitations. The first is that a 
very limited number of patients were treated with 
BVS. Second, there may have been unmeasured 
confounders, details about the physician’s decision-
making, or patient factors that are not captured 
by the registry but account for the treatment 
differences observed. Furthermore, our analysis 
uses observational, non-randomised data, and 
thus, associations between various treatments 
and outcomes may be confounded by unmeasured 
variables. Finally, long-term outcomes could be 
modified by factors that were not captured by the 
follow-up protocol that was employed at our outpatient 
centres. Nonetheless, since clinical features and 
event rates are similar to previous reports,[4,36-38] we 
believe that our results should be representative of 
daily clinical practice and that our conclusions are 
probably valid.

In conclusion, our study supports the hypothesis that 
coronary revascularisation using BVS is safe and 
effective in selected ACS patients. Percutaneous 
coronary revascularisation with stents is the 
cornerstone of ACS treatment but there are long-term 
complications of metallic devices that can be relevant. 
The use of BVS is a novel strategy with promising 
results, and there is an expectation that they will 
prove useful in ACS selected patients. The long term 
prognosis of BVS-treated patients remains unknown, 
but given the growing number of patients being treated 
with these devices, further evidence regarding their net 
clinical benefit will likely emerge with additional time.

Authors’ contributions
Manuscript’s conception and writting: A. Cordero, R. 
López-Palop and P. Carrillo
Data base fulfilment: A. Cordero, C. Gunturiz, M. 
Garcia-Carrilero
Manuscript’s revision: A. Frutos, V. Bertomeu-Martinez

Financial support and sponsorship
None.

Conflicts of interest
There are no conflicts of interest.

Patient consent
All patients included in the registry provided the 
informed consent. 

Ethics approval
The ethics committee of the hospital approved the 
study protocol and informed consent.

REFERENCES
1. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman 

M, Das SR, de Ferranti S, Despres JP, Fullerton HJ, Howard VJ, 
Huffman MD, Isasi CR, Jimenez MC, Judd SE, Kissela BM, Lichtman 
JH, Lisabeth LD, Liu S, Mackey RH, Magid DJ, McGuire DK, Mohler 
ER 3rd, Moy CS, Muntner P, Mussolino ME, Nasir K, Neumar RW, 
Nichol G, Palaniappan L, Pandey DK, Reeves MJ, Rodriguez CJ, 
Rosamond W, Sorlie PD, Stein J, Towfighi A, Turan TN, Virani SS, 
Woo D, Yeh RW, Turner MB; American Heart Association Statistics 
Committee; Stroke Statistics Subcommittee. Heart Disease and Stroke 
Statistics-2016 Update: a report from the American Heart Association. 
Circulation 2016;133:e38-360.

2. Crea F, Liuzzo G. Pathogenesis of acute coronary syndromes. J Am 
Coll Cardiol 2013;61:1-11.

3. Roffi M, Patrono C, Collet JP, Mueller C, Valgimigli M, Andreotti F, 
Bax JJ, Borger MA, Brotons C, Chew DP, Gencer B, Hasenfuss G, 
Kjeldsen K, Lancellotti P, Landmesser U, Mehilli J, Mukherjee D, 
Storey RF, Windecker S, Baumgartner H, Gaemperli O, Achenbach 
S, Agewall S, Badimon L, Baigent C, Bueno H, Bugiardini R, Carerj 
S, Casselman F, Cuisset T, Erol C, Fitzsimons D, Halle M, Hamm C, 
Hildick-Smith D, Huber K, Iliodromitis E, James S, Lewis BS, Lip 
GY, Piepoli MF, Richter D, Rosemann T, Sechtem U, Steg PG, Vrints 
C, Luis Zamorano J; Management of Acute Coronary Syndromes 
in Patients Presenting without Persistent ST-Segment Elevation of 
the European Society of Cardiology. 2015 ESC Guidelines for the 
management of acute coronary syndromes in patients presenting 
without persistent ST-segment elevation: Task Force for the 
Management of Acute Coronary Syndromes in Patients Presenting 
without Persistent ST-Segment Elevation of the European Society of 
Cardiology (ESC). Eur Heart J 2016;37:267-315.

4. Barrabes JA, Bardaji A, Jimenez-Candil J, del Nogal Saez F, Bodi V, 
Basterra N, Marco E, Melgares R, Cunat de la Hoz J, Fernandez-Ortiz 
A; investigators of DIOCLES study. Prognosis and management of 
acute coronary syndrome in Spain in 2012: the DIOCLES study. Rev 
Esp Cardiol 2015;68:98-106.

5. Cordero A, Lopez-Palop R, Carrillo P, Frutos A, Miralles S, Gunturiz 
C, Garcia-Carrilero M, Bertomeu-Martinez V. Changes in acute 
coronary syndrome treatment and prognosis after implementation of 
the infarction code in a hospital with a cardiac catheterization unit. 
Rev Esp Cardiol (Engl Ed) 2016;69:754-9.

6. Serruys PW, Garcia-Garcia HM, Onuma Y. From metallic cages to 
transient bioresorbable scaffolds: change in paradigm of coronary 
revascularization in the upcoming decade? Eur Heart J 2012;33:16-
25b.

7. Ko DT, Tu JV, Samadashvili Z, Guo H, Alter DA, Cantor WJ, Hannan 
EL. Temporal trends in the use of percutaneous coronary intervention 
and coronary artery bypass surgery in New York State and Ontario. 
Circulation 2010;121:2635-44.

8. Windecker S, Stortecky S, Stefanini GG, da Costa BR, Rutjes AW, Di 
Nisio M, Silletta MG, Maione A, Alfonso F, Clemmensen PM, Collet 
JP, Cremer J, Falk V, Filippatos G, Hamm C, Head S, Kappetein AP, 
Kastrati A, Knuuti J, Landmesser U, Laufer G, Neumann FJ, Richter 
D, Schauerte P, Sousa Uva M, Taggart DP, Torracca L, Valgimigli 



                Vessel Plus ¦ Volume 1 ¦ June 27, 2017

Cordero et al.                                                                                                                                              Bioresorbable scaffolds in acute coronary syndrome

75

M, Wijns W, Witkowski A, Kolh P, Jüni P. Revascularisation versus 
medical treatment in patients with stable coronary artery disease: 
network meta-analysis. BMJ 2014;348:g3859.

9. Onuma Y, Serruys PW, Perkins LE, Okamura T, Gonzalo N, Garcia-
Garcia HM, Regar E, Kamberi M, Powers JC, Rapoza R, van 
Beusekom H, van der Giessen W, Virmani R. Intracoronary optical 
coherence tomography and histology at 1 month and 2, 3, and 4 
years after implantation of everolimus-eluting bioresorbable vascular 
scaffolds in a porcine coronary artery model: an attempt to decipher 
the human optical coherence tomography images in the ABSORB 
trial. Circulation 2010;122:2288-300.

10. Tamai H, Igaki K, Kyo E, Kosuga K, Kawashima A, Matsui S, 
Komori H, Tsuji T, Motohara S, Uehata H. Initial and 6-month 
results of biodegradable poly-l-lactic acid coronary stents in humans. 
Circulation 2000;102:399-404.

11. Serruys PW, Chevalier B, Sotomi Y, Cequier A, Carrie D, Piek JJ, 
Van Boven AJ, Dominici M, Dudek D, McClean D, Helqvist S, 
Haude M, Reith S, de Sousa Almeida M, Campo G, Iniguez A, Sabate 
M, Windecker S, Onuma Y. Comparison of an everolimus-eluting 
bioresorbable scaffold with an everolimus-eluting metallic stent for 
the treatment of coronary artery stenosis (ABSORB II): a 3 year, 
randomised, controlled, single-blind, multicentre clinical trial. Lancet 
2016;388:2479-91.

12. Cassese S, Byrne RA, Ndrepepa G, Kufner S, Wiebe J, Repp J, 
Schunkert H, Fusaro M, Kimura T, Kastrati A. Everolimus-eluting 
bioresorbable vascular scaffolds versus everolimus-eluting metallic 
stents: a meta-analysis of randomised controlled trials. Lancet 
2016;387:537-44.

13. Lu C, Filion KB, Eisenberg MJ. The safety and efficacy of Absorb 
bioresorbable vascular scaffold: a systematic review. Clin Cardiol 
2016;39:48-55.

14. Gori T, Schulz E, Hink U, Wenzel P, Post F, Jabs A, Münzel T. Early 
outcome after implantation of Absorb bioresorbable drug-eluting 
scaffolds in patients with acute coronary syndromes. EuroIntervention 
2014;9:1036-41.

15. Kočka V, Malý M, Toušek P, Buděšínský T, Lisa L, Prodanov 
P, Jarkovský J, Widimský P. Bioresorbable vascular scaffolds in 
acute ST-segment elevation myocardial infarction: a prospective 
multicentre study ‘Prague 19’. Eur Heart J 2014;35:787-94.

16. Cordero A, Moreno-Arribas J, Bertomeu-González V, Agudo P, 
Miralles B, Masiá MD, López-Palop R, Bertomeu-Martinez V. Low 
levels of high-density lipoproteins cholesterol are independently 
associated with acute coronary heart disease in patients hospitalized 
for chest pain. Rev Esp Cardiol 2012;65:319-25.

17. Farooq V, Serruys PW, Garcia-Garcia HM, Zhang Y, Bourantas CV, 
Holmes DR, Mack M, Feldman T, Morice MC, Stahle E, James S, 
Colombo A, Diletti R, Papafaklis MI, de Vries T, Morel MA, van Es 
GA, Mohr FW, Dawkins KD, Kappetein AP, Sianos G, Boersma E. 
The negative impact of incomplete angiographic revascularization 
on clinical outcomes and its association with total occlusions: the 
SYNTAX (Synergy Between Percutaneous Coronary Intervention with 
Taxus and Cardiac Surgery) trial. J Am Coll Cardiol 2013;61:282-94.

18. Garcia S, Sandoval Y, Roukoz H, Adabag S, Canoniero M, 
Yannopoulos D, Brilakis ES. Outcomes after complete versus 
incomplete revascularization of patients with multivessel coronary 
artery disease: a meta-analysis of 89,883 patients enrolled in 
randomized clinical trials and observational studies. J Am Coll 
Cardiol 2013;62:1421-31.

19. Sachdev M, Sun JL, Tsiatis AA, Nelson CL, Mark DB, Jollis JG. The 
prognostic importance of comorbidity for mortality in patients with 
stable coronary artery disease. J Am Coll Cardiol 2004;43:576-82.

20. Boden WE, O’Rourke RA, Teo KK, Hartigan PM, Maron DJ, Kostuk 
WJ, Knudtson M, Dada M, Casperson P, Harris CL, Chaitman BR, 

Shaw L, Gosselin G, Nawaz S, Title LM, Gau G, Blaustein AS, Booth 
DC, Bates ER, Spertus JA, Berman DS, Mancini GB, Weintraub WS; 
COURAGE Trial Research Group. Optimal medical therapy with or 
without PCI for stable coronary disease. N Engl J Med 2007;356:1503-
16.

21. Iqbal J, Zhang YJ, Holmes DR, Morice MC, Mack MJ, Kappetein 
AP, Feldman T, Stahle E, Escaned J, Banning AP, Gunn JP, Colombo 
A, Steyerberg EW, Mohr FW, Serruys PW. Optimal medical therapy 
improves clinical outcomes in patients undergoing revascularization 
with percutaneous coronary intervention or coronary artery bypass 
grafting: insights from the synergy between percutaneous coronary 
intervention with TAXUS and cardiac surgery (SYNTAX) trial at the 
5-year follow-up. Circulation 2015;131:1269-77.

22. Stone NJ, Robinson JG, Lichtenstein AH, Bairey Merz CN, Blum 
CB, Eckel RH, Goldberg AC, Gordon D, Levy D, Lloyd-Jones DM, 
McBride P, Schwartz JS, Shero ST, Smith SC Jr, Watson K, Wilson 
PW; American College of Cardiology/American Heart Association 
Task Force on Practice Guidelines. 2013 ACC/AHA Guideline on the 
treatment of blood cholesterol to reduce atherosclerotic cardiovascular 
risk in adults: a report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines. J Am 
Coll Cardiol 2014;63:2889-934.

23. Catapano AL, Graham I, De Backer G, Wiklund O, Chapman MJ, 
Drexel H, Hoes AW, Jennings CS, Landmesser U, Pedersen TR, 
Reiner Ž, Riccardi G, Taskinen MR, Tokgozoglu L, Verschuren 
WM, Vlachopoulos C, Wood DA, Zamorano JL. 2016 ESC/EAS 
Guidelines for the management of dyslipidaemias: the Task Force 
for the Management of Dyslipidaemias of the European Society of 
Cardiology (ESC) and European Atherosclerosis Society (EAS)
developed with the special contribution of the European Assocciation 
for Cardiovascular Prevention & Rehabilitation (EACPR). 
Atherosclerosis 2016;253:281-344.

24. Rogers JK, Pocock SJ, McMurray JJ, Granger CB, Michelson EL, 
Ostergren J, Pfeffer MA, Solomon SD, Swedberg K, Yusuf S. 
Analysing recurrent hospitalizations in heart failure: a review of 
statistical methodology, with application to CHARM-Preserved. Eur 
J Heart Fail 2014;16:33-40.

25. Windecker S, Kolh P, Alfonso F, Collet JP, Cremer J, Falk V, 
Filippatos G, Hamm C, Head SJ, Jüni P, Kappetein AP, Kastrati 
A, Knuuti J, Landmesser U, Laufer G, Neumann FJ, Richter DJ, 
Schauerte P, Sousa Uva M, Stefanini GG, Taggart DP, Torracca L, 
Valgimigli M, Wijns W, Witkowski A. 2014 ESC/EACTS Guidelines 
on myocardial revascularization: the Task Force on Myocardial 
Revascularization of the European Society of Cardiology (ESC) and 
the European Association for Cardio-Thoracic Surgery (EACTS)
developed with the special contribution of the European Association 
of Percutaneous Cardiovascular Interventions (EAPCI). Eur Heart J 
2014;35:2541-619.

26. Karanasos A, Simsek C, Gnanadesigan M, van Ditzhuijzen NS, Freire 
R, Dijkstra J, Tu S, Van Mieghem N, van Soest G, de Jaegere P, 
Serruys PW, Zijlstra F, van Geuns RJ, Regar E. OCT assessment of the 
long-term vascular healing response 5 years after everolimus-eluting 
bioresorbable vascular scaffold. J Am Coll Cardiol 2014;64:2343-56.

27. Stone GW, Maehara A, Lansky AJ, de Bruyne B, Cristea E, Mintz 
GS, Mehran R, McPherson J, Farhat N, Marso SP, Parise H, Templin 
B, White R, Zhang Z, Serruys PW; PROSPECT Investigators. A 
prospective natural-history study of coronary atherosclerosis. N Engl 
J Med 2011;364:226-35.

28. Taniwaki M, Stefanini GG, Silber S, Richardt G, Vranckx P, 
Serruys PW, Buszman PE, Kelbaek H, Windecker S; RESOLUTE 
All-Comers Investigators. 4-year clinical outcomes and predictors 
of repeat revascularization in patients treated with new-generation 
drug-eluting stents: a report from the RESOLUTE All-Comers trial 



                                                                                                    Vessel Plus ¦ Volume 1 ¦ June 27, 2017

Cordero et al.                                                                                                                                              Bioresorbable scaffolds in acute coronary syndrome

76

(A Randomized Comparison of a Zotarolimus-Eluting Stent With an 
Everolimus-Eluting Stent for Percutaneous Coronary Intervention). J 
Am Coll Cardiol 2014;63:1617-25.

29. Tada T, Kadota K, Hosogi S, Miyake K, Ohya M, Amano H, Izawa Y, 
Kanazawa T, Kubo S, Ichinohe T, Hyoudou Y, Hayakawa Y, Sabbah 
MM, Otsuru S, Hasegawa D, Habara S, Tanaka H, Fuku Y, Katoh 
H, Goto T, Mitsudo K. Association between tissue characteristics 
assessed with optical coherence tomography and mid-term results 
after percutaneous coronary intervention for in-stent restenosis 
lesions: a comparison between balloon angioplasty, paclitaxel-coated 
balloon dilatation, and drug-eluting stent implantation. Eur Heart J 
Cardiovasc Imaging 2015;16:1101-11.

30. Stone GW, Gao R, Kimura T, Kereiakes DJ, Ellis SG, Onuma Y, 
Cheong WF, Jones-McMeans J, Su X, Zhang Z, Serruys PW. 1-year 
outcomes with the Absorb bioresorbable scaffold in patients with 
coronary artery disease: a patient-level, pooled meta-analysis. Lancet 
2016;387:1277-89.

31. Lane JP, Perkins LE, Sheehy AJ, Pacheco EJ, Frie MP, Lambert BJ, 
Rapoza RJ, Virmani R. Lumen gain and restoration of pulsatility after 
implantation of a bioresorbable vascular scaffold in porcine coronary 
arteries. JACC Cardiovasc Interv 2014;7:688-95.

32. de la Torre-Hernández JM, Alfonso F, Hernández F, Elizaga J, 
Sanmartin M, Pinar E, Lozano I, Vazquez JM, Botas J, Perez de PA, 
Hernández JM, Sanchis J, Nodar JM, Gomez-Jaume A, Larman M, 
Diarte JA, Rodríguez-Collado J, Rumoroso JR, Lopez-Minguez JR, 
Mauri J; ESTROFA Study Group. Drug-eluting stent thrombosis: 
results from the multicenter Spanish registry ESTROFA (Estudio 
ESpanol sobre TROmbosis de stents FArmacoactivos). J Am Coll 
Cardiol 2008;51:986-90.

33. Baber U, Mehran R, Giustino G, Cohen DJ, Henry TD, Sartori S, Ariti 
C, Litherland C, Dangas G, Gibson CM, Krucoff MW, Moliterno 
DJ, Kirtane AJ, Stone GW, Colombo A, Chieffo A, Kini AS, 
Witzenbichler B, Weisz G, Steg PG, Pocock S. Coronary thrombosis 
and major bleeding after PCI with drug-eluting stents: risk scores 
from PARIS. J Am Coll Cardiol 2016;67:2224-34.

34. Nakazawa G, Finn AV, Joner M, Ladich E, Kutys R, Mont EK, Gold 
HK, Burke AP, Kolodgie FD, Virmani R. Delayed arterial healing and 
increased late stent thrombosis at culprit sites after drug-eluting stent 
placement for acute myocardial infarction patients: an autopsy study. 
Circulation 2008;118:1138-45.

35. Vilahur G, Gutierrez M, Casani L, Varela L, Capdevila A, Pons-
Llado G, Carreras F, Carlsson L, Hidalgo A, Badimon L. Protective 
effects of ticagrelor on myocardial injury after infarction. Circulation 

2016;134:1708-19.
36. Brugaletta S, Gori T, Low AF, Tousek P, Pinar E, Gomez-Lara J, 

Scalone G, Schulz E, Chan MY, Kocka V, Hurtado J, Gomez-
Hospital JA, Münzel T, Lee CH, Cequier A, Valdés M, Widimsky P, 
Serruys PW, Sabaté M. Absorb bioresorbable vascular scaffold versus 
everolimus-eluting metallic stent in ST-segment elevation myocardial 
infarction: 1-year results of a propensity score matching comparison: 
the BVS-EXAMINATION Study (bioresorbable vascular scaffold-a 
clinical evaluation of everolimus eluting coronary stents in the 
treatment of patients with ST-segment elevation myocardial 
infarction). JACC Cardiovasc Interv 2015;8:189-97.

37. Sabaté M, Windecker S, Iñiguez A, Okkels-Jensen L, Cequier A, 
Brugaletta S, Hofma SH, Räber L, Christiansen EH, Suttorp M, 
Pilgrim T, Anne van Es G, Sotomi Y, García-García HM, Onuma 
Y, Serruys PW. Everolimus-eluting bioresorbable stent vs. durable 
polymer everolimus-eluting metallic stent in patients with ST-
segment elevation myocardial infarction: results of the randomized 
ABSORB ST-segment elevation myocardial infarction-TROFI II 
trial. Eur Heart J 2016;37:229-40.

38. Capodanno D, Gori T, Nef H, Latib A, Mehilli J, Lesiak M, Caramanno 
G, Naber C, Di Mario C, Colombo A, Capranzano P, Wiebe J, 
Araszkiewicz A, Geraci S, Pyxaras S, Mattesini A, Naganuma T, 
Münzel T, Tamburino C. Percutaneous coronary intervention with 
everolimus-eluting bioresorbable vascular scaffolds in routine clinical 
practice: early and midterm outcomes from the European multicentre 
GHOST-EU registry. EuroIntervention 2015;10:1144-53.

39. Libby P. Inflammation in atherosclerosis. Nature 2002;420:868-74.
40. Andrés E, Cordero A, Magán P, Alegría E, León M, Luengo E, Botaya 

RM, García Ortiz L, Casasnovas JA. Long-term mortality and hospital 
readmission after acute myocardial infarction: an eight-year follow-up 
study. Rev Esp Cardiol 2012;65:414-20.

41. Rogers JK, Yaroshinsky A, Pocock SJ, Stokar D, Pogoda J. Analysis 
of recurrent events with an associated informative dropout time: 
application of the joint frailty model. Stat Med 2016;35:2195-205.

42. Sedlis SP, Hartigan PM, Teo KK, Maron DJ, Spertus JA, Mancini GB, 
Kostuk W, Chaitman BR, Berman D, Lorin JD, Dada M, Weintraub 
WS, Boden WE; COURAGE Trial Investigators. Effect of PCI on 
long-term survival in patients with stable ischemic heart disease. N 
Engl J Med 2015;373:1937-46.

43. Cordero A, Carrillo P, López-Palop R. Letter by Cordero et al 
regarding article, “Regional systems of care demonstration project: 
American Heart Association Mission: Lifeline STEMI Systems 
Accelerator”. Circulation 2016;134:e700-1.



   © 2017 OAE Publishing Inc.  www.oaepublish.com 77

The effect of postoperative malperfusion 
after surgical treatment of type A acute aortic 
dissection on early and mid-term survival
Paolo Nardi¹, Carlo Olevano², Carlo Bassano¹, Emanuele Bovio¹, Lorenzo Cecchetti¹, Stefano Forlani², Giovanni 
Ruvolo¹   

1Department of Cardiac Surgery, Tor Vergata University Policlinic, 00133 Rome, Italy.
2Department of Cardiothoracic Surgery, Northern General Hospital, Sheffield S5 7AU, UK.

Correspondence to: Dr. Paolo Nardi, Cardiac Surgery Unit, Tor Vergata University Policlinic, Viale Oxford 81, 00133 Rome, Italy. 
E-mail: pa.nardi4@libero.it

How to cite this article: Nardi P, Olevano C, Bassano C, Bovio E, Cecchetti L, Forlani S, Ruvolo G. The effect of postoperative malperfusion after surgical 
treatment of type A acute aortic dissection on early and mid-term survival. Vessel Plus 2017;1:77-83.    

Aim: To evaluate whether postoperative malperfusion (PM) affected in-hospital and long-
term survival in acute type A aortic dissection (AAAD) surgical patients and to identify 
risk factors for PM. Methods: Patients who underwent AAAD surgery at a single institution 
between January 2005 and March 2015 were retrospectively analyzed. Results: Two-
hundred fourteen patients with complete data were identified. At presentation, 119 patients 
(55.6%) showed preoperative malperfusions: 68 (31.8%) were cerebral, 38 (17.7%) were renal, 
and 13 (6.1%) were mesenteric. PM was found in 55 patients (25.7%). In-hospital mortality 
was 47.3% (26/55) vs. 22.6% (36/159) in PM and non-PM patients, respectively (P < 0.0001). 
Independent predictors for in-hospital mortality included being 75 years or older [odds ratio 
(OR): 1.1, 95% confidence interval (CI): 1.03-1.13, P < 0.001] and having renal PM (OR: 53.5, 
95% CI: 3.97-721.3, P < 0.01). Five-year survival was 78.6 ± 7.8% vs. 93.9 ± 3.4% in PM and 
non-PM patients, respectively (P < 0.001). Independent predictors for long-term survival 
were being at least 75 years old (OR: 3.7, 95% CI: 0.9-14.0, P = 0.05) and having renal 
PM (OR: 28.6, 95% CI: 1.8-462.0, P = 0.01). PM and intimal tears distal to the ascending 
aorta or the proximal aortic arch were also risk factors. Conclusion: PM, especially with 
renal involvement, is associated with in-hospital mortality and reduced long-term survival. 
AAAD surgeries reduced preoperative malperfusions. Sites of cannulation and interventions 
requiring circulatory arrest during cardiopulmonary bypass were not predictors of PM.
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INTRODUCTION

Acute type A aortic dissection (AAAD) is a life-
threatening condition and one of the most challenging 
diseases faced by cardiothoracic surgeons. Despite 
preventative measures including early surgical 

referrals for patients, preoperative care and improved 
surgical techniques, in-hospital mortality following 
surgery remains high, ranging from 10% to 30%.[1,2]

Malperfusion of systemic organs is a complication 
of aortic dissection caused by branch-vessel 
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involvement. Occurrences can result in dangerous 
end-organ ischemic dysfunctions, especially when 
involving the brain. Clinical diagnoses are critical to the 
development of effective treatment strategies. Proper 
diagnoses also have important influence on immediate 
and long-term outcomes of treatment.[3-5]

Malperfusion following either type A or type B acute 
aortic dissection, is a fairly common complication. 
It can involve several arterial regions including the 
cerebral, renal, or mesenteric segments, as well as 
the upper or lower limbs. In the Stanford Classification 
Type A Dissection (De Bakey Classification Types I and 
II) surgical treatment can prevent this complication. In 
the event of malperfusion, distal aortic percutaneous 
fenestration can allow blood flow to return to the true 
lumen. Alternatively, when the distal aortic true lumen 
is completely obstructed, an endovascular stent 
can be inserted to recanalize the lower arteries (i.e. 
the celiac trunk, renal, superior mesenteric and iliac 
arteries). The International Registry of Acute Aortic 
Dissection (IRAD) does not include malperfusion as 
an independent predictor of mortality. Nonetheless, 
several studies have supported the relevance of 
this complication, given that it increased in-hospital 
mortality and adversely affected late survival.[6-9]

The aim of this study was to evaluate the effect 
of postoperative malperfusion (PM) on in-hospital 
mortality and long-term survival in patients undergoing 
surgery for AAAD in a single, high-volume aortic 
surgery center.

METHODS

Between January 2005 and December 2015, 227 
patients (mean age 62.5 ± 12.6 years) underwent 
emergent operations for AAAD. The study was 
approved by the local Institutional Review Board, which 
waived the need for patient consent. The preoperative 
patients’ characteristics are given in Table 1.

The diagnosis of malperfusion was based on clinical 
symptoms and/or imaging evidence, i.e. absence 
of organ perfusion as determined by computed 
tomography (CT) scan angiography.

Malperfusion was classified as: cerebral if there was 
presence of a focal or global stroke leading to brain 
function deterioration that persisted more than 24 h, or a 
transient ischemic attack; renal if there was an impairment 
of renal function (e.g. anuria requiring continuous veno-
venous hemofiltration, or a two-fold increase of creatinine 
serum level); or mesenteric if there was evidence of tense 
abdominal or intestinal dysfunction, or increased serum 
levels of liver and/or pancreatic enzymes. The database 

queries were completely obtained from 214 patients.

Surgical techniques
Prior to operative procedures, patients were 
monitored with Swan-Ganz pulmonary artery 
catheters, arterial cannulations to ensure continuous 
arterial blood pressure measurements (i.e. radial or 
femoral measurements), and corporeal temperature 
measurements (TC) during surgery (i.e. rectal, 
esophageal, or tympanic measurements). Additionally, 
cerebral monitoring was performed with near-infrared 
spectroscopy (INVOS® System, Somanetics Corp., 
Troy, MI, USA) and transcranial Doppler measurements 
of blood flow velocities in the middle and/or anterior 
cerebral arteries of the Willis circle.

The heart was accessed through a complete median 
longitudinal sternotomy in all patients. Arterial access 
for cardiopulmonary bypass was through either the 
femoral artery (n = 96), the right axillary artery (n = 
96), or direct aortic cannulation (n = 22). Aortic repair 
was performed in conditions of circulatory arrest 
and moderate hypothermia (25-28 °C) in 124 (58%) 
patients.

Cerebral perfusion was given in 118 (55.1%) cases. 
Fifty-three (24.8%) patients received unilateral 
selective antegrade perfusion across the right axillary 
artery in the right common carotid artery. Sixty-five 
(30.4%) patients received bilateral perfusion using the 
Kazui technique.[10,11]  

Table 1: Preoperative characteristics, n (%)

Variable Overall 
(n = 214)

non-PM 
(n = 159)

PM 
(n = 55)

P 
value

Age (years), mean ± SD 62.5 ± 12.6 62.3 ± 13.5 63.2 ± 10.6 NS
Male gender 156 (72.9) 114 42 NS
Clinical history
  Hypertension 188 (87.9) 138 50 NS
  Smoke habit 69 (32.2) 49 20 NS
  BMI (kg/m2) > 30 48 (22.4) 33 15 NS
  History of CAD 15 (7.0) 10 5 NS
  Diabetes on insulin 11 (5.1) 7 4 NS
  Previous cardiac surgery 9 (4.2) 6 3 NS
  Dialisys-dependent 
  renal failure 4 (1.8) 1 3 0.02

Malperfusion, n (%)
  Overall malperfusion 119 (55.6)
  Brain 68 (31.8) 47 21 NS
  Kidney 38 (17.7) 26 12 NS
  Visceral 13 (6.1) 8 5 NS
Entry tear aortic dissection
  Ascending aorta 115 (53.7) 91 24 NS
  Aortic arch 33 (15.4) 23 10 NS
  Descending aorta 8 (3.7) 3 5 0.02
  Unknown 58 (27.1) 42 16 NS

PM: postoperative malperfusion; BMI: body mass index; CAD: 
coronary artery disease; NS: not significant
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Three regions of the aorta (ascending, arch and 
proximal descending) were investigated in each patient 
to identify sites of intimal tearing; tears were resected 
whenever possible. Intimal tearing occurred in the 
ascending aorta in 115 (53.7%) patients, in the arch 
in 33 (15.4%) patients, and in the descending aorta in 
8 (3.7%) patients. In 58 (27.1%) patients no entry tear 
was found. Seventy-two patients (33.6%) underwent 
isolated ascending aortic replacement, 50 (23.4%) had 
hemiarch resection and 38 (17.8%) had both total arch 
replacement and ascending aortic replacement. The 
aortic root was replaced in 43 (20.1%) patients using 
the modified button Bentall technique. Intraoperative 
data are given in Table 2.

Data collection
In-hospital mortality events included both intraoperative 
and postoperative mortality within 30 days after surgery. 
Clinical follow-up visits were performed every 12 
months in our outpatient control unit; CT-angiography 
and/or echocardiographic data were collected. For 
patients living far from this institution who could not 
participate in regular follow-up visits to the department, 
clinical status was ascertained by personal interviews 
with the patients and their cardiologists, including the 
recording of noninvasive tests.

Statistical analyses
Statistical analyses were performed using StatView 
4.5 programming (SAS Institute Inc., Abacus 
Concepts, Berkeley, CA, USA). Student’s t-test for 
continuous variables and Chi-squared or Fisher’s 
exact tests for categorical variables were used. To 

detect independent predictors of in-hospital mortality 
and PM logistic regression analyses were performed. 
Statistical significance by univariate analyses (P < 
0.10) were required for entry into the multivariate 
models. Preoperatively analyzed variables included: 
age, gender, arterial hypertension, smoking status, 
body mass index, history of concomitant coronary 
artery disease, diabetes, chronic kidney disease, 
previous cardiac surgery, left ventricular dysfunction 
[e.g. left ventricular ejection fraction (LVEF) < 40%], 
presence of preoperative malperfusion, and the sites 
of entry tears. Intraoperatively analyzed variables 
included: cannulation sites, techniques for obtaining 
brain perfusions, surgical times, whether there was 
a need for circulatory arrest, and types of operations 
(i.e. isolated ascending aorta replacement, Bentall 
procedure, ascending aortic replacement extended to 
the hemiarch, or total arch replacement). Overall long-
term survival (not including operative mortality) was 
expressed as a mean of the values plus or minus one 
standard deviation. Survival analyses were computed 
using the Kaplan-Meier method; Mantel-Cox log-
rank tests were used to compare survival estimates 
between subgroups. Cox regression models were 
used to evaluate the influence of the variables on time 
to death in the entire cohort. A P value less than 0.05 
was considered statistically significant.

RESULTS
At presentation, 119 (55.6%) patients exhibited 
preoperative malperfusion: 68 (31.8%) were cerebral 
with neurological symptoms, 38 (17.7%) were renal, 
and 13 (6.1%) were mesenteric. The most relevant 

Table 2: Surgical variables
Variable Overall (n = 214) non-PM (n = 159) PM (n = 55) P value
Arterial cannulation, n (%)

Right axillary 96 (44.9) 69 27 NS
Right or left femoral 96 (44.9) 72 24 NS
Central (into the aorta) 22 (10.2) 18 4 NS

Brain perfusion, n (%)
Monolateral 53 (24.7) 38 15 NS
Bilateral 65 (30.4) 48 17 NS
Not performed 96 (44.9) 74 22 NS

Circulatory arrest, n (%) 125 (58.4) 90 35 NS
Circulatory arrest temperature (°C), mean ± SD 27 ± 2 26.9 ± 2.5 27.1 ± 1.9 NS
Surgical times (min), mean ± SD

CPB 161 ± 82 160.9 ± 87.5 168.8 ± 67.6 NS
Aortic cross clamp 91 ± 47 92.2 ± 46.4 95.2 ± 46.4 NS
Circulatory arrest 38 ± 31 37.6 ± 32.4 39.5 ± 30.8 NS

Surgical procedures, n (%)
AAR 72 (33.6) 53 19 NS
AAR + hemiarch replacement 50 (23.4) 34 16 NS
AAR + arch replacement 38 (17.8) 29 9 NS
Bentall 43 (20.1) 36 7 NS
Bentall + hemiarch replacement 11 (5.1) 7 4 NS

PM: postoperative malperfusion; CPB: cardiopulmonary bypass; AAR: ascending aorta replacement; NS: not significant
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clinical characteristics of the cohort, stratified according 
to the presence or absence of PM, were reported in 
Table 1.

Intraoperative mortality occurred in 14 (6.5%) patients 
and in-hospital mortality after surgery occurred in 48 
(22.4%) patients. Using univariate analyses, significant 
risk factors for in-hospital mortality included: being at 
least 75 years old, having a body mass index of more 
than 30 kg/m2, having preoperative overall or cerebral 
malperfusion, having longer cardiopulmonary bypass 
and aortic clamping times, needing concomitant 
coronary artery bypass grafting (CABG), having renal 
PM requiring continuous veno-venous hemofiltration, 
and have postoperative mechanical ventilation for up 
to 24 h. The multivariate analyses revealed that being 
75 years old or older at the time of surgery (P < 0.001) 
and having renal PM (P < 0.01) were independent 
predictors of in-hospital mortality [Table 3].

Fifty-five (25.7%) patients showed clinical symptoms 
and/or imaging evidence of PM. In 42 cases, only 1 
organ system was affected, including: the brain in 13 
(6.5%) patients, the kidneys in 22 (10.3%) patients, 
and the viscera in 7 (3.3%) patients. In a subgroup 
of PM patients with just 1 affected organ system, the 
mortality rate was 40.5%. In 11 patients, PM occurred 
in 2 organ systems (5 in the brain and kidneys, 3 in 
the brain and viscera, 3 in the kidneys and viscera); 
the mortality rate in this subgroup was 63.6%. PM 
involving all 3 organ systems occurred in just 2 cases 
and both patients died. Overall, the in-hospital mortality 
rate in patients affected by any PM was 47.3% (26/55) 
vs. 22.6% (36/159) in patients without PM (P < 0.001). 
Univariate analyses identified that the risk factors 
for any PM included: having a preoperative LVEF of 
less than 40% (P < 0.01), having preoperative renal 
dysfunction (P < 0.05) and having an entry tear distal 
to the ascending aorta or to the proximal aortic arch (P 
< 0.05). Multivariate analyses determined that having 

a LVEF value of 40% or less was the only independent 
predictor of having a PM (P < 0.05) [Table 4].

Preoperative cerebral malperfusion was an 
independent predictor of cerebral PM [odds ratio (OR): 
2.5, 95% confidence interval (CI): 1.0-6.1, P < 0.05]. 
Interestingly, a LVEF of less than 40% was only a 
found to be a significant risk factor for renal PM when 
using univariate analysis techniques (P < 0.0001). 
Finally, an entry tear distal to the ascending aorta or to 
the proximal aortic arch requiring extensive repair and 
longer surgical time was a risk factor of mesenteric PM 
(P < 0.05, using univariate analyses).

Follow-up results
The mean duration of follow-up was 42.4 ± 23.7 
months (median 46 months). All patients were followed 
until the end of the study period. One- and 5-year 
overall survival rates were 96.0 ± 1.6% and 90.8 ± 
3.2%, respectively [Figure 1]. Cox regression analyses 
identified that independent predictors of long-term 
survival were: being at least 75 years old at the time 
of surgery (OR: 3.7, 95% CI: 0.9-14.0, P = 0.05) and 
having a renal PM (OR: 28.6, 95% CI: 1.8-462.0, P 
= 0.01) [Table 5]. When the survival probability was 
dichotomized by age, (with a threshold of 75 years old 
at the time of the surgery), the 5-year survival rates 
were 91.6 ± 3.5% for patients < 75 years old and 65.1 
± 19.5% for patients ≥ 75 years old (P < 0.05). The 
5-year survival rate for patients without PM was 93.9 
± 3.4% vs. 78.6 ± 7.8% for those affected by PM (Log-
rank test, P < 0.01).

DISCUSSION

Despite improvements in medical management and 
surgical techniques, acute type A aortic dissections still 
have high mortality and morbidity rates.[1,2] The IRAD 
revealed that the expected mortality rate for patients 
undergoing AAAD surgery ranges from 20% to 30%.[9] 

Our cardiac surgery division has extensive experience 
in the treatment of acute aortic dissection; we observed 
an in-hospital mortality rate of 29%. Several studies 

Table 3: Predictors of in-hospital mortality

Variable
Univariate Multivariate

P value OR 95% CI P value
Age ≥ 75 years 0.0078 1.1 1.0-1.1 0.0004
Renal PM < 0.0001 53.5 4.0-721.3 0.0027
Any preoperative 
malperfusion syndromes < 0.0001 0.14

Preoperative cerebral 
preoperative malperfusion 0.0345 0.62

BMI > 30 0.0131 0.40
CABG 0.0353 0.15
CPB time 0.0008 0.12
Aortic cross clamp time 0.0225 0.90

PM: postoperative malperfusion; BMI: body mass index; CABG: 
coronary artery bypass grafting; CPB: cardiopulmonary bypass; 
OR:odds ratio; CI: confidence interval

Table 4: Predictors of postoperative malperfusion syndrome

Variable
Univariate Multivariate

P value P value

Preoperative LVEF < 40% 0.007 0.04

Preoperative dialysis 0.03 NS

Entry tear distal to the 
ascending aorta - proximal 
aortic arch

0.04 NS

LVEF: left ventricular ejection fraction; OR: odds ratio; CI: 
confidence interval; NS: not significant
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show that both patient characteristics and multi-organ 
involvement (i.e. affecting the brain, kidney, and 
mesenteric organs) play a key role in immediate and 
post-procedural outcomes. For example, Caus et al.[12] 
showed that being at least 70 years old at the time of 
operation was an independent predictor of worsened 
outcomes for AAAD treated patients; these authors 
reported a 5-year survival rate of 30%. These data 
are similar to the clinical experience reported here, 
in which patients who were at least 75 years old had 
lower actuarial survival rates than patients under 75 
years of age (65.1 ± 19.5% vs. 91.6 ± 3.5%).

Malperfusion of organ systems remains a severe 
condition that is frequently associated with adverse 
outcomes in AAAD patients undergoing surgical 
procedures. Data from the German Registry for AAAD 
suggested that the number of organs involved in the 
malperfusion was associated with immediate outcomes 
of surgery. In fact, outcomes were substantially 
worsened in the presence of any type of malperfusion 
syndrome, which was exacerbated with increased 
numbers of affected organs. A 12.6% early mortality rate 
was observed in the absence of malperfusion versus 
43.4% mortality in patients with three organ systems 
affected by malperfusion.[13] Here, preoperative clinical 
symptoms and/or imaging evidence of malperfusion 
occurred in 119 patients. After surgery, 55 (25.7%) 
patients had malperfusion syndrome. In-hospital 
mortality was significantly higher (47.3%, 26 patients) in 
this group compared to patients without PM (22.6%, 36 
patients) (P < 0.0001). Despite the small sample size 
per group, a strong association between the number of 
malperfused organs and early mortality was observed. 
In fact, when 2 organs were affected operative mortality 
elevated to greater than 60%. 

Furthermore, these data show that PM-affected patients 
had lower survival probabilities when compared to those 
who did not develop this postoperative complication 
(78.6 ± 7.8% vs. 93.9 ± 3.4%). Correlations between the 
preoperative presence of malperfusion and mortality 
have been previously described.[14,15] Pacini et al.[14] 
found that patients presenting with any malperfusion 
syndrome had a mortality rate of 43.7%, compared 
to 15% in patients without malperfusion (P = 0.001); 
strikingly, mortality rates were 34.7%, 61.9% and 
85.7% with involvement of 1, 2, or more than 2 organ 
malperfusions, respectively. Mesenteric malperfusion 
was identified as an independent predictor of operative 
mortality. Similarly, Geirsson et al.[15] reported a 30.5% 
operative mortality in the presence of any malperfusion 
syndrome; in this study cerebral malperfusion was 
detected as a risk factor for in-hospital mortality (P < 
0.001) and reduced long-term survival (P = 0.0002).

In the present study, the most important independent 
risk factor of early and 5-year mortality was presence 
of a renal PM requiring continuous veno-venous 
hemofiltration. Previously, we identified in 100 
consecutive patients receiving AAAD operations from 
1995 to 2006, that renal failure, either chronic (OR: 0.3, 
P = 0.04) or developed acutely in the postoperative 
period (OR: 8.9, P = 0.001), was a predictor of operative 
mortality. However, renal failure was not a predictor 
of reduced 5-year survival.[8] In the same group of 
patients, preoperative LVEF values of less than 50% 
were also predictors of reduced survival (P = 0.02).

Another important issue is the surgical timing of aortic 
repairs. Previous authors have suggested delaying 
acute aortic dissection surgeries when patients 
experience preoperative malperfusion, particularly 
in the mesentery. This delayed treatment strategy 
involved early endovascular treatment with a complete 
or partial resolution of organ ischemia, followed by 
timely aortic surgeries.[16,17] While this management 
approach may be beneficial in a specific subpopulation, 

Table 5: Predictors of late mortality

Variable
Univariate Multivariate

P value OR 95% CI P value

Age ≥ 75 years 0.03 3.7 0.9-14.0 0.05

Renal PM < 0.0001 28.9 1.8-462.0 0.017

Cerebral PM 0.001 NS

Visceral PM 0.09 NS

Any PM 0.001 NS

Entry tear (distal vs. 
proximal) of the dissection 0.02 NS

PM: postoperative malperfusion; OR:odds ratio; CI: confidence 
interval; NS: not significant
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Figure 1: Overall late survival
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patient AAAD survival outcomes have been shown to 
relate closely to the length of time between diagnoses 
and surgeries.[18,19] Given the high mortality of patients 
with mesenteric malperfusion (40-100%), initial 
management with an interventional procedure treating 
the condition should be considered.[20,21] In fact, 
previous data suggested that mesenteric malperfusion 
was associated with the highest mortality rates when 
compared to malperfusions occurring in any other 
organ systems. The surgical strategy presented here, 
consisting of immediate aortic dissection treatment, 
showed that incidence of preoperative malperfusion 
was reduced roughly in half; from 56% preoperatively 
to 25% in the immediate postoperative period.

Univariate analyses of preoperative variables 
determined that three risk factors predicted the 
occurrence of a PM in any organ system. These risk 
factors were: having a LVEF less than 40%, having renal 
impairment that required continuous hemofiltration, 
and having an entry tear distal to the ascending 
aorta or the proximal aortic arch. However, the only 
variable that maintained significance in the multivariate 
model was having a preoperative LVEF of less than 
40%. Reduced ejection fraction likely associated with 
concomitant ischemic coronary disease, which could 
have increased the risk of a postoperative low cardiac 
function and subsequent PM. Juxtaposition of intimal 
tears distal to the ascending aorta or the proximal 
arch were non-significant factors in the multivariate 
analyses. However, these factors contributed risk to 
progression of aortic disease and PM. Patients with a 
primary entry tear in the descending aorta were at the 
highest risk of PM. These patients probably required 
additional extensive repairs compared to patients with 
primary entry tears in the ascending aorta. Some of 
these high-risk patients may benefit from a “frozen 
elephant trunk” procedure to address the entire 
pathology.[22]

Analysis of preoperative variables contributing risk 
for each type of PM revealed that only one variable 
independently predicted cerebral PM: preoperative 
cerebral malperfusion (OR: 2.5, 95% CI: 1.0-6.1, P < 
0.05). Shortening the length of time between onset of 
cerebral symptoms and dissected aortic surgery was 
critical for improved outcomes in this subset of patients. 
Estrera et al.[23] reported improved outcomes in AAAD 
patients who underwent cardiac surgeries within 10 h 
of neurological symptom onsets.

With regard to arterial cannulation sites, some authors 
have suggested that cannulation of the axillary artery 
will ensure better brain protection during surgery. 
However, the experience reported here did not confirm 

this evidence. Nonetheless, many surgeons still limit 
the extent of surgery to the ascending aorta, even 
though limited repair has a higher probability of re-
intervention on the remaining aortic segments at a 
later date. The primary aim of performing AAAD is 
as an emergent, life-saving procedure. If a center is 
only able to perform a limited repair technique, but still 
saves the life of the patient, then the primary intention 
of the procedure has been achieved.[24,25]

In this study, no independent predictors of renal 
and mesenteric PM were identified. However, using 
univariate analyses, having a LVEF value less than 
40% was statistically relevant (P < 0.0001). Additionally, 
having entry tears distal to ascending aortic segments 
that required extensive repairs and longer surgical 
times was also recognized as a significant risk factor 
(P < 0.05).

This study had several limitations. First, it was a 
retrospective analysis of an experience at a single 
institution. Second, preoperative treatments to address 
organ malperfusions were not performed. Third, the 
possible effects of revascularization strategies for the 
treatment of PM were not explored. Revascularization 
techniques may improve long-term outcomes.

In conclusion, PM is a severe condition that is 
frequently associated with adverse immediate and 
long-term outcomes in surgical AAAD patients. At this 
institution, the incidence of PM after AAAD surgery was 
noteworthy, occurring in roughly 10% of patients. AAAD 
surgical procedures effectively reduced preoperative 
malperfusions in about half of cases. In fact, repairs 
to the ascending aorta and proximal arch, as well as 
removal of primary tears, significantly increased the 
true lumen flow and allowed treatment of a majority 
of malperfusion syndromes, including those in the 
cerebral, mesenteric, and renal systems. Postoperative 
malperfusion, especially involving the kidneys, was 
associated with high in-hospital mortality and reduced 
long-term survival. There was no evidence that the 
types of surgical techniques undertaken, the sites of 
cannulation, or the use of more complex interventions 
(requiring circulatory arrest during cardiopulmonary 
bypass) were risk factors contributing to PM.
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Aim: To study heart and vascular remodeling in essential hypertension (EH) and concomitant 
type 2 diabetes mellitus (DM2) with respect to genetic polymorphism of the angiotensin II 
receptor type 1 (AGTR1) gene and peroxisome proliferator-activated receptor-γ2 (PPARγ2). 
Methods: Biochemical blood analysis, echocardiographic evaluation of mitral diastolic blood 
flow and tissue Doppler spectral modes, reactive hyperemia, color Doppler mapping. Results: 
Patients with A/C and C/C genotypes of the AGTR1 gene had higher blood pressure, more 
pronounced metabolic disorders, a larger left ventricle (LV), higher myocardial mass index 
left ventricle, and a greater intima media thickness (IMT), with a lower rate of endothelium-
dependent vasodilation (EDVD) compared to the A/A genotype. Patients with the Pro/Pro 
genotype of PPARγ2 had higher levels of blood pressure, larger LVs, greater IMT, pulse wave 
velocity, and a lower rate of EDVD compared to the Pro/Ala and Ala/Ala genotypes. Patients 
with the Pro/Pro genotype had significantly more pronounced dyslipidemia and insulin 
resistance than patients with other PPARγ2 genotypes. Conclusion: The polymorphism of 
genetic markers AGTR1 and PPARγ2 in patients with EH and concomitant DM2 was associated 
with the development of comorbidity. Different genotypes of specific genes alter the severity of 
cardiovascular remodeling and metabolic disorders.
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INTRODUCTION

There are a large number of patients with essential 
hypertension (EH) who also have type 2 diabetes 
mellitus (DM2), thus meriting further research into 
this problem. It is known that EH and DM2 have 
many common pathogenetic mechanisms that affect 
the development of comorbidity. According to many 
researchers, the most important predictors of EH and 
DM2 are hereditary risk factors.[1-3] However, there are 
controversial views on the role of gene expression and 
genetic polymorphisms in the development and course 
of diseases in different populations of patients, as well 
as their influence on the effectiveness of drug therapy.

Some studies have shown that the predisposing cause 
of EH can be mutational alleles of the angiotensin II 
receptor (AGTR1) gene; angiotensin is a powerful 
vasoconstrictor, thus playing a role in the pathogenesis 
of EH.[4,5] Angiotensin II (АТ-ІІ) receptor type 1, which is 
located on the vascular endothelium, mediates the main 
cardiovascular effects of angiotensin, including the 
induction of insulin-like growth factor and endothelin-1. 
The induction of cell growth is also mediated through 
AGTR1.[6] A number of investigations have reported 
that AGTR1 polymorphisms may lead to changes in 
the regulation of vascular tone and proliferation of 
vascular wall elements.[7]

Hyperinsulinemia and insulin resistance (IR) are the 
factors that determine the frequency of cardiovascular 
complications in DM2.[8-10] Despite the fact that IR has a 
clearly identified genetic predisposition, its underlying 
genetic disorders have still not been identified.

There has been extensive research into the 
polymorphisms of peroxisome proliferator-activated 
receptors (PPAR), which are transcription factors that 
control the activity of many genes, as well as regulating 
lipid and carbohydrate metabolism.[11,12] Here we 
focused on PPARγ2, which is almost exclusively 
located in adipose tissue, and plays a vital role in 
controlling adipogenesis and circulation of fatty acids.

It has been established that genetic polymorphisms of 
PPARγ2 are different in diverse populations, and data 
on the effect of PPARγ2 on the development of IR are 
quite controversial. Therefore, there is a continued 
interest by scientists into the study of PPARγ2 
polymorphisms in the development of IR and other 
pathological processes, and the presence of conflicting 
data regarding its role in different populations justifies 
the ongoing research into the Ukrainian population of 
patients with comorbid disorders.

Our aim was to study heart and vascular remodeling 

in patients with EH and concomitant DM2 according 
to the genetic polymorphisms of AGTR1 and PPARγ2.

METHODS

The authors examined 320 patients with EH stage II 
grade 2 and moderate, sub-compensated DM2 (the 
main group); 90 patients with EH stage II grade 2 
without DM2 (the comparison group); and 31 healthy 
individuals (the control group).

In this study, using standard biochemical methods 
on the patients, we defined venous blood glucose 
concentration, glycosylated hemoglobin (HbA1c), 
and insulin levels. IR was determined using the 
homeostasis model assessment index (HOMA-IR). 
Ultrasound examinations were performed on a cardiac 
ultrasound scanner («ULTIMA RA» firm “RADMІR”, 
Ukraine) in one-, two-dimensional and Doppler modes 
with color mapping by conventional methods. The 
following measurements were made: volumes of the 
left atrium (LА) and right atrium (RA); end-systolic 
diameter (ESD) and end-diastolic diameter (EDD) of 
the left ventricle (LV); end-diastolic pressure (EDP) 
in the LV; left ventricular ejection fraction (EF); index 
of relative wall thickness (IRWT); and the myocardial 
mass index (MMI) of the LV. Diastolic function of the 
LV was assessed by studying the blood flow in the 
pulmonary artery and transmitral diastolic flow in the 
pulsed Doppler mode with the following parameters: 
maximum rate of early LV filling (E); maximum speed 
of late (atrial) LV filling (A); the ratio of the maximum 
velocity of early and late LV filling (E/A); LV isovolumic 
relaxation time (IVRT); deceleration time (DT) of early 
diastolic flow velocity; average pulmonary artery 
pressure (PAP), according to Kitabatake; the ratio of 
peak E and e on the mitral valve in the spectral and tissue 
Doppler (E/e). For studying endothelial function, the 
degree of endothelium-dependent vasodilation (EDVD) 
in reactive hyperemia was determined in all patients. 
Investigations were carried out using a broadband 
linear transducer 5-12 MHz Doppler color mapping 
with three readings being taken arteries at 15-min 
intervals between samples on the left and right brachial 
arteries, according to the method of Celermajer DS (a 
modification of the method by Ivanova OV). Normally, 
the maximum vasodilation of the brachial artery should 
exceed 10% of the original diameter. Simultaneously, 
we measured the intima media thickness (IMT) of the 
carotid artery (CA 2 cm proximal to the bifurcation 
of the common carotid artery). Pulse wave velocity 
(PWV) of the CA was determined using the W-Track-
method (method of phase tracking, patented scanner 
developers). Determining the PWV of the abdominal 
aortic (AA) (on the left subclavian artery to the femoral 
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artery) was performed using a phased transducer with 
a frequency of 2-4 MHz. An A1166C polymorphism 
of the AGTR1 gene and a Pro12Аla polymorphism 
of the PPARγ2 gene were assessed by the molecular 
genetic method. Three genotypes of the AGTR1 gene 
(A/A, A/C and C/C) were identified, along with three 
genotypes of the PPARγ2 gene (Pro/Pro, Pro/Аla and 
Ala/Аla). Processing of statistical data was performed 
using the software package “Statistics for Windows 
6.0”. The values are presented as the average value of 
parameters (M) and standard error (m).

The study protocol was approved by the Ethics 
Committee of the Kharkiv National Medical University. 
All participants were informed about the aim of the 
study and signed a written consent form.

RESULTS

Evaluation of the A1166C polymorphism of the AGTR1 
gene in patients with comorbidity of EH and DM2, 
compared to the distribution of alleles and genotypes in 
healthy individuals, and in patients with EH but without 
DM2, showed that 61.6% of patients with EH and DM2, 
and 57.8% of patients with EH without DM2, had A/C 
and C/C genotypes of AGTR1, which have been shown 
to be associated with cardiovascular complications 
by some researchers.[9,10] The genotypes of the main 
group (P < 0.01) and the comparison group (P < 0.05) 
were significantly different from the control group. The 
C allele was established in 33.1% of patients with EH 
and DM2, and 31.1% of patients with EH without DM2; 
in the control group, the C allele was significantly less 
present (P < 0.05) [Table 1].

In the next step of the study, hemodynamic and 
metabolic parameters in patients with comorbidity of 
EH and DM2, in different polymorphism variants of the 
AGTR1 gene, were compared [Table 2].

Patients with A/C and C/C genotypes of the AGTR1 
gene had higher blood pressure (P < 0.001) compared 
to the A/A genotype. These patients also had 
significantly larger LV and myocardial mass index left 
ventricle (MMILV), and a greater IMT, with a lower 
rate of EDVD. Patients with the indicated genotypes 
also had significantly more pronounced metabolic 

disorders than patients with the A/A genotype. No 
significant differences in hemodynamic and metabolic 
parameters between the C/C and A/C genotypes were 
found [Table 2].

Given that A/C and C/C genotypes presented 
significantly different characteristics from the 
A/A genotype, with more severe disorders of 
echocardiographic and biochemical parameters, but 
were not significantly different from each other, in 
the next step of the study, patients with A/C and C/C 
genotypes were merged into a single group, namely 
the A/C + C/C genotype.

For establishing associations of AGTR1 polymorphisms 
with cardiovascular remodeling, a comparative 
evaluation of echocardiographic parameters and 
indicators of the structural and functional state of the 
heart and blood vessels of the main group of patients, 
with different genotypes, was performed [Table 3]. It 
was found that patients with the A/C + C/C genotype 
had significantly larger LV compared to the A/A 
genotype (P < 0.01). Thus, patients with the A/C + 
C/C genotype also had significantly (P < 0.05) greater 
MMILV compared to the A/A genotype. In addition, the 
A/C + C/C genotype had significantly (P < 0.05) lower 
values of the diastolic function indicator E/A.

Assessment of the great vessels showed that IMT 
in the main group of patients with the genotype A/C 
+ C/C was significantly (P < 0.001) greater than the 
genotype A/A [Table 3]. The study did not reveal any 
significant differences in PWV values in the carotid 
artery or the abdominal aorta in the diverse AGTR1 
genotypes. It should be noted that in patients with EH 
with concomitant DM2 and genotype A/C + C/C, the 
level of EDVD was significantly (P < 0.001) lower than 
the genotype A/A.

In the next step of the study, the Pro12Ala 
polymorphism of PPARγ2 was estimated and 
compared with the distribution of alleles and 
genotypes in healthy individuals and in patients with 
EH without DM2 [Table 4].

It was found that, in all study groups, patients with 
the Pro allele were predominant (86.6% in the main 
group, 85.6% in the comparison group and 87.1% in 

Table 1: The distribution of AGTR1 alleles and genotypes in the patients, n (%)
Indices Main group (n = 320) Comparison group (n = 90) Control group (n = 31)
A allele 214 (66.9)* 62 (68.9)* 25 (80.6) 
C allele 106 (33.1)* 28 (31.1)* 6 (19.4) 
A/A genotype 123 (38.4)* 38 (42.2)* 20 (64.5)
A/C genotype 182 (56.9)* 49 (54.5)* 10 (32.3)
C/C genotype 15 (4.7) 3 (3.3) 1 (3.2)

*P < 0.05 vs. the control group
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the control group). It was also demonstrated that, in 
the main group and the comparison group, there were 
no significant differences in the frequency of different 
variants of the PPARγ2 genotype. In both these patient 
groups, the Pro/Pro genotype was predominant, 
with a frequency of 75.6% and 74.4%, respectively. 
The homozygous genotype Ala/Ala was only found 
in 2.2% of the main group of patients and 2.3% of 
the comparison group of patients (P > 0.05). In the 
control group of patients, the Pro/Pro genotype was 
also prevalent (77.4% of cases); Pro/Ala and Ala/Ala 
genotypes were found in 19.4% and 3.2% of control 
patients, respectively. A similar distribution of PPARγ 

genotypes, according to other researchers[13] was 
inherent in the European population.

Comparison of hemodynamic and metabolic 
parameters of patients with EH and concomitant 
DM2, in different variants of PPARγ2 polymorphisms, 
showed that patients with the Pro/Pro genotype of 
PPARγ2 had significantly (P < 0.01) higher levels of 
blood pressure; larger LV sizes; greater IMT and PWV, 
with a lower EDVD degree, compared to the Pro/Ala 
and Ala/Ala genotypes [Table 5]. In addition, patients 
with the Pro/Pro genotype had significantly more 
pronounced dyslipidemia (P < 0.01) and IR (P < 0.001) 

Table 2: Comparative evaluation of hemodynamic and metabolic parameters in patients of the main group 
depending on genotypes of the AGTR1 gene

Indices Main group (n = 320)
A/A (n = 123) A/C (n = 182) C/C (n = 15)

SBP, mmHg 166.041 ± 0.261 173.821 ± 0.221* 172.401 ± 0.621*
DBP, mmHg 99.461 ± 0.181 102.041 ± 0.231* 102.331 ± 0.851*
EDD LV, cm 4.911 ± 0.031 5.031 ± 0.031* 5.161 ± 0.095*
ESD LV, cm 3.221 ± 0.031 3.321 ± 0.031* 3.421 ± 0.091*
MMI LV, g/m 134.571 ± 2.391 143.931 ± 3.09* 146.611 ± 3.791*
E/A 0.950 ± 0.021 0.897 ± 0.015* 0.981 ± 0.021
E/e 6.223 ± 0.104 6.411 ± 0.251 6.661 ± 0.291
IMT, mm 0.914 ± 0.009 0.953 ± 0.007* 0.969 ± 0.024*
PWV of the CA, m/c 8.736 ± 0.097 8.870 ± 0.087 9.033 ± 0.333
PWV of the AA, m/c 8.866 ± 0.118 9.013 ± 0.099 9.109 ± 0.354
EDVD, % 6.657 ± 0.077 6.211 ± 0.065* 6.187 ± 0.242*
blood glucose, mmol/L 6.933 ± 0.052 7.046 ± 0.0291* 7.201 ± 0.025*
HbA1c, % 6.993 ± 0.044 7.011 ± 0.0361* 7.104 ± 0.015*
insulin, mcU/mL 23.249 ± 0.416 24.982 ± 0.291* 26.840 ± 0.994*
HOMA-IR 7.272 ± 0.130 7.991 ± 0.097* 8.276 ± 0.324*
*P < 0.05 vs. the A/A genotypes. SBP: systolic blood pressure; DBP: diastolic blood pressure; EDD LV: end-diastolic diameter of left 
ventricle; ESD LV: end-systolic diameter of left ventricle; MMI LV: myocardial mass index of left ventricle; E/A: ratio of the maximum velocity 
of early and late left ventricle filling; E/e: ratio of peak e and E on the mitral valve in the spectral and tissue Doppler; IMT: intima media 
thickness; PVW CA: pulse wave velocity by the carotid artery; PVW AA: pulse wave velocity by the abdominal aortic; EDVD: endothelium 
dependent vasodilation; HOMA-IR: homeostasis model assessment index

Table 3: Structural and functional state of heart and vessels in patients of the main group depending on 
genotypes of the AGTR1 gene

Indices
Main group (n = 320)

A/A (n = 123) A/C + C/C (n = 197)
EDD LV, cm 4.911 ± 0.031 5.040 ± 0.030*
ESD LV, cm 3.221 ± 0.031 3.326 ± 0.027*
MMI LV, g/m 134.571 ± 3.391 144.138 ± 2.965*
E/A 0.951 ± 0.021 0.903 ± 0.014*
E/e 6.223 ± 0.104 6.411 ± 0.151
IMT, mm 0.914 ± 0.009 0.952 ± 0.007*
PWV of the CA, m/c 8.736 ± 0.097 8.883 ± 0.084
PWV of the AA, m/c 8.866 ± 0.118 9.020 ± 0.095
EDVD, % 6.657 ± 0.077 6.180 ± 0.062*
*P < 0.05 vs. the A/A genotypes. EDD LV: end-diastolic diameter of left ventricle; ESD LV: end-systolic diameter of left ventricle; MMI LV: 
myocardial mass index of left ventricle; E/A: ratio of the maximum velocity of early and late left ventricle filling; E/e: ratio of peak e and E on 
the mitral valve in the spectral and tissue Doppler; IMT: intima media thickness; PVW CA: pulse wave velocity by the carotid artery; PVW 
AA: pulse wave velocity by the abdominal aortic; EDVD: endothelium dependent vasodilation

Table 4: Distribution of PPARγ2 alleles and genotypes in the patients, n (%)

Indices Main group (n = 320) Comparison group (n = 90) Control group (n = 31)
Pro allele 277 (86.6) 77 (85.6) 27 (87.1)
Ala allele 43 (13.4) 13 (14.4) 4 (12.9)
Pro/Pro genotype 242 (75.6) 67 (74.4) 24 (77.4)
Pro/Ala genotype 71 (22.2) 21 (23.3) 6 (19.4)
Ala/Ala genotype 7 (2.2) 2 (2.3) 1 (3.2)
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than patients with other PPARγ2 genotypes.

However, the only significant difference in indicator 
levels, between the Ala/Ala and Pro/Ala genotypes 
was found in the PWV of the AA (P < 0.05). Given 
the fact that the Pro/Ala and Ala/Ala genotypes were 
significantly different from the Pro/Pro genotype, with 
the former genotypes collectively presenting less 
severe disorders of hemodynamic and metabolic 
indicators, but only differing from each other with 
respect to the PWV of the AA, and given the small 
percentage of patients with the homozygous Ala/Ala 
genotype, in the subsequent step, patients with the Ala/
Ala and Pro/Ala genotypes were merged into a single 
group, namely the Pro12Ala/Ala12Ala genotype.

Analysis of the differences of indicators in the structural 
and functional state of the heart showed that patients 
with the Pro12Ala/Ala12Ala genotype had significantly 
smaller MMILV (P < 0.05) and LV sizes (P < 0.01) than 

patients with the Pro/Pro genotype [Table 6].

Considering previous data that PPARγ2 affects gene 
expression in epithelial cells, vascular endothelium and 
macrophages, analysis of the state of blood vessels in 
different PPARγ2 genotypes was conducted [Table 6]. 
Analyzing the major vessels in patients with EH and 
concomitant DM2 showed that IMT in patients with the 
Pro12Ala/Ala12Ala genotype was significantly less (P 
< 0.001) than in the Pro/Pro genotype. A significant 
difference (P < 0.05) was found in the PWV values of 
the CA depending on the PPARγ2 genotype. It was also 
established that in the main group of patients with the 
Pro/Pro genotype, the EDVD was significantly lower 
(P < 0.001) than in the Pro12Ala/Ala12Ala genotype. 
Established features of the differences of indicators in 
PPARγ2 genotypes confirm the association of PPARγ2 
polymorphisms with the severity of endothelial 
dysfunction and vascular remodeling in patients with 
comorbidity of EH and DM2.

Table 5: Comparative evaluation of hemodynamic and metabolic parameters in patients of the main group 
depending on genotypes of PPARγ2

Indices
Main group (n = 320)

Pro/Pro Pro/Ala Ala/Ala
SBP, mmHg 172.372 ± 0.259 165.775 ± 0.351* 165.714 ± 1.017*
DBP, mmHg 101.599 ± 0.196 99.338 ± 0.232* 100.001 ± 1113
EDD LV, cm 5.024 ± 0.026 4.878 ± 0.038* 4.856 ± 0.084
ESD LV, cm 3.316 ± 0.024 3.198 ± 0.034* 3.149 ± 0.072
MMI LV, g/m 142.794 ± 2.551 136.553 ± 2.983 139.933 ± 7.664
E/A 0.924 ± 0.013 0.915 ± 0.027 0.943 ± 0.158
E/e 6.348 ± 0.097 6.108 ± 0.193 6.422 ± 0.866
IMT, mm 0.951 ± 0.006 0.900 ± 0.011* 0.849 ± 0.035*
PWV of the CA, m/c 8.910 ± 0.075 8.592 ± 0.122* 8.301 ± 0.301
PWV of the AA, m/c 9.020 ± 0.086 8.874 ± 0.146 7.779 ± 0.461*º
EDVD, % 6.155 ± 0.056 7.017 ± 0.079* 6.959 ± 0.241*
blood glucose, mmol/L 7.190 ± 0.022 6.968 ± 0.029* 6.643 ± 0.057*
HbA1c, % 7.103 ± 0.013 6.939 ± 0.058* 6.929 ± 0.042*
insulin, mcU/mL 25.182 ± 0.255 21.906 ± 1.526 22.814 ± 1.735
HOMA-IR 8.039 ± 0.083 6.767 ± 0.156* 6.722 ± 0.484*
*P < 0.05 vs. the Pro/Pro genotypes; ºP < 0.05 vs. the Pro/Ala genotypes. SBP: systolic blood pressure; DBP: diastolic blood pressure; 
EDD LV: end-diastolic diameter of left ventricle; ESD LV: end-systolic diameter of left ventricle; MMI LV: myocardial mass index of left 
ventricle; E/A: ratio of the maximum velocity of early and late left ventricle filling; E/e: ratio of peak e and E on the mitral valve in the spectral 
and tissue Doppler; IMT: intima media thickness; PVW CA: pulse wave velocity by the carotid artery; PVW AA: pulse wave velocity by the 
abdominal aortic; EDVD: endothelium dependent vasodilation; HOMA-IR: homeostasis model assessment index

Table 6: Structural and functional state of the heart and vessels in the main group of patients depending on 
PPARγ2 genotypes

Indices
Main group (n = 320)

Pro/Pro (n = 242) Pro/Ala + Ala/Ala (n = 78)
EDD LV, cm 5.024 ± 0.026 4.876 ± 0.035*
ESD LV, cm 3.316 ± 0.024 3.194 ± 0.032*
MMI LV, g/m 142.794 ± 2.551 133.215 ± 2.799*
E/A 0.924 ± 0.013 0.917 ± 0.028
E/e 6.348 ± 0.097 6.136 ± 0.190
IMT, mm 0.951 ± 0.006 0.895 ± 0.011*
PWV of the CA, m/c 8.910 ± 0.075 8.566 ± 0.114*
PWV of the AA, m/c 9.020 ± 0.086 8.776 ± 0.143
EDVD, % 6.155 ± 0.056 7.012 ± 0.075*
*P < 0.05 vs. the Pro/Pro genotypes. EDD LV: end-diastolic diameter of left ventricle; ESD LV: end-systolic diameter of left ventricle; MMI 
LV: myocardial mass index of left ventricle; E/A: ratio of the maximum velocity of early and late left ventricle filling; E/e: ratio of peak e and 
E on the mitral valve in the spectral and tissue Doppler; IMT: intima media thickness; PVW CA: pulse wave velocity by the carotid artery; 
PVW AA: pulse wave velocity by the abdominal aortic; EDVD: endothelium dependent vasodilation
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DISCUSSION

Changes in echocardiographic parameters depending 
on genetic polymorphisms of the AGTR1 gene can 
be regarded as a result of varying activation of AT1 
receptors, leading to differential expression and 
proliferation of cardiomyocytes and myocardium 
remodeling.[14,15]

The involvement of polymorphisms of the AGTR1 gene 
in the development and progression of atherosclerotic 
processes was demonstrated by significantly lower 
levels of anti-atherogenic high density lipoprotein 
cholesterol and significantly higher levels of glucose, 
HbA1c, insulin and HOMA-IR in patients with the A/C 
+ C/C genotype compared to the A/A genotype. More 
pronounced IR in the A/C + C/C genotype can be 
explained by common mechanisms of hypertension 
and IR, including activation of the renin-angiotensin-
aldosterone system, which affects the sensitivity of 
tissues to insulin and compensatory hyperinsulinemia.

The differences in blood pressure with respect 
to PPARγ2 polymorphisms can be explained by 
the fact that the activity of PPARγ2 receptors also 
depends on the production of proinflammatory and 
hypertensive cytokines by adipose tissue, which leads 
to hypertension.

The influence of PPARγ2 polymorphisms in heart 
remodeling can be explained by the fact that PPARγ2 
act as modulators of gene expression in many 
tissues, including smooth muscle, thus the alteration 
of their activity due to polymorphisms contributes to 
the development and progression of cardiovascular 
disease.[16-20]

More pronounced metabolic disturbances in the Pro/Pro 
genotype of PPARγ2 can be explained by the fact that 
PPARγ2 control adipogenesis (including the production 
of free fatty acids, elevated levels of which are the 
cause of IR), and activity of PPARγ2 affects production 
and circulation of lipoproteins and, as a consequence, 
the severity of atherosclerotic processes.

The modulating effect of polymorphisms of the genetic 
markers AGTR1 and PPARγ2 on the severity of 
cardiovascular remodeling in patients with comorbidity 
of EH and DM2 was, therefore, established.

In conclusion, polymorphisms of the genetic markers 
AGTR1 and PPARγ2 was associated with the 
development of comorbidity of EH and DM2. The 
A/C and C/C genotypes of the polymorphic marker 
A1166C of the AGTR1 gene were characterized 
by significantly higher blood pressure and more 

pronounced cardiovascular remodeling compared to 
the A/A genotype. Patients with the Pro/Pro genotype 
of the Pro12Ala polymorphism of PPARγ2 had more 
severe hemodynamic and metabolic disorders.
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This study presents the case of a female patient with severe heterozygous familial 
hypercholesterolemia. Despite the combined maximum dose oral treatment with rosuvastatin 
and ezetimibe, we found markedly elevated lipid parameters. Therefore, we indicated monthly 
selective low density lipoprotein (LDL) apheresis treatment using the Direct Adsorption of 
Lipoproteins system. After more than 2 years the lipid levels of the patients were still above the 
therapeutic goals. Finally, we completed the treatment by the inhibitor evolocumab biweekly. 
Further LDL cholesterol (LDL-C) reduction was achieved resulting in lipid parameters on 
goals. However, administration of evolocumab without LDL apheresis could not reduce the 
LDL-C below 2.5 mmol/L. We concluded that both LDL apheresis and proprotein convertase 
subtilisin/kexin type 9 (PCSK9) inhibitor treatments were effective and well tolerated. None of 
them alone would be enough to achieve lipid goals in this patient. However, the combination of 
these potent treatments may normalize the lipid levels and prevent cardiovascular complications.
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INTRODUCTION

Familial hypercholesterolemia (FH) is perhaps the 
most common single-gene variant causing premature 
morbidity and mortality. Heterozygous FH affects 
about 1 in 200 people.[1] Genetic loci involved in FH 

phenotype include LDLR (low-density lipoprotein 
receptor), APOB (apolipoprotein B-100), and PCSK9 
(proprotein convertase subtilisin/kexin type 9).[2] 
The FH phenotype is based on family history, LDL 
cholesterol (LDL-C) levels, and presence of physical 
findings such as xanthomas, xanthelasma and corneal 
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arcus. This allows for risk assessment and diagnosis 
when genetic testing is not available. Criteria that are 
most commonly used in the diagnosis of FH is the 
Dutch Lipid Network criteria.[3] Genetic testing is critical 
for cascade screening and genetic counseling.[1]

Total cholesterol levels of 350-550 mg/dL (9-
14.2 mmol/L) are typical of heterozygous FH while 
total cholesterol levels of 650-1,000 mg/dL (16.8-
25.9 mmol/L) are typical of homozygous FH.[4] In 
heterozygous patients LDL-C levels are usually > 
190 mg/dL (> 4.9 mmol/L). In adults with homozygous 
FH, untreated LDL-C levels are generally, but not 
always, > 500 mg/dL (> 13 mmol/L). However, levels 
can be lower in children or in treated individuals. Thus, 
LDL-C levels are not sufficient to confirm a diagnosis.[5]

FH is associated with high risk of enhanced 
atherogenesis leading to the early development 
of coronary artery disease (CAD), carotid artery 
disease and peripheral artery disease. The European 
Atherosclerosis Society suggests LDL-C goals of less 
than 100 mg/dL (2.59 mmol/L) in all adults with FH, and 
less than 70 mg/dL (1.81 mmol/L) in adults with known 
CAD or diabetes mellitus.[3] Therefore, there is an 
ardent need for an aggressive therapeutic intervention 
based on high dose statin or statin and ezetimibe 
administration, selective LDL-apheresis or newly 
developed further therapeutic strategies including the 
inhibition of PCSK9.[6]

LDL apheresis techniques are artificial extracorporeal 
methods for LDL-C elimination. There are various 
methods, including cascade filtration or lipid filtration, 
immunoadsorption, heparin-induced LDL precipitation, 
dextran sulfate LDL adsorption, and the LDL 
hemoperfusion. All of these techniques are effective 
and well tolerated. The constant reduction of cholesterol 
is meant, above all, to prevent the progression or the 
development of atherosclerosis.[7]

Human monoclonal antibodies against PCSK9: 
alirocumab and evolocumab have recently been 
approved by the Food and Drug Administration. 
These agents target and inactivate PCSK9, a hepatic 
protease that attaches and internalizes LDL receptors 
into lysosomes hence promoting their destruction.[8] 
By preventing LDL receptor destruction, LDL-C levels 
can be lowered 50-60% above that achieved by statin 
therapy alone.[9] Although the data are deficient, 
PCSK9 inhibitors may reduce the frequency or even 
eliminate the need for LDL apheresis therapy. A recent 
study reported that switching from LDL apheresis to 
evolocumab maintained the LDL-lowering effect but 
did not decrease high-density lipoprotein cholesterol 
(HDL-C) levels in three patients with heterozygous 

FH and coronary artery disease.[10] Furthermore, 
findings from the ODYSSEY ESCAPE study suggest 
a role for alirocumab in the overall management of 
patients with heterozygous FH undergoing regular 
lipoprotein apheresis therapy, with the potential to 
avoid apheresis treatments or delay the requirement 
for such treatments.[11]

Here we demonstrate the efficacy of selective LDL 
apheresis, PCSK9 inhibitor evolocumab and the 
combination of the two treatment strategies in the case 
of a severe heterozygous FH patient.

CASE REPORT

The 48-year-old female patient (body weight: 
85 kg, height: 176 cm, body mass index: 27.4 kg/m2) 
with extremely high total cholesterol, LDL-C and 
lipoprotein(a) [Lp(a)] levels was treated by our Lipid 
ambulance. She had xanthelasmas on both eye lids 
[Figure 1], but neither xanthoma nor corneal arcus 
could be seen.

Carotid artery ultrasound proved significant stenosis 
on both sides. Electrocardiography, echocardiography 
and exercise electrocardiography did not show the 
signs of CAD. Using the Dutch Lipid Network Criteria 
the diagnosis of FH is “probable”. Sequencing of the 
LDL receptor gene we found a known pathogenic 
mutation in heterozygous form (c.1865 A>G, exon 
13). Since the hypercholesterolemia, we found is 
unexpectedly severe in heterozygous FH, further 
genetic tests are in process. Although mildly 
elevated triglyceride (3.1 mmol/L) and lower HDL-C 
(1.1 mmol/L) levels are not usual in FH, the fact that 
the patient was overweight may explain this.

Despite the maximum dose of combined treatment 
(rosuvastatin 40 mg/day, ezetimibe 10 mg/day, 
fenofibrate 267 mg/day), lipid levels were continuously 
high above the goals (total cholesterol 11.7 mmol/L, 
LDL-C 9.1 mmol/L). Therefore, we indicated the 
selective LDL apheresis treatment once a month 
(financially supported by the Hungarian National 
Health Insurance Company). We performed the 

Figure 1: Xanthelasma on both eye lids of the patient with 
heterozygous familial hypercholesterolemia
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treatments in the Extracorporeal Organ Replacement 
Center of University of Debrecen using the Direct 
Adsorption of Lipoproteins (DALI) system (Fresenius 
Medical Care). The DALI system can remove ApoB 
containing lipoproteins from the whole blood in one 
step without prior plasma separation. We used DALI 
750 columns, 1:20 proportioned ACD-A (citrate 
solution) for anticoagulation. Average treated volume 
was 8,058 mL/treatment. The total cholesterol, LDL-C 
[Figure 2] and Lp(a) levels markedly decreased.

During the first two treatments we observed mild 
and transient bradykinin reactions with hypotension, 
dyspnea, atypical chest pain and flushing. After three 
treatments apheresis was suspended for three months 
at the patient’s wish. Then, because of increasing lipid 
levels we continued apheresis treatment. Although 
between two treatments there was an increase in lipid 
levels, the time-average cholesterol (TAC) and LDL-
cholesterol (TAL) levels calculated with a formula 
by Kroon et al.[12] decreased significantly (TAC: 
6.44 mmol/L, TAL: 4.68 mmol/L). Monthly apheresis 
treatment decreased TAC by 45.7% and TAL by 
48.6%. The average reduction of Lp(a) level was 72%. 
Despite the efficacy of monthly apheresis treatments, 
lipid levels were still above the goals. Theoretically, we 
could increase the frequency of apheresis treatments 
and administer it biweekly, however, our insurance 
company would not support it because of its high costs. 
One of the two PCSK9 inhibitor monoclonal antibodies 
available in Hungary since 2015 is evolocumab. We 
decided to start this new agent added to the LDL 
apheresis treatment. Evolocumab was administrated 

biweekly, subcutaneously in a dose of 140 mg/day. 
After two months of combined apheresis plus PCSK9 
inhibitor treatments we detected further significant 
reductions in total cholesterol and LDL-C levels (62.1% 
and 66.1%, respectively), and finally, we achieved 
the lipid goals. Hoping that the PCSK9 inhibitor 
treatment would be effective without further apheresis 
treatments, we stopped the apheresis and continued 
the evolocumab therapy. Unfortunately, despite the 
impressive efficacy of the PCSK9 inhibition, after a 
further three months the patient was above the goals 
[Figures 2 and 3].

DISCUSSION

Adequate treatment of patients with FH is a challenge 
and an everyday problem for the therapists. 
Combination of high dose oral lipid lowering agents is 
in some severe cases not effective enough because of 
the extremely high initial lipid levels. Our demonstrated 
case is a good example for this situation. Selective 
LDL apheresis treatments are available and widely 
used since the 80s. Removal of the ApoB containing 
lipoprotein particles can reduce the total cholesterol 
and LDL-C levels by 50-75% acutely. The TAC shows 
inter-individual differences and is usually between 20% 
to 40%.[13] In our case the reduction was even higher.

Moreover, LDL apheresis can markedly reduce the 
Lp(a) levels even by 60-80%. Lp(a) is an independent 
risk factor for cardiovascular disease and is not lowered 
by oral lipid-lowering therapy apart from nicotinic 
acid.[14] In our case, LDL apheresis showed similar 

Figure 2: Total cholesterol/TAC and low-density lipoprotein cholesterol/TAL levels of the patient during the treatments. TAC = Cmin + 
0.73(Cmax - Cmin); TAL = LDLmin + 0.73(LDLmax - LDLmin). LDL-C: low density lipoprotein cholesterol; TAC: time average cholesterol; TAL: 
time average low-density lipoprotein cholesterol
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Lp(a) reduction. It must be noted that from the initiation 
of the apheresis treatments regular carotid ultrasound 
examinations did not show any progression and CAD 
was not diagnosed.

One hundred and forty mg biweekly administrated 
evolocumab can reduce the LDL-C level by 66%.[15] 
PCSK9 inhibition also results in significant (18-
20%) reductions in plasma Lp(a). Unique efficacy of 
evolocumab in LDL-C reduction could be observed 
in our case. However, LDL apheresis treatment is 
superior in Lp(a) reduction.

So, which treatment strategy should we choose in our 
severe heterozygous FH patients? Would selective 
LDL apheresis or PCSK9 inhibition be better? Decades 
of clinical experience, results of long-term follow-
up studies[16,17] and unique Lp(a) reducing efficacy 
supports selective LDL apheresis. Furthermore, 
LDL apheresis treatment significantly improves the 
oxidative, inflammatory, rheological and hemostasis 
status of the treated patients.[18] Nevertheless, superior 
efficacy of PCSK9 inhibitors in LDL-C reduction is in 
its favor. Both treatment options are well tolerated and 
safe, even in combination as was demonstrated in our 
case. It must be noted that further observations are 
needed to assess long-term side effects of this therapy.

This case report highlights the difficulties of the 
treatment of severe heterozygous FH and proves that 
in some special cases LDL apheresis and PCSK9 
inhibition can be combined successfully and safely 
resulting in extreme LDL-C reduction. Combined 

treatment may give hope for FH patients whose quality 
of life and life expectancies are limited because of the 
ineffective or not tolerated lipid lowering treatment.

Selective LDL apheresis or PCSK9 inhibition? 
Sometimes we have to combine them.
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Figure 3: LDL-C levels during the various treatment strategies. The oral treatment was continued during treatment with PCSK9 and LDL 
apheresis. LDL-C: low density lipoprotein cholesterol; PCSK9: proprotein convertase subtilisin/kexin type 9
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Plasma D-dimer (D-d) is a product of plasmin 
fibrinolysis of cross-linked fibrin that leads to increased 
fibrin turnover. D-d is a known biomarker of coagulation 
and is commonly used for quick diagnosis of deep 
venues thrombosis, pulmonary embolism and acute 
aortic syndrome, with high sensitivity and rather low 
specificity.[1] Recent data suggest that D-d is helpful for 
both diagnostic and prognostic purposes.

Mori et al.[2] evaluated the potential of D-d and 
C-reactive protein (CRP) levels, measured at hospital 
admission, to predict long-term adverse events after 
acute aortic dissection. They showed that patients with 
the worst outcomes had both biomarkers elevated 
compared to patients with no or minor adverse events.

In another study by Gorla et al.,[3] the results obtained 
by evaluation of inflammatory imaging markers with 
flurodeoxyglucose positron emission tomography - 
computed tomography (FDG PET CT) and adverse 
outcomes, during a 3-year follow-up after acute aortic 
syndrome, suggested that all-cause mortality and 
major adverse events were higher in the PET-positive 
patients. Interestingly, these differences were more 

evident when PET results were combined with D-d 
levels.

These data suggest that, after acute cardiac states, 
the combination of D-d and CRP levels appears to be 
a strong predictor of cardiovascular events and overall 
mortality.

The role of systemic inflammation in all stages 
of atherosclerosis is well known. Based on D-d 
association with inflammation, we evaluated the role 
of this circulating biomarker in patients that underwent 
coronary artery bypass grafting (CABG).[4] The specific 
aim of this study was to assess if D-d level, before 
surgery, was able to predict graft occlusion. Eighteen 
months after CABG, we evaluated graft patency by 
CT scanning. Notably, pre-operative D-d level was 
an independent predictor for both arterial and venous 
grafts occlusion.

D-d was identified also as a predictor of atherosclerotic 
lesion severity and of overall outcomes in 2209 
angiographically-proven patients with coronary artery 
disease (CAD).[5] In addition, in a large prospective 
study, D-d measured at baseline was shown to 
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predict future acute myocardial infarction (odds 
ratio of 2.5) and cardiovascular death (odds ratio of 
4.0).[6] Interestingly, D-d level was also independently 
associated with cardiac events incidence (odds ratio 
of 2.0) in post-menopausal women.[6]

A recent review by Soomro et al.[7] indicated the role 
of D-d as a prominent circulating biomarker. Indeed, in 
patients with peripheral aortic disease (PAD), D-d level 
linearly increased with severity of the disease, both in 
males and females. In addition to PAD progression, 
D-d was proven to predict also future coronary events. 
The increment of D-d in patients with atherosclerosis 
could be explained by the fact that the atherosclerotic 
process may lead to fibrinolysis.

In conclusion, the accumulating evidence suggests 
that D-d level can be helpful for diagnostic and risk 
stratification of patients with acute cardiac states 
as well as atherosclerosis. We need to focus our 
attention to the relationship between inflammation and 
hemostasis to identify D-d biological mechanisms and 
effects. Moreover, further studies are needed in order 
to understand the real potential of this biomarker. 
Finally, specific studies, aimed to identify a D-d 
plausible cut-off in patients with atherosclerosis, will 
allow its use in clinical practice.
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Aim: This study was designed to evaluate the effects of dietary and lifestyle habits on several 
blood lipid parameters in the Lebanese population. Methods: This was a cross-sectional study 
for 2,000 individuals, of whom 1,003 completed the survey about their dietary and lifestyle 
habits. Anthropometric measurements and blood tests were performed and recorded. Results: 
Up to 53.2% of the population was hypercholesterolemic. Gender and age contributed to the 
prevalence of high levels of low density lipoprotein cholesterol (LDL-C) or triglycerides. 
Prevalence of hypercholesterolemia, hypertriglyceridemia and high LDL-C levels was higher 
in smokers, physically inactive or those who consume fatty meat or eggs. Prevalence of 
hypercholesterolemia was not affected by consumption of whole milk, skimmed milk or fruits 
and vegetables. However, the prevalence of hypertriglyceridemia and high LDL-levels was 
higher in individuals who consumed whole milk, and lower in those who consumed skimmed 
or fruits and vegetables. Conclusion: Hyperlipidemia affects more than half of the Lebanese 
population. The finding that the majority of the individuals were unaware of their lipid profile 
mandates warrant efforts for both patient and public education.

Key words:
Lipidemia,
cardiovascular disease,
diet,
Lebanon

ABSTRACT
Article history:
Received: 8 Jun 2017
Accepted: 20 Jul 2017
Published: 26 Sep 2017

Quick Response Code:

Topic: Atherosclerosis and Related Diseases Open Access

Samaha et al. Vessel Plus 2017;1:98-106
DOI: 10.20517/2574-1209.2017.18 Vessel Plus

   www.vpjournal.net

This is an open access article licensed under the terms of Creative Commons Attribution 4.0 International 
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, 

and reproduction in any medium, as long as the original author is credited and the new creations are licensed under the 
identical terms.

For reprints contact: service@oaepublish.com

INTRODUCTION

Cardiovascular disease (CVD) remains the leading 
cause of mortality and morbidity in both developed 
and developing countries.[1] Although modifiable, 
hyperlipidemia remains a major risk factor for many 

diseases including coronary artery disease (CAD) 
and atherosclerosis.[2,3] Although increased levels 
of high density lipoprotein cholesterol (HDL-C) may 
play a protective role against CVD,[4,5] there is a 
positive correlation between increased serum levels of 
cholesterol, triglycerides (TG), or low density lipoprotein 
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cholesterol (LDL-C) and CAD or atherosclerosis.[4-6] 
Thus, it is not surprising that the major consequence of 
hypercholesterolemia is atherosclerosis.[7,8] The major 
hallmark of atherosclerosis is the buildup of lipids, 
mainly cholesterol, in the vascular wall.

Atherosclerosis is the most common CVD, and 
conditions associated with it, such as stroke and acute 
myocardial infarction (AMI), continue to be the leading 
causes of morbidity throughout the world.[9,10] By 
causing a reduction in the vessel lumen, atherosclerotic 
plaques may dramatically diminish blood supply to 
tissues, which could have deleterious effects on the 
nourishment and oxygen supply of these tissues.[11]

Hypercholesterolemia remains a leading risk factor in 
both developed and developing countries.[12] Several 
studies have reported that a decrease in the serum 
levels of total cholesterol (TC) and LDL-C leads to a 
reduction in the risk of coronary events and is thus 
an effective strategy in secondary prevention.[13-17] It 
is also well documented that hyperlipidemia plays a 
major role in the development of many CVDs including 
atherosclerosis.[2,4,5]

There are many risk factors for atherosclerosis, such 
as gender, diabetes, stress, and hypertension.[18] 
However, hypercholesterolemia in particular is critical 
for the genesis of the disease as it plays a permissive 
role in the development of other pathogenic factors 
such as insulin resistance and vascular inflammation.[19] 
Notably, the relationship between atherosclerosis and 
hypercholesterolemia is affected by lifestyle factors, 
including physical activity and smoking.

Lebanon is considered a third-world country. 
Alarmingly, no large studies have been conducted 
to determine the prevalence of hyperlipidemia in the 
Lebanese population. There are no national studies 
showing the impact of lifestyle-related factors, such as 
diet, physical activity, alcohol consumption, or smoking 
on blood levels of lipids. Despite the findings that the 
Mediterranean diet may help reduce CVD risk and 
mortality,[20] nothing is known about this relation in 
Lebanon, a small Mediterranean country. Interestingly, 
there has been a change in the dietary habits, 
particularly in the 20-30 years old age group living in 
large cities in Lebanon.

This study was therefore undertaken to first determine 
the prevalence and awareness of hyperlipidemia 
in Lebanon. It was also designed to examine the 
influence of diet and lifestyle factors on lipidemia in the 
Lebanese population.

METHODS

Study population
This cross-sectional study recruited 2,000 participants; 
997 of whom were later excluded because of the 
existence of illness with the potential to modulate 
lipid profiles, such as diabetes mellitus or the use of 
lipid altering medications. Diabetes was defined as 
having a fasting glucose level of ≥ 126 mg/dL or by 
the use of glucose-lowering drugs. Demographically, 
the remaining 1,003 individuals included in the study 
were distributed over the different geographic regions 
of Lebanon. Of these subjects, 501 were females and 
502 males, all reported to be healthy with unremarkable 
previous medical history. Surprisingly, more than 70% 
of the subjects were unaware of their lipids profiles. 
Subjects were grouped in 20-year intervals. All 
participants above 55-year-old were assigned to one-
age interval.

Data collection and definitions
Questionnaires were distributed with instructions 
for self-administration and collected one week later. 
Incomplete questionnaires were completed during 
short personal interviews. Information concerning 
height, weight, alcohol intake, smoking, and physical 
activity were recorded. Measurements of height and 
weight were taken with the participants wearing no 
shoes and very light clothing. Height was measured 
to the nearest 0.5 cm using a standard physician’s 
height stadiometer. Body weight was measured to the 
nearest 0.1 kg using a portable balance scale. Body 
mass index (BMI; kg/m2) was calculated as weight (kg) 
divided by the square of the height (m).

Hypercholesterolemia was defined as having blood 
total cholesterol of ≥ 200 mg/dL.

Participants not undergoing regular physical exercise 
for at least 30 min twice a week were considered 
sedentary.

Smoking was defined as smoking an average of one or 
more cigarettes per day.

Nutritional data were collected and pertained to the 
frequency of consumption of fatty meat, entire dairy 
products, skimmed milk, eggs, as well as fruits and 
vegetables.

Informed consent was obtained for all participants, 
either directly (for those 18 years or older) or through 
the parents/legal guardians (for subjects under 18 
years of age).

The protocols followed for data collection, handling, 
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and analyzing were approved by the Research Ethics 
Committee at the Lebanese University.

Blood sampling and laboratory
Selected participants were asked to undergo a 
12-h-fasting period, after which 5 mm of blood were 
collected by clean venipuncture into dry tubes (BD 
Vacutainer®). Plasma was separated by centrifugation 
(1,000 g, 4 ℃, 20 min). Plasma samples were frozen 
until analysis, which was carried out not later than 4 h 
after phlebotomy. Since seasonal variation in plasma 
cholesterol levels is well documented,[21] all blood 
samples were collected in the same month. Plasma 
lipids concentrations were measured at the Clinical 
Biochemistry Laboratory of Rayak Hospital, Lebanon. 
Total cholesterol, LDL and triglycerides levels were 
measured using automated enzymatic-calorimetric 
techniques (COBAS MIRA). LDL was calculated 
according to Friedewald formula as the total cholesterol 
minus HDL minus one-fifth triglycerides level. Final 
results are reported in mg/dL concentrations. The used 
reagents were supplied by SPINREAC.S.A.

Statistical analysis
All analyses were conducted using SPSS program by 
stepwise multiple regression analysis. The difference 
in mean values between two groups (like males 
versus females) was tested by Student’s t-test. A level 
of 5% for the P value was considered significant.

RESULTS

Anthropometric measurements of the individuals who 
participated in this study are shown in Table 1. The 
age of the participants ranged from 15 to 87 years old, 
with a mean of 41.64 (± 15.9; SD) years. There was no 
significant difference between the mean age of males 
and females (41.8 vs. 41.48 years, respectively.) The 
mean weight of the participants was 74.15 (± 13.9; 
SD) kg, ranging from 36 kg to 150 kg. Their heights 

ranged from 142 cm to 195 cm, with a mean height of 
166.46 (± 7.76; SD) cm. Both the height and weight 
of males were significantly higher than the females’ 
[Table 1]. The range of the BMI was 14.2 to 49 kg/m2, 
with a mean of 26.703 ± 4.42 kg/m2. Age-adjusted BMI 
was found to be significantly higher in females than 
males (P < 0.05).

In this population, the means for serum levels of 
cholesterol, LDL-C, HDL-C and triglycerides were 
respectively 208.5 ± 49.5, 133.2 ± 46.1, 43.1 ± 8.9, 
and 163.6 ± 111.6 mg/dL [Table 2]. Overall, an 
alarming 53.24% of the population had a cholesterol 
levels above 200 mg/dL, and thus can be considered 
hypercholesterolemic.[22]

Importantly, cholesterol levels of the study 
participants were found to conform to a normal 
distribution with a mean of 208.5 ± 49.9 mg/dL, and 
a range of 110.4 mg/dL to 306.2 mg/dL [Figure 1]. 
Conformity of the distribution was tested by classical 
statistical analysis of the variance (q2) with confidence 

Table 1: Characteristics of the study participants

Males (502) Females (501) Total (1,003)
P-value

Mean SD Range Mean SD Range Mean SD Range
Age 41.8 15.9 71 41.5 15.8 71 41.6 15.9 72 0.34
Height 169.1 7.5 53 163.8 7.1 48 166.6 7.8 53 < 0.001
Weight 77.6 13.1 100.8 70.9 13.8 110 74.2 13.9 53 < 0.001
BMI 27.5 4.1 34.9 26.3 4.7 32.7 26.7 4.4 34.9 #

P value denotes significant difference between genders. #denotes P < 0.05 for the age-adjusted body mass index (BMI)

Table 2: Means of lipid profile parameters according to sex distribution

Males (502) Females (501) Total (1,003) P-value
Cholesterol 205.7 ± 47.8 211.2 ± 51.9 208.5 ± 49.9 0.08
LDL-C 123.2 ± 46.3 140.7 ± 44.6 133.2 ± 46.1 < 0.001
HDL-C 43.4 ± 8.7 42.9 ± 9.1 43.1 ± 8.9 0.465
TG 177.6 ± 123.4 150.8 ± 98.7 163.6 ± 111.6 < 0.001

Data presented as mean ± SD. LDL-C: low density lipoprotein cholesterol; HDL-C: high density lipoprotein cholesterol; TG: triglycerides

Figure 1: Distribution of cholesterol level in the population studied. 
The percent of the population with a measured level of cholesterol 
(mg/dL) is plotted
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interval of 95% (q2
c = 0.3693, q2

α = 5.991, α = 0.05).

Table 2 also shows that the mean levels of cholesterol 
and HDL-C did not significantly differ between both 
genders. It is interesting to note that whereas mean 
values of LDL-C were significantly higher in females 
than males (140 vs. 123; P < 0.001), TG exhibited an 
opposite profile, being higher in males than females 
(177.6 vs. 150.8; P < 0.001).

Because gender did not significantly contribute to the 
levels of total cholesterol or HDL-C, we then focused 
our analysis on TG and LDL-C levels and sought to 
determine if age contributes to the observed gender 

differences.

Interestingly, LDL-C as well as TG levels showed a 
statistically significant increase with age in both males 
and females (P < 0.05 for TG and P < 0.001 for LDL-C). 
TG levels were higher in males in the two age groups 
[15-35] and [35-55], whereas LDL-C were higher in 
females in these two age groups. Interestingly, in the 
≥ 55 age group, there was no significant difference in 
either of LDL-C or TG levels [Table 3].

The prevalence of high levels of cholesterol, TG or 
LDL-C in the different dietary or lifestyle-related groups 
is shown in Table 4.

Table 3: Means of serum levels of cholesterol, HDL-cholesterol, LDL-cholesterol and triglycerides in males and 
females according to different age groups

Age interval (years) Gender/number Triglycerides level LDL level

[15-35]
Male/189

Female/197
P value

132.9 ± 117.2
96.4 ± 48.6

< 0.001

109.7 ± 37.3
123.9 ± 36.4

0.0001

[35-55]
Male/211

Female/190
P value

183.1 ± 114.6
159.0 ± 89.0

< 0.001

118.4 ± 39.5
147.6 ± 45.5

< 0.001

≥ 55
Male/102

Female/114
P value

228.5 ± 125.9
210.3 ± 122.1

0.283

142.9 ± 54.8
151.2 ± 46.4

0.23

Data presented as mean ± SD. LDL: low density lipoprotein; HDL: high density lipoprotein

Table 4: Prevalence of hypercholesterolemia, high triglyceridemia and high LDL-C among individuals with 
different lifestyle and dietary habits

Percent of 
population (%)

Prevalence of 
hypercholesterolemia (%)

Prevalence of high 
triglyceride (%)

Prevalence of 
high LDL (%)

Gender
   Male
   Female

50.05
49.99

51.3
48.7

56.6
43.3

36
64

P < 0.01 P < 0.01 P < 0.01
Cigarette
   Non-smokers
   Smokers

62.4
37.6

45.12
70.02

40.6
50.4

36.6
63.4

P < 0.01 P = 0.002 P < 0. 01
Physical activity
   Sedentary
   Active

68.4
31.6

64.4
32.9

89.4
10.6

79.1
20.9

P < 0. 01 P < 0.001 P < 0.001
Fatty meat
   ≥ 3 servings/day
   < 3 servings/day

50.1
49.3

72.1
37.4

60.2
39.8

53.3
46.5

P < 0.01 P < 0.001 P = 0.01
Whole milk
   ≥ 1 servings/day
   < 1 serving/day (on average)

91.9
8.1

55.8
46.9

98.2
1.8

84.7
15.3

P = 0.122 P < 0.001 P < 0.001
Skimmed milk
   ≥ 1 serving/day
   < 1 serving/day

10
90

55.3
45.9

4.5
95.5

15.3
84.7

P = 0.087 P < 0.001 P < 0.001
Eggs
   ≥ 4-7 servings/week
   < 3 servings/week

74
26

58.1
43.9

80.5
19.5

77.9
22.1

P < 0.001 P < 0.001 P < 0.001
Fruits and vegetables
   ≥ 3 servings/day
   < 3 servings/day

98
2

45.5
56.4

1.8
98.2

3.5
96.5

P = 0.33 P < 0.001 P < 0.001
LDL-C: low density lipoprotein cholesterol



                                                                                           Vessel Plus ¦ Volume 1 ¦ September 26, 2017

Samaha et al.                                                                                                                                                                                       Hyperlipidemia in Lebanon

102

The prevalence of hypercholesterolemia and 
triglyceridemia was significantly higher in males than 
females (both P < 0. 01), but prevalence of high LDL-C 
was higher in females (P < 0.01).

Cigarette smokers have significantly higher prevalence 
of high cholesterol (P < 0.01), TG (P = 0.002) and 
LDL-C levels (P < 0.001). Likewise, sedentary 
individuals exhibited higher prevalence of all the three 
hyperlipidemias (P < 0.01 for cholesterol and P < 0.001 
for TG and LDL-C).

With respect to the dietary factors, consumption of 
3 or more servings of either fatty meat or eggs was 
significantly associated with higher prevalence of 
the three hyperlipidemias. Consumption of whole or 
skimmed milk did not significantly affect the prevalence 
of hypercholesterolemia. However, participants who 
reportedly consumed 1 or more servings of skimmed 
milk had significantly lower incidence of high TG 
or LDL-C levels (P < 0.001). The exact opposite is 
noted for those who consumed 1 or more servings of 
whole milk; these individuals had significantly higher 
prevalence of high TG and LDL-C levels (P < 0.001).

The number of serving of fruits/vegetables per 
week did not seem to contribute to the prevalence 
of hypercholesterolemia. However, those who 
consumed 3 or more servings of fruits/vegetables had 
a significantly lower prevalence of high TG and LDL-C 
levels (P < 0.001).

DISCUSSION

To the best of our knowledge, this is the first study to 
determine the prevalence of hypercholesterolemia 
in Lebanon. In fact, it is also the largest and 
most comprehensive study examining a health-
related issue in Lebanon, a small country with a 
total population of around 4 million people. The 
relatively large number of participants and their 
wide demographic distribution covering all parts of 
Lebanon are two strengths of this study.

In this study, we first determined the prevalence of TC, 
LDL-C, HDL-C and TG in the Lebanese population. 
We then evaluated how age, gender, some dietary 
and lifestyle-related habits modulated the lipid 
profile. We herein report that 53% of the Lebanese 
population is hypercholesterolemic. Alarmingly, most 
of these subjects were unaware of their lipid profile. 
This mandates concerted efforts to educate the public 
about the danger of dyslipidemia as well as its relation 
to various cardiovascular diseases. Unfortunately, 
no large-scale studies have determined the CVD-

associated mortality and morbidity in Lebanon. 
Moreover, given the lack of sufficient available 
literature, we could not find a study that analyzed 
the effect of gender or dietary/lifestyle habits on 
the prevalence of atherosclerosis in the Lebanese 
population. This has hindered us from making a 
meaningful conclusion on the interplay between these 
parameters and atherosclerosis.

Compared with other countries, the prevalence of 
hypercholesterolemia in Lebanon is higher than that 
in Turkey,[23] Saudi Arabia,[24] India,[25] Guadeloupe,[26] 
but lower than that in England,[27] and similar to that in 
Finland,[28] and the USA.[29]

Gender appeared to play an important role in the 
prevalence of the lipidemia studied. Although there 
was no difference in mean cholesterol levels between 
males and females, more males suffered from 
hypercholesterolemia. In addition, prevalence of high 
TG was higher in males than females. This lower 
prevalence in females may suggest that female sex 
hormones, particularly estrogen, offers a protective 
effect against the elevation of cholesterol or TG 
levels in the Lebanese population. Indeed, such a 
protective role for estrogen has been previously 
reported, but remains controversial.[30-33] Interestingly, 
in the female population included in this study, the 
levels of cholesterol and TG increased with age, 
even beyond menopause. On the other hand, it is 
possible that  estrogen contributes to the increased 
levels of TG. While this would be consistent with other 
reports where estrogen was shown to precipitate 
hypertriglyceridemia,[34] it remains inconsistent with 
other studies suggesting that menopausal women 
have higher levels of LDL-C and TC compared with 
pre-menopausal women.[35,36] Moreover, estrogen 
injection has been shown to reduce hepatic cholesterol 
synthesis thereby leading to decreased blood levels of 
LDL-C.[36,37]

It is also possible that the male hormone, testosterone, 
predisposes men for hypercholesterolemia and 
triglyceridemia. Indeed, some reports suggest that 
testosterone levels are inversely proportional to 
serum lipid levels in males.[38] Moreover, animal 
studies show that testosterone-deficient male mice 
exhibit higher cholesterol levels, clearly suggesting a 
favorable role for testosterone in regulating blood lipid 
levels.[39] However, testosterone is unlikely to explain 
the higher prevalence of hypercholesterolemia in 
males, particularly because the population average of 
cholesterol did not differ between males and females.

Because it increased the prevalence of 
hypercholesterolemia and triglyceridemia, smoking 
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may explain the higher prevalence of these 
dyslipidemias in males versus females. This would 
be supported by our observation that smoking is 
more common among men than women in the study 
participants. This is not surprising since smoking 
is still not socially very acceptable for women in 
some regions of Lebanon, particularly in some rural 
areas. Surprisingly, when we adjusted for smoking, 
females were found to be at higher risk of developing 
hyperlipidemias. However, it is important to note that 
the prevalence of hyperlipidemia is not always higher 
in smokers versus non-smokers. For instance, the 
prevalence of hyperlipidemia among smokers was 
not significantly higher than that in non-smokers in an 
Asian population.[40] On the contrary, in a Romanian 
population, current smokers appear to have a worse 
lipid profile in both men and women.[41]

Contrary to cholesterol’s and TG’s prevalence, LDL-C 
was more prevalent in females than males. This may 
be due to the higher BMI in females [Table 1]. Indeed, 
we observed that high levels LDL-C are more prevalent 
in individuals with higher BMI (data not shown). This 
is consistent with the well-known notion that high BMI 
correlates with unfavorable lipid profile.[42,43]

Levels of LDL-C and TG increased with age, in both 
males and females. However, the sex difference in the 
values of LDL-C and TG becomes insignificant in the 
oldest age group (≥ 55 years). This could be explained 
by the aforementioned presumed effects of estrogen 
and/or testosterone, since both of these hormones 
dramatically decrease with age. Importantly and 
perhaps not unexpectedly, the vast majority (> 89%) 
of individuals within this age group were sedentary. 
We report herein that prevalence of high TG or LDL-C 
levels is lower in individuals with a physically active 
lifestyle. Taken together, these findings suggest that 
the sedentary lifestyle in this age group may account, 
at least in part, for the insignificant differences between 
both genders.

The levels of HDL-C remained relatively constant in all 
age groups, regardless of the gender (data not shown). 
This is consistent with what is previously reported in 
other population groups.[23,44]

Data on the impact of egg consumption on lipid profile 
is inconsistent. Some report a positive association 
between egg consumption and unfavorable lipid profile; 
while others suggest a negative or no association.[45-49] 
Because of this inconsistency, we investigated 
whether egg consumption affects the prevalence 
of different hyperlipidemias. The prevalence of 
hypercholesterolemia, hypertriglyceridemia and 
elevated LDL-C was higher in the group where egg 

consumption was ≥ 4 servings/week. Therefore, in 
the Lebanese population, consuming an average 
of one or more eggs per day is likely to negatively 
impact lipid profile. It is important to note that egg 
consumption itself is reported to increase intake 
of total fat or cholesterol.[50] Further studies are 
warranted to determine if this effect is modulated by 
other factors, like gender, age, or other dietary and 
lifestyle related factors.

Previous studies have suggested that consumption of 
skimmed milk does not modulate serum cholesterol 
level.[51] However, another study showed lower levels 
of serum cholesterol and LDL-C after isocaloric 
substitution of whole with skimmed milk.[52] In this 
report, we found that consumption of whole milk 
or skimmed milk did not affect the prevalence of 
hypercholesterolemia. Nonetheless, consumption of 
skimmed milk decreased the prevalence of high TG 
and high LDL-C but whole milk consumption increased 
this prevalence.

Consumption of a diet rich in fruits and vegetables 
is reported to favorably modulate the lipid 
profile in humans.[53] Indeed, high fruit intake is 
significantly associated with reduced odds of 
hypertriglyceridemia.[54] This is further supported by 
a recent study in the Korean population showing 
strong association between fruit intake and reduced 
prevalence of hypertriglyceridemia.[55] Interestingly, 
this study reported no association between the 
consumption of vegetables and blood lipid levels.[55] 
However, several other studies report little or no 
effects of fruits and vegetable consumption on 
lipid profile.[56-58] More recently, soya products were 
shown to favorably modulate lipid levels of TC, 
TG, and LDL-C and HDL-C.[59] These seemingly 
paradoxical results could be the result of different 
study designs as well as the data analysis.[60] It may 
also depend on whether the consumed vegetables 
are cooked/boiled or not, as boiling reduces some 
of the bioactive phytochemicals.[61] In this study, we 
found that the prevalence of hypertriglyceridemia 
and elevated LDL-C was lower in the group with the 
high consumption of fruits and vegetables.

It was strikingly surprising that most of the participants 
were unaware of their lipid profiles. This is perhaps 
owing to the absence of effective patient and public 
education. This is also in line with other reports 
indicating that some types of dyslipidemias are both 
underdiagnosed and under-treated.[62] It is hoped that 
this study will increase the awareness of the Lebanese 
community with respect to hyperlipidemia and its 
detrimental consequences. It is recommended that 
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patient education as well as national programs be put 
in place to further reduce the major risk factors of CVD.
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Atherosclerosis and related cardiovascular disorders remain the leading global cause of 
morbidity and mortality. Modified low density lipoprotein (LDL) is considered to play a crucial 
role in atherosclerosis development. During the past decades, several types of atherogenic LDL 
modification have been discovered. Desialylation was one of the atherogenic modifications 
observed in circulating atherogenic LDL in vivo. Sialic acid level negatively correlates with 
triglyceride and cholesterol contents. Desialylated LDL is small, dense and highly susceptible 
to oxidation, as reported for hyperlipidemic conditions. This atherogenic modification leads to 
increased cholesterol intake by macrophages and smooth-muscle cells, and is also associated 
with other pathologies, such as diabetes mellitus. Moreover, these conditions provoke damage 
and desialylated LDL particles may trigger autoimmune reactions in macrophages and B-cells.
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of 
morbidity and mortality worldwide. According to the 
American Heart Association, nearly 787,000 people 
in the US died from heart disease, stroke or other 
CVDs in 2011.[1] Atherosclerosis underlies most of the 
cardiovascular events in adults. Atherosclerotic plaque 
formation involves accumulation of cholesterol and its 
esters in the arterial intima, which results in migration 
and proliferation of various cell types (smooth muscle 
cells, macrophages, lymphocytes, neutrophils and 

dendritic cells) and inflammation, followed by necrosis 
and calcification.[2] Elevated blood pressure, diabetes 
mellitus, hyperlipidemia, family history and smoking 
are the major risk factors of atherosclerosis. These 
conditions provoke damage and lipid penetration into 
the arterial wall. According to current understanding, 
plasma low density lipoprotein (LDL) plays a crucial 
role in the pathogenesis of atherosclerosis because 
of its ability to deliver cholesterol from the liver to 
peripheral tissues, including the arterial wall. On the 
other hand, high density lipoprotein (HDL) negatively 
correlates with CVD and has protective effects.[3,4] 
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Currently, a high level of LDL cholesterol (LDL-C) 
is considered as a risk factor for CVD in clinical 
practice, and various treatment options (e.g. statins) 
are used to decrease it.[5,6] However, simple reduction 
of blood cholesterol level is not sufficient for effective 
atherosclerosis prevention. Moreover, this approach 
was demonstrated not to be efficient in several clinical 
studies.[7,8] The main drawback of statin therapy is 
the presence of several severe side-effects, such as 
statin-associated muscle symptoms, diabetes mellitus, 
and central nervous system disorders.[9] During the 
last decade, molecular mechanisms of atherosclerosis 
have become a subject of intensive research aimed at 
improving the clinical outcomes and developing novel 
therapies.

MODIFIED LDL AND ATHEROSCLEROSIS

Numerous studies have revealed that LDL subtypes 
form a heterogeneous group with different chemical 
and physical properties. Several types and subclasses 
of circulating LDL have different atherogenic effects. 
According to the widely accepted classification, the 
following LDL subtypes can be distinguished: small 
(dense), medium and large LDL. Dense LDL [with 
density (d) 1.044-1.060 g/mL] is considered to be 
the most atherogenic. Particles of this LDL subtype 
differ in size from 15 to 20 nm. For large LDL (d. 
1.019-1.034 g/mL), mean particle size is 22 nm (up 
to 30 nm). Medium LDL (d. 1.034-1.044 g/mL) has a 
particle size in between small and large LDL.[10] An 
early study by Filipovic[11] and co-authors showed 
that LDL modification enhanced cholesterol intake by 
cultured cells. Subsequently, naturally modified LDL 
types were found in human blood.[11,12] During the 
past decades, numerous studies confirmed that LDL 
modifications, such as oxidation, desialylation and 
enzymatic processing, play a key role in increasing 
cholesterol intake, and the level of multiple modified 
LDL correlates with the risk of CVD.[13,14]

Other types of lipoproteins that are distinguished in 
some studies are electronegative LDL [LDL(-)] and 
lipoprotein (a) [Lp(a)]. The former subclass includes 
modified LDL with increased negative charge, which 
accounts for 3-5% of the total LDL in normolipidemic 
subjects. Several studies on LDL(-) showed that 
it represents a heterogeneous group of particles 
with various chemical modifications (oxidation, 
glycosylation, non-esterified fatty-acid enrichment, 
desialylation, and enzymatic modification) that share 
the common feature of increased electronegativity. 
Electronegative LDL is characterized by an enhanced 
ability to aggregate and is more susceptible to oxidation 
than native LDL (nLDL).[15,16] It was found that LDL(-) 

could accumulate in endothelial cells, monocytes, and 
lymphocytes through binding to scavenger receptors, 
such as platelet-activating factor receptor (PAF), lectin-
like oxidized LDL receptors (LOX-1), and scavenger 
receptor A (SRA).[17,18] T-lymphocyte receptors (TCR) 
and CD14 are also involved in conveying LDL(-) 
biological effects.[19] It’s worth mentioning that nLDL 
binding with oxidized forms of hemoglobin may cause 
changes in conformation and chemical composition of 
nLDL apolipoproteins.[20] High intracellular lipid level and 
activation of receptor pathways may result in cytotoxicity 
and the release of inflammatory cytokines.[21-24] On the 
other hand, recent studies showed that LDL(-) had 
an ability to induce anti-inflammatory cytokines [e.g. 
interleukin-10 (IL-10)] and counteract inflammatory 
effects promoted by lipopolysaccharides.[19,25] In that 
regard, the atherogenic role of LDL(-) needs further 
investigation. However, multiple studies confirmed that 
high LDL(-) level was a risk factor for CVD, which might 
be connected with other LDL(-) modifications, such as 
desialylation and oxidation.[16,26-28]

Lipoprotein (a) [Lp(a)] differs from LDL only by the 
presence of apoplipoprotein (a) bound to apolipoprotein 
B-100 (apoB-100) via a disulfide bridge. Lp(a) is normally 
present in the blood, and its plasma concentrations 
range from 1 to 1,000 mg/dL. High levels of Lp(a) are 
associated with some pathologies. For instance, Lp(a) 
level increased within 24 h after acute myocardial 
infarction, and its transient increase accompanied acute 
and chronic inflammatory processes.[29,30] Lp(a) gene 
polymorphism was associated with the incidence of 
cerebral vascular accident of large vessels, peripheral 
arterial disease, and abdominal aorta aneurysm.[31] 
Lp(a) level also correlated with IL-6, tumor necrosis 
factor alpha (TNF-α), transforming growth factor 
beta (TGF-β), and monocyte chemoattractant protein 
(MCP-1) levels.[32] In Korean population, patients with 
high Lp(a) level had higher CVD risk and worse disease 
course.[33] A Danish prospective study of 9,000 subjects 
revealed that extremely high plasma Lp(a) level (over 
120 mg/dL) increased CVD risk 4-fold.[34] On the other 
hand, multiple prospective studies showed that a high 
Lp(a) level was not an independent risk factor for 
cardiovascular or cerebrovascular diseases.[29,35]

CHEMICAL COMPOSITION OF LDL

Non-modified, or nLDL, particle contains apolipoprotein 
B-100 (apoB-100) molecule, about 90 molecules of 
other regulatory proteins, a phospholipid monolayer, 
and a hydrophobic core, which accounts for 75% 
of LDL particle weight.[36] LDL contains proteins 
regulating apoB-100 metabolism and lipid transport 
[apolipoprotein C-II (apoC-II), apoC-III, apoE, apoA-I, 
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apoA-IV, and apoF], associated with inflammation 
(apoD, apoJ, apoM, serum amyloid A4, paraoxonase 1, 
prenylcysteine oxidase 1, migration inhibitory factor-
related protein 8, and retinol binding protein), related with 
thrombosis (fibrinogen alpha chain) and components 
of the innate immunity system (lysozyme C, alpha-1 
antitripsin, apoL-1, and transthyretin).[10] ApoB-100 is a 
large glycoprotein, which stabilizes and maintains LDL 
structure and composition. ApoB-100 has 24 potential 
N-glycosylation sites, with up to 16 asparagine residues 
actually glycosylated. Carbohydrates, including neutral 
and acidic carbohydrate chains, account for 5-9% 
of apoB-100 molecular weight. All chains contain 
N-acetylglucosamine and mannose residues. Acidic 
chains contain terminal sialic acid residues followed 
by galactose [Figure 1].[36-38] Loss of the terminal sialic 
acid residue results in exposure of galactose residues. 
It was suggested that almost all nLDL particles 
are partially monodesialylated because they have 
galactose ending chains.[39]

The phospholipid monolayer contains phosphatidylcholine, 
sphingomyelin, lysophosphatidylcholine, phosphatidyl-
ethanolamine, ceramide, and diacylglycerol. The 
hydrophobic core contains various lipid classes: non-
esterified cholesterol, cholesterol esters, and triglycerides. 
Non-esterified cholesterol is also located on the 
surface of the LDL particle. nLDL transports 66% of 
serum gangliosides. Gangliosides are sialic-acid-
rich glycosphingolipids and are thought to contain 
all the sialic acid residues associated with the LDL 
lipids.[36] The lipid part of nLDL also contains other 
monosaccharides: galactosamine and glucose.[40]

First studies of LDL carbohydrate composition revealed 
little or no variation in glucosamine, galactose and 
mannose values, but a marked variation in sialic acid 
levels [Table 1].[41] Further studies showed that in 
patients with coronary artery disease (CAD), LDL had 
a decreased sialic acid content. Isolated LDL from 
these patients, as well as in vitro desialylated LDL, 
caused atherogenic changes in cultured cells.[13,42,43] The 
most comprehensive study on chemical composition 
of LDL in patients with and without atherosclerosis 
was performed in 1993.[40] Carbohydrate content of 
LDL from patients with atherosclerosis was almost 

the same, except for sialic acid level, which was 
significantly (1.6 times) lower in patient LDL (P < 0.05) 
[Figure 2].[40] There was no significant difference in 
the levels of galactose, N-acetyl glucosamine and 
mannose between nLDL and modified LDL from healthy 
donors, as well as from patients with atherosclerosis. 
Sialic acid content in modified LDL was 30% lower 
than in nLDL from healthy subjects. Sialic acid level in 
modified LDL from patients was 2 to 3 fold lower than 
in nLDL. Comparison of nLDL obtained from healthy 
subjects and patients with atherosclerosis revealed 
no significant differences in carbohydrate contents. 
Modified LDL had a significantly lower level of sialic 
acid (P < 0.05). There was also a significant difference 
in the sialic acid content between modified LDL from 
healthy donors and from patients with atherosclerosis, 
P < 0.05.

Levels of all lipid-associated carbohydrates were 1.5 to 2 
fold lower in LDL samples obtained from atherosclerosis 
patients in comparison to those from healthy subjects. 
Native and modified LDL obtained from patients and 
healthy subjects also differed by lipid composition. 
Modified LDL had decreased levels of cholesterol, 
cholesterol esters, triglycerides, phosphatidylcholine, 

Sialic acid Glucosamine Galactose Mannose
Schultze and Heide[87] (1960) 1.5 2.0 2.7 2.7
Ayrault-Jarrier[88] (1961) 1.3 1.2 - -
Marshall and Kummerow[89] (1962) 0.35 1.2 3.23 (together)
Kwiterovich et al.[90] (1974) 0.6 0.9 1.8 3.7
Swaminathan and Aladjem[41] (1976) 1.73 0.94 2.13 4.88

Table 1: Carbohydrate content of LDL according to early studies (percent dry weight)

LDL: low density lipoprotein; “-”: not measured

Figure 1: Carbohydrate chains in apoB-100. Both chains 
have mannose base (Man) connected to polypeptide chain by 
N-acetylglucosamine (GlcNAc). Acidic one has terminal sialic acid 
residues connected to galactose (Gal) molecules.[36-38]
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and phosphatidylethanolamine, with higher levels of free 
fatty acids, mono- and diglycerides. At the same time, 
sphingomyelin content of modified LDL obtained from 
atherosclerosis patients was significantly decreased.[40] 
Further studies reported similar results.[42-44] Noteworthy, 
LDL desialylation positively correlated with particle 
density and negatively with particle size.[14,40,43-46] At 
the same time, several studies found no difference 
in LDL sialic acid content between subjects with and 
without atherosclerosis.[47-49]

 
To solve this dilemma, Lindbohn with co-authors 
suggested that the controversial results could be 
explained for a large part by the choice of study 
population, which was almost exclusively male. Another 
study was conducted on 22 middle-aged women 
with CAD and 11 control subjects. Patients’ LDL 
had significantly lower sialic acid-to-apoB-100 ratio 
compared with the control group. A negative correlation 
was observed between sialic acid ratio and cholesterol, 
phospholipid and triglyceride concentration.[50] Recent 
studies confirmed previous results in CAD patients 
and revealed the crucial role of LDL desialylation 
in various other pathologies, such as aortic valve 
sclerosis, different types of hereditary hyperlipidemia 
and diabetes mellitus.[51-55]

OXIDIZED LDL

Studies conducted on cellular models demonstrated that 

in vitro oxidation caused increased uptake of LDL-C by 
cultured cells. Macrophages could not consume non-
oxidized LDL because of receptor-dependent limitations. 
Oxidized LDL (oxLDL) can bind to various receptors 
for modified LDL [for example lectin-like oxidized LDL 
receptor (LOX-1)], which leads to increased cholesterol 
uptake and foam cell formation.[56] High levels of oxLDL 
were found in patients with atherosclerosis and, together 
with NO levels, were used as biomarkers of endothelial 
dysfunction.[56,57] To date, the precise LDL oxidation 
mechanism is not fully understood. Activated monocytes, 
macrophages and endothelial cells generate reactive 
oxygen species (ROS) and produce lipoxygenase, 
hypochlorous acid (HOCl) and myeloperoxidase. 
These substances, along with metal ions (Fe3+, Cu2+) 
are involved in LDL oxidation. It was shown that HOCl 
and hypothiocyanous acids can cause oxidation of the 
apoB-100 molecule.[58] Macrophages can recognize 
oxLDL with various receptors, including CD36, toll-like 
receptor 4 (TLR4), LOX-1, and receptor for advanced 
glycation end-products (RAGE).[59-61] Cholesterol and 
lipid accumulation in macrophages leads to the release 
of pro-inflammatory cytokines (e.g. TNF-α), which 
results in inflammation and recruitment of immune 
cells. OxLDL enter the endothelial cells through 
binding to LOX-1 receptors.[61] High lipid concentration 
results in IL-8 secretion, which stimulates inflammation 
and migration of smooth-muscle cells from the tunica 
media to the intima.

Figure 2: Mean content of carbohydrates in native and desialylated LDL (dLDL) of healthy donors and patients with atherosclerosis; §: 
significant difference in sialic acid content between native and desialylated LDL of healthy donors, P < 0.05; *: significant difference in sialic 
acid content between native and dLDL in patients with atherosclerosis, P < 0.05
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Chemical composition of oxLDL is characterized by 
1.5 to 2 fold decreased levels of antioxidants, such 
as coenzyme Q10, tocopherols, β-carotene, and 
lycopene, and increased content of oxidation products. 
Intense oxidation of fatty acids, cholesterol and other 
lipids leads to accumulation of 13-hydroperoxylinoleic 
acid and other peroxides, hydroxides (e.g. 
13-hydroxylinoleic acid), prostaglandin derivatives 
(isoprostanes), various aldehydes (malondialdehyde, 
oxovaleryl phosphatidylcholine, hexanal, etc.), 
lysophosphatidylcholine, 7-keto-cholesterol, various 
hydrocarbons, including pentane, and modified 
phosphatidyl ethanolamine/serine products. Products 
of protein oxidation include: protein carbonyls, non-
enzymatic proteolyzed fragments, arginine, cysteine, 
modified cysteine, lysine, histidine, methionine, 
tyrosine, and tryptophan, protein cross-linking products 
due to tyrosine cross-links and bifunctional aldehydes, 
lipid-protein adducts which can be classified as 
ceroids (lipofuscins). Many of the above mentioned 
modifications, as well as conformational changes, might 
lead to increased antigenicity.[62] Lack of antioxidants 
makes oxLDL susceptible to further oxidation and 
apolipoprotein degradation. In the bloodstream, oxLDL 
is characterized by high density and increased negative 
charge. A controlled study of LDL structural changes 
due to in vitro oxidation with copper ions showed similar 
results. Small-angle X-ray scattering and dynamic 
light scattering techniques revealed high density, 
electrical charge, and increased degree of flexibility 
of the apoB-100.[63] However, oxidation should not 
be considered as the key modification leading to LDL 
electronegativity because the concentration of oxLDL 
in normolipidemic plasma is orders of magnitude lower 
than LDL(-) concentration.[17]

ELECTRONEGATIVE LDL

LDL(-) chemical composition is characterized by 
decreased sialic acid and antioxidant content, 
increased triglycerides, nonesterified fatty acids 
(NEFA), lysophosphatidylcholine, and ceramide  levels 
compared to nLDL.[63,64] LDL(-) is also distinguished by 
phospholipolytic activities and abnormal apoB-100 
conformation.[65] In nLDL, apoB-100 has a pentameric 
structure with alternating alpha helixes and beta 
pleated sheets. In LDL(-), apoB-100 has less alpha 
helixes and more beta sheets, as well as an altered 
pattern of exposed lysine residues that are involved in 
lipoprotein receptor binding interactions. Changes in 
apoB-100 structure may be caused by oxidation and 
nitration.[65] These chemical changes and presence 
of electronegative charge in desialylated LDL makes 
it possible to suggest that these two fractions are 
identical.[16]

GLYCATED LDL

Glycation of LDL occurs due to non-enzymatic reaction 
of glucose and its metabolites with free amino groups 
of apoB-100 lysine. This process is highly intensive in 
patients with diabetes mellitus and metabolic syndrome 
because of the high glucose blood level.[66] In non-
diabetic patients, 4.8% of apoB-100 is glycated compared 
to 14.8% of total apoB glycated in patients with type II 
diabetes. It was demonstrated that small-dense LDL is 
more susceptible to glycation in patients with metabolic 
syndrome and type II diabetes than nLDL.[67] Glycation 
makes LDL more sensitive to oxidation. Formation 
of glycated LDL and other advanced glycation end 
products (AGEs) increases atherogenic properties 
of LDL and enhances lipid uptake by cultured aortic 
smooth-muscle cells. High concentration of AGEs 
leads to activation of the RAGE receptor pathway, 
which results in enhanced expression and NF-κB-
dependent release of pro-inflammatory molecules. 
That, in turn, promotes vessel wall damage, endothelial 
dysfunction, monocyte and macrophage migration and 
recruitment to the vascular intima followed by oxidative 
stress, vascular wall remodeling and atherosclerotic 
lesion progression.[68] However, recent studies on 
diabetic patients showed that glycated LDL level was 
not an independent risk factor for CVD. At the same 
time, patients with type I and II diabetes had a high level 
of small dense desialylated LDL particles with oxidative 
modifications.[54] Therefore, glycation makes nLDL 
more susceptible to oxidation and enzymatic changes 
and may be the first step atherogenic modification of 
LDL in diabetic patients.

DESIALYLATION IMPACT ON 
ATHEROSCLEROSIS DEVELOPMENT

Under normal conditions, LDL lipid intake is controlled 
by lipoprotein receptors. Modification of LDL, such 
as oxidation and desialylation, allows LDL particles 
to escape this limitation and enter arterial cells via 
different pathways. Sialic acid provides LDL with 
negative charge, which protects the particle from 
binding to arterial proteoglycans. The increased ability 
of enzymatically desialylated LDL to interact with 
proteoglycans was confirmed by Millar et al.[45] However, 
small dense desialylated LDL are electronegative and 
can interact with macrophage lectin receptors, therefore 
mediating the lipid uptake.[68] Increased cholesterol 
accumulation may also result from macrophage 
scavenger receptor-mediated uptake followed by foam 
cell formation and macrophage cytokine release, which 
causes inflammation and monocyte migration in the 
intima.[70-72] Inhibition of Acyl-coenzyme A: cholesterol 
acyltransferase activity by desialylated LDL is also 
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considered as a possible mechanism of macrophage 
down-regulation.[14]

While some studies found no differences in lipid peroxide 
content between native and desialylated LDL,[73] Others 
reported that desialylation may cause both an increase 
and decrease in susceptibility to oxidation depending 
on LDL density and hyperlipidemia type.[74,75] Small 
dense LDL in type IIa hyperlipidemia was the most 
susceptible to oxidation.[75] Increased lipid peroxidation 
was found in desialylated LDL.[76] Another study showed 
that LDL sialic acid levels negatively correlates with 
thiobarbituric acid reactive substances and suggested 
that reactive oxygen substances may affect enzymatic 
desialylation in vivo.[77] It was suggested that a plasma 
enzyme called trans-sialidase is the possible cause of 
LDL desialylation in blood plasma.[78]

DESIALYLATION AND IMMUNE RESPONSE

Sialic acids belong to a group of N- or O- derivatives 
of neuraminic acid. N-acetylneuraminic acid 
(Neu5AC) is the most common type found in humans. 
Neu5AC is typically found at the terminal position of 
ganglioside glycan chains in the cellular glycocalyx. 
Sialic acids are involved in cell-cell interactions, 
including those between immune cells. Neu5AC refers 
to a self-associated molecular patterns (SAMPs) 
group because of their ability to suppress innate 
and adaptive autoimmune response.[79] Sialic-acid-
binding immunoglobulin-like lectins (Siglecs) form 
a group of immune cell receptors that participate 
in the discrimination of “self” and “non-self” through 
recognition of cell glycan ligands. Macrophages have 
sialoadhesin (CD169), so-called Siglec-1, and B-cells 
have CD22, so-called Siglec-2. Studies on human 
immune cells discovered 14 members of the Siglec 
family. Siglec receptor binding with host-specific sialic 
acid provides negative regulation or even apoptosis in 
immune cells. For example, in B-cells activation of CD22 
pathway leads to activation of Src homology region 
2 domain-containing phosphatase-1 (SHP-1), which 
suppresses the activation of B-cell receptor (BCR).[80] 
Recent study showed that sialic acid binding domain 
mutations of Siglec-G resulted in decreased B-cell 
activation threshold.[81] Dysfunction of Siglec receptor 
interactions with sialic acid is associated with various 
autoimmune diseases.[79,80] Lack of sialoadhesin in 
macrophages causes activation of scavenger receptors 
and phagocytosis.[79-82] In atherosclerosis, decreased 
sialic acid content in desialylated LDL might result in 
increased cholesterol intake and inflammation through 
macrophage and B-cell activation.

Patients with various CVD have antibodies against 

modified LDL and lipoprotein-containing immune 
complexes (LDL-CIC) in the plasma. Immunoglobulin G 
(IgG) antibodies with high affinity for in vitro desialylated 
and malondialdehyde-modified LDL were detected 
in patients with angiographically assessed coronary 
atherosclerosis. On the other hand these antibodies 
have low affinity for native, glycated, acetylated, and 
LDL with other chemical modifications.[83] It was shown 
that IgG (subclasses G1, G3) against modified LDL 
have pro-atherogenic properties, while IgM antibodies 
are atheroprotective.[14,84] In 2013 Montano[85] and 
colleagues showed that monoclonal anti-oxLDL 
IgM (E06) inhibited oxLDL binding to macrophages 
in a dose dependent manner. Studies on LDL-
CIC discovered that LDL in these complexes had 
atherogenic modifications, particularly LDL were small 
dense and had decreased sialic acid content. LDL-CIC 
stimulated lipid accumulation in cultured cells unlike 
nLDL.[86] Recent studies showed that IgG and LDL-
CIC removal from patient sera reduced its atherogenic 
activity.[83] Level of LDL-CIC is used in diagnosis, 
prognosis and in several therapeutic approaches in 
CVD patients.[14,83,84]

CONCLUSION

Sialic acid level is decreased in atherogenic LDL 
and negatively correlates with triglyceride and 
cholesterol level in LDL. Desialylated LDL are small, 
dense and highly susceptible to peroxidation in 
several hyperlipidemia types. Desialylation results in 
atherogenic changes because of increased cholesterol 
intake in macrophages and smooth-muscle cells and 
is also associated with other pathologies, such as 
diabetes mellitus.
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Given the notorious impact of cardiovascular disease (CVD) as the current leading cause 
of mortality worldwide, the prevention, identification and management of CV risk factors 
represents a priority in daily clinical practice. Several studies have shown the beneficial 
effects of dietary omega-3 polyunsaturated fatty acids (PUFAs) on CV health. Their 
derivatives, eicosapentaenoic acid and docosahexaenoic acid, intervene in multiple metabolic 
pathways, including: regulation of  the inflammatory response, by reducing the synthesis of 
pro-inflammatory cytokines; regulation of platelet aggregation, activation and adhesion, by 
modulating thromboxane A2 and plasminogen activator inhibitor-1 activity; regulation of the 
coagulation pathways, by reducing the carboxylation of vitamin K-dependent coagulation 
factors; improvement of endothelial function, given their effects on prostaglandin synthesis and 
endothelial nitric oxide synthase; reduction of serum lipids, through their effects on the hepatic 
synthesis of triacylglycerides, beta-oxidation of fatty acids and lipoprotein catabolism; and 
improvement of myocardial function via their membrane-stabilizing effects, and an increase 
in fluidity, size and distribution of membrane lipid rafts. Nevertheless, these effects appear 
to vary according to the type of PUFA ingested, dietary sources, daily dosing and individual 
factors inherent to the subject. Therefore, further studies are required to determine the ideal 
supplementation for each kind of patient and their particular CV profiles.
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INTRODUCTION

Cardiovascular disease (CVD) represents an ongoing 
global epidemic. In 2014, 27.6 million people were 
diagnosed with CVD worldwide,[1] and by 2030, it may 
be responsible for up to 23.5 million deaths yearly.[2] 

These trends are common in all westernized countries, 
including Latin America. In Venezuela, 29.47% of 
all mortality was attributed to CVD in 2012.[3] Given 
the heavy burden CVD represents for public health 
systems, prevention has become a key component 
in clinical practice and research, oriented to the 
identification and management of several risk factors, 
both modifiable and non-modifiable.[4] Regarding 
modifiable risk factors, westernized dietary patterns, 
notable for their high intake of dairy products, refined 
carbohydrates and saturated fats, have been strongly 
linked with the development of not only CVD, but 
also hypertension (HTN), obesity and type 2 diabetes 
mellitus.[5-7]

In 1980, Bang et al.[8] studied the diet of the Eskimo 
population of Greenland, characterized by high intake 
of foods rich in long chain polyunsaturated fatty acids 
(LC-PUFAs), and paradoxically found a low incidence 
of CVD in these individuals.[9] From these pioneer 
studies, different epidemiological and interventional 
investigations have backed the cardioprotective role of 
n-3 LC-PUFAs.[10,11]

Although many beneficial CV effects have been 
ascribed to PUFAs, including hypolipidemic, 
antithrombotic, antihypertensive and antiarrhythmic 
properties,[12,13] the underlying molecular mechanisms 
remain to be elucidated. This review aims to offer an 
integrated state-of-the-art vision into the structure of 
PUFAs and their functions in the CV system.

GENERAL OVERVIEW OF PUFAS

Structure and classification
Fatty acids are molecules consisting of a long linear 
hydrocarbon chain that generally contains a pair 
number of carbon atoms between 12 and 24, with 
a carboxyl (-COOH) group in one end and a methyl 
(-CH3) group in the other.[14] They are termed saturated 
fatty acids when only simple bonds exist between the 
carbon atoms, while those that have one or more 
double bonds are known as unsaturated fatty acids.[15] 
The latter include widely recognized nutritionally 
essential molecules for humans and other animal 
species, including linoleic acid (LA) and α-linoleic acid 
(ALA).[16]

Fatty acids with more than one double bond in their 

chain are called PUFAs, which are classified in 2 main 
subgroups: n-6 long chain PUFAs (n-6 LC-PUFAs) 
and n-3 long chain PUFAs (n-3 LC-PUFAs), which 
are commonly referred to as omega-6 and omega-3 
PUFAs, respectively.[17] The former are LA derivatives 
with 2 double bonds, which are located 6 carbons away 
from the methyl end (18:2Ω6); whereas n-3 LC-PUFAs 
derive from ALA and have 3 double bonds, with the first 
one being in the third carbon of the chain (18:3Ω3)[18,19] 
[Figure 1].

Metabolism and general biologic functions of 
essential PUFAs
The metabolism of both types of PUFAs ends in 
the formation of eicosanoids, which are biologically 
active compounds including prostaglandins (PGs), 
thromboxanes (TXs) and leukotrienes (LTs).[18] 

As shown in Figure 1, arachidonic acid (AA) is 
synthetized from LA (n-6), and is converted by the 
action of cyclooxygenase (COX) and lipoxygenase 
(LOX) into 2-series PGs and TXs and 4-series LTs and 
lipoxines. Although these mediators intervene in both 
the establishment and resolution of the inflammatory 
response, their net effect is predominantly pro-
inflammatory.[19,20] In contrast, ALA (n-3) is a precursor 
of eicosapentaenoic acid (EPA) and docosahexaenoic 
acid (DHA), from which 3-series PGs and TXs, 
as well as 5-series LTs, lipoxins, resolvins and 
neuroprotectins are derived. These compounds have 
chiefly anti-inflammatory effects,[17] which is why 
current nutritional guidelines are oriented towards an 
increase in n-3 PUFAs intake.[21-24] Furthermore, the 
products of both series mediate the regulation of other 
physiological processes, such as the maintenance 
of cell membrane architecture, especially through 
their arrangement in lipid rafts,[25,26] and play a role 
in hemostasis and vasoconstriction, which are further 
explained ahead.[18,27]

Role of PUFAs in cell membrane maintenance
The long hydrocarbon chains and double bonds in EPA 
and DHA exert modifications on the cell membrane 
due to their length and degree of unsaturation.[28] 
These molecules have been demonstrated to 
increase membrane fluidity and modify the size and 
distribution of lipid rafts in aortic endothelial cells 
and rat lymphocyte cultures.[29,30] Lipid rafts are 
dynamic membrane microdomains containing sterols, 
enriched sphingolipids and specific binding proteins, 
which attain a metastable resting state through a 
constellation of lipid-lipid, protein-lipid and protein-
protein bonds.[31] Incorporation of n-3 PUFAs in lipid 
rafts results in decreased cholesterol and sphingolipids 
in these microdomains.[32] This has been confirmed by 
systematic studies in membrane models that suggest 
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cholesterol to be incompatible with environments 
rich in highly unsaturated lipids, as observed in 
phospholipid bilayers containing DHA.[33]

Most of the research on n-3 PUFAs in membrane 
models has centered around DHA.[34] This molecule 
is deemed unique because it contains six double 
bonds and is very flexible, with quick rearrangements 
amidst multiple conformational states.[29] 
Spectrometry studies have revealed DHA-containing 
phospholipids to form their own domains with a 
different arrangement in presence of sphingolipids 
and cholesterol, excluding saturated acyl chains 
from their structure.[35] In addition, because n-3 
PUFAs tend to reject cholesterol, DHA-containing 
phospholipids tend to create non-raft domains which 
may be physically separated on cell membranes. 
This allows proteins to more readily occupy a space 
according to its requirements in a specific domain or 
in amplified rafts.[36] An alternative model points out 
that n-3 PUFAs are probably incorporated in the rafts 
as nanodomains, forcing cholesterol out of rafts.[26] 
This model is also applicable to proteins within lipid 
rafts, where incorporation of n-3 PUFAs into lipid rafts 
forces proteins to relocate to non-raft domains.[26] 
Further research is required to fully understand the 
biologic importance and mechanisms underlying 
the lateral organization of lipid microdomains in cell 
membranes, as well as the modulatory effects of n-3 
PUFAs in this context.[32]       

MOLECULAR MECHANISMS OF PUFAS IN 
CARDIOVASCULAR HEALTH

Chronic pro-inflammatory states 
The anti-inflammatory effects of n-3 PUFAs have been 
widely reported.[37-40] One of the central mechanisms 
is the down-regulation of the synthesis of pro-
inflammatory cytokines such as tumor necrosis factor 
alpha, interleukin 6 and monocyte chemoattractant 
protein-1 (MCP-1)[41-44] in adipose tissue. This occurs 
when EPA and DHA bind to the G-protein coupled 
receptor (GPR120) in macrophages and adipocytes, 
causing its activation and internalization with 
β-arrestin-2, and forming the GPR120/β-arrestine-2 
complex.[45] This complex is then dissociated into the 
transforming growth factor beta (TGF-β) activated 
kinase 1 binding protein 1 (TAB1) that results in the 
inhibition of TGF-β activated kinase 1 (TAK1), and 
thus the down-regulation of the nuclear factor kappa 
B (NF-ĸB) and the inhibition of its function.[44] Besides, 
the incorporation of DHA to the lipid membrane 
disrupts the signaling of toll-like receptor 4 (TLR-4) by 
impeding its translocation to the lipid raft, and inhibiting 
the signaling pathway of MD2/TRIAP-MyD88/IRAK-
TRAF6/IKKβ[41,46,47] [Figure 2]. Also, EPA and DHA 
cause the down-regulation of nicotinamide adenine 
dinucleotide phosphateoxidase, which induces the 
production of reactive oxygen species, a requirement 
for TLR-4 signaling.[41,42] These pathways converge in 
the inhibition of NF-ĸB, diminishing the inflammatory 

Figure 1: Metabolism of n-6 and n-3 polyunsaturated fatty acids. n-3 and n-6 polyunsaturated fatty acids are derived from linoleic acid 
(LA) and a-linoleic acid (ALA). Through various enzymatic reactions, LA is converted into arachidonic acid, responsible of the formation of 
mainly proinflammatory PG and TX. On the other hand, ALA is converted into EPA and DHA, which derive into mostly antiinflammatory PG 
and TX. PGE2: prostaglandin E2; PGD2: prostaglandin D2; PGF2a: prostaglandin F2a; PGI2: prostacyclin I2; PGE3: prostaglandin E3; 
PGI3: prostacyclin I3; TX: thromboxanes; LT: leukotrienes

PGE2,
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response.[44,45] In addition n-3 PUFAs may also prevent 
macrophage infiltration in adipose tissue.[41]

Thrombogenesis
The antithrombotic properties of PUFAs have been 
described since the 1980s, owing to the pioneer studies 
by Bang and Dyerberg.[48] These studies demonstrated 
that the Eskimo diet, characterized by high intake 
of seafood rich in n-3 PUFAs (mainly fish, seal and 
whale), was associated with a low incidence of CVD, 
as well as a decrease in thrombogenesis, evident by 
high incidence of hemorrhages.[49,50]

Even though these effects have been described in 
populations of different latitudes,[51-53] the inverse relation 
between n-3 PUFAs intake, platelet aggregation, 
coagulation and fibrinolysis is still not completely 
elucidated;[54] however, both in vitro and in vivo studies 
have reported that n-3 PUFAs supplementation 
reduces TXA2 synthesis, platelet activation and 
adhesion,[55] and decreases plasminogen activator 
inhibitor-1 (PAI-1) activity and concentration.[56]

The mechanisms by which n-3 PUFAs decrease 
thrombogenesis have been extensively studied, 
especially in platelets. High n-3 PUFA intake, 
especially EPA and DHA, appears to favor the 

replacement of AA in cell membrane phospholipids, 
decreasing the binding rate of AA to COX-1, resulting 
in reduced TXA2 synthesis, a vasoconstriction and 
platelet aggregation-promoting molecule.[57] On the 
other hand, this secondarily increases the production 
of TXA3, which exerts a significantly lower biological 
activity than TXA2.[58] Another mechanism observed 
with in vivo studies is the capacity of n-3 PUFAs 
to act as TXA2 and PG H2 antagonists, through 
the synthesis of protectin DX, a product of DHA 
dihydroxylation obtained by the action of LOX.[59] This 
compound also has the capacity to inhibit both COX-1 
and COX-2 in platelets and neutrophils, significantly 
decreasing both platelet activation and aggregation 
[Figure 3].[60,61]

In contrast, views on the mechanisms underlying 
the anticoagulant effects of n-3 PUFAs remain 
controversial. Some studies suggest these molecules 
may interfere in the carboxylation of vitamin 
K-dependent coagulation factors II, VII, IX and X;[62,63] 
while other studies attribute more relevance to a 
modification in serum fibrinogen levels.[64] Similarly, 
the role of n-3 PUFAs in fibrinolysis remains unclear,[65] 
however it has been proposed that by unknown 
mechanisms, they alter PAI-1 synthesis through a 
genetic pathway.[66]      

Dyslipidemia
The effects of n-3 PUFAs on serum lipids were also 
first ascertained by Bang and Dyerberg[67] in their 
emblematic study on the Eskimo population. Results of 
this study showed that individuals who stayed in their 
birthplace had lower levels of triacylglycerides (TAG), 
very low-density lipoproteins (VLDL-C) and low-density 
lipoproteins (LDL-C), whereas those who later migrated 
to Denmark showed a serum lipid profile similar to 

Figure 2: Role of polyunsaturated fatty acids in proinflammatory 
cytokine synthesis. EPA and DHA inhibit the production of 
proinflammatory cytokines through different mechanisms: (1) 
binding of EPA and DHA to the G protein-coupled receptor 
(GPR120) leads to its activation and binding to β arrestin-2, which 
then dissociates into TAB1 and inhibits TAK1, thus interrupting 
the IKKβ/NF-κB cascade; (2) the inclusion of EPA and DHA 
into the lipid bilayer, which modifies lipid rafts and interrupts the 
translocation of TLR-4 and the MD2/TRIAP-MyD88/IRAK-TRAF6/ 
IKKβ/NF-κB pathway, thus inhibiting the production of cytokines, 
showing the antiinflammatory action of EPA and DHA

Figure 3: Role of polyunsaturated fatty acids in thrombogenesis. 
n-3 PUFAs exert their antithrombotic effect on platelets via two 
main processes: (1) replacement of arachidonic acid in the platelet 
membrane, which causes a decrease in the action of COX-1 
on arachidonic acid, diminishing TXA2 synthesis and favoring 
the synthesis of TXA3; (2) activity as TXA2 antagonists through 
the synthesis of protectin DX, a molecule from the lipoxygenase 
pathway, which inhibitis COX-1 and COX-2. PUFA: polyunsaturated 
fatty acids; TXA2: thromboxane A2; TXA3: thromboxane A3; COX-
1: cyclooxygenase 1; COX-2: cyclooxygenase 2
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that of the Danish population. Thus, environmental 
factors - namely dietary n-3 PUFA intake - may exert a 
preponderant impact on serum lipids.[68]

Among these actions on lipid metabolism, the TAG-
lowering effect has been found to be the most robust in 
large epidemiological studies;[69] however, it appears to 
be largely modifiable by the overall dietary composition, 
as elevated carbohydrate and saturated fat intake may 
surpass the effect of n-3 PUFAs due to increased TAG 
synthesis and storage.[69,70] In addition, the magnitude 
of the lipid-lowering effect of n-3 PUFAs depends on 
each subject’s basal serum lipid levels, as greater 
decreases are observed in subjects with higher TAG 
levels.[70,71]

The mechanisms by which n-3 PUFAs achieve 
these effects on TAG are related to the decrease 
of their hepatic synthesis via competitive inhibition 
of the enzymes involved, especially 1,2 diglyceride 
acyltransferase, which catalyzes the conversion 
of diacylglycerides into TAG.[72] In addition, PUFAs 
have high affinity for several peroxisome proliferator-
activated receptor (PPAR) subtypes, particularly 
PPAR-α, a nuclear transcription factor highly 

expressed in adipose tissue and skeletal muscle.[73] 
When PPAR-α is activated by specific substrates like 
PUFAs, it favors the synthesis of enzymes involved 
in lipid catabolism.[74] Therefore, n-3 PUFA intake 
promotes the β-oxidation of fatty acids in peripheral 
tissues, which contributes to the catabolism of 
circulating TAG in chylomicrons and VLDL-C. This 
results in diminished traffic of non-esterified fatty 
acids to hepatocytes, causing an additional reduction 
in the input of substrates for TAG synthesis, further 
decreasing the hepatic production of VLDL-C.[72]

Additionally, PUFAs downregulate the sterol regulatory 
element-binding protein 1c (SREBP1c), which 
modulates the expression of genes involved in the 
synthesis of fatty acids and TAG.[75,76] PUFAs inhibit 
SREBP1c activity in the liver by antagonizing the 
liver X receptor alpha, a nuclear receptor found in 
hepatocytes that regulates the synthesis of SREBP 
and the SREBP inhibitor protein.[77,78] Another reported 
genetic mechanism is the ability of PUFAs to inhibit 
the hepatic maturation of the carbohydrate-responsive 
element-binding protein, a transcription factor related 
to the expression of enzymes involved in TAG 
synthesis[79] [Figure 4].    

Figure 4: Role of polyunsaturated fatty acids in triacylglyceride metabolism. PUFAs decrease TAG through various mechanisms: (1) 
competitive inhibition of DAT; (2) activating PPAR-a, which promotes the transcription of enzymes involved in lipolysis and fatty acid 
transport; (3) suppressing the activity of SREBP-1c which regulates the expression of genes involved in fatty acid and TAG synthesis. 
PUFA: polyunsaturated fatty acid; DAT: 1,2 diglyceride acyltransferase; TAG: triacylglycerides; PPAR-a: peroxisome-proliferator activated 
receptor alpha; RXR: retinoid X receptor; LXR-a: liver X receptor alpha; SREBP-1c: sterol regulatory element-binding protein 1c; SCAP: 
SREBP inhibitor protein; PPRE: PPAR response elements
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These TAG-lowering mechanisms are accompanied 
by a secondary decrease of VLDL-C: in vitro studies 
have described PUFA-mediated  activation of non-
proteosomal degradation of apolipoprotein B (Apo B). 
This protein, found in the membrane of chylomicrons, 
LDL-C and VLDL-C, allows the transport of lipids 
towards peripheral tissues.[80] Activation of this pathway 
results in the selective degradation of the Apo B which 
would have been integrated into naïve VLDL, thus 
reducing liver secretion of this lipoprotein.[81,82]

Several randomized studies have shown that PUFAs 
also contribute to a slight increase of high density 
lipoprotein (HDL-C), ranging between 2.3-7.9% for 
EPA, and 2.9-18.3% for DHA.[83,84] PUFA-mediated 
reduction of cholesteryl ester transfer protein (CETP) 
activity may be accountable for this effect, as it would 
lead to a decrease in the net flow of cholesterol esters 
from HDL-C to LDL-C and VLDL-C. Recent in vitro 
studies also suggest PUFAs to be regulators of CETP 
and apolipoprotein A1 gene expression.[85,86]

On the other hand, the effects that PUFAs exert on 
LDL-C are yet to be defined. A study on adult women 
by Ooi et al.[87] where the effects of diets with high 
and low fish intake (1.23 g/day and 0.27 g/day of 
EPA and DHA, respectively) were assessed showed 
a non-significant decrease in serum LDL-C levels for 
both diets. However, significantly lower Apo-B100 
concentration, greater LDL-C Apo-B100 production 
rate and higher conversion percentage of TAG-rich 
lipoproteins (TRL) into LDL-C were reported in high fish 
intake diets. Other studies have reported that EPA and 
DHA supplement intake considerably increases LDL-C 
levels when compared to placebo and EPA-exclusive 
intake.[88] However, recent evidence suggest that EPA 
as opposed to DHA has more prominent effects on 
LDL in patients with hyper-TG due to its antioxidant 
properties in various Apo B-containing proteins,[89] 

improving secondarily endothelial function and 
inflammatory profile.[90] Studies in animals suggest that 
very high intake of PUFAs of marine origin increases 
the union of the TRL to the endothelial LPL, prolonging 
the interaction period and thus resulting in a boost 
of LDL-C formation. Furthermore, very high intake of 
n-3 PUFAs has been found to boost the production of 
smaller TRL with less amount of Apo-E, which show a 
tendency to convert into LDL-C;[91] as well as increase 
the expression of hepatic LDL-C receptors, amplifying 
its catabolism.[92] Indeed, the effects of PUFAs on 
LDL-C levels appear to significantly vary across 
specific PUFA types and quantity.[88,89]

Hypertension
The role of HTN as one of the main independent risk 

factors for CVD has been widely recognized along with 
the role of n-3 PUFAs on its management.[7] However, 
recent findings have shown that maintaining normal 
blood pressure (BP) levels even in non-hypertensive 
individuals significantly lowers the incidence of CVD, 
representing important evidence for the use of n-3 
PUFAs as a powerful preventive intervention.[93] 
A recent study by Huang et al.[94] on 1,154 Chinese 
adults found hypertensive subjects to have lower 
plasma PUFA concentrations when compared to 
healthy counterparts. This echoes the results of a 
previous study on 447 Eskimo people, where both 
high dietary intake and elevated plasma levels of n-3 
PUFAs were associated with lower levels of diastolic 
blood pressure.[95]

PUFAs may regulate BP through various mechanisms, 
most powerfully through conversion into vasodilator 
PG and promotion of renin release from the kidney.[96] 
Moreover, it has been demonstrated that a diet 
rich in n3-PUFAs suppresses the activity of the 
angiotensin-converting enzyme, reduces the 
formation of angiotensin II, improves the generation 
of eNO (endothelial nitric oxide) and suppresses the 
expression of TGF-β.[97] Recently, in murine models 
with angiotensin II-dependent HTN, the combination of 
a soluble epoxide hydrolase inhibitor along with a diet 
rich in n3-PUFAs was tested, showing higher levels of 
EPA and DHA epoxides and a reduction of inflammatory 
markers in the kidney (PGs and MCP-1), contributing 
to a decrease in systolic BP and inflammation.[98]

Various cytochrome P450 (CYP) isoforms have also 
been identified in the physiological production of 
active metabolites of AA, EPA and DHA as alternative 
substrates.[99] In this context, Agbor et al.[100] 

demonstrated the contribution of isoform CYP1A1 
tothe metabolism of n3-PUFAs, and the activation 
of endothelial nitric oxide synthase and consequent 
increase innitric oxide (NO) bioavailability associated 
with a diet rich in n3-PUFAs [Figure 5].

Furthermore, a study by Hoshi et al.[101] exposed the 
activation of large conductance Ca2+-activated K+ 
channels by DHA, through a fast and reversible stimulus 
independent of Ca2+ concentration. However, the exact 
bonding site remains to be identified. The activation of 
these channels in smooth muscle cells allows passive 
K+ efflux, which translates into the hyperpolarization of 
the cell membrane and thus its hypotensive effect.[102]

On the other hand, modifications in fatty acid 
composition in the lipid matrix of the cell membrane 
play an important role in the pathogenesis of 
hypertension.[103] A decrease of PUFAs in the cell 
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membrane of erythrocytes leads to a decrease in 
the negative charge of the membrane, with reduced 
phospholipid fluidity, activation of the synthesis of 
proinflammatory eicosanoids, and increased  sensitivity 
of arterial smooth muscle cells to vasoconstrictive 
effects.[103,104]

Myocardial function
Reports from different human and animal models have 
demonstrated that n-3 PUFAs improve left ventricular 
inotropic function, without causing hypertrophy 
or increase in blood pressure.[105] The underlying 
mechanism involves an increase in the activity of myosin 
ATPase and Na+/K+ ATPase, and the expression of 
Ca2+ ATPase in the sarcoplasmic reticulum, which are 
associated with positive inotropism, and maintenance 
of intra-sarcoplasmic reticulum calcium concentration 
and the sodium calcium exchanger (NCX).[106,107] 

Furthermore, an indirect effect is achieved through 
an increase in ventricular efficiency, which is defined 
as the production of the highest ejection volume with 
the lowest possible oxygen consumption, and the 
decrease in blood pressure.[108] This is possible due 
to the incorporation of DHA in the cell membrane,[109] 

influencing the eicosanoids mechanism and 
modulating cellular Ca2+ and its signaling pathways.[110] 
On the other hand, it has also been attributed to the 
shortening in the monophasic action potential due to 
the suppression of ATP-dependent K+ channels in the 
sarcolemma.[111]

Another proposed mechanism is the increase in the 
Na+/K+ ATPase activity, which boosts Na+ 
concentrations, diminishing the intracellular Ca2+ 

concentrations due to its effect in NCX activity in the cell 
membrane.[112] In addition, it has been demonstrated 
that the Na+/K+ ATPase activation modulates the 
function of L-type Ca2+ channels, which causes 
a greater release of calcium by the sarcoplasmic 
reticulum and higher intracellular Ca2+ gradients during 
systole, increasing contraction strength.[113]

Cardiac arrhythmia
Several studies have reported an association between 
n-3 PUFA intake and a lower risk of CVD-related 
death, specifically from ischemic events, where the 
myocardium is more prone to suffer irregularities in its 
electric activity that can lead to sudden death.[114,115]

Myocardial cells at the border of the ischemic zone 
have a relatively depolarized resting potential and can 
potentially generate ventricular fibrillation because of 
how easily they can be excited.[114] Because of this, an 
elevation in n-3 PUFAs stabilizes the high excitability 
of these partially depolarized cells in the ischemic 
myocardium. This prevents spontaneous or premature 
depolarization,[116] resulting in a longer refractory 
period and an increase in the voltage needed for the 
cellular depolarization.[117-120] More specifically, n-3 
PUFAs can inhibit voltage-dependent Na+, K+ and 
Ca2+ channels, as well as Na+/Ca2+ exchangers and 
Ca2+-activated K+ channels.[121] Consequently, these 
changes lower membrane excitability,[122] translating to 
a net membrane-stabilizing effect.[116,123]

Finally, an antiarrhythmic mechanism has been 
implicated in the role that n-3 PUFAs play in autonomic 
control, by increasing the vagal tone.[124,125] Recent 

Figure 5: Role of polyunsaturated fatty acids in hypertension. n3-PUFAs intervene in blood regulation through the following pathways: (1) 
conversion into prostaglandins via the cyclooxygenase pathway, causing vasodilation of the smooth muscle in arterial walls; (2) inhibition 
of ACE, reducing the synthesis of AT-II, thus leading to a decrease in blood pressure; (3) promotion of cytochrome P450 isoforms such 
as CYP1A1, which contributes to the activation of eNOS, increasing the bioavailability of nitric oxide and thus causing vasodilation; (4) 
incorporation into the lipid matrix of the erythrocyte membrane, where they lead to a an increase, and a decrease in the sensitivity of arterial 
smooth muscle cells to vasoconstrictive effects. ACE: angiotensin-converting enzyme; AT-II: angiotensin II; eNOS: endothelial nitric oxide 
synthase; PUFA: polyunsaturated fatty acids
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evidence highlights that the effect n-3 PUFAs exert 
on the electrophysiology of the ventricles and atria 
relies on their favorable action on cell-cell connections 
by modulating the expression and phosphorylation of 
connexin-43[125,126] [Figure 6]. 

Ischemia/reperfusion 
Although the restoration of blood flow in the ischemic 
myocardium is essential for tissue survival during 
acute myocardial infarction, its reperfusion may 
directly accelerate the ischemic process or increase 
the myocardial injury in a phenomenon known as 
“reperfusion injury”.[127-129] Important studies have 
reported that this event is responsible for up to 50% 
of the final infarction size.[130] PUFAs appear to be 
associated with reduced ischemic/reperfusion injury 
and thus with a better recovery after a coronary event.[131]

During ischemia/reperfusion, increased n-3 PUFA 
content in the mitochondrial membrane may contribute 
to stabilization and thus lower myocardial oxygen 
consumption (MVO2), thereby attenuating the 
thermodynamic inefficiency caused by hypoxia.[132,133] 
In addition, a lower MVO2 could diminish vulnerability 
to arrhythmia through the energetic maintenance 

of transmembrane potentials during episodes of 
ischemia.[133]

A study on 211 patients with ST segment elevation 
myocardial infarction who underwent reperfusion by 
percutaneous coronary intervention found patients with 
higher levels of n-3 PUFAs (EPA + DHA ≥ 155 mg/mL) 
had a lower incidence of reperfusion injury than 
those with lower levels of n-3 PUFAs (EPA + DHA < 
155 mg/mL).[134] Although the antiarrhythmic effect may 
exert the most potent impact in ischemia/reperfusion 
injury,[135] other supplementary actions may also 
intervene, including antithrombotic, anti-inflammatory 
and vasoactive effects.[136-138]

CONCLUSION

As has been described in review, n-3 PUFAs boast 
several beneficial effects in CV physiology and 
pathophysiology [Figure 7]. Notwithstanding current 
available evidence supporting the administration of 
n-3 PUFAs as a therapeutic intervention in CVD, 
further research is required to better characterize the 
underlying molecular mechanisms, as well as refine 
recommendations for their clinical use. Indeed, one 

Figure 6: Antiarrhythmic effects of polyunsaturated fatty acids. n-3 PUFAs show several potential antiarrhythmic properties: (1) membrane 
potential stabilization by decreasing transmembrane io trafficn; (2) inhibition of the activity and expression of connexins, decreasing the 
conductivity of myocardial tissue; (3) increase in vagal tone, decreasing heart rate, conductivity and myocardial excitability. NCX: sodium-
calcium exchanger; Cx43: connexin-43; PUFA: polyunsaturated fatty acids
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of the most pressing issues is the assessment of 
potential adverse effects linked to the therapeutic 
implementation of n3-PUFAs, along with the 
determination of adequate dosing and sources for these 
molecules in a myriad of specific clinical scenarios.
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1: cyclooxygenase 1; DAT: 1,2 diglyceride acyltransferase; TAG: triacylglycerides; NF-kB: nuclear factor kappa B; TLR-4: toll-like receptor 4; 
VLDL: very low-density lipoproteins
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Takotsubo cardiomyopathy (TC) is a syndrome that predominantly affects postmenopausal 
women and is characterized by transient regional systolic dysfunction of the left ventricle 
which occurs in the absence of angiographic evidence of significant obstructive coronary artery 
disease. It is often but not always triggered by emotional or physical stressful stimuli. In most 
cases, the regional ventricular dysfunction extends beyond a single epicardial coronary artery 
territory. It typically involves the apex, with rare atypical presentations involving the base and 
right ventricle. Although the pathophysiological underpinnings of TC have not been completely 
elucidated, possible mechanisms include catecholamine overactivity, diffuse multivessel 
coronary spasm, microvascular dysfunction and estrogen deficiency. The prevalence of diabetes 
mellitus has been noted to be low in multiple studies of patients with TC. In this review, the 
authors discuss the association between diabetes mellitus and TC, with a special emphasis on 
the possible protective effect of diabetes mellitus in development of TC.
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INTRODUCTION

Takotsubo cardiomyopathy (TC), also known as apical 
ballooning syndrome or broken heart syndrome, 
is a syndrome characterized by transient regional 
systolic dysfunction of the left ventricle that occurs in 
the absence of angiographic evidence of significant 
obstructive coronary artery disease (CAD).[1,2] It is 
usually but not always triggered by emotional or 
physical stressful stimuli. It is predominantly seen in 
postmenopausal women. The syndrome may acutely 
mimic as an acute coronary syndrome; however the 
regional left ventricular dysfunction extends often 

beyond a single epicardial coronary artery territory. 
The first case was reported by Sato in Japan in 1990,[3] 

and since then, this syndrome has been increasingly 
recognized around the globe. The typical and most 
common presentation consists of apical dysfunction 
leading to apical ballooning appearance on coronary 
angiography, with basal hypercontractility. Atypical 
variants/presentations of TC are rare, and include 
transient dysfunction of basal, mid ventricular or right 
ventricular myocardium, with apical sparing. Although 
the pathophysiological underpinnings of TC have not 
been completely elucidated, possible mechanisms 
include catecholamine over-activity causing myocardial 
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stunning, diffuse multi-vessel coronary spasm, 
microvascular dysfunction and estrogen deficiency.[4]

An increased catecholamine surge leading to 
exaggerated cardiac sympathetic stimulation has 
long been thought to be a plausible mechanism of TC 
pathogenesis. Animal studies using rat models have 
provided further evidence that left ventricular apical or 
midventricular dysfunction in TC patients could be a 
result of catecholamine mediated effects on cardiac 
beta receptors, particularly the pleiotropic β2 receptors. 
This is related to epinephrine and isoprenaline 
mediated switching of beta receptor activation from 
cardiostimulation to cardioinhibitory pathways, via 
the activation of Gi proteins, instead of Gs proteins.[5] 
Exaggerated sympathetic stimulation has been 
inferred from markedly elevated plasma catecholamine 
levels, both epinephrine and norepinephrine, in TC 
patients.[5] The specific mechanism of catecholamine 
mediated myocardial stunning is unclear, with possible 
mechanisms being decreased myocardial blood flow 
or direct catecholamine myocardial toxicity. Coronary 
microvascular dysfunction leading to impaired 
microcirculatory perfusion and myocardial stunning 
has also been thought to play a significant role in the 
development of TC.[4,6,7] Human and animal studies 
have illustrated the primary role of autonomic nerves 
innervating the heart and a secondary role of the 
adrenal medulla with sympathetic and parasympathetic 
influences on neurovisceral myocardial injury.[5] Neural 
disconnection between the brain and the heart in brain 
death and cardiac transplantation have been shown 
to blunt neuromyocardial damage and cause an 
amelioration of electrocardiographic abnormalities.[5] 
Similarly, diabetes mellitus (DM) is associated 
with autonomic neuropathy and thus may exert an 
independent potential influence on the pathogenesis 
of TC.[1] This article aims to review the association 
between DM and TC, based on the knowledge gained 
from the recent studies.

DATA

We searched PubMed/Medline, Scopus and Google 
Scholar for original articles published between 
1990 and 2016, focusing on TC and DM.[1] The 
keywords used to conduct the relevant literature 
search, alone and/or in combination, were “takotsubo 
cardiomyopathy”, “stress cardiomyopathy”, “apical 
ballooning syndrome”, “diabetes”, “diabetes mellitus”, 
“prevalence”, “incidence” and “association”. All 
articles published in the English language were 
then independently reviewed. Papers included were 
original research, review, case reports and relevant 
correspondences. After a comprehensive review of 
the articles selected, we used literature relevant to our 

current discussion.

Retrospective studies
A large international collaborative systematic review 
sought to evaluate the prevalence of comorbidities, 
cardiovascular and others, in TC patients.[8] The authors 
evaluated 19 large case series between 2007 and 2013 
which included 1,109 patients with TC. Among the 
1,109 patients with TC (86% females), hypertension 
was present in 54% (range 27-83%), dyslipidemia in 
32% (range 7-59%), but DM in only 17% (prevalence 
ranging between 4-34%). Of all the 19 studies, 11 
demonstrated DM prevalence to be < 14%, with 6 
studies demonstrating a prevalence rate of DM < 10%. 
Although there was no control group for comparison 
of the TC patients to the general population, or to the 
population of acute myocardial infarction (MI) patients, 
the authors concluded that traditional cardiovascular 
risk factors are commonly prevalent in TC patients, with 
frequencies similar to those seen in acute MI patients.[8] 
However, the prevalence of DM in this study appeared 
to correlate with the rates demonstrated by a large 
metanalysis,[5] which led to support the hypothesis of 
DM being a protective factor in TC patients. 

A Spanish study comprising 328 TC patients compared 
the “primary” (265 patients) and “secondary” (63 
patients) forms of TC.[9] Primary TC was described as 
that triggered by a psychic stress or without stressful 
stimulus. Additionally, secondary TC was described 
as the one triggered by the presence of physical 
stressors such as sepsis, intracranial hemorrhage 
or cerebrovascular accident, severe trauma, 
bronchospasm, surgery or other critical illnesses. 
Patients with secondary TC forms demonstrated more 
hospital complications, higher major adverse cardiac 
events, higher mortality and higher rates of recurrence. 
The prevalence of hypertension was 68.3% in the 
primary TC cohort and 60.3% in the secondary TC 
cohort. Dyslipidemia was seen in 44.9% and 41.2% in 
the primary and secondary forms of TC respectively. 
The prevalence of DM was overall low (13.1%), and 
the prevalence in the primary and secondary forms of 
TC, was 12.8% and 14.2%, respectively. Hypertension 
was slightly more and DM was slightly less prevalent 
in the “primary” TC group compared to the “secondary” 
TC group.[9,10] Thus, this study further underscores the 
low rates of DM in TC patients.

In another small retrospective study, the role of 
coronary microvascular function in patients with TC was 
compared with controls without CAD, using invasive 
angiography and TIMI frame counts.[11] The prevalence 
of DM was low (only 6.25%), again suggesting that the 
presence of DM may confer a protective effect in the 
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development of TC. 

In this retrospective study based on the National 
Inpatient Samples (NIS) Database 2008 to 2009, a 
total of 24,701 patients with takotsubo cardiomyopathy 
were identified (mean age was 66.9 ± 30.7 years 
with patients aged > 64 years comprising 59.6% 
of the group).[12] Among the patients with TC, 89% 
were females and 11% males. Although the primary 
outcome of the study was in-patient mortality but other 
associated chronic comorbidities were also reported. 
The prevalence of hypertension and hyperlipidemia 
was found to be 58.4% and 37.5% respectively. And 
the prevalence of diabetes mellitus was 18.9%, which 
was lower than the prevalence of diabetes in the 
general population group aged ≥ 65 years (25.9% in 
general population aged > 65 years, National Diabetes 
Statistics Report 2014).

In a retrospective study and analysis of the electronic 
medical records of patients diagnosed with apical 
ballooning syndrome or stress cardiomyopathy at Mayo 
Clinic, a total of 224 patients were included (94.6% 
were females and mean age 71.7 ± 10.4 years).[13] 
Hypertension was present in 70.9% of the patients 
while diabetes was present in only a small percentage 
of the patients (13.8%). Again, this study supports the 
protective role of diabetes in TC.  

In a different retrospective descriptive study reviewing 
patients with the discharge diagnosis of TC between 
2003 and 2014 at Einstein Medical Center in 
Philadelphia, a total of 206 TC patients were identified.[14] 
Overall mean age was 67.8 years. Out of the 206 
patients, 179 (87%) were females and 41 (19%) had 
diabetes. As compared to the low prevalence of diabetes 
in these patients, the prevalence of hypertension was 
seen to be much higher (68.4%).

In a retrospective study of 5,484 patients referred to the 
coronary care unit for acute coronary syndrome (ACS) 
between 2001 and 2013, the clinical records were 
studied and reviewed.[15] Out of this, 90 patients were 
found to have TC. The mean age of patients with TC 
was 71.9 ± 12.7 years and 97% were females. While 
the prevalence of hypertension was comparable in 
both groups (46% and 47% in TC and ACS group), DM 
was present in only 9% of TC patients as compared to 
17% of patients with ACS. A lower prevalence of DM in 
TC again signifies its protective effect in the disease.

In another study utilizing the NIS Database data 2007 
to 2012, Khera et al.[16] identified 22,005 patients who 
were discharged with a primary diagnosis of TC in the 
US. The number of hospitalizations was seen to have 

increased nearly 3-fold, from 1,642 cases in 2007 to 
5,480 cases in 2012. The mean age of patients with 
TC was 65.7 years and more than 9 out of 10 (92.0%) 
were women. Whereas hypertension was present in 
64.2% patients (ranging 59.2-67.6%), uncomplicated 
DM was seen in only 18% of the patients (ranging 
15.6-19.3%). On the other hand, complicated DM 
was found to be present in even a lower percentage 
of TC patients (only 2.6%, ranging 1.4-3.2%). This 
study strongly supports the role of diabetic autonomic 
neuropathy/end-organ damage protecting the heart 
from catecholamine damage in TC.

Prospective studies
In a multi-center study conducted prospectively in 
Europe and North America between January 2005 
and October 2010, 256 patients with TC were included 
and assessed at initial presentation as well as 1-6 
months after the acute event (mean age 69 years and 
89% females).[17] Whereas hypertension was noted in 
73% of the patients, DM was noted in only 19% of the 
patients. This data also depicts a low prevalence of DM 
in TC.

Another prospective study comprising 100 patients 
(between 2002-2010) was conducted to determine 
the incidence of TC and associated risk factors for the 
development of heart failure in TC.[18] The mean age 
was 68 years and 89% were post-menopausal women. 
While hypertension was present in 68% of the patients 
with TC, DM was present in only 18% of the patients. 
As seen in other studies, this study also suggests a 
protective role of DM in TC.

Registries
In a large multicenter prospective registry (RETAKO 
registry, Spain), 202 patients with TC were studied 
(90% females, mean age 70 years).[19] The incidence 
of DM was 15% while the prevalence of other standard 
cardiac risk factors including hypertension and 
dyslipidemia were 69% and 41% respectively. This 
study again suggested a relative low prevalence of DM 
in TC. 

A more recent study utilizing the data from the 
International Takotsubo registry compared 455 patients 
with TC to age and gender matched patients with ACS 
(mean age 67.7 ± 12.5 years and 68.7 ± 12.3 years, 
respectively and 90.3% women in both cohorts).[20] DM 
prevalence was 12.8% in the TC group, and 26.6% 
in the ACS cohort. Prevalence of hypertension was 
comparable among both the cohorts (about 65% in 
each cohort).[20,21] Thus, this study further strengthens 
the hypothesis of DM being possibly protective against 
the development of TC.  
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In this partial retrospective and partial prospective study, 
190 patients enrolled in the Takotsubo Italian Network 
Registry were selected (mean age 66.0 ± 11.4 years).[22] 
Out of these 190 patients, 175 were female (92%). As 
compared to the prevalence of hypertension, which 
was found to be 48.4%, the prevalence of diabetes 
was found to be very low (5.7%). Thus, this study also 
favors the notion of DM playing a protective role in TC.

Case control studies
In a case-control study utilizing the NIS 2008-2009, 
Falola et al.[23] identified 1,724 patients with TC 
(average age 65.3 years) as cases. When cases 
were compared with controls [patients admitted with 
ST-Elevation myocardial infarction (STEMI) for initial 
care], it was seen that females comprised 90.2% of the 
patients in the TC group vs. only 35.7% in the STEMI 
(control) group. The prevalence of hypertension 
was noted to be 58.6% and 66% among the cases 
and control groups respectively. On the other hand, 
diabetes was considered as a protective factor for TC 
as the prevalence of diabetes in TC cases was quite 
low (1.6%). DM prevalence was significantly lower 
in TC patients when compared to those with STEMI 
(odds ratio 0.3, P < 0.0001).[23]

In another case control study, a total of 505 TC patients 
were identified from the Swedish Angiography and 
Angioplasty Registry between 2009 and 2013 using the 
Mayo Clinic criteria.[24] The TC patients were matched 
for age and gender with controls with and without CAD. 
All the patients presented with an acute event/chest 
pain and underwent coronary angiography to identify 
the underlying cause. Among the 505 patients with 
TC, 442 (87.5%) were women with a mean age of 67 
± 10 years. Only 33 patients with TC (6.5%) had DM 
as compared to 200 patients (19.8%) with CAD, which 
further supports that DM plays a protective role in TC.

In another Polish case-control study, 101 patients 
hospitalized with TC were studied.[25] The control group 
consisted of 101 female patients diagnosed with anterior 
myocardial infarction with STEMI. The mean age was 
67.6 ± 14.2 years in the TC group vs. 72.1 ± 13.1 years 
in the control group. Females comprised 89.5% of the 
TC group. Whereas the prevalence of hypertension 
was comparable in both the groups (63.2% in the TC 
group and 68.3% in the control group), DM prevalence 
was significantly lower in those with TC (12.6% in the 
TC group and 29.7% in the control group).

Meta-analysis
In a meta-analysis of 959 papers including 794 
single or multiple patient case reports and 165 case 
series, comprising a total of 33,894 TC patients, the 

prevalence of DM and hypertension was evaluated.[5] 
The identification of the prevalence of DM was the 
primary purpose of this analysis, with the prevalence of 
hypertension used as an index of representativeness 
of the TC patients to the general population. Five 
sub-analysis were performed in this study. In the first 
analysis, which included all TC patients including 
single case reports and small and large case series, 
comprising 33,894 patients (mean age 67.3 years 
and 89% females), 57.4% had hypertension, while 
the prevalence of DM was only 16.8%. In the second 
analysis (included only data from single patient case 
reports or patient series with patient data reported 
individually), comprising 1,085 patients (mean age 61.7 
years and 86.3% females), 42.8% had hypertension and 
only 10.2% had DM. In the third analysis, using patient 
case series with patient data reported collectively and 
excluding individually reported patients and comprising 
32,809 patients (mean age 67.3 years, 89% females), 
57.9% had hypertension while the prevalence of DM 
was 17%. In the fourth analysis (TC patients aged > 60 
years, from case reports and case series with patient 
data reported individually) of 687 patients (mean age 
72.2 years and 89% females), 50.4% had hypertension 
while the prevalence of DM was 11.9%. Finally, in 
the fifth analysis (TC patients > 65 years from singe 
patient case reports and case series in which data 
on patients were reported individually), comprising 
550 TC patients (mean age 74.6 years and 91.1% 
females), 52.2% had hypertension while only 12.5% 
had DM. All five analyses in this study thus consistently 
indicated a high prevalence of hypertension (> 50%), 
similar to the global and US rates of hypertension 
prevalence (prevalence of age adjusted hypertension 
was 65.4% for those > 60 years in the National Health 
and Nutrition Evaluation Survey or NHANES study and 
60-65% globally). Given that hypertension prevalence 
was used an index of representativeness of the TC 
patients to the general population in this meta-analysis, 
it was assumed that the TC patient population was a 
comparable representative of the general population. 
Conversely, in all 5 analyses, DM had a low prevalence, 
with prevalence rates of 16.8%, 10.2%, 17%, 11.9% 
and 12.5%, respectively. These prevalence rates 
were significantly lower than prevalence rates of DM 
in similar age matched populations. Furthermore, this 
study was a global analysis, using TC patients from 
the entire world literature of TC. Global estimates of 
DM prevalence in the elderly is around 20%, and in 
this study, was 11.9% and 12.5% in the individual 
case analyses of patients over 60 and 65 years of 
age, respectively. Thus, the prevalence of DM in the 
TC patients was approximately half the expected 
prevalence rate of DM. In addition, in an analysis of 
14 case series, with each case series comprising over 
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100 TC patients, the prevalence of DM ranged from 
1.6% to 25.5%. The prevalence of DM in 9 out of the 14 
patient series was < 16%, lower than the rates in the US 
and the global population. In addition, the prevalence 
of DM in 5 of the 14 patient series was < 9%, which 
is only one third the prevalence of DM in the general 
population over 65 years of age. The prevalence of 
hypertension ranged from 27.0% to 73.0%, and was 
over 50% in 10 of the 14 series, which is similar to 
the rates of hypertension prevalence in the US and 
the global population. In conclusion, results of all 
sub-analyses of the study demonstrated a compelling 
evidence to suggest a much lower prevalence of DM in 
TC and are suggestive of a potential protective effect 
of DM in the development of TC [Table 1].

DISCUSSION

This data raises a possibility that sympathetic blockade 
and sympathectomy may be effective in preventing 
stress related cardiac dysfunction.[26,27] The protective 
effect of DM in TC may be secondary to autonomic 
neuropathy and/or hypo secretion of catecholamines 
in diabetic patients.[26-30] Diabetic neuropathy can affect 
up to 50% of patients with both type-1 and type-2 DM, 
with reduction of counter regulatory catecholamine 
secretion.[5] The pathogenesis of TC is thought to 
involve an autonomic or catecholamine storm, with 
primarily locally released catecholamines and blood 
borne systemic catecholamines. Since cardiac 
autonomic innervation is extensive, the catecholamine 
toxicity results in neurocardiac deleterious effects and 
myocardial stunning. Autonomic neuropathic changes 
in diabetics result in neuropathic changes in splanchnic 
autonomic sympathetic nerves or in adrenal chromaffin 
cells which are innervated by these autonomic nerves, 
and result in hyposecretion of epinephrine by the 
adrenals. Diabetic patients may also have autonomic 
neuropathy of cardiac sympathetic nerves. Clinical 
studies have documented reduced norepinephrine 
release in cardiac tissue in patients with type-2 DM 
and this has also been seen in rat models.[5] Thus, DM 
may serve as a protective factor in the development of 
TC with blunting of cardiac and splanchnic autonomic 
nervous system effects, with reduced local cardiac 
norepinephrine release and reduced systemic 
epinephrine release [Figure 1].[28,29] Animal studies 
showing the beneficial effects of sympathetic blockade 
on prevention of development of TC may further 
support the sympathetic/catecholamine surge model 
of pathogenesis of TC.[31]

One may thus speculate that diabetic patients with 
more severe disease or prolonged disease duration 
may be comparatively more immune towards the 

development of TC.[10,29,30] However, almost certainly, 
an interplay of factors such as DM, magnitude of the 
stressful stimulus (physical and emotional), presence 
and severity of the associated comorbid conditions 
and illnesses, would collaboratively play a role in the 
pathogenesis of TC. Thus, severe stressful triggers, 
physical and emotional and/or severe illness such as 
sepsis could still precipitate TC even in patients with 
severe or prolonged DM. This is supported by the fact 
that cases of development of TC have been previously 
reported in diabetic patients with severe sepsis and 
those with situations of overwhelming stress such 
as diabetic ketoacidosis,[32] suggesting that these 
conditions may overpower the protective effect of DM. 

Coronary microvascular dysfunction is another 
mechanism which has been increasingly recognized 
as a significant factor in the pathogenesis of TC.[4,6,7] 

The importance of coronary microvascular dysfunction 
is also well established in Syndrome X. In a recent 
study of 1,439 patients (mean age 51 years, 65.1% 
women) with chest pain and non-obstructive CAD on 
coronary angiography, the presence of microvascular 
dysfunction was assessed.[33] Intracoronary Doppler 

Table 1: Diabetes mellitus prevalence in studies of 
takotsubo cardiomyopathy patients

Authors No. of 
patients

Age (years), mean 
± SD or range, 
(% of female)

DM 
prevalence 

(%)
Pelliccia et al.[8]* 1,109 59-76 (86) 17*
Núñez-Gil et al.[9] 328 69.7 ± 12.6 (90.2) 13.1
Khalid et al.[11] 16 68.3 ± 10.9 (100) 6.25
Brinjikji et al.[12] 24,701 66.9 ± 30.7 (89.0) 18.9
Patel et al.[13] 224 71.7 ± 10.4 (94.6) 13.8
Dias et al.[14] 206 67.8 (87) 19.0
Auzal et al.[15] 90 71.9 ± 12.7 (97) 9.0
Khera et al.[16] 22,005 65.7 (92.0) 18.0^, 2.6°
Eitel et al.[17] 256 69 ± 12 (89) 19.0
Núñez-Gil et al.[18] 100 68 (89) 18.0
Núñez-Gil et al.[19] 202 70 ± 12.5 (90.1) 15.3
Templin et al.[20] 1750 66.4 ± 13.1 (89.8) 14.2
Citro et al.[22] 190 66 ± 11.4 (92) 5.7
Falola et al.[23] 1,724 65.3 (90.2) 1.6
Tornvall et al.[24] 505 67 ± 10 (87.5) 6.5
Zalewska-Adamiec 
et al.[25]

101 67.6 ± 4.2 (89.5) 12.6

Madias[5]†
    Analysis 1
    Analysis 2
    Analysis 3
    Analysis 4
    Analysis 5

33,894
1,085

32,809
687
550

67.3 ± 6.0 (88.9)
61.7 ± 16.7 (86.3)
67.3 ± 6.0 (89.0)
72.2 ± 7.7 (89.5)
74.6 ± 6.6 (91.1)

16.8
10.2
17.0
11.9
12.5

Sara et al.[33] 1,439 51.1 (65.1) 8.8

*Systematic review including 19 studies; †analysis 1 - all patients 
included in meta-analysis, analysis 2 - individual patient cases, 
analysis 3 - patient case series, analysis 4 - individual patient 
cases > 60 years, analysis 5 - individual patient cases > 65 years; 
^prevalence of uncomplicated diabetes; °prevalence of complicated 
diabetes. DM: diabetes mellitus
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measurements of hemodynamics in response to 
acetylcholine and adenosine were used for evaluation. 
Microvascular dysfunction was noted to be present 
in a large proportion of patients (64%). Evaluation 
of underlying cardiac risk factors showed that 
hyperlipidemia and hypertension were common, with 
hyperlipidemia seen in up to 61% and hypertension 
in up to 46% of patients. A noteworthy finding was 
that DM was quite uncommon in all patient groups, 
with the prevalence of DM only ranging from 7% 
to 12%. Since microvascular dysfunction has been 
increasingly thought to be one of the pivotal factors 
in the pathogenesis of TC, it somewhat supports an 
interesting association since diabetics also have a 
lower incidence of TC.[31] On the contrary, some studies 
have also suggested increasing prevalence of coronary 
microvascular dysfunction in diabetics.[31,34,35] Given 
that microvascular dysfunction is also an important 
pathogenic factor in TC, this discordance currently 
has no clear explanation and needs further evaluation. 
Future studies will strengthen our understanding on 
this subject.

CONCLUSION

Knowledge about the pathogenesis and risk factors 
associated with TC is significantly accelerating. Multiple 
studies have reported low prevalence and rates of DM in 
patients with TC. This is lower than the prevalence rates 
of diabetes in the general population, and in contrast 

to higher prevalence rates of DM in ACS patients. DM 
may confer a protective effect on the evolution of TC. 
An increasingly plausible explanation is that autonomic 
neuropathy from DM leads to cardiac sympathetic 
autonomic dysfunction and splanchnic autonomic 
dysfunction resulting in reduced local norepinephrine 
release and reduced systemic epinephrine release from 
chromaffin cells in the adrenal medulla, respectively. 
This autonomic neuropathy and catecholamine 
hyposecretion may lead to significant blunting and 
amelioration of cardiomyocyte injury and myocardial 
stunning, resulting from the catecholamine storm/surge 
thought to occur in the pathogenesis of TC. Further 
retrospective and prospective studies on TC should 
ensure accurate reporting of the underlying prevalence 
of comorbid conditions, including characterizing the 
particulars of diabetes mellitus in this population, to 
further define the postulated protective role of diabetes 
in these patients. 

LIMITATIONS AND FUTURE DIRECTIONS

The data currently available on the subject is quite 
limited. The prevalence of DM in most of the studies 
remains relatively low. Dedicated studies on TC are 
needed incorporating patients with DM to explore the 
relationship further between DM and TC. Since the 
studies currently available are mainly retrospective 
and case-control studies, further prospective studies 
are needed to strengthen our understanding of 
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Reduced sympathetic surge and 
myocardial stunning

Splanchnic autonomic 
dysfunction

Systemic secretion 
of adrenaline

Inhibition of local cardiac 
norepinephrine release
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sympathetic nerves

Diabetes mellitus with autonomic neuropathy

Figure 1: Pathophysiologic mechanism of protective effect of diabetes mellitus on development of takotsubo cardiomyopathy
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the pathophysiological basis of TC. It would be 
extremely informative if future case series, case 
reports and TC registries maintain and report more 
detailed information about the diabetes status of TC 
patients. Details like type of DM, chronicity, use of oral 
hypoglycemic agents, use of insulin, HbA1c values, 
uncomplicated, complicated by dysautonomia, chronic 
kidney disease, microvascular disease and presence 
of end organ damage need to be collected to further 
study the association between TC and DM. Future 
studies also need to highlight the presence of other co-
morbities like hypertension, dyslipidemia and coronary 
microvascular dysfunction and their interaction with 
diabetes to better elucidate the effect of DM in the 
pathogenesis of TC.
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Aim: Mast cells are versatile innate immune cells and are reported to promote vascular 
inflammation and neointimal lesion formation, thereby contributing to the development of 
vascular stenosis and atherosclerosis. However, it is not clear whether mast cells also regulate 
vascular matrix remodelling in established neointima. This study addressed the hypothesis that 
perivascular mast cells regulate neointimal matrix remodelling using a mouse vein graft model. 
Methods: The impact of mast cells on neointimal remodelling was investigated using mast 
cell-deficient animals in both normolipidaemic (KitW-sh/W-sh) and hyperlipidaemic (apoE-/-KitW-sh/W-sh) 
conditions. The effect of perivascular mast cells on vascular matrix remodelling, including 
collagen and elastin deposition, was investigated using a local mast cell reconstitution method 
that selectively repopulated mast cells around the carotid artery (where the vein graft was 
inserted) in KitW-sh/W-sh mice. Results: In normolipidaemic vein grafts (KitW-sh/W-sh vs. the wild 
type control C57BL/6J), collagen synthesis was not affected by mast cell deficiency at 4 weeks. 
In contrast, neointimal elastin was reduced by 6.5-fold in mast cell-deficient KitW-sh/W-sh mice, 
which was prevented by perivascular mast cell reconstitution. Mast cell deficiency induced a 
similar reduction in neointimal elastin in hyperlipidaemic mice (apoE-/-KitW-sh/W-sh vs. apoE-/-), 
with a significant increase in cell proliferation and neointimal area at 4 weeks. Conclusion: 
Mast cells appear to promote elastin deposition in vein grafts and this may lead to further 
suppression of cell proliferation and neointimal thickening under hyperlipidaemic conditions.
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INTRODUCTION

Mast cells are versatile innate immune cells, well-
known for their role in inflammation and innate 
immunity.[1,2] Despite the wide distribution of mast 
cells in arterial adventitia and perivascular connective 
tissue, our understanding of the influence of mast 
cells in vascular disease is limited. In recent years, 
accumulating evidence suggests that mast cells 
promote vascular inflammation and contribute to the 
progression of a number of vascular diseases including 
atherosclerosis, aortic aneurysm and vein graft 
neointima hyperplasia.[3-6] Systemic activation of mast 
cells using dinitrophenyl-albumin increased plaque size in 
apoE-/- mice, whilst selective stimulation of perivascular 
mast cells had no impact on plaque formation but 
destabilised established plaque with increased intra-
plaque haemorrhage.[7] Compound 48/80, another 
mast cell activator, demonstrated a similar effect to 
promote atherosclerosis development, which was 
inhibited by the mast cell stabiliser cromolyn.[8,9] In 
addition to pharmacological manipulation of mast cell 
function, studies using genetic mast cell deficiency 
(as a consequence of spontaneous mutation in the 
promoter region of the c-kit gene[10]) also confirmed 
the detrimental effect of mast cells in atherosclerosis.[3] 
Mechanistic studies revealed that activated mast 
cells synthesised and released a wide range of pro-
inflammatory factors including interleukin (IL)-6 and 
IL-8, interferon gamma, tumournecrosis factor alpha, 
histamine, chymase and tryptase. Consequently, mast 
cells exacerbated vascular inflammation with increased 
intra-plaque leukocyte infiltration, lipid uptake, vascular 
matrix degradation and subsequent plaque expansion 
and destabilisation.[6]

In vein graft disease, neointimal hyperplasia is 
the major cause of restenosis.[11,12] The neointima 
formation in vein grafts is mainly driven by acute 
vascular inflammation. In a mouse vein graft model, the 
acute inflammation usually lasts less than two weeks 
following grafting surgery.[13,14] The neointima thereafter 
undergoes a remodelling stage where neointimal 
cells differentiate into smooth muscle-like cells and 
synthesise large amount of vascular matrix including 
collagen and elastin as a process of arterialisation.[12,15] 
The remodelling process stabilises neointimal cells and 
prevents chronic neointimal thickening. We and others 
have found that perivascular mast cells boost acute 
vein graft inflammation via an increase in cytokine 
secretion and activation of the complement system.[14,16] 
This leads to a significant rise in cell proliferation in 
the acute inflammation stage (one week after vein 
graft implantation) and more neointima formation. 
However, it is not clear whether perivascular mast 

cells also regulate vascular matrix remodelling after 
resolution of acute inflammation. This is particularly 
important under pro-atherosclerotic conditions as 
vascular smooth muscle cells from pro-atherosclerotic 
animals are more susceptible to chronic proliferation in 
response to mitogenic stimuli.[17] In the present study, 
we performed interpositional vein grafting in mast cell 
deficient mouse lines bred on both a normolipidaemic 
and hyperlipidaemic genetic background (KitW-sh/W-sh 
and apoE-/-KitW-sh/W-sh) to address this question.

METHODS

Animals
All experiments which involved animals conformed 
to Directive 2010/63/EU of the European Parliament 
and also to the UK Home Office Animal (Scientific 
Procedures) Act 1986 and were performed under 
Project Licence PPL 60/4114. In addition, ethical 
permission for the study had been granted by the 
University of Strathclyde ethical review committee.

Mice carrying the KitW-sh/W-sh mutation were used in 
this study as a mast cell deficiency model. KitW-sh/W-sh 
is a spontaneous mutation in the promoter region of 
the c-kit gene which is critical for mast cell survival.[10] 
As the c-kit gene itself is intact, c-kit expression is 
preserved to some extent in the early life of these mice. 
Consequently, systemic mast cell deficiency does 
not develop until 4 weeks old. Jackson Laboratories 
(USA) was the original supplier of both the KitW-sh/W-sh 
and apoE-/- mice and these were subsequently bred in-
house. Both strains were on a C57BL/6J background. 
In order to generate a hyperlipidaemic mouse line 
lacking mast cells, apoE-/- and KitW-sh/W-sh mice were 
cross-bred. For the normolipidaemic KitW-sh/W-sh mice, 
the congenic control was C57BL/6J while for the 
hyperlipidaemic apoE-/-KitW-sh/W-sh mice, the apoE-/- was 
the congenic control. All mice were maintained on a 
cycle of 12-h periods of light and dark and allowed 
access to normal chow diet and water ad libitum. Male 
mice (about 10 to 20 weeks old) were used in this 
study.

Surgery
The mouse vein graft model is a well-established 
model for studying neointimal hyperplasia.[13,14] Briefly, 
i.p. injection of sodium pentobarbital (60 mg/kg) was 
used as an anaesthetic agent with top-up doses 
administered as appropriate and depending on the 
depth of anaesthesia demonstrated by the pedal 
withdrawal reflex. All animals received perioperative 
analgesic cover (buprenorphine; 0.05 mg/kg body 
weight, s.c.). From a donor mouse, the thoracic inferior 
vena cava was carefully harvested. In all experiments 
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the donor mouse was a male mouse of the same 
genotype. In the recipient mouse, the right common 
carotid artery was prepared by isolating it, tying two 
sutures around the middle and cutting. A nylon cuff 
was then sleeved onto the distal arterial end. In order 
to graft the vein onto artery rather than nylon cuff, the 
artery was everted back over the cuff and ligated using 
8/0 silk suture (Ethicon, Livingston, UK). The proximal 
end of the carotid artery was prepared in an identical 
fashion. The vena cava to be grafted was then sleeved 
onto each arterial end in turn and tied into position with 
8/0 suture. Twenty-eight days after grafting, mice were 
euthanised by a rising concentration of CO2. The neck 
was opened and the vein graft removed and placed in 
physiological bathing solution.

Perivascular mast cell reconstitution
In a previous study from our laboratory, we established 
a reliable method for reconstituting mast cells locally 
to the perivascular region. The advantage of this 
method is that it re-establishes a local mast cell 
reconstitution in the KitW-sh/W-sh mice without mast cells 
being present elsewhere.[14] Thus, this method allows 
the role of perivascular mast cells to be investigated 
without the consequences of systemic mast cell 
reconstitution, which can include ectopic mast cell 
accumulation and abnormal distribution of mast cells 
in target organs/tissues.[10,14] Briefly, C57BL/6J mice 
were used as the source of bone marrow cells and 
these were cultured with mast cell-differentiating 
media (containing murine IL-3 and stem cell factor; 
PeproTech, New Jersey, USA) for 4 weeks as we 
have described previously.[14] To confirm that the 
cultured cells were in fact differentiated into mast 
cells, flow cytometry with anti-c-Kit and anti-FcεRI 
antibodies (eBioscience, Hatfield, UK) was used.[14] To 
investigate the impact of local reconstitution of mast 
cells on neointima formation within the vein graft, the 
perivascular area of the right common carotid artery 
was injected with the bone marrow-derived mast cells 
(BMMCs) as follows. Briefly, the recipient KitW-sh/W-sh 
mouse was anaesthetised with sodium pentobarbital 
as previously described and the common right carotid 
artery was exposed. BMMCs were injected around the 
artery (1 million cells per mouse). A suture of size 6/0 
was used to close the wound and the animal was kept 
for 4 weeks to allow repopulation of the perivascular 
area with a mast cell population similar to that seen 
in wild type (C57BL/6) mice.[14] Vein graft surgery was 
performed 4 weeks after mast cell reconstitution.

Histology and immunostaining
Vein grafts were perfusion-fixed to maintain graft 
patency and then stored overnight in 10% formalin 
before being embedded in paraffin. For each vein 

graft, serial sections of 5 µm thickness were cut from 
5 evenly divided regions from the proximal to the 
distal end. In all cases, 5 slides (1 slide from each 
region) were stained as outlined below and the values 
averaged for each vein graft. The advantage of this 
method is that the average value gives an indication 
of the value from the whole of the graft rather than one 
discrete area which may not be representative of the 
graft as a whole. For general and gross morphology 
and for planimetry studies, haematoxylin and eosin 
staining was used and the slides were photographed 
and analysed using Image pro plus software (Media 
Cybernetics, Marlow, UK). Collagen was stained by 
picrosirius red and visualised under polarised light. 
As with other stains used, at least 5 slides were used 
from the length of the graft to give a mean intensity 
of the total fluorescent signal and this value was used 
for comparison of collagen content between groups. 
Elastin was identified by Verhoeff Van Gieson staining 
and mean intensity of light absorption of the bluish 
dark stain within the neointima was quantified. To avoid 
batch-to-batch variation, for each staining protocol, all 
the vein graft samples were stained at one time. For 
immunostaining, slides were de-waxed and pressure-
cooked in citrate buffer to retrieve antigens of interest. 
To study proliferation in vein grafts, one slide per vein 
graft was stained using an antibody to the marker Ki67 
(rabbit anti-Ki67 antibody, Abcam). The percentage cell 
proliferation was presented as the ratio of Ki67 positive 
nuclei over total nuclei in the wall of the vein graft.

Statistics
In all experiments, data are presented as mean 
± standard error of the mean where n refers to the 
number of mice. To make comparisons between two 
groups an unpaired Student’s t-test was used as long 
as the data had a normal distribution and, for data 
not normally distributed, the non-parametric Mann 
Whitney test was used. To compare data from multiple 
groups a one-way analysis of variance (ANOVA) 
with Tukey’s post hoc test was used as appropriate. 
Statistical analyses were performed using Graph 
Pad Prism v6.04. In all comparisons, a significant 
difference was assumed when P < 0.05.

RESULTS

Mast cells promote elastin but not collagen 
deposition in vein grafts by 4 weeks
Significant collagen deposition was identified in all 
vein grafts at 4 weeks. The majority of collagen was 
present in the neo-adventitia and perivascular area 
[Figure 1A]. In contrast, elastin was only detected in 
the neointima [Figure 1B and C]. Mast cell deficiency 
(KitW-sh/W-sh) had no impact on collagen deposition, 
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but suppressed elastin deposition by 6.5 fold. Local 
mast cell reconstitution (4 weeks before vein graft 
implantation) rescued the impaired elastin deposition 
in KitW-sh/W-sh vein grafts (23.5 ± 4.8 vs. 3.6 ± 1.1 vs. 
26.4 ± 4.4 arbitrary units/mm2; C57BL/6J vs. 
KitW-sh/W-sh vs. KitW-sh/W-sh + lcMC; P < 0.01 by one-way 
ANOVA). Mast cell deficiency in hyperlipidaemic mice 
induced a similar suppression of neointimal elastin 
(37.6 ± 4.0 vs. 13.4 ± 2.9 arbitrary units/mm2; apoE-/- 
vs. apoE-/-KitW-sh/W-sh; P < 0.01 by Student’s t-test).

Mast cell deficiency increased chronic 
neointimal proliferation and thickening in 
apoE-/- mice but not in C57BL/6J mice
Mast cell deficiency moderately suppressed 

neointima formation in normolipidaemic mice 4 
weeks after grafting (1.7 × 105 ± 0.2 × 105 vs. 1.1 
× 105 ± 0.1 × 105 µm2; C57BL/6J vs. KitW-sh/W-sh; P 
< 0.01 by Student’s t-test), but induced a 2-fold 
increase in the hyperlipidaemic mice (1.9 × 105 
± 0.2 × 105 vs. 4.2 × 105 ± 0.8 × 105 µm2; apoE-/- 
vs. apoE-/-KitW-sh/W-sh; P < 0.01 by Student’s t-test; 
Figure 2A and B). Cell proliferation within the vein 
graft at 4 weeks was very low in both C57BL/6J 
and KitW-sh/W-sh (2.1 ± 0.5% vs. 1.8 ± 0.3%; C57BL/6J 
vs. KitW-sh/W-sh), but significantly elevated in apoE-/-

KitW-sh/W-sh compared to apoE-/- (1.9 ± 0.5% vs. 5.3 ± 
1.4%; apoE-/- vs. apoE-/-KitW-sh/W-sh; P < 0.05 by Mann 
Whitney test; Figure 2A and C).

Figure 1: Mast cell deficiency suppressed elastin deposition in vein graft. (A) Picrosirus red staining demonstrated that both C57BL/6J and 
KitW-sh/W-sh vein grafts synthesised large amount of collagen (in green, yellow and red colour) in the adventitia and perivascular connective 
tissue by 4 weeks. No statistical difference was detected in collagen content between groups; (B and C) Elastin deposition was restricted 
to the vein graft neointima (visualised by Verhoeff Van Gieson staining, indicated by arrows). Mast cell deficient KitW-sh/W-sh vein grafts 
contained a significantly lower level of elastin versus congenic C57BL/6J vein grafts, which was rescued by local mast cell reconstitution. 
Mast cell deficiency in hyperlipidaemic mice (apoE-/-) also significantly suppressed elastin deposition in the vein graft by 4 weeks. n = 6; **P 
< 0.01. One-way analysis of variance plus Tukey post hoc test was used for multiple group comparison and unpaired student’s t-test for two 
group comparison
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DISCUSSION

This study demonstrates firstly that perivascular mast 
cells elevate neointimal elastin deposition under both 
normolipidaemic and hyperlipidaemic conditions, and 
secondly that they suppress neointimal thickening in 
hyperlipidaemic mice possibly via down regulation of 
cell proliferation within the vein graft.

Elastin is one of the fundamental structural proteins 
of the arterial wall that regulates vascular elasticity 
and stabilises smooth muscle cells.[18] The present 
study demonstrates that mast cells play a previously 
unrecognised role in promotion of elastin deposition 
during vein graft remodelling. The causality is 
demonstrated by the data showing that mast cell 
deficiency reduced, and mast cell reconstitution 
rescued, elastin deposition in the vein graft. 
Although the exact mechanism of how mast cells 
regulate elastin deposition is not yet clear, there is 
a consensus within the literature that heparin is the 
potential mediator. The evidence for the involvement 
of heparin is three-fold. Firstly, mast cells are the only 
cell type that produces heparin in vivo.[19] Secondly, 
heparin is known to promote elastogenesis and 
supress neointima hyperplasia in injured arteries 
and vascular grafts.[20,21] Being the most negatively 
charged molecule in biological systems, heparin 

covalently binds to the positively charged tropoelastin 
to accelerate tropoelastin coacervation and elastic 
fibre formation.[22-24] However, the very short half-
life of heparin limits its pharmacological potency for 
therapeutic purposes.[25] Only continuous intravenous 
delivery,[26-28] but not short term treatment,[29] inhibited 
neointima thickening. Interestingly, perivascular 
delivery of heparin required a much smaller dose 
and was more effective in suppression of neointima 
hyperplasia,[20,25] which matches the source of 
endogenous heparin from perivascular mast cells. 
Thirdly, mast cell granules are enriched with heparin 
and the heparin-based particles are capable of 
long distance travel within tissue[30] which makes 
perivascular mast cells an ideal and indeed the only 
source for continuous heparin supply to assist vascular 
elastogenesis.

It is intriguing that mast cell-dependent elastin 
deposition had a divergent impact on neointimal 
hyperplasia in normolipidaemic and hyperlipidaemic 
vein grafts. This could be a consequence of the 
different dynamics of neointima formation and vascular 
matrix remodelling. In normolipidaemic mice, the 
neointima formation is driven by acute inflammation 
and proliferation which peak within one week and 
are complete by 2 weeks.[13,31] During the 3rd and 
4th weeks, the neointimal proliferation decreases 

Figure 2: Mast cell deficiency in hyperlipidaemic mice increased neointima area with elevated chronic cell proliferation. (A) Representative 
images of cell proliferation in 4-week-old vein grafts. Proliferating cells were labelled using an antibody against Ki67 (green) and cell nuclei 
by DAPI (blue). The neointimal area in apoE-/- KitW-sh/W-sh vein grafts was significantly higher than all other groups (B), associated with 
elevated cell proliferation by 4 weeks (C). n > 6 for all groups; **P < 0.01 by one-way analysis of variance plus Tukey post hoc test



                                                                                          Vessel Plus ¦ Volume 1 ¦ September 26, 2017

Wu et al.                                                                                                                                                                               Mast cells and vein graft remodelling

142

over 10-fold and the majority of the neointimal cells 
transdifferentiate into smooth muscle-like cells that 
initiate vascular matrix remodelling including elastin 
deposition.[13,14,18,31] Therefore, elastin is unlikely to 
regulate the early events of neointima formation in the 
normolipidaemic vein graft. The modest reduction in 
neointimal area in the KitW-sh/W-sh vein graft is attributed 
to the damped cell proliferation during the first week 
rather than altered elastin deposition.[14]

Both our data and the literature[32] demonstrated 
that apoE-/- mice, when fed on normal chow diet, do 
not demonstrate any enhancement of neointimal 
hyperplasia. The low cell proliferation level in apoE-/- 
vein grafts at 4 weeks in the current study suggests 
that the neointima was stabilised, similar to that in 
C57BL/6J. These observations are in contrast with 
in vitro evidence that apoE-/- smooth muscle cells 
are predisposed to a higher rate of proliferation.[17] 
One clear difference between data from cell cultures 
and neointima formation in vivo is the absence of 
the rich extracellular matrix environment. ApoE-/- vein 
grafts at 4 weeks contained large amounts of elastin 
that can stabilise neointimal smooth muscle cells.[18] 
The reduction in neointimal elastin in apoE-/-KitW-sh/W-sh 
grafts was correlated with a dramatic increase in cell 
proliferation within the vein graft wall, suggesting that 
the presence of elastin is an important protective 
mechanism against chronic smooth muscle cell 
proliferation under pro-atherogenic conditions.

Mast cells, as innate immune cells, are well-
documented to have pro-inflammatory effects in many 
pre-clinical vascular studies.[6] Induction of mast cell 
activation in a pro-inflammatory environment, either 
using pharmacological activators or long term western 
diet in pro-atherosclerotic mouse models (apoE-/- or 
LDLr-/-), was a common feature of these studies. The 
widely accepted paradigm is that high levels of pro-
inflammatory factors and proteinases released by 
activated mast cells promote vascular inflammation 
and development of vascular lesions. Indeed activated 
mast cells may be the explanation for the clinical 
correlation between mast cell-mediated allergic 
disease and atherosclerosis.[33] However, the role of 
unstimulated mast cells in normal vasculature or in 
stable vascular disease is not fully understood. The 
current study provides the first evidence that mast cells 
could exert a positive effect in vascular remodelling 
via regulation of elastin deposition. Our unpublished 
data suggests that the expression of inflammatory 
cytokines in vein grafts during the remodelling stage 
(4 weeks after implantation) is negligible. We therefore 
speculate that the mast cell-dependent regulation of 
elastin is independent of immunological/inflammatory 

mechanisms, but mediated by heparin (as discussed 
above) or some unknown mechanisms.

The mast cell-elastin-axis could potentially be 
extrapolated to vascular development as the first 
appearance of mast cells around the foetal aorta 
is before the formation of aortic elastic laminae.[34] 
This suggests that mast cells may also contribute 
to the foetal arteriogenesis by assisting formation 
of elastic fibres. In addition to the perivascular area, 
the mast cell population is clearly enriched in all the 
elastic tissue/organs including arteries, skin and lung, 
indicating a universal link between mast cells and 
elastin. Under pathological conditions, an increase 
of mast cell number is often associated with elastin-
related tissue fibrosis.[35,36] In a skin photodamage 
model, chronic ultraviolet light exposure increases 
skin mast cell number accompanied by a 3.6 fold 
elevation in elastin content, which was not observed 
in the mast cell-deficient KitW/W-v mice.[37] Similar 
correlation was also present in human skin.[38] Non-
elastic organs, such as the liver usually hosts only a 
very small population of mast cells.[39] In liver disease, 
an increase of hepatic elastin is one of the most 
distinct features of hepatic fibrosis and cirrhosis,[36] 
correlated with a significant increase in hepatic mast 
cells.[39] In contrast to other leukocyte recruitment, the 
increase of mast cell number persisted with the chronic 
progress of hepatic cirrhosis,[40] suggesting the mast 
cell-mediated pathological elastin accumulation was 
beyond inflammatory mechanisms.

Collectively, accumulating evidence suggests that the 
mast cell-elastin axis may be a universal mechanism 
that regulates physiological and pathological elastin 
metabolism. Our findings, in line with other literature, 
raise the question of whether mast cells regulate 
vascular elastin metabolism via mechanisms 
independent from their immunological function. More 
comprehensive investigation is required to clarify the 
complex role of mast cells in vascular development 
and remodelling.

The current study used a mast cell-deficient mouse 
model (KitW-sh/W-sh) and local mast cell reconstitution 
to demonstrate that perivascular mast cells promoted 
neointimal elastin remodelling in vein grafts. Limited 
by the experimental period, it was not clear whether 
perivascular mast cells merely accelerated the elastin 
deposition in the 4-week time window, or permanently 
increased the elastin level in the neointima. Unlike 
the elastic lamina in healthy arteries, the elastic fibres 
in the neointima were diffuse. The presence of mast 
cells only increased the amount of elastic fibres but 
did not improve the structure of the matrix. Further 
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experiments are required to clarify whether the 
quantitative increase in elastin content has a positive 
impact on vascular compliance and vasomotor 
function, which may also influence the neointima 
hyperplasia.

In conclusion, this is the first study to demonstrate the 
mast cell-dependent regulation of elastin deposition 
in vein grafts, and subsequent suppression of chronic 
vein graft hyperplasia in hyperlipidaemic mice. This 
study sheds new light on the function of perivascular 
mast cells on vascular lesion formation and 
remodelling, and provides new targets for therapeutic 
intervention for vein graft failure and other stenotic 
vascular disease.

Authors’ contributions
Performing all the experiments, acquiring and analysing 
the data and writing the first draft of the paper: J. Wu
Designing the experiments, manuscript editing and 
reviewing: C. Lawrence, R.M. Wadsworth, S. Kennedy

Financial support and sponsorship
This work was supported by a British Heart Foundation 
project grant (PG/09/095). The funders had no role in 
study design, data collection and analysis, decision to 
publish, or preparation of the manuscript.

Conflicts of interest
There are no conflicts of interest.

Patient consent
Not applicable.

Ethics approval
The study had been granted by the University of 
Strathclyde ethical review committee.

REFERENCES

1. St John AL, Abraham SN. Innate immunity and its regulation by mast 
cells. J Immunol 2013;190:4458-63.

2. Kennedy S, Wu J, Wadsworth RM, Lawrence CE, Maffia P. Mast cells 
and vascular diseases. Pharmacol Ther 2013;138:53-65.

3. Sun J, Sukhova GK, Wolters PJ, Yang M, Kitamoto S, Libby P, 
MacFarlane LA, Mallen-St Clair J, Shi GP. Mast cells promote 
atherosclerosis by releasing proinflammatory cytokines. Nat Med 
2007;13:719-24.

4. Zhang J, Sun J, Lindholt JS, Sukhova GK, Sinnamon M, Stevens 
RL, Adachi R, Libby P, Thompson RW, Shi GP. Mast cell tryptase 
deficiency attenuates mouse abdominal aortic aneurysm formation. 
Circ Res 2011;108:1316-27.

5. de Vries MR, Wezel A, Schepers A, van Santbrink PJ, Woodruff TM, 
Niessen HW, Hamming JF, Kuiper J, Bot I, Quax PH. Complement 
factor C5a as mast cell activator mediates vascular remodelling in 
vein graft disease. Cardiovasc Res 2013;97:311-20.

6. Bot I, Shi GP, Kovanen PT. Mast cells as effectors in atherosclerosis. 

Arterioscler Thromb Vasc Biol 2015;35:265-71.
7. Bot I, de Jager SC, Zernecke A, Lindstedt KA, van Berkel TJ, Weber 

C, Biessen EA. Perivascular mast cells promote atherogenesis and 
induce plaque destabilization in apolipoprotein E-deficient mice. 
Circulation 2007;115:2516-25.

8. Wang J, Sjöberg S, Tia V, Secco B, Chen H, Yang M, Sukhova GK, Shi 
GP. Pharmaceutical stabilization of mast cells attenuates experimental 
atherogenesis in low-density lipoprotein receptor-deficient mice. 
Atherosclerosis 2013;229:304-9.

9. Tang Y, Yang Y, Wang S, Huang T, Tang C, Xu Z, Sun YH. Mast cell 
degranulator compound 48-80 promotes atherosclerotic plaque in 
apolipoprotein E knockout mice with perivascular common carotid 
collar placement. Chin Med J (Engl) 2009;122:319-25.

10. Grimbaldeston MA, Chen CC, Piliponsky AM, Tsai M, Tam SY, 
Galli SJ. Mast cell-deficient W-sash c-kit mutant Kit W-sh/W-sh mice 
as a model for investigating mast cell biology in vivo. Am J Pathol 
2005;167:835-48.

11. Wu J, Zhang C. Neointimal hyperplasia, vein graft remodeling, 
and long-term patency. Am J Physiol Heart Circ Physiol 
2009;297:H1194-5.

12. Owens CD, Gasper WJ, Rahman AS, Conte MS. Vein graft failure. J 
Vasc Surg 2015;61:203-16.

13. Wu J, Wadsworth RM, Kennedy S. Inhibition of inducible nitric 
oxide synthase promotes vein graft neoadventitial inflammation and 
remodelling. J Vasc Res 2011;48:141-9.

14. Wu J, Grassia G, Cambrook H, Ialenti A, MacRitchie N, Carberry J, 
Wadsworth RM, Lawrence C, Kennedy S, Maffia P. Perivascular mast 
cells regulate vein graft neointimal formation and remodeling. Peer J 
2015;3:e1192.

15. de Vries MR, Simons KH, Jukema JW, Braun J, Quax PH. Vein graft 
failure: from pathophysiology to clinical outcomes. Nat Rev Cardiol 
2016;13:451-70.

16. de Vries MR, Wezel A, Schepers A, van Santbrink PJ, Woodruff TM, 
Niessen HW, Hamming JF, Kuiper J, Bot I, Quax PH. Complement 
factor C5a as mast cell activator mediates vascular remodelling in 
vein graft disease. Cardiovasc Res 2013;97:311-20.

17. Kothapalli D, Castagnino P, Rader DJ, Phillips MC, Lund-Katz S, 
Assoian RK. Apolipoprotein E-mediated cell cycle arrest linked to p27 
and the Cox2-dependent repression of miR221/222. Atherosclerosis 
2013;227:65-71.

18. Lannoy M, Slove S, Jacob MP. The function of elastic fibers in the 
arteries: beyond elasticity. Pathol Biol 2014;62:79-83.

19. Carlsson P, Kjellén L. Heparin biosynthesis. In: Lever R, Mulloy B, 
Page CP, editors. Handbook of experimental pharmacology. Berlin, 
Heidelberg: Springer Berlin Heidelberg; 2012. p. 23-41.

20. Teomim D, Fishbien I, Golomb G, Orloff L, Mayberg M, Domb 
AJ. Perivascular delivery of heparin for the reduction of smooth 
muscle cell proliferation after endothelial injury. J Control Release 
1999;60:129-42.

21. Saitow C, Kaplan DL, Castellot JJ. Heparin stimulates elastogenesis: 
application to silk-based vascular grafts. Matrix Biol 2011;30:346-55.

22. Tu Y, Weiss AS. Transient tropoelastin nanoparticles are early-
stage intermediates in the coacervation of human tropoelastin 
whose aggregation is facilitated by heparan sulfate and heparin 
decasaccharides. Matrix Biol 2010;29:152-9.

23. Cain SA, Baldock C, Gallagher J, Morgan A, Bax DV, Weiss AS, 
Shuttleworth CA, Kielty CM. Fibrillin-1 interactions with heparin: 
implications for microfibril and elastic fiber assembly. J Biol Chem 
2005;280:30526-37.

24. Tu Y, Weiss AS. Glycosaminoglycan-mediated coacervation 
of tropoelastin abolishes the critical concentration, accelerates 
coacervate formation, and facilitates spherule fusion: implications for 
tropoelastin microassembly. Biomacromolecules 2008;9:1739-44.



                                                                                          Vessel Plus ¦ Volume 1 ¦ September 26, 2017

Wu et al.                                                                                                                                                                               Mast cells and vein graft remodelling

144

25. Edelman ER, Adams DH, Karnovsky MJ. Effect of controlled 
adventitial heparin delivery on smooth muscle cell proliferation 
following endothelial injury. Proc Natl Acad Sci U S A 1990;87:3773-7.

26. Capron L, Jarnet J, Heudes D, Joseph-Monrose D, Bruneval P. 
Repeated balloon injury of rat aorta: a model of neointima with 
attenuated inhibition by heparin. Arterioscler Thromb Vasc Biol 
1997;17:1649-56.

27. Chajara A, Heudes D, Peronneau I, Jarnet J, Basset A, Capron L. Effects 
of heparinoids on the sclerotic reaction of rat thoracic aorta to injury: 
comparison between standard and low-molecular-weight heparins in 
vitro and in vivo. J Cardiovasc Pharmacol 1994;23:995-1003.

28. Guyton JR, Rosenberg RD, Clowes AW, Karnovsky MJ. Inhibition 
of rat arterial smooth muscle cell proliferation by heparin. In vivo 
studies with anticoagulant and nonanticoagulant heparin. Circ Res 
1980;46:625-34.

29. Ellis SG, Roubin GS, Wilentz J, Douglas JS, King SB. Effect of 18- 
to 24-hour heparin administration for prevention of restenosis after 
uncomplicated coronary angioplasty. Am Heart J 1989;117:777-82.

30. Kunder CA, St John AL, Li G, Leong KW, Berwin B, Staats HF, 
Abraham SN. Mast cell-derived particles deliver peripheral signals to 
remote lymph nodes. J Exp Med 2009;206:2455-67.

31. Marx SO, Totary-Jain H, Marks AR. Vascular smooth muscle cell 
proliferation in restenosis. Circ Cardiovasc Interv 2011;4:104-11.

32. Matter CM, Ma L, von Lukowicz T, Meier P, Lohmann C, Zhang D, 
Kilic U, Hofmann E, Ha SW, Hersberger M, Hermann DM, Lüscher 
TF. Increased balloon-induced inflammation, proliferation, and 

neointima formation in apolipoprotein E (ApoE) knockout mice. 
Stroke 2006;37:2625-32.

33. Liu CL, Zhang JY, Shi GP. Interaction between allergic asthma and 
atherosclerosis. Transl Res 2016;174:5-22.

34. Wulff BC, Parent AE, Meleski MA, DiPietro LA, Schrementi ME, 
Wilgus TA. Mast cells contribute to scar formation during fetal wound 
healing. J Invest Dermatol 2012;132:458-65.

35. Wilgus TA, Wulff BC. The importance of mast cells in dermal 
scarring. Adv Wound Care (New Rochelle) 2014;3:356-65.

36. Pellicoro A, Aucott RL, Ramachandran P, Robson AJ, Fallowfield 
JA, Snowdon VK, Hartland SN, Vernon M, Duffield JS, Benyon RC, 
Forbes SJ, Iredale JP. Elastin accumulation is regulated at the level 
of degradation by macrophage metalloelastase (MMP-12) during 
experimental liver fibrosis. Hepatology 2012;55:1965-75.

37. Gonzalez S, Moran M, Kochevar IE. Chronic photodamage in skin of 
mast cell-deficient mice. Photochem Photobiol 1999;70:248-53.

38. Grimbaldeston MA, Simpson A, Finlay-Jones JJ, Hart PH. The effect 
of ultraviolet radiation exposure on the prevalence of mast cells in 
human skin. Br J Dermatol 2003;148:300-6.

39. Farrell DJ, Hines JE, Walls AF, Kelly PJ, Bennett MK, Burt AD. 
Intrahepatic mast cells in chronic liver diseases. Hepatology 
1995;22:1175-81.

40. Jeong WI, Lee CS, Park SJ, Chung JY, Jeong KS. Kinetics of 
macrophages, myofibroblasts and mast cells in carbon tetrachloride-
induced rat liver cirrhosis. Anticancer Res 2002;22:869-77.



   © 2017 OAE Publishing Inc.  www.oaepublish.com 145

Potential use of buccal epithelium for 
genetic diagnosis of atherosclerosis using 
mtDNA mutations
Vasily V. Sinyov1, Margarita A. Sazonova1,2, Anastasia I. Ryzhkova2, Elena V. Galitsyna3, Alexsandra A. 
Melnichenko2, Anton Y. Postnov1, Alexander N. Orekhov2,4, Andrey V. Grechko5, Igor A. Sobenin1,2      

1Laboratory of Medical Genetics, Russian Cardiology Research and Production Complex, Moscow 121552, Russia.
2Laboratory of Angiopathology, Institute of General Pathology and Pathophysiology, Moscow 125315, Russia.
3Department of Genetics, Southern Federal University, Rostov-on-Don 344006, Russia.
4Institute for Atherosclerosis Research, Skolkovo Innovative Centre, Moscow 121609, Russia.
5Federal Scientific Clinical Center for Resuscitation and Rehabilitation, Moscow 109240, Russia.

Correspondence to: Dr. Vasily V. Sinyov, Laboratory of Medical Genetics, Russian Cardiology Research and Production Complex, 15a, 3rd 
Cherepkovskaya Street, Moscow 121552, Russia. E-mail: centaureaceanus@mail.ru

How to cite this article: Sinyov VV, Sazonova MA, Ryzhkova AI, Galitsyna EV, Melnichenko AA, Postnov AY, Orekhov AN, Grechko AV, Sobenin 
IA. Potential use of buccal epithelium for genetic diagnosis of atherosclerosis using mtDNA mutations. Vessel Plus 2017;1:145-50.  

Aim: The aim of this pilot study was to compare the heteroplasmy levels of specific 
mitochondrial (mt)DNA mutations in human buccal epithelial and whole blood cells in 
participants with different degrees of predisposition to atherosclerosis. The potential for 
buccal epithelium to be used for the genetic diagnosis of atherosclerosis using mtDNA 
mutations was assessed. Methods: Samples of buccal epithelial and whole blood cells were 
obtained from 134 donors. DNA was extracted from the samples and subjected to polymerase 
chain reaction and pyrosequencing. The threshold heteroplasmy levels of the mutations 
m.12315G>A, m.3336T>C, m.1555А>G, m.13513G>A, and m.3256C>T were analyzed in 
order to assess the potential for using buccal epithelium and whole blood for the genetic 
diagnosis of atherosclerosis. Results: The threshold heteroplasmy levels of the assessed 
mitochondrial mutations did not significantly differ between buccal epithelial and whole 
blood cells. Conclusion: Buccal epithelial cells may be preferable to whole blood cells for 
analyzing the association of mitochondrial genome mutations with atherosclerosis.
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INTRODUCTION

Investigations of the human genome make the early, 
presymptomatic diagnosis of different pathologies 
possible. According to the literature,[1-4] various 
pathologies, including atherosclerosis, may be 
associated with mitochondrial mutations. The 
phenomenon of heteroplasmy is typical for the 
mitochondrial genome, meaning that a quantitative 
assessment of mutant alleles in the mitochondrial 
genome is necessary when investigating the 
association of mitochondrial mutations with diseases, 
in particular, the heteroplasmy level of mutations 
associated with pathologies should be evaluated.

Because of the instability of the mitochondrial genome, 
both somatic and hereditary mutations often occur. 
These can accumulate, influencing the phenotype of 
the carrier. According to the literature, heteroplasmy of 
the mitochondrial genome is common in normal human 
cells.[5] During human embryogenesis, in the process 
of determining cells and tissues, morphologic and 
chemical differences occur between cells. As a result 
of cell division, mitochondria are randomly distributed 
between cells. This determines the difference between 
cells in the ratio of normal and mutant molecules 
of mitochondrial (mt)DNA. It has previously been 
established that single nucleotide polymorphisms of the 
mitochondrial genome are unevenly distributed in the 
tissues and organs of adults.[6-8] This uneven distribution 
impedes the use of biomarkers in diagnosing different 
diseases. Therefore, the identification of biomarkers 
for the non-invasive genetic diagnosis of pathologies 
seems an interesting prospect.

The aim of the present pilot study was to compare 
heteroplasmy levels in mtDNA m.12315G>A, 
m.3336T>C, m.1555А>G, m.13513G>A, and 
m.3256C>T between human buccal epithelial cells and 
whole blood cells in individuals with different degrees 
of predisposition to atherosclerosis. The potential 
use of buccal epithelium for the genetic diagnosis 
of atherosclerosis using mutations in mtDNA was 
assessed.

METHODS

This study was carried out according to the Declaration 
of Helsinki and with permission of an ethics committee 
(Russian Cardiology Research and Production 
Complex, Moscow, Russia). Samples were taken from 
134 donors, all of whom provided a written informed 
consent.

Samples of buccal epithelial and whole blood cells 
were obtained from the donors.

High-resolution B-mode ultrasonography using a linear 
vascular transducer at 7.5 MHz with the SonoScape 
SSI-1000 ultrasonic scanner (SonoScape Medical 
Corp., Shenzhen, China) was used to determine 
the degree of arterial stenosis of each participant. 
Intima-medial thickness (IMT) was measured using 
the program ProSound (R. Selzer, California Institute 
of Technology, Pasadena, USA). Ultrasonographic 
examination of the carotid arteries included scanning 
the left and right carotid arteries with a focus on the 
back wall of the artery in three fixed projections: 
anterolateral, lateral, and posterolateral.[9]

DNA phenol-chloroform extraction
Total DNA for this study was isolated from whole blood 
using phenol-chloroform extraction.[10,11] This DNA 
isolation method included the following steps: (1) cell 
lysis (using sodium dodecyl sulfate); (2) enzymatic 
degradation of proteins with proteinase K; (3) cell 
lysate deproteinization with phenol and chloroform.

The above-mentioned stages of pure DNA product 
isolation came amid centrifugation to remove denatured 
proteins and fragments of cell organelles.

Next, DNA was precipitated from the solution using 
ethanol and, following centrifugation, the precipitate 
was dissolved in a buffer solution.

Polymerase chain reaction
Polymerase chain reaction (PCR) was conducted with 
the aim of amplifying the short-chain mtDNA fragments 
to achieve a sufficient number of amplicon copies for 
further analysis of these fragments. The conditions for 
PCR were mentioned in previous publications.[4,10-12]

Pyrosequencing
Short-chain amplicons obtained during PCR were 
subjected to pyrosequencing in order to determine 
the nucleotide sequences of these fragments and 
assess heteroplasmy levels in the investigated 
mtDNA positions. This work was performed using 
the PSQ96MA pyrosequencer (Biotage AB, Uppsala, 
Sweden), as previously described.[13]

Analysis of heteroplasmy levels in mtDNA 
mutations
Quantitative assessment of the mutant allele involved 
estimating the heteroplasmy levels of mtDNA 
mutations, using the pyrogram peak height of each 
sample in the studied region of a single-stranded 
PCR fragment of mitochondrial genome. The general 
formula for calculating the percentage of heteroplasmy 
was as follows:[10,11] 
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    P = [(h - N)/(M - N)]*100%, 

Where: P is the percentage heteroplasmy; h is the 
peak height of the investigated nucleotide; N is the 
peak height of the investigated nucleotide, relevant to 
the presence of 100% of normal alleles in a sample; 
M is the peak height of the investigated nucleotide, 
relevant to the presence of 100% of mutant alleles in 
a sample.

Statistical processing of the data was carried out using 
the software package SPSS version 22.0 (SPSS Inc., 
USA).[14] Independent samples were assessed using 
t-tests and Mann-Whitney U-tests, and correlation 
analyses were also conducted. Differences were 
considered significant at P < 0.05.

Next, the possibility that buccal epithelium might be 
equivalent to whole blood for the genetic diagnosis of 
atherosclerosis was assessed. For this purpose the 
threshold heteroplasmy level of mutations was used, 
after which in individuals atherosclerotic plaques were 
detected or antiatherogenic effect of these single 
nucleotide substitutions manifests.[14] According to 
the data, previously obtained by the members of 
our laboratory,[11] the threshold heteroplasmy level 
of mtDNA mutations for atherosclerotic plaques in 
human carotid arteries for atherogenic mutations is: 
17.5% for m.1555А>G; 6.5% for m.3336T>C; 7.5% for 
m.12315G>A; and 15.5% for m.3256C>T. For the anti-
atherogenic mutation m.13513G>A, the threshold level 
of heteroplasmy is 32.5%.   

RESULTS

The investigated sample of 134 participants was 
divided by gender and age. All the examined individuals 
had their IMT measured. A total of 35 of the donors 
were men, with a mean ± standard deviation (SD) age 
of 61 ± 10 years and an IMT of 0.84 ± 0.21 mm. The 
remaining 97 donors were women, with a mean ± SD 
age of 61 ± 11 years and an IMT of 0.79 ± 0.41 mm.

During the quantitative assessment of the mutant allele 
of mitochondrial genome, data on the heteroplasmy 
levels in buccal epithelial and whole blood cells were 
obtained [Figure 1]. The obtained data were analyzed 
using the t-test for independent samples.

Significant differences in the heteroplasmy level of 
the mitochondrial genome mutation m.3256C>T were 
found between buccal epithelial and whole blood cells 
(P = 0.01). However, there were no differences in the 
mutations m.13513G>A (P = 0.48), m.3336T>C (P = 
0.65), m.12315G>A (P = 0.13), and m.1555А>G (P = 
0.23).

The difference between average heteroplasmy levels 
of the investigated mutations did not exceed 5% and 
the standard error in a range of cases was higher 
than the mean level. This is probably connected to the 
fact that each individual has a different heteroplasmy 
level of mtDNA mutations, and that heteroplasmy 
levels significantly differ within an investigated 
sample. Therefore, it is unlikely that the impact of the 

Figure 1: The heteroplasmy level of mitochondrial genome mutations in whole blood and buccal epithelium from 134 donors. Error bars 
show the standard error. mtDNA: mitochondrial DNA

m.13513G>A       m.12315G>A       m.1555A>G         m.3256C>T        m.3336T>C
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heteroplasmy level of mitochondrial genome mutations 
on different human diseases can be evaluated using 
the percentage expression of mutational burden. To 
determine the difference in heteroplasmy levels among 
samples, it is necessary to convert heteroplasmy 
levels into rank values using the threshold value of 
heteroplasmy percentage. It should be noted that, 
despite the fact that the average heteroplasmy level 
for a number of mutations was much lower than 
the threshold level (e.g. for mutation m.13513G>A, 
the threshold heteroplasmy level was 32.5% while 
the average value of this parameter for the buccal 
epithelium and whole blood was 15% and 14%, 
respectively), some individuals had heteroplasmy 
levels above the threshold level.

After ranking the heteroplasmy levels, differences 
in the mutational burden distribution in buccal 
epithelium and whole blood were determined using 
the Mann-Whitney U-test [Table 1]. As can be seen 
in Table 1, the threshold heteroplasmy level of the 
mutations m.12315G>A, m.13513G>A, m.1555А>G, 
m.3256C>T, and m.3336T>C, which are associated 
with atherosclerotic plaques, did not significantly differ 
between the buccal epithelium and whole blood.

Consequently, DNA samples from both the buccal 
epithelium and the whole blood may be of use for the 
molecular genetic diagnosis of atherosclerosis using 

mitochondrial genome mutations associated with this 
disease.

To check the distribution of heteroplasmy values in 
different cell types and their association with gender, 
age, the degree of angiostenosis, and IMT, a correlation 
analysis of heteroplasmy levels in the buccal epithelium 
and whole blood was carried out. The parametric 
variables of age and IMT were compared with the 
average heteroplasmy levels of the mitochondrial 
genome mutations m.12315G>A, m.13513G>A, 
m.1555А>G, m.3256C>T, and m.3336T>C, while the 
non-parametric variables of atherosclerotic plaques and 
gender were compared with threshold heteroplasmy 
level distributions. Variability was assessed according 
to the available data on the size of an atherosclerotic 
plaque (in points) [Table 2].

A correlation analysis was performed between the 
threshold levels of heteroplasmy in the mitochondrial 
genome mutations m.12315G>A, m.13513G>A, 
m.1555А>G, m.3256C>T, and m.3336T>C in the buccal 
epithelium and whole blood, and the atherosclerotic 
plaque size, IMT, age, and gender of individuals from the 
investigated sample [Tables 3 and 4]. The differences 
were considered significant at 95% probability of 
faultless prognosis. These analyses found that the 
heteroplasmy level of mutation m.1555А>G in the 
buccal epithelium was significantly positively correlated 
with IMT and negatively correlated with age [Table 3]. 
In whole blood, the heteroplasmy level of mutation 
m.1555А>G was significantly positively correlated with 
IMT, similar to the correlation in the buccal epithelium.

DISCUSSION

A range of scientific publications have indicated that 
mitochondrial genome mutations, which are associated 

Table 1: Significance of rank differences in heteroplasmy levels between human buccal epithelium and whole blood

m.12315G>A m.13513G>A m.1555A>G m.3256C>T m.3336T>C
Mann-Whitney U-test 8,167 7,761 7,625 6,554 595
P value 0.20 0.18 0.36 0.08 0.80

Table 2: Ranking of atherosclerotic plaques in the 
lumen of blood vessels of the brachiocephalic bed, 
depending on the degree of stenosis
Atherosclerotic plaque size (points) Degree of stenosis (%)

 0 0
 1 < 20
 2 20-40
 3 > 40

Table 3: Correlation of heteroplasmy level of mtDNA mutations in human buccal epithelium with plaques, IMT, 
gender, and age
Variable m.13513G>A m.12315G>A m.1555A>G m.3256C>T m.3336T>C
Plaque Spearman correlation coefficient  0.09  0.03 -0.11 -0.12 -0.02

P value  0.31  0.78  0.22  0.19  0.81
Gender Spearman correlation coefficient  0.02 -0.02  0.15 -0.16 -0.10

P value  0.87  0.79  0.10  0.10  0.33
Age Pearson correlation coefficient -0.07 -0.13  -0.33* -0.21 -0.06

P value  0.40  0.16  0.01  0.20  0.56
IMT Pearson correlation coefficient -0.07  0.14   0.53*  0.04 -0.05

P value  0.40  0.12  0.01  0.67  0.61

*Highly significant. mtDNA: mitochondrial DNA; IMT: intima-medial thickness
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with several human diseases, can be unequally 
distributed in tissues and organs.[15,16] This has been 
shown in research with both healthy participants 
and those affected by disease.[17,18] Therefore, we 
studied the heteroplasmy levels of the mutations 
m.12315G>A, m.13513G>A, m.1555А>G, m.3256C>T, 
and m.3336T>C, which have been associated with 
atherosclerosis, and the distribution of these mutations 
in different tissues and organs. To compare different 
cells and tissues, we used the parameter of the 
threshold heteroplasmy level of mutations. This enabled 
us to calculate average differences in heteroplasmy 
levels among samples from various participants. 
This parameter was calculated on the basis of the 
correlation between mtDNA mutations and the degree 
of atherosclerosis of the arterial vessel wall.[9] The 
results indicate the absence of significant differences 
in threshold heteroplasmy levels of the mitochondrial 
genome mutations m.12315G>A, m.13513G>A, 
m.1555А>G, m.3256C>T, and m.3336T>C between 
human buccal epithelium and whole blood. In addition, 
we studied the variability of heteroplasmy levels in the 
same mutations in participants with different IMTs and 
different degrees of luminal occlusion. No correlation 
between the heteroplasmy level of mtDNA mutations 
and atherosclerotic plaque size was found. This may 
indicate an insufficient sample size to identify such a 
relationship. However, a significant direct correlation 
of mutation m.1555А>G with IMT was detected for 
DNA samples from both the buccal epithelium and 
whole blood. In line with previous research,[16,19-21] we 
found no correlation between the level of mutational 
burden and either gender or age, apart from an inverse 
correlation of mutation m.1555А>G with age in buccal 
epithelial samples.

It is possible that the data on mutation m.1555A>G 
indicate that individuals with a high heteroplasmy 
level of this mutation may have a higher IMT than their 
peers with lower heteroplasmy levels. It is important 
to note that mutation m.1555A>G is localized in the 
gene of subunit 12S of the mitochondrial genome. The 
association of this mutation with increased IMT may 

suggest that defects in mitochondrial ribosomes can 
lead to a decrease in the protein chains of respiratory 
enzymes. This might result in decreased ATP synthesis 
in cells, leading to oxidative stress and the unlimited 
proliferation of mutant cells. Such a process might 
culminate in increased IMT in the carotid arteries 
and the formation of atherosclerotic plaques (i.e. 
atherosclerosis).

In conclusion, the buccal epithelium and whole 
blood are quite common subjects of investigation 
in medicine, in particular in the genetic diagnosis of 
various human diseases. The data obtained during the 
present study suggest that DNA samples from either 
the buccal epithelium or whole blood can be used to 
determine the heteroplasmy levels of the mitochondrial 
genome mutations m.12315G>A, m.13513G>A, 
m.1555A>G, m.3256C>T, and m.3336T>C, which 
have been associated with atherosclerosis. It should 
be emphasized that buccal epithelial samples are far 
easier to collect, making this a preferable tissue for 
studying the association of mitochondrial genome 
mutations with atherosclerosis and the search for new 
biomarkers.

These findings will be of particular interest to specialists 
in medical genetics and medical practitioners.
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The Bjork-Shiley valve has been in use since 1971. Its longevity has been well reported in 
the literature. The study report a case of the Bjork-Shiley valve implanted in a young man, 
who presents with bacterial endocarditis 30 years after implantation of the valve. Transthoracic 
echocardiography showed vegetations in the mechanical tricuspid valve, with positive blood 
cultures csonfirming the diagnosis. Artificial valves increase the risk of contracting endocarditis 
but this is the first report of a case of bacterial endocarditis occurring in a mechanical tricuspid 
valve replacement 30 years after the initial implantation.
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INTRODUCTION

The choice of valve implantation is a complex decision 
that is usually made after consultation with the family and 
the patient. In the era of transcatheter valve insertions, 
the decision may start favouring the bioprosthetic 
valves. Recent updates in pericardial valves and anti-

calcification techniques have also resulted in more 
durable bioprosthetic valves with outcomes surpassing 
20 years expected, although this is yet to be seen in 
younger patients’ due to the preference for a more 
durable mechanical valve given the potential longevity 
offered. Mechanical valves are also likelier to be used 
in the setting of mitral stenosis which almost invariably 
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occurs alongside atrial fibrillation which is an indication 
for anticoagulation in itself. Point of care testing for 
anticoagulation efficiency with allied health professional 
led international normalised ratio clinics have been 
in favour of mechanical valves but the introduction 
of direct oral anti-coagulants (DOACs) for first line 
atrial fibrillation treatment has brought a paradigm 
shift favouring bioprosthetic valves. Tricuspid valve 
replacements however, are less common compared to 
the mitral valve, thereby lacking a consensus on the 
optimal choice of valve. As the right heart is a lower 
pressure system, the stasis of blood causing increase 
thrombogenicity may favour the use of tissue based 
valves. Artificial valves do predispose patients to an 
increased risk of bacterial endocarditis. This can be 
attributed to adherent surfaces of suture lines, turbulent 
flows and nidus for infections in microthrombi produced 
especially in mechanical valves.
We present a case report of a patient who presented 
30 years after his first operation with bacterial 
endocarditis.

CASE REPORT

A 48-year-old Caucasian male presented to our 
institution with fever, shortness of breath and increasing 
fatigability. His past medical history included a previous 
tricuspid valve replacement with a Bjork-Shiley tilting 
disc valve in 1986 due to endocarditis from an unknown 
origin and severe tricuspid valve regurgitation.

As part of his follow-up, he attended annual surveillance 
echocardiography clinics. A possible pannus forming 
around the mechanical valve prosthesis was noted on 
his latest scan. This extensively reduced the effective 
orifice area. As he was well and asymptomatic, a plan 
was made to repeat the echocardiogram in 6 months’ 
time. However, he became severely unwell following 
a urinary tract infection and required intravenous 
antibiotic therapy.

He was found collapsed and presented to the intensive 
care unit in our institute requiring mechanical ventilation. 
He had no pathognomonic signs of bacterial endocarditis 
such as splinter haemorrhages, Roth’s spots, Osler’s 
nodes and Janeway lesions. An urgent echocardiogram 
highlighted large prominent vegetations with severe 
tricuspid valve stenosis [Video 1]. Blood cultures were 
positive for Staphylococcus Aureus.

He had multiple episodes of non-sustained ventricular 
tachycardia. He later developed an acute kidney injury 
and the following a multidisciplinary team decision, he 
underwent an urgent redo-operation.

After right atriotomy, pannus and vegetation was 

observed on the mechanical valve were clearly 
visible [Figures 1 and 2]. The mechanical valve was 
explanted and replaced with a 31-mm bioprosthetic 
valve. His post-operative period was uneventful but for 
an episode of acute kidney injury which settled with 
intravenous fluids. He made a good recovery and was 
discharged on the 20th post-operative day. He was 
seen in the post-operative clinic after discharge and 
reports being well with no further complications.

DISCUSSION

Tricuspid valve endocarditis is a well recognised 
disease with a wide spectrum of pathologies which 
is not limited to intravenous drug abuse and can be 
caused even by monitoring lines.[1] Up to 40% of 
prosthetic valve endocarditis is cause by Staphylococci 
infections.[2] Artificial valve endocarditis is also more 
common in the atrioventricular valve owing to reduced 
flow velocities across the valves particularly in the right 
side of the heart. Pannus growth tends to occur in the 
tissue valve interface and tracks along the suture lines 
as seen in our patient. However, encroachment into 

Figure 2: Vegetation (arrow) on atrial surface of the valve from 
surgeon’s view; the endocarditis was caused by pyelonephritis with 
Staphylococcus Aureus

Figure 1: Pannus formation on atrial (A) and ventricular (B) surface 
of the valve; the patient remained asymptomatic and compliant with 
warfarinisation with no thromboemboli event during the 30-year 
lifespan of the valve

A B
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the valve orifice is uncommon. Pannus formation was 
the causes mechanical valve obstruction in about 10% 
of valves.[3]

Implantation of prosthetic valve in tricuspid position 
has been debated frequently in the literature with a 
consensus on bioprosthesis favouring mechanical 
valve due to the increased occurrence of valve-related 
events, especially the composite of thrombosis, 
embolism, and bleeding high risk of thrombosis when 
a mechanical valve is implanted in tricuspid position.[4,5] 
The management of thrombosis can be challenging and 
depending on patient clinical manifestation or degree 
of valvular obstruction the management can vary from 
observation to emergency operation.[6]

With the emergence of transcatheter technology, 
bioprosthetic valve implantation in the tricuspid position 
is an ideal alternative while future valve-in-valve 
implantation feasible in the event of valve failure.[7] 
To our knowledge there is no report of mechanical 
valve implantation lasting more than 30 years in the 
tricuspid position. The abovementioned patient had 
excellent compliance with anticoagulation therapy, 
thus explaining his mechanical valve longevity without 
any episodes of thrombosis. It has been observed that 
non-compliance with coumadin plays a pivotal role in 
thrombosis and valve malfunction.[4]

Bjork-Shiley tilting disc valves had a good clinical 
profile following decades of implantation. However, 
they became obsolete following the invention of more 
innovative mechanical valves with better profiles 
facilitated by double tilting discs. In 1979, the convexo-
concave design of the Bjork-Shiley valve came under 
scrutiny as it was prone to fractures in the outflow 
strut. This resulted in the food and drug administration 
withdrawing approval of the 1986, around the time our 
patient had his valve implanted.[8]

Despite advancements in valve design and refinement 
in surgical techniques, the type of valve implantation 
(mechanical versus bioprosthesis) remains a dilemma 
among surgeons in all 4 valves positions. Although, 
patient autonomy dictates that they be given priority 
to choose the type of valve, a surgeons input is of 
paramount importance. The evolving technology has 
influenced the guidelines with rapid amendments 
and new published editions. Newer generations of 
mechanical valves with better performance with 
regards to amplitude and duration of regional backflow 
velocities across the mechanical valve as the main 
culprit for thrombosis are currently available.[9] DOACs 

may have a role in the mechanical valves of the future 
despite the findings of the recently published RE-
ALIGN trial.[10] It may be a reality to have alternatives 
to coumadin therapy for mechanical valves in the near 
future.
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Leriche’s syndrome: a rare complication 
following anterior approach lumbar spinal 
surgery
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Leriche’s syndrome is an aortic occlusive disease, which is due to obliteration of distal aorta 
above the site of bifurcation of common iliac arteries. The classic triad of symptoms include 
claudication, impotence, and absent or decreased femoral pulses. It may be acute or chronic 
in onset. Most of the cases are chronic in nature due to baseline pathophysiology involving 
atherosclerotic changes in the aorta. There are many causes of acute leriche’s syndrome like 
surgical manipulation, trauma, thromboembolic disease, hypercoagulability, atrial fibrillation, 
neoplasm, intraplaque hemorrhage in an aneurysm. Post-surgical Leriche’s syndrome is rare 
and needs a strong index of suspicion to diagnose. The authors highlight a case of Leriche’s 
syndrome, as a post-surgical complication and its clinical importance.
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INTRODUCTION

Leriche’s syndrome is an aortic occlusive disease, 
which is due to obliteration of distal aorta above 

the site of bifurcation of common iliac arteries.[1] 
The classic triad of symptoms include claudication, 
impotence, and absent or decreased femoral pulses.[2] 
It may be acute or chronic in onset. Most of the cases 
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are chronic in nature due to baseline pathophysiology 
involving atherosclerotic changes in the aorta. Risk 
factors like hyperlipidemia, hypertension, diabetes 
would aggravate the underlying chronic condition.[1] 

Acute cases are rare and are usually related to acute 
thrombus occlusion.

Injuries of the thoracic and abdominal aorta after 
spine surgery are rare but may result in severe life-
threatening complications. Acute and chronic vascular 
injuries such as perforations leading to major bleeding 
or hematoma formation, erosions or pseudoaneurysm 
formation are some of the vascular complications of 
lower spinal surgeries.[2-4] However, most injuries are 
delayed due to chronic irritation of the aortic wall.

The majority of spinal surgery complications highlight 
neurological sequelae, while vascular issues are less 
frequent.[5] Post spinal surgery Leriche’s syndrome 
often misdiagnosed because of overlapping symptoms 
of pseudo-claudication from spinal canal stenosis. 
We highlight a case of acute Leriche’s syndrome after 
anterior lumbar interbody fusion (ALIF) surgery, and its 
presentation.

CASE REPORT

A 58-year-old male patient presented to the hospital 
3 weeks after ALIF surgery at L2-S1, performed 
due to lumbar spinal stenosis. He reported sudden 
numbness, tingling and weakness of both lower 
extremities from the waist down. He had none of 
these lower extremity symptoms before surgery. Prior 
to his visit to our Emergency Department (ED), he was 
discharged from two EDs in last 48 h with the diagnosis 
of diskitis. Review of the system included new onset 
leg claudication but no rest pain. The patient had 
the blood pressure of 140/95 mmHg, a heart rate of 
80 beats/min and a respiratory rate of 16 breaths/min, 
whereas laboratory tests were inconspicuous. His 
past medical history was significant for osteoarthritis, 
chronic back pain, and hypertension. There was no prior 
history of peripheral vascular disease, coronary artery 
disease, hypercoagulable state or prior thrombosis 
formation. Only past surgical history included an 
operative history of ALIF of L2-S1, 3 weeks prior to 
presentation for lumbar spinal stenosis. He was a 
chronic smoker with 30 pack year’s history. There 
was no associated fever, abdominal pain, nausea, 
vomiting, bladder or bowel incontinence. Initially, all 
his symptoms were attributed to post-surgical changes 
leading to pseudo-claudication and other symptoms. 
At this point, our differentials for sudden sensory and 
motor deficit in lower extremities were spinal cord 
compression, spinal cord abscess, retroperitoneal 

hematoma, and myelopathy.

On physical examination, he was alert and oriented. 
There was no point tenderness noted on palpation of 
the back. Abdomen was soft on palpation and normal 
bowel sounds heard without any tenderness. In the 
neurological examination, there was a loss of sensation 
to fine and crude touch in both lower extremities up to 
the mid thighs (L2-S1) and 4/5 power with +2 reflexes 
(patellar and ankle). The motor and sensory system 
of L1 distribution were normal. Babinski’s sign was 
present bilaterally. Rectal sphincter tone was normal. 
The patient had no sensory or motor deficits in the 
upper extremities. I-XII cranial nerves intact. Vitals 
were stable.

Review of operative note revealed, that anterior 
aspect of lumbosacral spines was reached by the 
surgeon through retroperitoneal approach, following 
left paramedian incision. Exposure of the disks was 
accomplished after mobilization of left iliac vessels to 
the right side and retraction by a malleable retractor. 
During disk removal and positioning the cages, the 
major vessels were mobilized to right side and protected 
by the retractor. No direct injury to any vessels or 
excessive bleeding leading to hematoma was noted 
intraoperatively. The operative time was approximately 
4 h. Routine blood works including complete blood 
count with differentiation, complete metabolic profile, 
erythrocyte sedimentation rate, C-reactive protein, 
creatinine kinase were normal.

Due to a strong suspicion of complications from 
recent spinal surgery computed tomography (CT) of 
the thoracolumbar spine was ordered which showed 
anterior interbody fusion changes at L2-S1 with intact 
hardware. Mild to moderate multilevel central canal 
narrowing was noted in CT scan, which was secondary 
to scar tissue in the anterior epidural recesses, 
consistent with recent surgical history. The imaging 
study ruled out any critical central canal stenosis, 
acute lumbar osseous injury or paraspinal abscess. 
There was not enough evidence of myelopathy and 
radiculopathy from the CT and blood works, explaining 
the symptoms. His condition did not improve despite 
steroid treatment as well. Then we started looking 
for vascular causes. CT angiography of abdomen 
and pelvis was performed, which ruled out intramural 
hematoma or aortic dissection. However, there was 
an extensive aortoiliac atherosclerotic disease with 
long segment occlusive thrombosis of the infrarenal 
abdominal aorta by a crescentic mural thrombus 
[Figures 1 and 2].

As part of acute thrombosis work up, hypercoagulable 
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studies were normal. No abnormal cardiac rhythm 
including atrial fibrillation was detected in the telemetry. 
Transesophageal echocardiography ruled out any left 
atrial thrombus. There were no compressive lymph 
nodes or any other structure compressing on the 
aorta. Diagnosis of acute Leriche’s syndrome was 
established which was attributed to acute vascular 
injury following ALIF. The patient underwent emergent 
aortoiliac endarterectomy and aorta bifemoral bypass. 
During the surgery, acute thrombus was found in the 
more proximal infrarenal aorta which was retrieved 
and then dacron graft was placed. His postoperative 
period was uneventful with complete resolution 
of symptoms within next 48 h. Postoperative, the 
patient was started on antithrombotic therapy. 
The symptoms completely resolved post vascular 
surgery interventions and he was followed up as 
an outpatient after a week. He resumed his regular 
lifestyle without any residual symptoms. Although the 
patient had risk factors for Leriche’s syndrome, the 
acuity of the presentation was attributed to his recent 
surgical intervention where abdominal aorta was likely 
traumatized. The injury to aortic endothelium resulted 
in acute thrombus formation.

DISCUSSION

Leriche’s syndrome is an occlusive disease of the 
aorta which is characterized by a triad of symptoms 
like erectile dysfunction, claudication of thighs and legs 
and diminished or absent femoral pulse.[6]

There are many causes of acute Leriche’s syndrome 
like surgical manipulation, trauma, thromboembolic 
disease, hypercoagulability, atrial fibrillation, neoplasm, 
intraplaque hemorrhage in an aneurysm. Post-surgical 
Leriche’s syndrome is rare and needs a strong index 
of suspicion to diagnose. Surgical treatment of adult 
lumbar spinal disorders is associated with substantial 

risk of intra, peri, and postoperative complications.[7] A 
systematic review conducted by Wood et al.[8] showed 
that vascular injury in elective anterior lumbosacral 
surgery is less than 5% and complications being 
thrombosis, pulmonary embolism, and prolonged 
hospitalization. It is shown that vascular complications 
after ALIF range from 1.9% to 5.6% in the general 
population.[5,9,10] The vascular complications can 
be in the form of acute thrombosis, retroperitoneal 
hemorrhage, and injury to the major blood vessels.

We highlight the rare case of acute Leriche’s syndrome 
following ALIF surgery which was initially misdiagnosed. 
Firstly, the patient’s presentation of sensory and motor 
impairment misled physicians to have an impression 
of neuropathy. Secondly, ischemic neuropathy is rarely 
caused by Leriche’s syndrome.[11,12] Another reason 
for misdiagnosis is his recent spinal surgery. Though 
the patient was at risk for thrombus formation due to 
risk factors and atherosclerosis, the interesting part 
was the acute presentation of symptoms. There was 
a case study in 2003 which reported 8 cases arterial 
complication following ALIF in which possible risk 
factors were analyzed. The authors encountered 6 
cases of common iliac artery occlusion and two cases of 
acute vasospasm as a complication of ALIF.[5] Another 
article in 2010 documented the incidence of vascular 
complications during ALIF in 212 consecutive patients, 

Figure 1: Enhanced computed tomography of thorax and abdomen 
imaging (sagittal reformation) shows a complete thrombosis of the 
distal aorta below the left renal artery, extending to the common 
iliac bifurcations

Figure 2: Enhanced computed tomography imaging (axial) 
demonstrates an acute thrombus in the abdominal aorta causing 
complete occlusion



                                                                                          Vessel Plus ¦ Volume 1 ¦ September 26, 2017

Tummala et al.                                                                                                                                                       Postoperative complications of spinal surgery

158

out of which 13 (6.1%) vascular injuries occurred of 
which 5 were major (38.5%). One major arterial injury 
(0.5%) occurred and required arterial thrombectomy 
and stent placement.[9] A case report of an acute 
Leriche-like syndrome after posterior instrumentation 
of the spine highlighting iatrogenic trauma to the 
aorta during spinal surgeries was described by in a 
47-year-old female who developed an acute occlusion 
of the infrarenal aorta after posterior transpedicular 
instrumentation of an L1 burst-fracture.[13]

In the literature review, it was found that ALIF surgery 
at L2-L5 levels is most likely prone to cause vascular 
injury,[3-5] just as the procedure in our case. The 
explained reason is that left common iliac vessels 
normally transverse the prevertebral space the L4-5 
interspace, and thus prevents direct access to the 
spine. These vessels must be mobilized with the help of 
retractors from left to right to expose the bony midline.[8] 
And there might be a progression of the injury from iliac 
artery upwards to the aorta. We believe the retraction 
of vessels can promote thrombus formation, through 
a mechanical injury to the intima of the artery. The 
mechanism of thrombus formation is detailed below. 
The retraction of the artery is considered as a non-
penetrating arterial injury which has been shown that 
stretching of the artery can cause a rupture of the intimal 
layer.[14] The second reasoning is vascular retraction 
causes turbulent flow near the retraction site. The 
disturbance in normal flow cause platelets to adhere 
to the injured endothelium and lead to the process of 
primary hemostasis.[15] The turbulent flow also prevents 
dilution by fresh flowing blood with activated clotting 
factors, which promote secondary hemostasis and 
eventual thrombus formation.[15] The aortic occlusion 
of Leriche’s syndrome is usually caused by diffuse 
atherosclerotic changes, exacerbated by smoking, 
diabetes, hypertension, and hypercholesterolemia.[1] 
However, iatrogenic trauma to the blood vessels as a 
cause for thrombosis has been documented.[16]

The retraction of iliac vessels in our case during 
ALIF could have promoted endothelial injury 
leading to thrombus formation. In addition, smoking 
itself can promote hypercoagulability via unknown 
mechanisms.[15]
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While vertebral artery injuries are uncommon, they can have significant morbidity if not 
identified and treated in a timely fashion. While the majority of vertebral artery injuries are 
the result of blunt injury and typically have favorable outcomes, a substantial percentage of 
patients with penetrating injury to the neck may also have vertebral artery injury necessitating 
angiographic or operative intervention. A 45-year-old male sustained a single stab wound to 
the apex of the posterior triangle of the neck, below the left mastoid process. At the scene, 
Emergency Medical Services personnel reported large blood loss and upon arrival, his initial 
vital signs were consistent with Class II/III hemorrhagic shock. Physical examination revealed 
a 9 cm longitudinal and deep laceration which began to bleed rapidly and profusely during 
his inital evaluation. The patient was intubated and rapidly transported to the operating room 
for exploration of the wound with direct control of the suspected vascular injury via suture 
ligation and application of vascular clips and to interventional radiology suite for embolization. 
Operative control was necessary however, immediate post-operative angiography allowed 
confirmation of collateral cerebral perfusion. The patient had an uneventful recovery and was 
evaluated in the Trauma Clinic during his 7, 14, 30 and 60-day follow-up.
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INTRODUCTION

The vertebral artery is located deep within the neck 

therefore, it is rarely injured. An epidemiology study 
by Hsu et al.[1] identified 14 cases, 0.08% of vertebral 
artery injuries in a multi-institutional database of 



                                                                                         Vessel Plus ¦ Volume 1 ¦ September 26, 2017

Bertellotti et al.                                                                                                                                                                                    Vertebral artery transection

160

16,582 patients, a prevalence rate of 8.4 per 10,000. 
When examining penetrating trauma to the neck, the 
incidence has been reported as between 1.0-7.4%, 
with some variation attributed to mechanism (gunshot 
wound versus stab wound).[2] Some believe however, 
that the low incidence of vertebral artery injuries 
previously reported is due to inefficient diagnostic tools, 
before the advent of routine angiography in penetrating 
neck trauma.[3,4] Even with angiography, there are 
variations in vertebral artery anatomy that should 
be taken into consideration. Preoperative imaging 
revealed anomalous variations in 50% of patients 
with vertebral artery injuries, in a multicenter study.[1] 
With increasing incidence of vertebral artery injury in 
patients with cervical spine trauma,[5] vertebral artery 
injuries should be ruled out in patients presenting with 
neck and cervical spine trauma.[6] Early diagnosis and 
intervention is critical to successful management of 
vertebral artery injuries. Multiple complications result 
from these types of injuries, and the point of entry 
and exit of the foreign object in penetrating injuries 
to the neck could predict susceptibility to injury and 
outcome.[5,7]

In a prospective study by Jang et al.,[6] none of 
the patients experienced secondary neurologic 
deterioration from vertebrobasilar ischemia, similarly 
the patient in this case report also did not develop 
neurologic sequelae. Other studies have also shown 
that with proper management, patients experience 
uneventful recovery without residual effects.[1] 
While neurologic deficits are rare complications 
of vertebral artery injury, when neurologic deficit 
occurs, they could be devastating and permanent.[1] 
Other severe outcomes are complications of stroke, 
pseudoaneurysm, late-onset hemorrhage, brain 
stem and cerebellar infarcts, and death;[1,5,8,9] early 
diagnosis and management are therefore critical to 
positive outcome.

This case report aims to describe the roles of 
surgical procedures and interventional radiology in 
the successful management of emergent vertebral 
artery injuries.

CASE REPORT

A 45-year-old male who sustained a single stab wound 
at the apex of the posterior triangle of the neck below 
the left mastoid process was transported to the level 
1 trauma center by Emergency Medical Services 
personnel, who reported large blood loss at the scene. 
Upon arrival, the patient’s initial vital signs were: blood 
pressure (BP) 106/51 mmHg, pulse 139 bpm. Physical 
examination revealed a 9-cm longitudinal deep 

laceration with no active bleeding and the interventional 
radiologist was consulted. Subsequently, the wound 
began to bleed rapidly and profusely. Pressure 
was applied. The patient was intubated; massive 
transfusion protocol was activated and the patient was 
rapidly transported to the operating room (OR).

In the OR, the wound was explored by enlarging the 
incision longitudinally, and interventional radiology 
(IR) was contacted. Ideally, the patient should 
have gone directly to IR suite upon his admission. 
Unfortunately, the patient began to bleed significantly, 
thus precluding this option. IR however, had already 
been consulted. In the OR, the goal was to obtain 
hemostasis through direct control of the vessel; 
however, the location of the injury at the skull base 
precluded this. Temporary control in the OR was 
therefore obtained.

In the OR, the sternocleidomastoid was partially 
transected. Bleeding was controlled from muscular 
arterial and venous branches. A deeper wound 
track in the anteromedial aspect of wound was 
partially explored and bleeding was controlled. The 
sternocleidomastoid was re-approximated and the 
wound was closed. Estimated blood loss (EBL) was 
1,100 mL. Total fluid replacement was 3,900 mL: 
crystalloids 2,700 mL and 4 units packed red blood 
cells (PRBCs) 1,200 mL.

The patient was transported to the intensive care unit 
(ICU) pending IR arrival. Immediately upon arrival, 
the patient became hypotensive with a systolic BP 
- 55 mmHg. He bled massively. Digital control was 
established and he was returned to the OR.

Senior trauma surgery staff was paged signal 
transducer and activator of transcription to the OR. The 
patient was then re-explored. The longitudinal incision 
was extended and the sternocleidomastoid muscle 
was completely transected along with the splenius 
capitis muscle. Transverse processes of C1-C2 were 
palpated and the pre-vertebral fascia was entered. The 
vertebral artery at V3 (third portion) was noted to be 
partially transected extracranially; it was controlled with 
vascular clips. Paired vertebral veins were controlled 
in the same fashion. Hemorrhage was thus controlled. 
The accessory spinal nerve was not visualized. Bone 
wax was applied and the wound closed. EBL was 
3,000 mL. Total volume replacement was 6,400 mL: 
crystalloids 4,000 mL, 6 units PRBCs 1,800 mL, 2 units 
fresh frozen plasma 600 mL.

During the second intervention, a more complete 
exploration identified the injury thus allowing for 
definitive control.
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Figure 1: Vertebral artery surgically controlled prior to embolization 
(A) and digital subtraction shadow of surgically applied clips (B)

Figure 2: Right vertebral artery angiography after embolization 
by coils of the very proximal part of left vertebral artery (arrow 
showing coils, B). Retrograde opacity of the distal left vertebral 
artery shows persistent extravasation of contrast with an extradural 
pseudoaneurysm above the surgically placed clips which had 
controlled all bleeding operatively (A) secondary to vessel 
transection from the stab wound

Figure 3: The micro catheter was placed in retrograde fashion in 
the left distal vertebral artery immediately above the extradural 
pseudoaneurysm during deployment. Endovascular approach 
obtained complete proximal (A) and distal (B) trapping of the extra 
dural left vertebral artery pseudoaneurysm above the surgical clips

Angiographic visualization of the vasculature was 
performed by catheter angiography, which revealed 
that complete acute occlusion of the left vertebral 
artery at the C1-C2 level was successfully achieved 
during the second surgical intervention [Figure 1]. The 
catheterization of the right vertebral artery showed 
normal perfusion with opacification of the very distal 
segment of the left vertebral artery. The late phase 
of angiography depicted a pattern consistent with 
an extra-dural pseudoaneurysm noted above the 
surgically placed clips.

The first step during angiography included 
endovascular embolization by coils of the left vertebral 
artery proximal to the visualized surgical occlusion. 
The second stage proceeded by navigation of the 

micro-catheter through the right vertebral artery in 
retrograde fashion into the very distal part of the left 
vertebral artery with navigation of the catheter tip 
above the level of the surgically placed clips [Figure 2]. 
Embolization in this location was performed again by 
lumen occlusion with coils with meticulous preservation 
of the anterior spinal artery, which had its origin from 
the distal left vertebral artery. The territory of the left 
posterior inferior cerebellar artery was satisfactory 
collateralized by the left anterior inferior cerebellar 
artery. Thus, this endovascular approach obtained 
complete proximal and distal trapping of the left 
vertebral artery pseudoaneurysm above the surgically 
placed clips [Figure 3].

The patient was transferred to the ICU, extubated on 
the second post-operative day and transferred to the 
floor. He was observed for 2 days and discharged on 
post-operative day 4. No problems were noted with 
balance when ambulating. He had an uneventful 
recovery. He was evaluated in the Trauma Clinic during 
his 7, 14, 30 and 60-day follow-up with no sequelae 
noted from this rare and complex vascular injury.

DISCUSSION

Penetrating vertebral artery injuries are rare and their 
injuries were previously missed prior to the routine use 
of angiography in diagnosing penetrating neck injuries.

This patient specifically, sustained a penetrating injury 
to the vertebral artery and had hard signs of vascular 
injury with profuse bleeding at the scene and upon 
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examination of the wound during his initial evaluation. 
This is the most common presentation in penetrating 
vertebral artery injury at 50%, while 30% present only 
with soft signs, and 20% with no overt signs.[2] This 
frank hemorrhage was the impetus for the decision 
for operative exploration at the onset. This decision 
also corresponds to the algorithm suggested by 
Greer et al.[10] in their series of penetrating vertebral 
artery injuries managed during the military campaigns 
in Iraq and Afghanistan. Early operative intervention 
was also recommended by Reid and Weigelt[11] 
in their series of 43 patients from 1976-1986; 
both series agree that patients without acute life-
threatening injuries can be safely evaluated without 
imaging studies (computed tomography angiography, 
digital subtraction angiography) with minimal risk to 
the patient.

Vertebral artery injuries though uncommon, could be 
fatal. Operative management is difficult and requires 
significant experience, in some cases, definitive control 
can be achieved through endovascular embolization 
by interventional radiology. While these approaches 
are described in the literature, there is little data on 
the multimodal therapy provided in this patient’s 
care. Operative control was necessary however, 
immediate post-operative angiography allowed 
confirmation of collateral cerebral perfusion. The use 
of coil embolization in addition to ligation may also 
decrease the risk of post-operative morbidity such as 
fistula formation, re-bleeding, and pseudoaneurysm 
formation. Additional investigation of this approach is 
therefore warranted.
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Atherosclerosis and atherosclerotic diseases remain 
the problem number one of current medicine and health 
care being the cause of myocardial infarction, stroke, 
sudden death, and other common causes of mortality 
and disability. Atherosclerotic diseases account for 
more than 50% of total mortality in industrialized 
societies. Atherosclerotic lesion development has a 
long asymptomatic phase. Therefore, in many cases, 
the first clinical manifestations of atherosclerosis 
appear when the lesion is already well developed 
causing significant narrowing of the vascular lumen. 
Current treatment of atherosclerosis is mainly 
symptomatic and does not affect the atherosclerotic 
lesion per se. Frequently, symptomatic therapy that 
improves the state of the patient even provokes further 
development of atherosclerosis. Unfortunately, direct 
anti-atherosclerotic therapy aimed at regression of 
atherosclerotic plaques remains to be developed. 
Such development should become a major goal of 
modern medicine and pharmaceutical industry, taking 
into account the burden and clinical significance of the 
disease.

The development of novel anti-atherosclerotic 
therapies is hindered by the lack of knowledge 

of the disease mechanisms and the absence of 
comprehensive concepts of the disease pathogenesis. 
Detailed studying of the disease mechanisms at 
molecular and cellular level using modern methods 
of analysis should attempt to solve this problem. 
Among the mechanisms to be studied at the first 
place, are lipid metabolism, innate immunity, chronic 
inflammation and cell differentiation. In addition to the 
traditional methods of morphology and biochemistry, 
the most advanced techniques of cellular and 
molecular biology should be applied. The results of 
these studies should contribute to the development of 
novel comprehensive concepts of the pathogenesis 
of atherosclerosis and to identif ication of novel 
pharmacological tagets for direct anti-atherosclerotic 
therapy. During the recent years, in addition to the 
widely-accepted lipid concept of atherogenesis, new 
targets for anti-atherosclerotic therapy associated with 
innate immunity and inflammation were proposed.

Three articles of this special issue are discussing 
the mechanisms of atherogenesis and the diseases 
associated with atherosclerosis. It is commonly 
accepted that modified low density lipoprotein (LDL) 
plays a key role in the initiation and development of 
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atherosclerotic lesions. Several types of atherogenic 
LDL modifications have been discovered. Alipov et al.[1] 
from Russia and France investigated modified LDL 
with reduced sialic acid content (desialylated LDL). 
Desialylation is one of the atherogenic modifications 
observed in circulating atherogenic LDL in vivo. The 
authors reviewed the available data on differences 
between native and desialylated LDL circulating in the 
blood of patients[1]. Desialylated LDL is small, dense 
and highly susceptible to oxidation. This atherogenic 
modification leads to increased cholesterol intake 
by macrophages and smooth muscle cells. Thus, it 
can be argued that the circulating modified LDL is 
susceptible to multiple modifications and is a trigger 
for atherogenesis.

Insulin-dependent (type 1) diabetes mellitus is known 
to be associated with accelerated atherosclerosis 
development, although the reasons for premature 
atherogenesis in diabetic patients remain obscure. 
Several hypotheses exist that attempt to reveal the 
molecular, cellular and biochemical mechanisms of 
premature atherogenesis in diabetic patients, but all 
of them possess insufficient explanatory properties. 
Sobenin et al.[2] from Russia tested a non-obvious 
hypothesis that insulin treatment may have a pro-
atherogenic side effect on major atherosclerotic 
manifestations at the cellular level, namely, on 
proliferative activity and intracellular cholesterol 
accumulation. The obtained results suggest that 
insulin does not exert a direct atherogenic action at 
the level of arterial cells, with respect to proliferative 
activity and cholesterol content.

Diabetes mellitus type 2 is characterized by rapid 
progression of atherosclerosis. The development 
of atherosclerosis is largely determined by immune 
and inflammatory cells, primarily monocyte-derived 
macrophages. Recent studies demonstrated a 
relationship between the progression of atherosclerotic 
plaque and the ratio of pro-inflammatory and anti-
inflammatory activated macrophages. Nikiforov et al.[3] 
from Russia and Belgium studied the ability of 
circulating monocytes from patients with diabetes, 
coronary heart disease and healthy subjects to activate 
into pro-inflammatory phenotype. Unexpectedly, they 
found that in patients with diabetes, monocytes were 
prone to pro-inflammatory stimulation to a higher 
degree than monocytes from healthy individuals. At 
the same time, monocytes from patients with coronary 
heart disease did not respond to stimulation. The 
mechanisms of this interesting difference should be 
investigated.

Genetic diagnostics is a very promising direction 
for c l inical use in var ious diseases including 

atherosclerosis. Sazonova et al. [4] from Russia 
and I ta ly  a imed to  determine the thresho ld 
of heteroplasmy levels of mitochondr ial DNA 
(mtDNA) mutations for diagnosis and prognosis of 
atherosclerotic lesions’ appearance and development. 
The threshold heteroplasmy levels of 11 mitochondrial 
genome mutations associated with atherosclerosis 
were detected. The authors suggested that these 
markers may be used for evaluation of predisposition 
to atherosclerotic lesions development in humans.

Plasma D-dimer, a product of plasmin fibrinolysis, 
is a known biomarker of coagulation. In the Letter to 
Editor, Myasoedova et al.[5] from Italy suggested that 
D-dimer levels can be helpful for diagnostic and risk 
stratification of patients with both acute cardiac states 
and atherosclerosis. They focused on the relationship 
between inflammation and hemostasis to identify 
D-dimer biological mechanisms and its effects.

Five articles of the special issue are focused on 
clinical and diagnostic questions. In dyslipidemia, 
two main players are identified: LDL and high-density 
lipoprotein (HDL). The protective role of HDL against 
atherosclerosis is currently well known. However, 
the protective efficacy of HDL may be affected by 
structural and functional alterations of lipoprotein 
particles. Harangi et al.[6] from Hungary aimed to 
evaluate qualitative and quantitative markers of HDL 
in dyslipidemic patients and healthy control subjects. 
Their f indings highlight the importance of HDL-
associated pro- and antioxidant enzymes, suggesting 
the possible clinical benefit of these markers in 
dyslipidemia.

High blood lipid level remains a major risk factor for 
many diseases atherosclerotic disease including 
coronary artery disease. Samaha et al.[7] from Lebanon 
and Qatar have carried out cross-sectional survey 
to evaluate the effects of dietary and lifestyle habits 
on several blood lipid parameters in the Lebanese 
population. They revealed that hyperlipidemia affects 
more than half of the Lebanese population. Prevalence 
of hypercholesterolemia, hypertriglyceridemia and 
high levels LDL cholesterol was higher in smokers, 
physically inactive individuals or those who consume 
fatty meat or eggs. The authors emphasize that the 
majority of the individuals were unaware of their lipid 
profile, which mandates concerted efforts for both 
patient and public education.

Abdominal obesity and excessive body weight are 
associated with the development of atherosclerotic 
cardiovascular disease and with increased risk of 
sudden cardiac death, atrium fibrillation and other 
forms of arrhythmias. Bilovol et al.[8] from Ukraine 
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aimed to evaluate the probability of developing atrial 
fibrillation depending on the body mass index and 
adipokines levels in the general population. The 
obtained results indicate that while obesity was 
associated with different metabolic, hormonal and 
hemodynamic changes that affect heart muscle 
causing its structural and functional changes, the same 
changes were present in patients with body weight 
deficit, associated with similar pathogenic changes, in 
particular, with atrial fibrillation development.

We express our gratitude to all authors and hope that 
the readers will find our special issue interesting and 
useful.
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Aim: The protective role of high-density lipoprotein (HDL) against atherosclerosis is well 
known. However, both structural and functional changes of the HDL particles may affect its 
protective efficacy. Increased levels of HDL-associated myeloperoxidase (MPO) and decreased 
HDL-linked paraoxonase-1 (PON1) activity have been reported in dyslipidemic patients. Some 
changes in HDL subfraction distributions were also studied previously, but data on structural 
and functional changes in dyslipidemia are not complete. Therefore, the authors aimed to 
evaluate these qualitative and quantitative markers of HDL in dyslipidemic patients and 
healthy control subjects. Methods: Anthropometric parameters, serum levels of lipoproteins 
and MPO, as well as PON1 activities were investigated in 81 untreated dyslipidemic patients 
and in 32 healthy gender-matched controls. Additionally, HDL subfractions were detected 
by an electrophoretic method on polyacrylamide gel (Lipoprint). Results: Significantly 
higher glucose, hemoglobin A1c, total cholesterol, low-density lipoprotein-cholesterol, 
triglyceride, lipoprotein(a), apolipoprotein B, C-reactive protein, and MPO levels were found 
in patients compared to the healthy subjects. There were no significant differences in PON1 
paraoxonase and arylesterase activities between the two study groups, but MPO/PON1 ratio 
was significantly higher in patients. There was a shift towards the smaller HDL subfractions, 
but only the intermediate HDL ratio was significantly lower in patients compared to controls. 
Conclusion: The results highlight the importance of HDL-associated pro- and antioxidant 
enzymes suggesting the possible clinical benefit of MPO/PON1 calculation and confirm that 
quantification of HDL-C level alone provides limited data regarding HDL’s cardioprotective 
effect. Calculation of MPO/PON1 ratio may be a useful cardiovascular marker in dyslipidemia.
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INTRODUCTION

High-density lipoprotein (HDL) is a fraction of 
small, dense, protein-rich lipoprotein that is highly 

heterogeneous in their structural, chemical and 
biological properties. Using dif ferent analytical 
methods HDL can be separated to subclasses 
differing in size, density, shape and lipid and protein 
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composition[1]. Therefore, the subfraction distribution 
of HDL has implications for their functions. Although 
the compositional and functional heterogeneity of HDL 
particles is well known, HDL is often regarded as a 
single entity characterized by measurement of HDL-
cholesterol (HDL-C) levels. Previous epidemiological 
studies have clearly shown that levels of HDL-C are 
inversely associated with the risk of coronary artery 
disease and its thrombotic complications[2,3]. Over 
the last few decades, substantial progress has been 
made in understanding how the HDL particle exerts 
protective effects on the vessel wall. HDL and its 
main protein constituent, apolipoprotein A1 (ApoA1) 
is protective in processes involved in atherogenesis, 
including mediation of reverse cholesterol transport, 
protection against oxidative stress, and inhibition of 
cytokine-induced expression of cellular adhesion 
molecules on endothelial cells. However, under 
particular circumstances, HDL particles may become 
dysfunctional caused by the loss of antioxidant and 
anti-inflammatory proteins in combination with a 
gain of acute phase proteins and some further pro-
inflammatory components. This pro-inflammatory, 
dysfunctional HDL is unable to protect low-density 
lipoprotein (LDL) from oxidation and to prevent 
monocyte migration into the vessel wall induced by 
oxidized LDL particles [4]. Myeloperoxidase (MPO) 
mediates the oxidation of ApoA1 that creates a 
dysfunctional HDL particle, which activates nuclear 
factor kappa-B and promotes inflammation in the 
vessel wall [5]. MPO level and its role in oxidative 
stress and inflammation has been implicated in the 
pathophysiology of cardiovascular diseases such as 
coronary artery disease [6]. Human paraoxonase-1 
(PON1) is a calcium-dependent lactonase that 
is produced by the liver and almost exclusively 
associated with HDL [7]. Although hydrolysis of 
homocysteine thiolactone might represent a major 
physiologic function of PON1[8], several fur ther 
substrates have been described including other 
lactones[9], organophosphates and lipid peroxides[7]. 
Interestingly, some previous studies proved that PON1 
is predominantly associated to the smaller and denser 
HDL3 subfractions, and PON1 activity of HDL2 was 
only 4% of that in HDL3[10]. Furthermore, previous data 
indicate that MPO, PON1 and HDL from a functional 
ternary complex in which MPO and PON1 inhibit each 
other’s activity demonstrating the dysfunction of the 
HDL particle[11].

Dysl ip idemia character ized by high levels of 
t r ig lycer ide,  tota l  and LDL cholestero l  is  an 
established risk factor for coronary heart disease. 
Therefore, to reduce the risk of cardiovascular 
complications lipid lowering treatment is widely used 

in this patient population. Additionally, combined 
forms of hyperlipidemia often require combined drug 
therapy. At the same time, it must be noted that lipid 
lowering agents, such as statins [12,13], f ibrates [14] 
and ezetimibe [15] have a significant effect on HDL 
composition and function. Consequently, evaluating 
the effect of various lipid abnormalities on HDL 
properties in patients on lipid lowering therapy can be 
misleading[16].

Therefore, we investigated the structural and some 
functional HDL proper ties in newly diagnosed, 
untreated dyslipidemic patients and in healthy controls 
to evaluate the effect of dyslipidemia on the structural 
and functional properties of HDL characterized by the 
serum levels of HDL subfractions and MPO, PON1 
paraoxonase and arylesterase activities and PON1 
phenotyping. We hypothesized that the level and 
ratio of large HDL subfractions are higher, and the 
level and ratio smaller HDL subfractions are lower in 
dyslipidemic subjects compared to healthy controls. A 
lower number of smaller HDL subfractions may result 
in lower PON activities and higher MPO levels.

METHODS

Study population
The study protocol was approved by local and regional 
ethics committees and carried out in accordance 
with the Declaration of Helsinki of World Medical 
Association. All investigated subjects gave their written 
informed consent to participate in the study. We 
enrolled eighty-one newly diagnosed, untreated patient 
with Fredrickson type IIa and IIb hyperlipidemia that 
were referred to our lipid outpatient clinic at Department 
of Internal Medicine, University of Debrecen. Physical 
examination and carotid ultrasound were performed 
regularly. Further vascular imaging techniques (Doppler 
ultrasound and computer tomography) were performed 
in case of complaints or abnormal physical and 
electrocardiography examinations.

We excluded patients with pre-existing vascular 
complications from the study. Vascular complications 
were defined as ischemic heart disease (myocardial 
infarction or coronary sclerosis), ischemic cerebrovascular 
disease (ischemic stroke, transient ischemic attack, 
carotid artery stenosis/occlusion) and peripheral 
ar ter ial disease. Vascular complications were 
established by patient history or upon the results of 
imaging techniques. Any lesions with measurable 
intravascular stenosis were defined as clinically 
signif icant. Fur ther exclusion criter ia included 
previous and ongoing lipid lowering therapy, chronic 
inflammatory conditions, autoimmune disease, and 
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endocrine or active liver disease including type 1 
and 2 diabetes mellitus, chronic renal disease and 
malignancy.

Furthermore, thirty-two individuals were enrolled as a 
control population confirmed to be healthy by clinical 
and laboratory examinations.

Biochemical assays
After an overnight fasting period venous blood 
samples were taken into evacuated tubes and sera 
were prepared immediately by centrifugation at 
1,500 × g for 10 min at 4 °C. Multiple aliquots of 
each samples were separated and stored at -70 °C. 
Routine laboratory analyses: total cholesterol, 
HDL-C, LDL-cholesterol (LDL-C), C-reactive protein 
(CRP), triglyceride, ApoA1, apolipoprotein B (ApoB), 
lipoprotein(a), hemoglobin A1c (HbA1c), and super-
sensitive thyroid stimulating hormone were performed 
from fresh sera with Cobas c501 autoanalyzer (Roche 
Ltd., Mannheim, Germany) in the Department of 
Laboratory Medicine of University of Debrecen. Tests 
were performed according to the recommendation of 
the manufacturer. All the reagents were purchased 
from the same vendor.

Paraoxonase-1 activities and phenotype
PON1 paraoxonase activity was measured by a 
kinetic, semi-automated method. Briefly, paraoxon 
(O,O-diethyl-O-p-nitrophenyl-phosphate, Sigma, 
Hungary) was used as a substrate, and the generation 
of 4-nitrophenol was measured on a microtiter plate 
(Greiner Bio-One GmbH, Germany). The total of 
15 µL serum was mixed with 285 µL Tris-HCl buffer 
(100 mmol/L, pH = 8.0) containing 2 mmol/L CaCl2 and 
5.5 mmol/L paraoxon. The absorbance was monitored 
at 405 nm (25 °C), in every minute for 6 min by a 
Beckman Coulter DTX880 Plate Reader (Beckman 
Coulter, California, USA) equipped with multimode 
detector. Enzyme activity was calculated using the 
molar extinction coefficient 17,600 M-1cm-1. PON1 
paraoxonase activity is expressed as units per liter 
of serum, where 1 unit equals 1 µmol of substrate 
hydrolyzed per minute.

PON1 arylesterase activity was assayed by a standard 
containing 1 mmol/L phenylacetate substrate (Sigma, 
Hungary) in 20 mmol/L Tris-HCl, pH = 8.0. The 
reaction was started by adding the serum and the 
absorbance was monitored at 270 nm. Blanks were 
included to correct for the spontaneous hydrolysis 
of phenylacetate. We calculated the enzyme activity 
using the molar extinction coefficient 1,310 M-1cm-1. 
PON1 arylesterase activity is expressed in U/mL; 
1 U is defined as 1 μmol phenylacetate hydrolyzed 

per minute.

To calculate PON1 phenotype the dual substrate 
method was used[17]. The genetic polymorphism at 
codon 192 Q→R (Arg/Gln at position 192) has the 
most significant impact on the enzyme activity as 
hydrolysis of paraoxon is faster by the R allele than 
by the Q allele. The allozyme determined by the R 
allele was designated type B, while the allozyme 
identified by the Q allele was nominated type A. In 
contrast, both R and Q alleles had similar arylesterase 
activity. The ratio of the hydrolysis of paraoxon 
in the presence of 1 mol/L NaCl (salt-stimulated 
paraoxonase) to the hydrolysis of phenylacetate was 
used to assign individuals to one of the three possible 
PON1 phenotypes: AA (low activity), AB (intermediate 
activity) and BB (high activity). Cut-off values between 
phenotypes were as follows: ratio below 3.0 for AA, 
ratio between 3.0 and 7.0 for AB and ratio over 7.0 for 
BB phenotype.

Serum myeloperoxidase concentration 
measurement
Myeloperoxidase serum concentrat ions were 
measured by commercially available sandwich 
enzyme-linked immunosorbent assay (ELISA) kits 
(R&D Systems Europe Ltd., Abington, England). 
The ELISA assay was performed according to the 
manufacturer’s instructions. The intra- and inter-assay 
coefficient of variations was 6.5-9.4%.

HDL subfraction analysis
HDL subfract ions were determined using an 
electrophoretic method on polyacrylamide gel with 
the Lipoprint System (Quantimetrix Corp., CA, 
USA) according to manufacturer’s instructions. 
This commercially available system separates 
HDL subfractions from human serum on the basis 
of their size applying preloaded gel tubes for HDL 
determinations.

C onc i se ly,  25  μ L  se r um was  added  to  t he 
polyacrylamide gel tubes along with 300 μL loading 
gel solution. The tubes contained Sudan Black as 
a lipophilic dye and were photopolimerized at room 
temperature for 30 min. Electrophoresis with tubes 
containing sera samples and the manufacturer’s quality 
controls were performed at a constant of 3 mA/tube 
for 50 min. Subfraction bands were scanned with an 
ArtixScan M1 digital scanner (Microtek International 
Inc., CA, USA) and were identified by their mobility (Rf) 
using very-LDL (VLDL) + LDL as the starting (Rf 0.0) 
and albumin as the ending (Rf 1.0) reference point.

Ten HDL subfractions were differentiated between 
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serum level of CRP. Serum glucose and HbA1c levels 
were also significantly higher in patients, although 
they remained in the normal range. Mean age and 
body mass index of patients were also significantly 
higher compared to controls. Concentration of serum 
MPO was significantly higher in patients [Figure 2A]. 
We could not find significant differences in PON1 
paraoxonase and arylesterase activities between the 
two study groups. Large inter-individual variations 
in PON1 paraoxonase and arylesterase enzyme 
activities were found both in dyslipidemic patients and 
controls [Figure 2C and D]. The MPO/PON1 ratio was 
significantly higher in dyslipidemic patients compared 
to controls [Table 1 and Figure 2B].

Significant negative correlation was detected between 
PON1 arylesterase activity and the concentration of 
MPO (r = -0.38; P < 0.001) in the whole study group 
(data not shown). Analyzing these associations in the 
two groups separately, correlation remained significant 
only in patients (r = -0.38; P < 0.001). The PON1 
phenotype distribution was as follows: in the patient 
group 80.2 % (n = 65) were AA, 19.8 % (n = 16) were 
AB phenotype, and there were no patients with BB 
phenotype. The phenotype distribution (AA-AB) was 
87.5% (n = 28), 12.5% (n = 4) in controls, respectively. 
The allelic frequencies followed the Hardy-Weinberg 
equilibrium and no significant differences were found 
between the subgroups.

The absolute amounts and ratios of lipoprotein 
subfractions are shown on Table 2. Although HDL-C 
levels fell into the normal range in both studied groups, 

VLDL + LDL and albumin peaks, and were grouped 
into three major classes: large (from HDL1 to HDL3), 
intermediate (from HDL4 to HDL7) and small (HDL8 to 
HDL10) HDL subfractions. Cholesterol concentrations 
of the HDL particle subsets were calculated by 
multiplying the total cholesterol concentration of the 
samples by the relative area under the curve of the 
subfraction bands [Figure 1].

Statistical methods
Statistical analysis was performed by STATISTICA 
(ver 8.0; StatSoft Inc., Tulsa, OK, USA). We tested 
the normality of data distribution by Kolmogorov-
Smirnov test. Data are presented by descriptive 
analysis [mean ± SD in case of normal distribution, 
or median (lower quartile - upper quartile) in the case 
of non-normal distribution]. Comparisons between 
groups were performed by Student’s unpaired t-
test in case of normally distributed variables and by 
Mann-Whitney U-test in case of variables with non-
normal distribution. Correlations between continuous 
variables were assessed by linear regression analysis 
using Pearson’s test. Differences with P < 0.05 were 
considered to be statistically significant.

RESULTS

Signif icant ly higher total cholesterol,  LDL-C, 
triglyceride, lipoprotein(a), apo B and CRP levels 
were found in the untreated dyslipidemic patients 
compared to healthy controls. A few patients had higher 
CRP levels, however, we could not find significant 
correlations between the studied parameters and the 

Figure 1: HDL subfraction profile in a healthy subject determined using an electrophoretic method on polyacrylamide gel with the Lipoprint 
System. Ten HDL subfractions were differentiated between VLDL + LDL and albumin peaks, and were grouped into three major classes: 
large (from HDL1 to HDL3), intermediate (from HDL4 to HDL7) and small (HDL8 to HDL10) HDL subfractions. HDL: high-density lipoprotein; 
VLDL: very-low-density lipoprotein
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differences between patients and controls [Table 2].

DISCUSSION

The measurement of serum levels of HDL-C has 

there was a shift toward the small-sized HDL particles 
in dyslipidemic patients compared to controls. The 
ratio of intermediate HDL subfraction was found to be 
significantly lower in dyslipidemic patients compared 
to controls, but there were no further significant 

Table 1: Laboratory parameters and anthropometric data of the patients and healthy controls

Dyslipidemic patients Healthy controls P
Number of patients 81 32
Age (years) 48.9 ± 14.3 41.8 ± 5.9 < 0.01
Female/male 49/32 19/13 NS
BMI (kg/m2) 28.1 ± 5.0 24.5 ± 2.5 < 0.01
Waist circumference (cm)
Females
Males

89.4 ± 13.2
101.7 ± 11.2

85.7 ± 6.6
92.75 ± 7.6

< 0.05
< 0.05

Glucose (mmol/L) 5.1 (4.8-5.5) 4.8 (4.6-5.1) < 0.01
HbA1C (%) 5.4 (5.2-5.9) 5.1 (4.8-5.3) < 0.01
Total cholesterol (mmol/L) 7.07 ± 1.69 5.07 ± 0.78 < 0.01
LDL-C (mmol/L) 4.52 ± 1.43 2.92 ± 0.51 < 0.01
HDL-C (mmol/L) 1.56 ± 0.54 1.55 ± 0.46 NS
Triglyceride (mmol/L) 1.6 (1.1-3.0) 1.2 (0.8-1.4) < 0.01
Lipoprotein(a) (mg/L) 191 (77-587) 70 (30-214) < 0.01
Apolipoprotein A1 (g/L) 1.71 ± 0.59 1.68 ± 0.31 NS
Apolipoprotein B (g/L) 1.33 ± 0.37 0.94 ± 0.18 < 0.01
hsCRP (mg/L) 2.4 (1.0-45.3) 2.0 (0.6-2.9) < 0.05
Thyroid stimulating hormone (mU/L) 2.1 ± 1.29 1.94 ± 1.1 NS
Myeloperoxidase (ng/mL) 869 (131-1,272) 205 (125-257) < 0.05
Paraoxonase activity (U/L) 98 (62-210) 83 (48-167) NS
Arylesterase activity (U/L) 132 (112-162) 127 (110-160) NS
Myeloperoxidase/paraoxonase (ug/U) 3.56 (1.28-16.03) 2.81 (0.89-4.03) < 0.05

Figure 2: Levels of serum MPO (A), MPO/PON1 ratio (B), activities of serum paraoxonase (C), and arylesterase (D) in dyslipidemic patients 
and controls. MPO: myeloperoxidase; PON1: paraoxonase-1

Data are presented as mean ± standard deviation or median (lower-upper quartiles). NS: non-significant; BMI: body mass index; HbA1c: 
hemoglobin A1c; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; hsCRP: high sensitivity C-reactive 
protein
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not be crucial, at least in dyslipidemic patients without 
manifest vascular complications. It must be noted that 
there can be notable differences in data produced 
by different analytical techniques applied for HDL 
subclass analysis. Still, these data may shift the focus 
from HDL subfractions to HDL function.

Measurement of PON1 activity is an accepted 
indicator of the HDL antioxidant property and a 
promising biomarker of HDL function independently 
of HDL-C levels[20]. PON1 inhibits lipoprotein oxidation 
and macrophage foam cell formation. Moreover, it 
possesses homocysteine-thiolactonase activity and 
stimulates macrophage cholesterol efflux that may also 
be responsible for its anti-atherogenic properties[7]. A 
previous meta-analysis comprising 47 studies reported 
markedly lower PON1 activities in patients with 
coronary heart disease than in unaffected controls[21]. 
Decreased paraoxonase activities were found in 
a number of medical conditions including familial 
hypercholesterolemia and diabetes mellitus[7]. However, 
it is also well known that paraoxonase activities can 
vary by over 40-fold between individuals, in part 
because of its genetic polymorphisms[22,23]. Although 
many environmental and pharmaceutical modulators 
of PON1 are known, by far the biggest effect on 
PON1 activity levels is through these polymorphisms. 
The coding region PON1-Q192R polymorphism 
determines a substrate dependent effect on activity. 
Some substrates e.g. paraoxon are hydrolyzed faster 
by the R- isoform while others such as phenylacetate 
and diazoxon are hydrolyzed more rapidly by the Q- 
isoform[22]. Therefore using the dual substrate method 
the PON1-Q192R polymorphism can be evaluated. 
In the present study we could not find significant 
differences in PON1 paraoxonase and arylesterase 
activities between patients and controls, but we 
also observed the large inter-individual variations in 
enzyme activities. Therefore, we evaluated the PON1 
Q192R phenotype distribution and allelic frequencies. 
The allelic frequencies followed the Hardy-Weinberg 

been standardized and accepted in everyday clinical 
practice, but it fails to capture the complexity of 
HDL structure and function. Previous proteomic 
studies have revealed more than 100 proteins on 
HDL particles including structure proteins, enzymes, 
complement components and proteinase inhibitors. It 
became clear that the protective role of HDL against 
atherogenesis may relate to its composition as much 
as to its concentration in the plasma[18]. By contrast, 
there is no accepted gold standard to measure the 
physical and functional properties of HDL particles, 
although several tests and assays have been reported 
in the last few decades[1]. Consequently, results of the 
various studies are often not comparable, confusing 
and not applicable in clinical practice. Indeed, the 
assessment of HDL structure and functions has 
become a high priority novel target to investigate the 
association between HDL and cardiovascular risk. 
Therefore, any further data on parallel investigation of 
HDL subfractions and functional markers may improve 
our knowledge on this field.

Because of the various techniques used for HDL 
subfraction detection, it is not surpr ising that 
considerable controversy exists as to the clinical 
usefulness of HDL subfractions for the prediction of 
cardiovascular risk. Basically, HDL-C includes two 
major subfractions: lipid-enriched, larger HDL2, which 
has a major role in reverse cholesterol transport, 
and protein-enriched, smaller HDL3, whose anti-
atherogenic role is less clear, but is able to bind 
several antioxidant enzymes including PON1. Although 
the results of previous studies are not concordant, a 
higher ratio of the larger HDL2 particles may protective 
against atherogenesis, while the smaller subclasses 
are positively correlated with the risk of cardiovascular 
disease [19]. We found a shift towards the smaller 
HDL subfractions, which may be unfavorable for 
our dyslipidemic patients. On the other hand, most 
of these changes were not significant, therefore the 
importance of alterations in HDL subfractions might 

Table 2: Concentration and ratio of high-density lipoprotein subfractions in dyslipidemic patients and healthy 
controls

Dyslipidemic patients Healthy controls P
HDL subfraction concentrations (mmol/L)
   Large HDL 0.42 (0.27-0.67) 0.45 (0.31-0.61) NS
   Intermediate HDL 0.73 (0.59-0.87) 0.75 (0.66-0.85) NS
   Small HDL 0.34 (0.23-0.43) 0.28 (0.25-0.34) NS
HDL subfraction ratios (%)
   Large HDL 29.7 (21.5-35.4) 31.6 (24.4-34.6) NS
   Intermediate HDL 48.3 (45-51.4) 51.5 (48.3-54.3) < 0.05
   Small HDL 21.6 (16.4-26.6) 18.4 (15.5-22.5) NS

Values are presented as mean ± standard deviation or median (lower-upper quartiles). NS: non-significant; HDL: high-density lipoprotein
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correlations between the studied parameters and 
the age. Therefore, we concluded that age may not 
influence our results in this study. It must be noted 
that HDL subfraction ratios are derived secondary 
parameters that may include additional error based on 
method of calculation. Data on further HDL functional 
assays such as HDL cholesterol ef f lux assay, 
measurement of lecithin: cholesterol acyltransferase or 
platelet-activating factor-acetylhydrolase activity would 
add further information on HDL property.

In summary, we found altered HDL function in 
dyslipidemic patients, characterized by increased 
level of MPO and MPO/PON1, even in patients 
without clinically detectable symptoms of vascular 
complications. However, PON1 paraoxonase and 
arylesterase activities were unaltered. There was a 
shift towards the smaller HDL subfractions, but these 
changes were not significant; indicating that the 
importance of alterations in HDL subfractions might 
not be crucial in patients with dyslipidemia. Our results 
highlights the importance of HDL-associated pro- and 
antioxidant enzymes suggesting the possible clinical 
benefit of MPO/PON1 calculation and confirms that 
quantification of HDL-C level alone provides limited 
data regarding HDL’s cardioprotective effect. Further 
studies on larger patient populations are needed to 
identify and characterize the best markers of HDL 
functions.

Data on HDL structural and functional properties may 
improve the efficacy of cardiovascular risk prediction 
and development of novel anti-atherogenic treatment 
strategies in dyslipidemia.
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equilibrium and no significant differences were found 
between the subgroups. According to the results, 
because of the large inter-individual variability, PON1 
activity measurement alone might not became a 
useful biomarker for cardiovascular risk prediction in 
dyslipidemic patients without vascular complications.

MPO is a leukocyte-derived heme protein that binds 
to HDL. As a part of the innate immune host defense 
system, MPO uses hydrogen peroxide to generate 
an array of reactive oxidant and free radical species 
such as hypochlorous acid possessing antimicrobial 
effect. However, these reactive species can also foster 
oxidative injury to host molecules as well. Indeed, 
MPO catalyzes generation of nitrating oxidants and 
promotes both protein modifications and initiates lipid 
peroxidation leading to enhanced atherosclerosis[24]. 
Plasma, serum, and leukocyte MPO levels have been 
associated with coronary artery disease[25]; incident 
risk of myocardial infarction, death, and need for 
revascularization[26,27]. In a previous study we found 
signif icantly elevated MPO levels in overweight 
hyperlipidemic patients with or without cardiovascular 
complications[28]. In the present study we also found 
significantly higher MPO levels in dyslipidemic patients 
without any vascular complications compared to 
healthy subjects.

Interestingly, both PON1 and MPO interact at the 
same site on HDL, reciprocally modulate each 
other’s function, influencing the antioxidant and anti-
inflammatory function of HDL[11]. Our previous study 
on a similar patient population also highlighted the 
importance of this reciprocal inhibition[29]. Furthermore, 
a recent study showed that serum MPO/PON1 ratio 
may be a potential indicator of dysfunctional high-
density lipoprotein and risk stratification in coronary 
artery disease[30]. Therefore, MPO/PON1 ratio was 
also calculated and we found significantly higher MPO/
PON1 ratio in our dyslipidemic patients compared to 
controls indicating an increased risk for cardiovascular 
complications. Moreover, in line with the results of 
previous studies, significant negative correlation was 
found between myeloperoxidase levels and PON1 
arylesterase activities that demonstrates the reciprocal 
inhibit ion between these two HDL-associated 
enzymes. Hence, calculation of MPO/PON1 ratio may 
give information about the function of the enzyme 
complex and characterize HDL function.

Some limitations of the study must be noted. The 
power of the study may be reduced because of the 
relatively small size of the study population. Age 
was signif icantly dif ferent between the patients 
and controls, however, we could not find significant 
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Aim: This study was undertaken to test the hypothesis that insulin treatment has unexpected 
pro-atherogenic effects at the cellular level, namely, proliferative activity and intracellular 
cholesterol content. Methods: Primary cultures of subendothelial cells derived from non-
atherosclerotic human aorta and mouse peritoneal macrophages were used to investigate the in 
vitro effect of insulin on atherosclerosis-related parameters, such as cellular cholesterol content 
and proliferation rate. Additionally, the effect of insulin treatment in 33 type 1 diabetic patients 
on serum atherogenicity (i.e. its ability to induce cholesterol accumulation in cultured cells) 
was investigated. Results: Insulin (1-1,000 µU/mL) did not affect [3H]-thymidine incorporation 
or cholesterol content in either type of cultured cell. Most blood sera obtained from type 1 
diabetic patients induced a 1.5- to 1.7-fold increase in cholesterol content of cultured cells, but 
this effect did not correlate with serum insulin levels. Exogenous insulin added to cultured cells 
did not modify the effect of patient’s sera on cholesterol level and proliferation of cultured cells. 
Conclusion: The results suggest that insulin does not exert direct atherogenic actions at the 
level of arterial cells, with the respect to proliferative activity and cholesterol content.
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INTRODUCTION

Insulin-dependent (type 1) diabetes mellitus is known to 
favor an accelerated development of atherosclerosis, 
although the reasons for premature atherogenesis in 
diabetic patients remain obscure. Several hypotheses 
exist, which try to describe the molecular, cellular and 
biochemical mechanisms of premature atherogenesis 
in diabetic patients, but all have failed to sufficiently 
explain this phenomenon. Proposed mechanisms 
include the harmful effects of advanced glycosylation 
end products, modification of low density lipoproteins 
by non-enzymatic glycosylation, lipoprotein retention 
in the arterial wall, enhanced oxidative stress, 
inflammation, endothelial dysfunction, and alterations 
in metabolism of vitamins and minerals[1-5]. In addition 
to these potential factors, it is necessary to consider the 
possible role of insulin in the process of atherosclerosis 
development. Since hyperinsulinemia is associated 
with increased cardiovascular risk, hyperinsulinemia 
and hepatic portal hypoinsulinemia due to injection 
of insulin preparations widely used in the treatment 
of type 1 diabetic patients could be responsible, at 
least in part, for cardiovascular consequences of the 
disease. The results of epidemiological studies and 
experimental studies in animal models supported 
systemic hyperinsulinemia as a major plausible 
factor in the development of atherosclerosis in 
diabetic patients[6-10]. Insulin resistance is strongly 
associated with hyperinsulinemia, and is considered 
as the major pathologic mechanism for susceptibility 
to premature atherosclerosis and cardiovascular 
disease[11,12]. However, the effects of exogenous 
insulin on atherosclerosis progression have not been 
sufficiently studied. Experimental studies demonstrate 
direct in vitro effects of insulin on angiogenesis, as 
well as on endothelial and arterial smooth muscle 
cell proliferation[13,14]. Nevertheless, this contention 
remains controversial, and there is no definitive 
settlement on the role of insulin in atherogenesis[15-17]. 
To elucidate this matter, the present study tested the 
influence of insulin on cellular proliferation and total 
cholesterol content in cultured subendothelial cells 
derived from human aorta and mouse peritoneal 
macrophages. Additionally, the effect of exogenous 
insulin on atherogenicity of serum from diabetic 
patients was investigated.

METHODS

Patients
This study was conducted in accordance with the 
Helsinki Declaration of 1975 as revised in 1983. It was 
approved by the local ethics committee of the Institute 
for Atherosclerosis Research, Skolkovo Innovation 

Center, Moscow, Russia. All participants gave their 
written informed consent prior to their inclusion in the 
study.

The group of study participants consisted of 33 
type 1 diabetic patients aged 20 to 44 (17 men, 16 
women) with diabetes duration ranging from 0 to 16 
years. They were characterized by rather low level of 
antibodies to insulin (less than 50 nU/mL), therefore, 
the possibility of insulin resistance attributable to 
antibodies was excluded[18]. The type of diabetes 
was verified according to recommendations from 
the American Diabetes Association[19]. None of the 
patients had clinical manifestations of coronary 
heart disease. All patients received intensive insulin 
therapy with glargine (“Lantus”, Sanofi-Aventis 
Deutschland GmbH, Germany) as basal insulin, and 
glulisine (“Apidra”, Sanofi-Aventis Deutschland GmbH, 
Germany) as prandial insulin. None of the patients had 
coronary heart disease or other clinical manifestations 
of atherosclerosis, arterial hypertension or kidney 
disease. The selection and recruitment of study 
participants was designed to avoid any significant 
comorbidity or drug administration, which could 
potentially affect the results of experiments. Venous 
blood (5 mL) was drawn once in the morning before 
meals at the first day at the hospital. Fasting blood 
glucose was 8.2 ± 0.4 mmol/L, HbA1c was 9.2 ± 0.3%, 
serum cholesterol level was 5.2 ± 0.2 mmol/L, and 
triglyceride level was 1.4 ± 0.2 mmol/L.

Additionally, the second group of study participants 
consisted of 3 patients with newly diagnosed type 1 
diabetes mellitus (1 man and 2 women aged 18, 19 and 
23, respectively), who were characterized by low levels 
of immunoreactive insulin (IRI) and residual C-peptide 
secretion (1.6 ± 0.5 mU/L and 0.8 ± 0.2 ng/mL, 
respectively), and significantly elevated blood glucose 
levels (20.0 ± 0.2 mmol/L) without severe ketoacidosis 
on admission to hospital. Intensive therapy with insulin 
glulisine and insulin glargine was started immediately. 
For monitoring of glucose level, IRI level and blood 
serum atherogenicity, venous blood was taken several 
times throughout the duration of hospitalization 
immediately before the start of intensive insulin therapy, 
then at 30 min, 2 h, 6 h, 12 h, 24 h and 7 days after 
the first insulin injection. On the 10th day, the patients 
were discharged from the hospital and were examined 
at outpatient clinics 21 days after the start of intensive 
insulin therapy.

Blood collected from patients was incubated for 1 h 
at 37 ºC and centrifuged for 30 min at 1,000 g. The 
resultant serum samples were stored frozen (-20 ºC) 
for 4-7 days before examination.
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Reagents
Medium 199, fetal calf serum (FCS), penicillin, 
streptomycin, Fungizone and L-glutamine were 
purchased from GIBCO Europe (Paisley, UK). 
Collagenase type II was obtained from Worthington 
Diagnostic System (Freehold, UK). [6-3H]-thymidine 
(21 Ci/mmol) was purchased from Amersham 
International (Amersham, UK). Assay kits for total 
cholesterol determination were from Cell Biolabs, Inc. 
(San Diego, CA, USA). Other reagents were purchased 
from Sigma-Aldrich Co., LLC (St. Louis, MO, USA).

Cell culture
To study the direct effects of insulin on intracellular 
cholesterol accumulation and cellular proliferation, 
cells were isolated from the non-atherosclerotic sub-
endothelial (elastico-hyperplastic) sublayer of the 
intima by digestion of human aortic tissue with 0.15% 
collagenase under sterile conditions, as described 
elsewhere[20]. The autopsy material was taken from 
subjects aged 50 to 58 who had died suddenly by 
accident. After digestion, enzyme-isolated cells were 
separated from the remaining tissue by filtering through 
nylon mesh, and subsequently resuspended in Medium 
199 containing standard additives: 2 mmol/L L-glutamine, 
100 U/mL penicillin, 100 µg/mL streptomycin, 2.5 µg/mL 
Fungizone and 10% of FCS. Cells were seeded into 
48-well or 24-well tissue culture plates at a density 
of (3-4) × 104 cells/cm2 of growth area. The cells were 
cultured at 37 ºC in a humidified CO2-incubator (95% air 
and 5% CO2). The primary cultures contained a mixed 
cell population made up primarily (95%) of typical and 
modified smooth muscle cells as it was earlier defined 
by the ultrastructural features and immunofluorescent 
markers. The medium was changed each day. On the 
7th day in culture, Medium 199 containing 40% blood 
serum from type 1 diabetic patients, 1 µCi/mL [3H]-
thymidine and the indicated concentrations of insulin 
(0.001-1,000 mU/mL), or Medium 199 containing 
10% of FCS, 1 µCi/mL [3H]-thymidine and insulin 
(0.001-1,000 mU/mL) were applied to cell cultures. 
After 24 h incubation, cells were rinsed 3 times with 
phosphate buffered saline (PBS), 3 times with PBS 
containing 0.2% bovine serum albumin, and again 3 
times with PBS. Cellular lipids were extracted with the 
mixture of n-hexane and isopropanol (3:2, vol:vol) as 
described elsewhere[20]. Total cholesterol content was 
determined enzymatically using commercial assay 
kits. After delipidation, the cells were rinsed 3 times 
with 5% trichloroacetic acid and then were dissolved 
in 0.1 mol/L NaOH. Aliquots were used for cellular 
protein determination and [3H]-thymidine incorporation 
as described by Tertov et al.[21].

To measure serum atherogenicity (i.e. its ability to 

induce cholesterol accumulation in cultured cells), 
BALB/c mouse resident peritoneal macrophages were 
taken from non-stimulated animals as described by 
Adams[22]. Afterward, 2 × 105 cells were seeded into 
each well of 24-well plates in Medium 199 containing 
antibiotics and 10% of FCS. After a 4-h incubation, 
the cultures were rinsed with Medium 199 to remove 
unattached cells. Then cells were incubated for 
additional 4 h in Medium 199 containing 10% of 
examined patient’s serum. Lipid extraction, cellular 
protein and cholesterol measurements were performed 
as described above.

Statistical analysis
Results are reported as mean ± SEM, based on 
triplicate measurements in each of 4 independent 
experiments. Significance of differences was evaluated 
using the IBM SPSS 20.0 statistical program package 
and was assumed for P values < 0.05.

RESULTS

Twenty-five, or 70% of 33 type 1 diabetic patient’s 
sera exhibited an atherogenic potential, i.e. increased 
total cholesterol content of cultured mouse peritoneal 
macrophages by 50-70% as compared to control. This 
effect did not depend on patient’s age, gender, plasma 
lipid levels, or diabetes duration. Moreover, serum-
induced cholesterol accumulation did not correlate 
with IRI level in tested serum samples (r = -0.09, P > 
0.6).

In those 3 patients with newly diagnosed type 1 diabetes 
mellitus, blood serum obtained immediately before 
the beginning of intensive insulin therapy induced 
significant cholesterol accumulation in cultured mouse 
peritoneal macrophages [Table 1]. As it was expected, 
after the start of intensive insulin therapy, IRI level 
increased rapidly, whereas C-peptide level remained 
low (the data not shown). By the end of the 1st day 
of intensive insulin therapy, blood glucose decreased to 
10.5 ± 0.8 mmol/L, and IRI level accounted for 28 
± 3 mU/L. Further treatment resulted in the achievement 
of satisfactory glycemic control (data not shown). Along 
with these changes, the atherogenic effect of serum 
stayed practically invariable up to the 21st day of 
intensive insulin therapy, despite the steady decrease 
in blood glucose and elevation in IRI level [Table 1]. 
Therefore, the ability of diabetic blood serum to induce 
intracellular cholesterol accumulation was not directly 
associated with either plasma insulin concentration or 
the state of glycemic control.

We have also studied the direct effect of insulin on 
cho lesterol content and proliferative activity in cultured 



                Vessel Plus ¦ Volume 1 ¦ December 28, 2017

Sobenin et al.                                                                                                                                                                                             Is insulin atherogenic?

177

studies revealed that the sera taken from 2 patients 
induced a significant increase in total cholesterol 
content of cultured human intimal cells, while 2 other 
serum samples proved to be non-atherogenic, i.e. did 
not produce the changes in intracellular cholesterol 
as compared to control cells incubated in the 
absence of human serum [Table 3]. Insulin addition 
at concentrations of 1-1,000 mU/mL to the cultured 
cells did not affect serum atherogenicity [Table 3]. 
One of the sera induced enhanced [3H]-thymidine 
incorporation by cultured cells along with pronounced 
cholesterol accumulation. Insulin addition did not 
modify this effect. Similarly, no significant changes in 
[3H]-thymidine incorporation were observed in cells 
incubated with 3 other serum samples, even when 
insulin was used in high concentrations [Table 3]. When 
these serum samples were tested on cultured mouse 
peritoneal macrophages, similar results were obtained 
with respect to either cellular cholesterol content or 
[3H]-thymidine incorporation (data not shown).

DISCUSSION

Enhanced cellular proliferative activity and deposition 
of intracellular lipids in the vessel wall, mainly free 
and esterified cholesterol are typical features of early 
atherosclerotic lesions. Previous studies demonstrated 
that blood sera or low-density lipoprotein from most of 
type 1 diabetic patients, unlike healthy subjects’ sera, 
are able to induce cholesterol deposition in cultured 
macrophages and human intimal cells[20,23-27]. However, 
one cannot rule out the possibility that some other 
factors may play a role. Hyperinsulinemia is thought 
to be an independent risk factor for atherosclerosis, as 
was demonstrated earlier in numerous epidemiologic 
studies[10,28-31]. On the other hand, most of the data 
were obtained on groups of non-diabetic individuals 
or type 2 diabetic patients. At the same time, type 1 
diabetes is characterized by elevated insulin levels 

human aortic intima cells [Table 2] and mouse 
peritoneal macrophages. At various concentrations 
(1-1,000 mU/mL), insulin had no effect on intracellular 
cholesterol content. Moreover, insulin did not stimulate 
proliferative activity of cultured intimal cells; slight 
deviations seemed to be random and non-systematic 
[Table 2]. Additionally, the lack of insulin effect on 
intracellular cholesterol content and [3H]-thymidine 
incorporation was registered when extremely low 
(0.001, 0.01 and 0.1 mU/mL) insulin concentrations 
were used (data not shown). Similar results were 
obtained in cultured mouse peritoneal macrophages 
(data not shown).

The atherogenic effects of sera randomly taken from 
four type 1 diabetic patients were further studied using 
the primary culture of human intimal aortic cells. These 

Table 1: The effect of insulin therapy in newly diagnosed 
type 1 diabetic patients on plasma IRI level and blood 
serum atherogenicity

Time IRI level 
(mU/L)

Intracellular 
cholesterol 

accumulation, % of 
control (*)

Patient 1
   Before insulin therapy 1.7 200 ± 8
   30 min 8 205 ± 6
   2 h 10 195 ± 7
   6 h 13 202 ± 5
   12 h 27 186 ± 6
   24 h 23 180 ± 9
   7 days 29 195 ± 8
   21 days 35 180 ± 9
Patient 2
   Before insulin therapy 0.8 160 ± 7
   30 min 6 162 ± 8
   2 h 11 168 ± 3
   6 h 15 160 ± 7
   12 h 30 164 ± 5
   24 h 34 170 ± 6
   7 days 20 164 ± 7
   21 days 27 169 ± 6
Patient 3
   Before insulin therapy 2.4 220 ± 9
   30 min 7.8 219 ± 6
   2 h 10 211 ± 4
   6 h 15 208 ± 6
   12 h 25 219 ± 4
   24 h 28 209 ± 5
   7 days 50 199 ± 5
   21 days 52 214 ± 5

Table 2: The effect of insulin on [3H]-thymidine 
incorporation and total cholesterol content of cultured 
intimal human cells

Insulin 
concentration
(mU/mL)

Intracellular total 
cholesterol content 
(µg/mg cell protein)

[3H]-thymidine 
incorporation 
(dpm/µg cell 

protein)
Control 39 ± 2 36 ± 2
1 40 ± 1 40 ± 2
10 40 ± 2 38 ± 1
100 40 ± 1 34 ± 1
1,000 38 ± 2 39 ± 3

Total cholesterol content of cultured mouse peritoneal macrophages 
incubated in the presence of 10% tested patients’ serum was 
determined as described in methods section. Cholesterol content 
of control cells incubated with Medium 199 containing 10% of 
FCS was taken for 100%. *: significant intracellular cholesterol 
accumulation, P < 0.05; IRI: immunoreactive insulin; FCS: fetal calf 
serum

Total cholesterol content of subendothelial intimal cells and [3H]-
thymidine incorporation was determined as described in methods 
section
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due to exogenous insulin administration, but the role 
of insulin in atherogenesis in this category of patients 
remains unknown.

Theoretically, there are many reasons why insulin 
might affect the vessel wall in diabetic patients. Insulin 
is a widely recognized and important growth factor. 
Initially, the hypothesis on insulin atherogenicity derived 
from old studies in non-diabetic animals given large 
doses of insulin, which showed enhanced cholesterol 
synthesis in the aorta[32-34]. Later studies showed 
that atherosclerosis-like biochemical and histological 
changes in aortas of Wistar rats could be induced by 
long-term insulin treatment and hyperinsulinemia[35,36]. 
However, these findings were not supported in 
other studies in hyperinsulinemic or insulin-treated 
animals[37,38]. Insulin did not produce any effect on 
the transfer of cholesterol from circulation into arterial 
wall[39]. It was also demonstrated that insulin did not 
modify lipogenesis by the rat intima-media even at 
very high concentrations[40].

It is suggested that insulin may cause an increased 
cellular proliferation in tissue culture[13,41]. However, to 
demonstrate such an effect of insulin, the cells needed 
to be starved in serum-deficient medium for several 
days, the conditions being far from physiological, and 
then only at high insulin concentrations[42]. However, 
Ledet had not been able to demonstrate the growth-
stimulating effect of insulin; moreover, there was a 
growth-promoting effect of serum from recent-onset 
type 1 diabetic patients, although serum insulin levels 
were extremely low[43]. Also, against the “insulin 
hypothesis” stand the observations of beneficial 
effects of insulin treatment on the development of 
atherosclerosis-like lesions in streptozotocin-diabetic 
rats. In well-controlled rats, tunica media of coronary 
arteries contained the normal relative amount of 
connective tissue and number of cells, as compared to 
the poorly controlled diabetic animals[44]. Additionally, 
hyperinsulinemia did not stimulate the early stages of 
arterial smooth muscle cells proliferation in the rat after 
aortic injury[45]. So, the speculated pro-atherogenic 

effects of insulin were intensively discussed for a long 
time, but then left aside for decades, without reaching 
consensus.

All further studies focused on clinical effectiveness of 
insulin therapy, with a partial respect to cardiovascular 
outcomes, which could serve as the indirect markers 
of proatherogenic or, vice versa, beneficial effects 
of insulin on atherosclerosis progression. Large 
observational studies performed in diabetic patients 
did not solve the controversy on the effects of 
insulin treatment on atherosclerosis progression and 
cardiovascular risk, although they have demonstrated 
some reduction in cardiovascular events under 
improved glycemic control during the long-term follow-
up[46]. The Epidemiology of Diabetes Interventions and 
Complications (EDIC) Study, which was designed as 
the follow-up long-term study of the Diabetes Control 
and Complications Trial (DCCT), was aimed to estimate 
the effects of glycemic control on major cardiovascular 
endpoints (all fatal and nonfatal cardiovascular events, 
angina, revascularization, and also fatal and nonfatal 
myocardial infarction, and stroke as secondary 
endpoints) in type 1 diabetes mellitus patients[47,48]. The 
EDIC study participants were followed annually, and 
after a mean of 18 years from the start of the DCCT, 
a 42% reduction in cardiovascular disease outcomes 
was observed along with a 57% reduction in fatal and 
nonfatal myocardial infarction, and stroke[48]. Thus, 
prospective studies have provided indirect evidence 
supporting the absence of harmful effects of intensive 
insulin therapy on atherosclerosis progression in type 
1 diabetic patients. Moreover, intensive insulin therapy 
was shown to be beneficial with respect to instrumental 
measures of atherosclerosis, namely, coronary artery 
calcification and carotid intima media thickness[49,50].

In contrast, studies in type 2 diabetic patients who 
were appointed to intensive insulin therapy provided 
rather controversial results. The United Kingdom 
Prospective Diabetes Study (UKPDS) demonstrated 
a non-significant 16% decrease in fatal and nonfatal 
myocardial infarction along with a non-significant 6% 

Table 3: The effect of exogenous insulin addition on atherogenic properties of diabetic patients’ serum

Intracellular cholesterol content, µg/mg cell protein 
at insulinconcentration (mU/mL)

[3H]-thymidine incorporation, dpm/mg cell protein at 
insulinconcentration (mU/mL)

0 1 10 100 1,000 0 1 10 100 1,000
Control 43 ± 1 45 ± 1 42 ± 2 45 ± 1 44 ± 2 16 ± 3 19 ± 2 17 ± 1 19 ± 2 20 ± 2
Patient 4 43 ± 3 45 ± 2 46 ± 2 44 ± 2 47 ± 3 16 ± 3 12 ± 4 16 ± 5 19 ± 6 20 ± 2
Patient 5 44 ± 3 45 ± 2 47 ± 2 47 ± 2 46 ± 3 18 ± 3 15 ± 2 16 ± 1 13 ± 3 14 ± 3
Patient 6 69 ± 3* 69 ± 5* 71 ± 4* 74 ± 3* 74 ± 4* 12 ± 2 15 ± 2 15 ± 4 17 ± 2 18 ± 5
Patient 7 82 ± 4* 81 ± 2* 86 ± 3* 86 ± 3* 81 ± 5* 27 ± 3# 28 ± 3# 35 ± 4# 34 ± 4# 30 ± 3#

Subendothelial intimal cells were incubated with 40% patient’s serum with or without exogenous insulin addition, as described in Methods 
section.*: significant intracellular cholesterol accumulation, P < 0.05; #: significant increase in [3H]-thymidine incorporation, P < 0.05
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decrease in all-cause mortality in newly diagnosed 
type 2 diabetic patients followed-up for 10 years[51]. 
Post-trial follow-up for another 10 years demonstrated 
15% reduction in myocardial infarction, and 13% 
reduction in all-cause mortality[52]. However, it is 
difficult to interpret the UKPDS results, since intensive 
glycemic control was achieved by sulfonylurea 
derivatives and/or insulin. Later studies mainly aimed 
to assess cardiovascular disease risk in intensively 
controlled type 2 diabetic patients [Action to Control 
Cardiovascular Risk in Diabetes (ACCORD); Action 
in Diabetes and Vascular Disease: Preterax and 
Diamicron Modified-Release Controlled Evaluation 
(ADVANCE); Veterans Affairs Diabetes Trial (VADT)] 
failed to reproduce the beneficial effects observed 
in UKPDS[53-55]. It should be noted that insulin use 
ranged from 41-90% among intensively controlled 
subjects in these trials. Within 3.5-5.6 years of follow-
up, no significant reductions in cardiovascular disease 
were demonstrated. Moreover, the ACCORD trial 
was prematurely stopped after a median follow-up of 
3.4 years due to a statistically significant 22% higher 
all-cause mortality just in a subgroup with intensive 
glucose control[56]. Thus, it could be proposed that 
intensive glucose lowering in treatment of type 2 
diabetic patients is associated with a higher incidence 
of mortality, although the role of insulin treatment was 
never elucidated. However, the most recent meta-
analysis of the benefits and harms of intensive glucose 
lowering therapy performed on the data from 58,160 
type 2 diabetic patients in 13 randomized controlled 
trials has provided the evidence that intensive glucose 
lowering therapy compared to conventional glucose 
control therapy is associated with a reduced risk of 
major cardiovascular events and myocardial infarction. 
At the same time, intensive glucose lowering therapy 
does not affect significantly the risks of cardiac death, 
stroke, congestive heart failure, and total mortality[57].

The results of our study show that insulin does not 
exert direct atherogenic actions, at least on such 
phenotypic characteristics as intracellular cholesterol 
accumulation and cell proliferation. An effect on 
cholesterol content or proliferative activity was not 
observed in cultured cells, a result that could possibly 
be attributed to the high concentration of serum used. 
Certainly, these results do not indicate that insulin 
has no proatherogenic effect at all, and numerous 
possibilities of atherogenic action remain, which 
could be detected by other parameters. On the other 
hand, blood serum atherogenicity in type 1 diabetic 
patients did not correlate with insulin level in serum 
samples. The addition of exogenous insulin to the 
cultural medium did not modify atherogenic effects 
of diabetic patients’ sera. The obtained results are 

in good agreement with the data on the absence of 
atherogenicity of insulin from studies performed on 
experimental models different from ours[37-40,44,45].

It must be noted that this study has certain limitations. 
First, the power of the study may be limited because 
of the small sample size. Second, the second group 
of patients with newly diagnosed type 1 diabetes 
mellitus consisted only of 3 patients, that is too low for 
complex disease; therefore, the obtained results may 
be discussed only as a case report. Third, only 2 major 
traits of atherosclerotic cellular phenotype (namely, 
cholesterol accumulation and proliferative activity) 
were examined, and others were not studied, like 
enhanced synthesis of protein and matrix components, 
and proinflammatory response. Finally, insulin action in 
cell culture studies was not controlled in experiments 
using insulin receptor knockout/knockdown cells.

Biologically, from a functional point of view, insulin 
overlaps with various much more potent growth 
factors, e.g. somatomedins, platelet-derived growth 
factor and epidermal growth factor, which may disguise 
the action of insulin, especially in epidemiological 
surveys. So, one may speculate that hyperinsulinemia 
in diabetic patients might play an atherogenic role but 
in indirect manner or be tightly accompanied by other 
atherogenic factors, which are responsible for the 
initiation of atherogenesis and further development of 
atherosclerotic lesions.
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Aim: The aim of the present article was the detection of threshold heteroplasmy level of 
mitochondrial DNA mutations, above which a patient is at increased risk of atherosclerotic 
lesions. Besides, this parameter was detected for mutations, in which after reaching threshold 
heteroplasmy level, a protective antiatherogenic effect started to appear. Methods: The 
participants of the study were 700 women and men from the Moscow region. Fragments of 
DNA, amplified by polymerase chain reaction, were analyzed with pyrosequencing technology. 
Then on the basis of pyrograms’ peaks in the samples, the heteroplasmy level of the investigated 
mitochondrial genome mutations was detected. Results: The threshold heteroplasmy level of 
11 investigated mutations (m.5178C>A, m.15059G>A, m.652delG, m.13513G>A, m.14846G>A, 
m.652insG, m.12315G>A, m.3336T>C, m.1555A>G, m.14459G>A, m.3256C>T) in individuals 
with atherosclerotic plaques or thickening of the intima-medial layer of carotid arteries was 
detected. Conclusion: Using the method developed in our laboratory, the authors managed 
to determine threshold heteroplasmy levels of 11 mitochondrial genome mutations associated 
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INTRODUCTION

Atherosclerosis of human major vessels is often a 
morphological basis of mortality from cardiovascular 
diseases. In this pathology intima of arteries is 
damaged, luminal occlusion occurs and blood supply 
to organs deteriorates[1-5]. Atherosclerosis is difficult 
to recognize in the early stages. Molecular genetic 
markers could help the diagnostics of this disease. 
Unfortunately, compared to traditional single risk 
factors of atherosclerosis, nuclear genome mutations 
have rather low diagnostic and prognostic significance. 
The relative risk of one such mutation is 1.06-1.40. 
The total risk of cardiovascular diseases caused 
due to all known mutations in the nuclear genome is 
approximately 5%[6-10].

According to the literature, a variety of diseases is 
associated with some mutations in mitochondrial 
DNA (mtDNA). These mutations often correlate 
with pathologies which often occur together with 
atherosclerosis[11-15]. The penetrance of mtDNA 
mutations depends on the percentage of normal 
and mutant copies of genome, i.e. the heteroplasmy 
level of mitochondrial mutations. That is why, during 
the analysis of the linkage of mitochondrial genome 
mutations with human diseases, the value of 
heteroplasmy level above which in a person begins 
the occurrence and development of pathologies 
or begins to show a protective effect caused by 
mutations is determined. The information about the 
threshold heteroplasmy level of mitochondrial genome 
mutations associated with certain diseases, can help 
in assessing the predisposition and the early diagnosis 
of these pathologies.

In preliminary studies, a total of 11 of 42 mtDNA 
mutations associated with different pathologies was 
found to have an association with atherosclerosis[16-19]. 
In view of these facts, the aim of the present article 
was the detection of threshold heteroplasmy level 
of mtDNA mutations, above which atherosclerotic 
lesions were found in patients. Besides, this parameter 
was detected for mutations, in which after reaching 
the threshold heteroplasmy level started to appear a 
protective antiatherogenic effect.

The estimation of the mutations’ threshold heteroplasmy 
level was carried out in the following samples of the 
study participants: (1) with atherosclerotic plaques; (2) 
with an increased intima-medial thickness of carotid 

arteries (IMT CA); (3) with a normal carotid intima.

It should be emphasized that at the present time there 
are no published studies which have investigated the 
threshold heteroplasmy level of mitochondrial genome 
mutations in atherosclerosis. Therefore, this article, 
dedicated to the identification of this parameter in 
patients with atherosclerotic lesions in blood vessels’ 
wall, is quite relevant, well-timed and novel.

METHODS

Inclusion criteria
The present research was carried out according to the 
Helsinki Declaration of 1975 as revised in 1983. It was 
endorsed by the local ethics committees of the Institute 
for Atherosclerosis Skolkovo Innovation Center, 
Moscow, Russia and Research Institute of General 
Pathology and Pathophysiology, Moscow. Prior to their 
inclusion in the study, all the study participants gave an 
informed consent in written form.

The participants in the study were enrolled consecutively 
from the number of patients at Moscow municipal 
outpatient clinics No. 202, who were examined for 
cardiovascular risk factors (mainly arterial blood 
pressure and blood cholesterol). The investigated 
sample included 700 study participants. The age of 
men was over 40-year-old, and the age of women was 
over 50[20,21]. The average age of the participants in 
the sample was 62.3 years (SD = 8.7), the ratio of men 
and women was 362:338 (51.7%/48.3%). As a result of 
ascertaining the clinical diagnosis of atherosclerosis, 
the sample was divided into 2 groups: (1) conventionally 
healthy participants without ultrasonographic signs 
of atherosclerosis (339 people, or 48.4% of the 
sample); (2) patients without clinical manifestations of 
atherosclerosis who have ultrasonographic signs of 
preclinical atherosclerosis: the presence of lesions in 
the carotid artery lumen (more than 10% of the artery 
lumen) (361 people, or 51.6% of the sample).

The criteria for exclusion were: anatomical organization 
of the neck and carotid arteries which prevented 
qualitative ultrasonography, serious life-threatening 
diseases and the refusal to sign an informed consent 
to the investigation. Individuals with a history of, or a 
diagnoses of the following diseases were excluded from 
the study: breast cancer or nodal form of mastopathy; 
stroke or coronary heart disease; liver dysfunction; 
chronic kidney disease; type 2 diabetes; obesity (body 

with atherosclerosis. The authors suggest that threshold heteroplasmy levels of these mutations is a new criterion for evaluation of 
predisposition to the occurrence and development of atherosclerotic lesions in human arteries.
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mass index > 30 kg/m2); untreated high blood pressure; 
cigarette smoking; pulmonary embolism or deep vein 
thrombosis[20,21].

The presence of increased IMT CA or atherosclerotic 
plaques was detected by high-resolution B-mode 
ultrasound using a SSI-1000 scanner (SonoScape, 
China) equipped with a 7.5-MHz linear array probe. 
Carotid ultrasonography was performed by the same 
researcher throughout the study. The far walls of the 
right and left common carotid arteries, the bifurcation, 
the internal and the external carotid arteries were 
visualized. The c-IMT of the first centimeter of the 
common carotid artery was measured in three different 
projections (anterior, posterior and lateral), and 
analyses carried out with the use of dedicated software 
M’Ath (Metris, SRL France). The average value of these 
measures was considered as an integral indicator of 
intima-medial thickness[22-25]. The measurements were 
carried out in accordance with the Mannheim criteria 
and the criteria of the investigation Improve[26,27].

Materials
The materials for the study were blood leukocyte 
samples of participants. Blood for genetic analysis 
was taken after an overnight fast in the amount of 9 mL 
from the ulnar vein in a 10 mL plastic tube containing 
sodium salt of Na2-ethylenediaminetetraacetic (EDTA) 
acid as an anticoagulant. A mother liquor of 0.1 mol/L 
Na-EDTA in water (pH 8.0) was used, to which fresh 
blood was added in a ratio of 9:1 to obtain a final Na-
EDTA concentration of 10 mmol/L. Samples were 
stored at -20 °C.

Procedure
It is noteworthy that in previous research from our 
laboratory, we haven’t found any significant differences 
in heteroplasmy levels of the investigated mutations 
between leukocytes and platelets (blood cells having 
mitochondrial genome), so DNA samples for this study 
were isolated from whole blood[16-19,28]. This method 
was developed in our laboratory on the basis of 
technology of Maniatis[29]. For DNA isolation we used 
a lysis buffer (0.32 mol/L sucrose; 5 mmol/L MgCl2; 
100% Triton X-100; 0.01 mol/L Tris-HCl, pH 7.6), and 
then deproteinization buffer (25 mmol/L EDTA pH 8.0; 
75 mmol/L NaCl) and proteinase K solution (20 mg/mL 
DNA purification from admixtures was carried out 
using phenol and chloroform. Precipitation of DNA was 
carried out using isopropanol, followed by washing in 
ethanol. The DNA precipitate was dissolved in 300 μL 
of TE buffer (10 mmol/L Tris-HCl, pH 8.0, 1 mmol/L 
EDTA). The DNA concentration in the obtained sample 
was identified by nanospectrophotometer IMPLEN 
NanoPhotometerTM. After measuring the concentration, 

the DNA samples were stored at -20 °C. For operating 
with a collection of DNA samples, the samples were 
diluted in TE buffer to a concentration of 0.03 μg/μL.

The concentration of DNA solution in ng/μL was 
measured using IMPLEN NanoPhotometerTM 
nanospectrophotometer with the use of a 
LabelGuard™ microtubule in “DS DNA” mode at a 
wavelength of 260 nm[16,17].

The DNA samples of the study participants were used 
for carrying out the polymerase chain reaction (PCR) 
of fragments containing the region of 11 investigated 
mutations[11-15].

Electrophoresis of isolated DNA samples and PCR-
fragments was carried out in a horizontal apparatus of 
Helicon company in agarose gel using 0.5 × tris-borate-
EDTA (TBE) buffer. The concentration of agarose 
(“Fluka”) was 0.8% (for DNA samples) and 1.5-2.0% (for 
PCR-fragments). The gel was stained by the addition 
of an ethidium bromide solution (0.5 μg/mL). As a 
colorant, a solution of bromophenol blue (1 μL for 10 μL 
of sample) was used[16-18]. The composition of 10 × TBE: 
TrisHCl (108 g), boric acid (55 g), 0.5 mol/L EDTA, pH 
8.0 (40 mL per 1 liter of buffer).

For the evaluation of molecular weight of the 
investigated PCR fragments, DNA markers of 1 Kb 
(13 fragments from 0.25 to 10 Kb) and 100 bp (10 
fragments from 100 to 1,000 bp) were used[16-18].

For conducting PCR, DNA with a concentration of 
0.1 μg/mL diluted with μQ and primers at a concentration 
of 10 pmol/μL were taken[16-18]. The reaction mixture and 
PCR conditions were the following: µQ (H2O): 4.6 μL; 
a mixture of dNTPs 10×: 2 mmol/L deoxyadenosine 
triphosphate, 2 mmol/L dTTP, 2 mmol/L dGTP, 2 mmol/L 
dCTP: 4 μL; 10× PCR buffer (16.6 μmol/L (NH4)2SO4, 67 
mmol/L Tris-HCl (pH 8.8): 4 μL; MgCl2: 25 mmol/L: 4 μL 
(at the required concentration of 2.5 mmol/L); 2.4 μL 
(at the required concentration of 1.5 mmol/L); Taq 
polymerase: 1.33 μL; Matrix DNA: 4 μL; Primer F (+): 
2.7 μL; Primer R (-): 2.7 μL. The reaction was carried 
out in 40 μL of the reaction mixture[16,17].

One of the PCR primers was biotinylated with the 
aim of the subsequent pyrosequencing of the PCR 
fragment. The study was carried out using amplifier 
“PTC DNA Engine 200”. After that pyrosequencing of 
PCR fragments was conducted using the apparatus 
(PSQ96MA)[30-34]. The pyrosequencing reaction included 
4 stages[30-34].

Stage 1: the sequence primer was hybridized to a 
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Then, a solution of streptavidin-sepharose was prepared 
for 1 sample: 40 μL 2 × BB, 3 μL of streptavidin-
sepharose particles, 7 μL of μQ H2O. After that, the 
mode in the computer program for pyrosequencing was 
set. Into each test tube, 50 μL of streptavidin-sepharose 
solution were added, previously shaking it with vortex. 
Samples were put in a shaker for 5 min. At this time, 
39 μL of 1 × AB and 3 μL of corresponding probe primer 
with a concentration of 2 optical units were added to 
each well of the pyrosequencing dish and the prepared 
pyrosequencing dish was placed in the runners of a 
vacuum sample preparation station. The dishes were 
placed into the appropriate sample niches in the sample 
preparation station, the following reagents were poured 
into all the baths: washing buffer (WB), 0.2 mol/L NaOH, 
rectified alcohol 70%, μQ H2O. The nozzle with filters 
was placed into the dish with μQ H2O and vacuum was 
switched on at the sample preparation station. In 20 s 
the nozzle was removed from the dish and dried in an 
upright position for 10 s. Then the nozzle with filters was 
placed in the 96-well pyrosequencing plate with samples 
for 30 s. Then the filters with samples were lowered into 
reagent dishes: rectified alcohol 70% (for 5 s), then into 
0.2 mol/L NaOH (for 5 s), then into WB (for 10 s) and 
then into μQ H2O (for 5 s). Then the nozzle with filters 
was raised and held in the upright position for 10 s. After 
this procedure, a nozzle with filters was placed above 
the pyrosequencing plate (without touching the primer 
solution with the nozzle filters), the vacuum was turned 
off and only after that the nozzle filters were lowered into 
the plate. In 2 min the nozzle with filters was removed 
from the pyrosequencing plate. The pyrosequencing 
plate was placed on a thermostat at 80 °C for 2 min. 
Before placing the plate into the sequencer, it was given 
time to cool down. During the cooling of the plate, the 
reagents E (enzyme) and S (substrate) were diluted with 
μQ H2O, E, S, and individual dNTPs were poured into 
the cuvette, according to the instructions, at the amount 
indicated for setting the mode for sequencing. After 
that, the cuvette with the reagents and the samples was 
put into the sequencer and the program was launched.

The sequences of primers for pyrosequence were 
given in the article of Sazonova et al.[16] Visualization 
of the results was carried out with the use of a 
computer program, which was completed with the 
pyrosequenator. The heteroplasmy level of every 
mitochondrial genome mutation was assessed on the 
basis of the pyrogram of a DNA sample from each study 
participant, using a formula previously developed by 
Sazonova et al.[16,17] with colleagues: P = (h - N)/(M - N) 
× 100, where “P” is the heteroplasmy percentage of the 
studied mutations; “h” is the height of the peak of the 
investigated nucleotide; “N” is the height of the peak 

single-stranded PCR amplicon, which is used as 
a template. The obtained fragment was incubated 
with the following enzymes: DNA polymerase, ATP-
sulfurylase, luciferase and apyrase; and it was 
also incubated with the substrate: adenosine-5-
phosphosulfate and luciferin.

Stage 2: the first nucleotide was added to the 
reaction mixture. DNA polymerase completes it to 
the DNA strand, in accordance with the principle 
of complementarity. In this case, the reaction is 
accompanied by the release of pyrophosphate (PPi) 
in an amount equimolar to the sum of the included 
nucleotides.

Stage 3: ATP-sulphurylase converts PPi to ATP in 
the presence of adenosine-5-phosphosulfate. In this 
case, luciferin is converted into oxyluciferin, which 
generates visible light in proportion to the amount of 
ATP. A pyrosequenator detects this light and converts 
it into the corresponding peak on the pyrogram. The 
height of each peak is proportional to the intensity of 
the flash of light, and, consequently, to the number of 
analyzed nucleotides in the DNA strand. For example, 
if there is one nucleotide C in a particular position of 
the DNA strand, a peak corresponding to a single flash 
will be seen on the pyrogram, and if there are three 
nucleotides C in succession, a triple flash will be seen 
(i.e. the peak will be three times higher).

Stage 4: apyrase, a nucleotide-destroying enzyme, 
constantly removes the remaining nucleotides which 
were not attached and ATP. Afterwards another 
nucleotide is added to the reaction mixture.

To carry out the above-described investigation, it was 
necessary to conduct sample preparation: a mixture 
of primers for the sequence should be added to the 
studied single-chain biotinylated PCR-fragments. 
Streptavidin-sepharose particles were attached to 
these biotinylated PCR-fragments, which makes it 
possible to operate with single-strand PCR-fragments 
using streptavidin interacting with biotin.

The algorithm of sample preparation for pyrosequencing 
was as follows: (1) 2 × Binding buffer [per 100 mL of 
the solution: С4Н11NO3 (0.121 g), NaCl (11.7 g), EDTA 
(0.0292 g), Tween 20 (100 μL). PH was adjusted to 7.6, 
1 mol/L HCl]; (2) 1 × Annealing buffer [per 100 mL of the 
solution: С4Н11NO3 (0.242 g), C4H6MgO4 × 4H2O (0.043 g). 
PH was adjusted to 7.6, 4 mol/L CH3COOH]; (3) washing 
buffer [per 100 mL of solution: С4Н11NO3 (0.121 g). PH was 
adjusted to 7.6, 4 mol/L CH3COOH]; and (4) 0.2 mol/L 
NaOH (per 100 mL solution: NaCl 0.8 g).
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of the investigated nucleotide corresponding to the 
presence of 100% normal copies of the mitochondrial 
genome in the sample; “M” is the height of the peak 
of the investigated nucleotide corresponding to the 
presence of 100% mutant copies of the mitochondrial 
genome in the sample.

It should be emphasized that, alongside the genetic 
screening, a number of biochemical indicators was 
investigated in blood of the study participants: total 
cholesterol, triglycerides blood sugar level, low and 
high density lipoproteins[20,21].

RESULTS

At the first stage of the study, demographic 
characteristics of 700 study participants were obtained 
[Table 1]. The data in this table are presented by 
means of an average value with the standard deviation 
(in parentheses).

In the group of conventionally healthy participants, 
women predominated, while in the group of patients 
with pre-clinical atherosclerosis, men predominated 
[Table 1]. Patients with pre-clinical atherosclerosis 
were characterized by a significantly older age, and 
also by higher levels of total cholesterol and low-
density lipoproteins cholesterol in men (P ≤ 0.01). 
This group showed a tendency to an increase in the 
frequency of smoking (P ≤ 0.1). In terms of body mass 
index, blood pressure and triglyceride levels, there 
were no significant differences between the studied 
groups.

At the second stage of the study the threshold 
heteroplasmy level of 11 investigated mutations 
(m.5178C>A, m.15059G>A, m.652delG, m.13513G>A, 
m.14846G>A, m.652insG, m.12315G>A, m.3336T>C, 
m.1555A>G, m.14459G>A and m.3256C>T) in 

individuals with atherosclerotic plaques or an increased 
IMT CA was detected. It should be noted that the 
percentage of mitochondrial genome copies with 
higher than the threshold level was associated with the 
occurrence and development of atherosclerotic lesions 
in patients. At the same time, achieving and exceeding 
the threshold heteroplasmy level of antiatherogenic 
mutations is thought to have the effect of lowering 
incidence of this disease.

The evaluation results of the threshold heteroplasmy 
level of mutations in atherosclerotic plaques and an 
increased IMT CA of the carotid arteries of the study 
participants are shown in Table 2.

The selection of the optimal threshold heteroplasmy 
level for each investigated mutation was detected using 
ROC-curve analysis. It was based on simultaneous 
maximizing of the sensitivity values (Y-axis) and 
minimizing the value (1-specificity) (X-axis). The 
example of such a ROC-curve analysis of a mutation 
m.12315G>A connection with the occurrence of 
atherosclerotic plaques in carotid arteries is shown 
[Figure 1 and Table 3].

Therefore, the threshold heteroplasmy level for 
mitochondrial genome mutation m.12315G>A 
was found to be a rather strong predictor of the 
atherosclerotic plaques occurrence in carotid arteries. 
The area of a ROC-curve for this mutation was found to 
be 0.577. The optimal threshold value of heteroplasmy 
level for m.12315G>A was 10.5% (sensitivity was 0.6; 
specificity was 0.53).

As can be seen from the Table 2, the levels of 
heteroplasmy of investigated mitochondrial mutations 
in a sample of patients with atherosclerotic plaques 
and in a sample of patients with an increased IMT CA 
are approximately the same.

Table 1: Demographic characteristics of the study participants

Value Conventionally healthy
study participants

Patients with preclinical 
atherosclerosis Significance

Systolic blood pressure (mmHg) 129 (15.7) 141 (14.1) 0.26
Body-weight index (kg/sq.m) 25.6 (7.3) 29.3 (6.4) 0.45
Male:female (number of persons) 159:180 203:158 0.002**
Smoking (%) 20 (10.6) 42 (9.5) 0.10*
Cholesterol LDL (mmol/L) 4.03 (1.07) 4.38 (1.09) 0.001**
Diastolic blood pressure (mmHg) 78 (16.7) 89 (17.3) 0.38
Age (years) 53 (8.5) 64 (8.9) 0.003**
Total cholesterol (mmol/L) 6.39 (1.21) 6.76 (1.09) 0.001**
Triglycerides (mmol/L) 1.48 (0.61) 1.51 (0.64) 0.290
Cholesterol HDL (mmol/L) 1.70 (0.48) 1.53 (0.52) 0.002**

*: the differences between conventionally healthy study participants and patients with atherosclerosis are at the significance level P 
≤ 0.1; **: significant differences between conventionally healthy study participants and patients with atherosclerosis; LDL: low-density 
lipoproteins; HDL: high-density lipoproteins
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It is necessary to mention that during the analysis 
of all the 11 investigated mutations in patients, it 
was possible to explain more than 84% of cases of 
atherosclerotic plaques occurrence and thickening of 
intima-medial layer of carotid arteries.

DISCUSSION

Atherosclerosis of human major vessels is often a 
cause of mortality from cardiovascular diseases. 
In this pathology, the intima of arteries is damaged, 
luminal occlusion occurs and blood supply to 
organs deteriorates[1-5]. Atherosclerosis is difficult 
to recognize in the early stages. Molecular genetic 
markers could help the diagnostics of this disease. 
Unfortunately, compared to traditional single risk 
factors of atherosclerosis, nuclear genome mutations 
have rather low diagnostic and prognostic significance.

According to the literature, a variety of diseases is 
associated with some mutations in mtDNA. These 
mutations often correlate with pathologies which 
often occur together with atherosclerosis[11-15]. The 
penetrance of mtDNA mutations depends on the 
percentage of normal and mutant copies of genome, 
i.e. the heteroplasmy level of mitochondrial mutations. 
That is why, during the analysis of the linkage of 
mitochondrial genome mutations with human diseases, 
the value of heteroplasmy level above which a person 
begins the occurrence and development of pathologies 
or begins to show a protective effect of mutations 
needs to be determined. The information about the 
threshold heteroplasmy level of mitochondrial genome 
mutations, associated with certain diseases, can help 
in assessing the predisposition and the early diagnosis 
of these pathologies.

Table 2: The threshold value of heteroplasmy level of 
mtDNA mutations associated with atherosclerosis

Gene Mutation

Threshold value 
of heteroplasmy 

level in 
atherosclerotic 

plaques (%)

Threshold 
value of 

heteroplasmy 
level in 

thickened 
IML CA (%)

MT-TL1 m.3256C>T 15.5 16.5
MT-RNR1 m.652delG 20.5 21.5
MT-CYTB m.14846G>A* 17.5 17.5
MT-TL2 m.12315G>A 7.5 10.5
MT-ND1 m.3336T>C 6.5 7.5
MT-RNR1 m.652insG 20.0 20.0
MT-CYTB m.15059G>A 24.5 26.5
MT-RNR1 m.1555A>G* 17.5 19.5
MT-ND5 m.13513G>A* 32.5 33.5
MT-ND2 m.5178C>A 6.5 6.5
MT-ND6 m.14459G>A 4.5 4.5

*: antiatherosclerotic mutations; IML CA: intima-medial layer of 
carotid arteries

Table 3: Detection of the optimal threshold heteroplasmy 
level value for m.12315G>A on the basis of ROC-analysis

Coordinates of the curve
Threshold 
heteroplasmy level Sensitivity 1 - Specificity

4.50 0.825 0.795
5.50 0.789 0.667
6.50 0.719 0.643
7.50 0.684 0.608
8.50 0.632 0.544
9.50 0.614 0.485
10.50* 0.596 0.468
11.50 0.579 0.468
12.50 0.561 0.433
13.50 0.544 0.415
14.50 0.544 0.398
16.00 0.526 0.363
17.50 0.474 0.339
18.50 0.421 0.310
19.50 0.404 0.287
20.50 0.386 0.269
21.50 0.386 0.246
22.50 0.351 0.24
23.50 0.333 0.228
24.50 0.333 0.216
25.50 0.316 0.193
26.50 0.298 0.187
27.50 0.298 0.181

ROC: receiver operating characteristic

0.0           0.2          0.4           0.6          0.8           1.0
1 - Specificity

ROC curve
1.0

0.8

0.6

0.4

0.2

0.0

S
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Figure 1: ROC-curve for the analysis of the link of the heteroplasmy 
level in mitochondrial genome mutation m.12315G>A with the 
occurrence of atherosclerotic plaques in carotid arteries: area 
under the curve 0.577 (standard error 0.015); P ≤ 0.042. ROC: 
receiver operating characteristic
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As a working hypothesis for the present study, we 
used the monoclonal hypothesis according to which, 
if a mutation occurs in the mitochondrial genome, 
the ATP synthesis is disturbed. The cells containing 
mitochondria with mutant mtDNA begin to suffer a 
shortage of energy and proliferate unlimitedly. The 
number of defective mitochondrial genome copies 
becomes greatly increased. Finally a mutation 
reaches the threshold heteroplasmy level and the 
pathological process starts. This results in the 
occurrence and development of atherosclerotic 
lesions. When the threshold heteroplasmy level is 
reached by antiatherogenic mutations, they begin to 
show a protective effect. That is why, in people with a 
high heteroplasmy level for antiatherogenic mutations, 
atherosclerosis is absent.

For heteroplasmy level evaluation of investigated 
samples, a new original method of quantitative 
assessment of mutant allele in mitochondrial genome, 
based on pyrosequencing technology, was developed 
by the author and her colleagues[16]. With the use of 
this method, it is possible to measure the heteroplasmy 
level of both hereditary and somatic mitochondrial 
genome mutations, occurring during the lifetime of 
an individual or in pathologic processes. The method 
of quantitative assessment of the mutant allele of 
mitochondrial genome has a number of significant 
advantages compared to other quantitative methods 
such as invasive cleavage of the oligonucleotide probe 
(Invader), high-performance liquid chromatography, 
heteroduplex analysis, the analysis of heteroplasmy 
using Surveyor nuclease, ARMS, SNaPshot, HRM, 
TGGE, Sanger sequencing, NGS using 454/Roche 
equipment, Applied Biosystems SOLiD, Illumina 
equipment series used for the analysis of mutations[35-39].

Pyrosequencing has the smallest number of defects 
and the greatest number of advantages, compared 
to other methods of measuring the percentage 
of heteroplasmy of mitochondrial genome[40-44]. It 
provides a unique opportunity to analyze a very short 
DNA fragment containing the region of the investigated 
mutation. The size of such a DNA fragment is, on 
average, 5-10 bp, it significantly reduces the probability 
of mistakes made during the analysis. As a result, 
the method developed by the author with colleagues, 
based on pyrosequencing technology, can serve as 
the “gold standard” for all other methods of determining 
the percentage of mitochondrial genome heteroplasmy 
and it should be used to verify the heteroplasmy level 
of mutations detected by other methods.

With the aim of subsequent molecular genetic diagnosis 
of atherosclerosis in blood cells of the study participants, 

the threshold value of the heteroplasmic percentage for 
each mutation was detected, after which the occurrence 
and development of atherosclerotic lesions begins in 
an individual, and for anti-atherogenic mutations, an 
antipathological effect begins to manifest. It should be 
emphasized that the choice of the optimal threshold 
value was based on simultaneous maximization of 
sensitivity and specificity. The revealed good agreement 
of the threshold heteroplasmy percentage value in the 
11 mitochondrial genome mutations for atherosclerotic 
plaques and the thickening of the carotid intimal-medial 
layer can be indicative of general pathophysiological 
mechanisms of the formation of lesions in intimal 
carotid arteries.

The investigated mutations are localized in the coding 
region of mitochondrial genome. Let’s consider each 
of them.

Mutation m.652delG was localized in the MT-
RNR1 gene. It causes a structural defect of the 
12S rRNA subunit, which can lead to a partial or 
complete dysfunction of the mitochondrial ribosome. 
A consequence of this mutation may be a decrease 
in synthesis of protein subunits of the enzymes of 
the mitochondrial respiratory chain. As a result, the 
synthesis of ATP may decrease, leading to an energy 
failure in the mitochondria and intimal cells of arteries. It 
can, as a compensatory mechanism, lead to unlimited 
proliferation of mitochondria and cells. The result of 
this process can be the occurrence of atherosclerotic 
plaques and thickening of the intima-medial layer of 
human arteries.

Probably, mutation m.652insG (MT-RNR1 gene) 
associated with the absence of atherosclerosis stabilizes 
subunit 12S of rRNA and improves the functions of 
ribosomes. Perhaps, in case of occurrence of this 
insertion, the synthesis of protein chains in enzymes 
of mitochondrial respiratory chains increases. It leads 
to an increase in the synthesis of ATP and protects 
mitochondria and cells from oxidative stress. Therefore, 
this mutation can perform protective functions.

Mitochondrial genome mutation m.1555A>G is also 
encoded by MT-RNR1 gene.The mutation has an anti-
atherogenic effect. It also leads by far the most to the 
stabilization of the mitochondrial ribosome.

In case of a single-nucleotide substitution of 
m.3256C>T (MT-TL1 gene), transport RNA-Leucine 
dysfunction (recognition codon UUR) can occur. If 
leucine is the last in the protein subunit of the enzyme, 
then without this tRNA, the protein cannot be separated 
from the ribosome. It can lead to a dysfunction of 
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some ribosomes in mitochondria and to a decrease in 
synthesis of respiratory chain enzymes.

Single nucleotide substitution m.3336T>C (MT-ND1 
gene) is a silent mutation. In case of its occurrence, 
there is no replacement of the amino acid in the first 
protein subunit of NADH dehydrogenase. Meanwhile, 
the mutation is associated with atherosclerotic lesions. 
Probably, this mutation is linked to an atherogenic 
haplotype.

Mutation m.5178C>A (MT-ND2 gene) results in the 
replacement of an amino acid (Leu>Met). Although 
in some earlier literary sources[45] it is reported that 
m.5178C>A is anti-atherogenic, in this study, in a 
sample of 700 study participants, the association of 
this mutation with atherosclerotic lesions was found. 
Probably in earlier studies, an undersampling has 
played a role.

The single nucleotide replacement of guanine by 
adenine at the position of the mitochondrial genome 
12315 results in a change in the tertiary structure of 
the transport RNA-Leu (recognition codon CUN). 
It can lead to a dysfunction of this tRNA, leading 
to a decrease in synthesis of the protein chains in 
respiratory chain enzymes, which contain amino acid 
leucine.

Mutation m.13513G>A leads to the replacement of 
the amino acid (Asp>Asn) in the 5th protein subunit of 
the respiratory chain enzyme NADH-dehydrogenase. 
Perhaps, as a result of this mutation, the efficiency 
of complex 1 of the respiratory chain, leading to an 
increase in the production of energy in the cell, is 
improved. Our research team discovered the anti-
atherogenic effect of this mutation.

Mutation m.14459G>A (MT-ND6 gene) results in 
amino acid substitution (Ala>Val) at position 72 of the 
6th protein subunit of NADH dehydrogenase. Probably, 
this mutation causes a defect in the enzyme, leading to 
the appearance of atherosclerotic lesions.

The single nucleotide substitution m.14846G>A (MT-
CYTB gene) results in the amino acid substitution 
(Gly>Ser) of cytochrome B. Probably, this mutation 
stabilizes the complex of the III respiratory chain, into 
which this cytochrome is included. The result of this 
mutation may be an increase in the synthesis of ATP 
in the cell. It can protect cells and tissues from the 
occurrence of atherosclerosis.

Mutation m.15059G>A, localized in the MT-CYTB 
gene, leads to a formation of a stop codon. This stops 

the synthesis of cytochrome B, which becomes 244 
amino acids shorter. Perhaps, this mutation leads to 
the dysfunction of complex III of the respiratory chain. 
As a result of this process, atherosclerotic lesions can 
develop in the cells and arteries in general.

It is necessary to note the novelty and uniqueness of 
this study. According to the analysis of literary sources, 
there is not any scientific article in the world where the 
threshold heteroplasmy level of mitochondrial genome 
mutations and their association with predisposition to 
atherosclerosis has been studied. In addition, there 
are not any similar works for other human diseases 
either.

Information about the threshold heteroplasmy level 
in mitochondrial genome mutations, associated 
with atherosclerosis and its risk factors, can help in 
assessing the predisposition and the early diagnostics 
of these pathologies. The obtained data can be used 
to create test systems for atherosclerosis diagnostics.

In conclusion, the article dedicated to detection of a 
threshold heteroplasmy level of mitochondrial genome 
mutations in patients with atherosclerotic lesions in 
blood vessels, is quite relevant and well-timed. This 
work is characterized by a high degree of novelty, 
because similar works in world literature are absent. 
Using the method, developed in our laboratory[16,17], 
we managed to determine threshold heteroplasmy 
levels of 11 mitochondrial genome mutations 
associated with atherosclerosis. We suppose that 
threshold heteroplasmy levels of these mutations is 
a new criterion for evaluation of predisposition to the 
occurrence and development of atherosclerotic lesions 
in human arteries.
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Aim: Type 2 diabetes mellitus (T2DM) is associated with rapid progression of atherosclerosis. 
There is no doubt that inflammation is involved in atherogenesis. Recent studies showed the 
relationship between the development of atherosclerotic plaque formation and the amount 
of pro-inflammatory (M1) activated macrophages in situ. Methods: The authors studied the 
ability of circulating monocytes isolated from patients with diabetes (n = 28), coronary heart 
disease (CHD) (n = 27) and healthy subjects (n = 50) to be activated into M1 phenotype in 
vitro. Results: Increased levels of basal and stimulated secretion of tumor necrosis factor alpha 
(TNF-α) was observed in diabetic patients compared with healthy subjects. On the contrary, 
in patients with CHD, decreased secretion of the pro-inflammatory cytokine, TNF-α, was 
found. A direct correlation between glycated hemoglobin (HbA1c) levels in T2DM patients 
and basal secretion of TNF-α from monocytes was observed. Conclusion: The authors found 
diametrically different responses of monocytes from T2DM and CHD under pro-inflammatory 
stimuli.
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INTRODUCTION

Increased prevalence of type 2 diabetes mellitus 
(T2DM) around the globe has been deemed a “non-
infectious epidemic” and according to the International 
Diabetes Federation, it is predicted that the number 
of patients with T2DM will reach 642 million people by 
2040[1].

Т2DM patients are more likely to exhibit an accelerated 
development of atherosclerosis and have a 3-4-
fold increased risk for cardiovascular mortality[2]. 
Hyperglycemia is currently considered the main culprit 
for vascular lesion progression. A meta-analysis of 20 
different studies involving 95,783 patients, followed 
for 12 years, led to the conclusion that glucose is the 
common underlying risk factor for atherosclerosis, 
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acute cardiovascular mortality and elevations in 
circulating cholesterol and blood pressure [3]. It is 
likely that this phenomenon arises from excessive 
formation of reactive oxygen species in mitochondria 
due to oxidation of glucose under hyperglycemic 
blood conditions[4,5]. We have previously observed 
a 10-25-fold increase in the oxidative modification 
of lipoproteins in patients with Т2DM, compared to 
healthy subjects[6]. Macrophages capturing modified 
low density lipoproteins (LDL) through scavenger-
receptors accumulate lipids and become lipid-rich foam 
cells, thereby leading to atherogenesis[7].

Signs of local and systemic non-specific inflammatory 
processes in atherosclerosis trace to the earliest stages 
of vascular lesion development[8]. Increased oxidation of 
LDL contributes to their diffusion into the subendothelial 
space and activation of nuclear factor kappa-B (NF-kB) 
through interaction with toll-like receptors. This process 
leads to production of inflammatatory mediators[9]. 
However, activation of NF-kB also activates genetic 
programs necessary for resolution of inflammation[10]. 
Recent studies showed the relationship between the 
progression of atherosclerotic plaque formation and the 
ratio of pro-inflammatory (M1) and anti-inflammatory 
(M2) activated macrophages[11]. The role of polarization 
of macrophages in Т2DM is still unclear. To address 
this, we studied the basal and induced secretion of 
the pro-inflammatory cytokine, tumor necrosis factor 
alpha (TNF-α), by monocytes isolated from the blood of 
patients with newly diagnosed T2DM, compared to those 
of patients with coronary heart disease.

METHODS

Primary cultures of human monocytes were obtained 
from peripheral blood of 28 non-treated patients with 
newly diagnosed diabetes 2 (11 men, 17 women) and 
27 patients (20 men, 7 women) with coronary heart 
disease (CHD) without disturbances in carbohydrate 
metabolism. As a control group, 50 healthy volunteers 
without disturbances in carbohydrate and lipid metabolism 
were examined (25 men, 25 women) [Table 1]. 

The levels of glucose in the blood serum were 
determined by hexokinase (Thermo Scientific). The 
levels of glycated hemoglobin in red blood cells were 
determined by the instrument immune inhibition Bekman 
Coulter AU 680.

None of the patients had any clinical symptoms of 
systemic inflammation. The study was approved by 
the local ethics committee and was carried out in 

agreement with the Declaration of Helsinki. Written 
informed consent was obtained from all patients.

In order to evaluate the ability of monocytes to be 
activated, cells were isolated from whole blood using 
magnetic CD14-positive separation with MACS CD14-
positive microbeads (MiltenyiBiotec) and MACS 
separation columns (MiltenyiBiotec). Monocytes were 
seeded into sterile 24-well culture plates at a density 
of 106 cells per well with X-Vivo serum-free medium 
(Lonza) and cultured at 37 °C in CO2-incubator (95% 
air and 5% CO2). 

Once cultured, monocytes were stimulated with 
100 ng/mL of interferon-γ. Secretion of TNF-α was 
considered a marker of the pro-inflammatory response. 
The concentration of TNF-α in the culture medium was 
determined by enzyme-linked immunosorbent assay 
(ELISA) on day 1 after cell isolation.

Statistical processing was performed using the 
SPSS package (SPSS Inc., USA). T-test was used to 
compare between groups.

RESULTS

As a model for investigation of changes in the immune 
system of studied patients, we used primary culture 
of monocytes isolated from the blood and evaluated 
cellular responses to pro-inflammatory stimuli. We 
revealed possible bias of monocyte polarization 
towards the M1 phenotype. This procedure was 
applied to non-treated T2DH patients (n = 28), CHD 
patients (n = 27) and healthy subjects (n = 50) (their 
clinical characteristics are given in Table 1). Cells were 
stimulated with interferon-γ (100 ng/mL). Secretion of 
TNF-α was measured by ELISA.

Monocytes from subjects with CHD were characterized 
by a low degree of basal secretion of TNF-α [Table 2]. 
Moreover, monocytes lacked the ability to be activated 
in response to both pro- and anti-inflammatory stimuli. 
On the contrary, monocytes from subjects with T2DM 
exhibited a significant 3-fold increase in the basal 
secretion of TNF-α as well as a 3-4-fold increase in the 
production of TNF-α in response to stimuli. 

In this study, we attempted to explore the relationship 
between glycated hemoglobin (HbA1c) levels in patients 
with T2DM and susceptibility of their monocytes to 
activation. The obtained data indicated that there was 
an obvious trend towards a direct association between 
HbA1c levels and the monocyte basal secretion of 
TNF-α [Figure 1].
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DISCUSSION

Diabetes mellitus is associated with a rapid development 
of atherosclerosis. Previously it was demonstrated 
that oxidative stress under hyperglycemic conditions 
promotes lipid infiltration to the vascular wall caused by 
increased oxidation of lipoproteins[12].

Furthermore, metabolic syndrome, which encompasses 
T2DM, is characterized by chronic systemic inflammation. 
Mechanisms underlying these pathological processes 
remain unclear[13-15]. In response to the development of 
obesity, adipocytes and endothelial cells reduce their 
insulin sensitivity, promoting the development of T2DM 
and cardiovascular complications. In turn, development 
of hyperglycemia and hyperinsulinemia provoke oxidative 
stress and cause multiple inflammatory reactions[16].

Polarization of monocytes may reflect the status of 
the innate immune system. We studied the ability of 
circulating monocytes from patients with T2DM, CHD 
and healthy subjects to be activated into M1 and M2 
phenotypes in vitro. Increased levels of basal and 
stimulated secretion of the pro-inflammatory cytokine, 
TNF-α, were observed in diabetic patients, compared 

to healthy subjects.

Such strong polarization of monocytes caused by 
pro-inflammatory stimuli may be associated with the 
activation of many transcription factors, particularly NF-
kB. Activation of NF-kB in T2DM is associated with 
hyperglycaenmia-induced mitochondrial superoxide 
overproduction, leading to the development of 
oxidative stress[4,17]. Abundance of superoxide partially 
inhibits the glycolytic enzyme, GAPDH, thus diverting 
upstream metabolites from glycolysis into pathways 
of glucose over-utilization. This leads to increased 
flux of dihydroxyacetone phosphate to diacylglycerol, 
an activator of PKC, and of triose phosphates to 
methylglyoxal, the main intracellular advanced glycation 
end (AGE) products precursor. In its turn, protein 
kinase C is responsible for the activation of NF-kB[17] 
contributing to improvements in adhesion of monocytes 
to the vascular wall[17,18]. Jin et al.[19] found that AGEs 
not only predominantly induce macrophages to secrete 
inflammatory cytokines, but also induce M1 polarization. 
Moreover, AGEs activate the RAGE/NF-kB pathway, 
whereas the blockade of RAGE or NF-kB can attenuate 
macrophage activation[19,20]. We also found a direct 
correlation between the levels of HbA1c and TNF-α 
in patients with newly diagnosed diabetes [Figure 1]. 
This observation may be associated not only with more 
severe oxidative stress in conditions of hyperglycemia, 
but also with obesity in patients[21].

On the contrary, monocytes from CHD patients 
lacked the ability to be activated in response to pro-
inflammatory stimuli. Recently, similar a phenomenon 
was found in patients with atherosclerosis[22].

In conclusion, this study aimed to establish the cause of 
atherosclerosis in patients with diabetes in the context 

Table 1: Clinical characteristics of studied groups of 
patients

Healthy 
subjects 
(n  = 50)

T2DM 
patients 
(n  = 28)

CHD 
patients 
(n  = 27)

Age (years) 60 (9) 62 (12) 67 (7)
Gender 
(male/female)

25/25 11/17 20/7

HbA1c (%) 5.2 (0.3) 9.7 (2.4)* 5.0 (0.4)
Body mass 
index (kg/m2)

27.5 (2.2) 32.1 (4.3)* 28.2 (5.01)

Cholesterol 
(mmol/L)

4.7 (0.5) 5.0 (1.2) 5.6 (1.0)*

Triglicerides 
(mmol/L)

0.94 (0.18) 1.0 (1.8) 1.6 (0.5)*

Values listed are means (standard deviation). *Significant difference 
from healthy subjects, P < 0.05. T2DM: type 2 diabetes mellitus; 
CHD: coronary heart disease

Table 2: Proinflammatory activation of monocytes from 
T2DM and CHD patients

TNF-a (pg/mL)
Basal Stimulated

Healthy subjects (n = 50) 270 ± 75 378 ± 92
T2DM patients (n = 28) 750 ± 92* 1,571 ± 111*
CHD patients (n = 27) 151 ± 70*,# 139 ± 51*,#

*Significant difference from healthy subjects, P < 0.05; #significant 
difference from T2DM patients, P < 0.05. T2DM: type 2 diabetes 
mellitus; CHD: coronary heart disease
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Figure 1: Correlation plot between HbA1c level and the monocyte 
basal secretion of TNF-a. TNF-a: tumor necrosis factor alpha
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of chronic inflammation. Unexpectedly, we found 
diametrically different abilities of monocytes from T2DM 
and CHD to respond under pro-inflammatory stimulus.
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Aim: To assess the value of body mass index (BMI) and adipokine levels in predicting 
development of atrial fibrillation (AF) in the general population. Methods: Three hundred 
and ninety eight patients were examined for the presence of phenotype metabolically healthy 
obesity (MHO), according to the Wildman criteria; adipokine levels were assessed by enzyme 
immunoassay method; AF was assessed by electrocardiography (ECG) and/or by ECG diurnal 
monitoring. Results: Obesity (group 1) and overweight (group 2) was present in 23.7% and 
42.0% of participants; while 21.1% were normal body weight (group 3) and 13.1% had a BMI 
< 19.9 kg/m² (group 4). Phenotype MHO was detected in 19.6% patients. At follow-up, 32.4% 
of participants developed AF. Adiponectin levels were significantly higher in MHO patients as 
compared to metabolically unhealthy patients with abdominal obesity (AO). High molecular 
weight adiponectin (HMVAN) levels were significantly decreased in patients of groups 1 and 
4, as compared to groups 2 and 3. Correlation between AF and HMWAN was determined by 
regressive analysis in patients of 1st and 4th groups (β = -0.24, P = 0.003 and β = -0.26, P = 
0.002, respectively). Conclusion: The probability of developing AF increases with AO and 
decreased BMI, which is accompanied by a change in HMVAN levels. In MHO patients, the 
probability of AF developing is identical with persons having normal BMI.
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INTRODUCTION

The likelihood of being overweight or obese in 
adulthood has been increasing in epidemic proportions 
in the last few decades[1]. We have witnessed a parallel 
rise in the incidence of atrial fibrillation (AF), which is 
the most common sustained cardiac arrhythmia and 
a significant cause of cardiovascular (CV) morbidity 

and mortality. It can be explained by advances in the 
treatment of coronary heart disease (CHD) and heart 
failure (HF) improving life expectancy and consequently 
the prevalence of AF (since the incidence of atrial 
fibrillation increases with age)[2].

Abdominal obesity (AO) and excess body weight are 
associated with the development of cardiovascular 
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disease (CVD), including an increased risk of incidence 
of sudden cardiac death, atrium fibrillation and other 
form of arrhythmias[1].

In contrast, a large review from Flegal et al.[3] analyzed 
97 studies of 2.9 million individuals, including > 
270,000 deaths, and demonstrated that optimal 
survival occurred in “overweight” patients [body mass 
index (BMI): 25 to 30 kg/m2], who had a significant 6% 
lower mortality than the “normal-weight” BMI cohort 
(BMI: 18.5 to 25 kg/m2)[3].

Patients with elevated BMI, but normal insulin sensitivity, 
lipid profiles and blood pressure (BP), are considered 
to be metabolically healthy obesity (MHO)[4]. Some 
epidemiological data suggest that MHO carries a 
lower risk of CVD, lower risk of AF development and 
less all-cause mortality than being normal weight yet 
metabolically unhealthy[5]. The precise mechanism 
that induces AF in obesity is still unknown. Metabolic 
comorbidities are common in obese people and could 
be the main reason for increased AF risk and total 
cardiovascular risk, apart from obesity itself. There are 
several proposed mechanisms that connect obesity 
and AF[6-10].

Enhanced neurohormonal activation, impaired insulin 
tolerance, dyslipoproteinemia, hypertension and 
pathological changes in circulating renin-angiotensin-
aldosterone system accompanies obesity and may 
contribute to left atrial enlargement and electrical 
instability, which may result in AF development[11].

Studies on the mechanisms by which obesity induces 
AF show that obesity causes atrial arrhythmogenic 
remodeling. Progression of atrial fibrosis is a key event 
in the pathogenesis of AF[12,13], and can be caused by 
aging, underlying cardiac diseases, systemic diseases 
or inflammatory processes, or AF itself. Obese 
individuals, even without cardiovascular disease, have 
left atrium (LA) enlargement[14] and different electrical 
properties, such as slower conduction from the LA 
entering the pulmonary vein (PV) and a significantly 
shorter effective refractory period in the LA and PV[15].

Adipokines are bioactive proteins produced by the 
adipose compartment that have wide-ranging effects 
across organs and tissues. Leptin and adiponectin are 
both closely related with obesity and have recently 
been implicated with AF. These hormones are secreted 
primarily by adipocytes, while the stromovascular tissue 
surrounding fat secretes tumor necrosis factor-alpha 
(TNF-α) and macrophages secrete resistin[16,17]. These 
adipokines have been proposed as links between 
adiposity and insulin resistance, glucose deregulation, 

and CVD. Adiponectin is reduced in obesity, CHD, HF, 
AF and T2DM, and increased following weight loss. 
Adiponectin levels were independently associated 
with the incident of AF[16,17]. However, it remains 
unclear whether these are markers of failed regulatory 
pathways that lead to AF or are directly involved in AF 
pathogenesis.

Our study aimed to elucidate the causal relationship 
between AF and BMI or adipokine levels, specifically 
serum leptin and high-molecular-weight adiponectin 
(HMWAN), among the general population.

METHODS

This study comprised 398 patients randomly selected 
while visiting the out-patient unit due to any reason, 
except acute heart pathology, provided they had not 
had heart rate disorders in their past medical history.

Among allotted patients there were 142 with arterial 
hypertension (AH) (35.7%), 118 suffering from ischemic 
heart disease (29.6%), 73 with diabetes mellitus II type 
(DM-2) (18.3%), provided DM-2 was compensated.

Also excluded were those patients who had developed 
kidney, liver diseases, heart diseases, heart failure 
(more than 2 functional class according to New York 
Heart Association), chronic obstructive lung pathology, 
malignant neoplasms or alcoholism.

Patients’ age ranged from 37 to 56 years old (mean 
age: 41.4 ± 2.3 year). All patients involved in this 
study were examined according to the same protocol. 
Anthropometry was assessed with measurements 
of waist circumference and BMI calculated by Kettle 
formula. Additionally, BP was measured along with 
a panel of laboratory tests: fasting serum glucose 
(glucosoxidative approach); serum lipoproteins 
[serum cholesterol, triglycerides (TG), cholesterol of 
high-density lipoprotein (HDL) by enzyme colorimetric 
approach with kit of “Human” (Germany)]; C-reactive 
protein (CP) by solid phase enzyme immunoassay 
(EIA) (NycoCard CRP, Axis-Shield); serum Leptin by 
EIA kit Leptin ELISA [Diaghostics Biochem Canada 
Inc (DBC Inc) cat № ABIN362629 CAN-L-4260]; and 
serum HMWAN by EIA with use of kit DRG (USA). The 
homeostatic model assessment of insulin resistance 
(HOMA-IR) was calculated: НОМА-IR = insulin, mcU/mL 
× glucose, mmol/L ÷ 22.5).

Overweight patients (BWI: 25-29.9 kg/m2) and those 
with AO and BMI ≥ 30 kg/m2 were classified according 
to Wildman criteria (2008) as “MHO” and “metabolically 
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unhealthy obesity (MUO).”

At the screening stage, echocardiography was 
performed on the apparatus Toshiba-SSH-60 A (Japan) 
using standard methods (in M and B regimens) by the 
recommendations of the American Echocardiogram 
Society.

The study included patients who initially had minimal 
differences in echocardiography indicators as compared 
to the control group for minimization of the impact 
of other risk factors at the onset of atrial fibrillation. 
Careful selection of patients made it possible to reliably 
estimate the effect of the selected parameters - BMI, 
leptin and high molecular weight adiponectin on the 
probability of atrial fibrillation, according to the goal of 
the study.

The phenotype MHO was assessed according to 
Wildman criteria: the presence of 0-1 factors indicating 
metabolic health[18]. Patients with AO were considered 
as MHO who had met the following criteria: systolic 
BP and diastolic BP below 130 mmHg and 85 mmHg 
respectively without antihypertensive therapy; serum TG 
≤ 1.70 mmol/L; serum HDL cholesterol ≥ 1.04 mmol/L 
for males and ≥ 1.30 for females without lipid-reducing 
treatment; fasting serum glucose ≤ 5.55 mmol/L without 
hypoglycaemic therapy; serum CP ≤ 4.72 mg/L; HOMA-
IR ≤ 4.81.

Every patient was checked by electrocardiography 
(ECG) and/or by ECG diurnal monitoring (DM-ECG). 
Time of surveillance varied from 3.4 to 6.2 years (mean 
span 3.8 ± 1.2 years).

In order to evaluate obtained results they were 
compared with values of 20 people regarded as healthy 
(nothing abnormal was revealed) matching by age 
and gender. All statistical analyses were performed 
using the program (STATISTICA® for Windows 10.0) 
and t-criterion of Student (P < 0.05); the minimum 
level of statistical significance was assumed at P < 
0.05. Continuous variables were presented as means 
± standard deviation. To determine the differences 
among the groups, Student’s t-test was used for 
continuous variables, the correlation analysis was 
used to calculate the Pearson correlation coefficient 
and the Spearman rank correlation coefficient.

RESULTS

According to the goal of the study, all patients were 
allotted to 4 groups considering BMI [Table 1]. 
Echocardiographic characteristic of patients were given 
in Table 2. Characteristics of patients of different groups 

included in the study, according to the main physical 
and laboratory parameters are presented in Table 3. 
Data for phenotype MHO assessment were accessible 
in 97 participants. Phenotype MHO (Wildman) was 
recognized in 19 people (19.6%) that corresponded 
to the global estimates. Characteristics of MHO-type 
patients were given in Table 4. Assessment of serum 
adipokines revealed some peculiarities of leptin and 
HMWAN rate with regard to different BMI. HMWAN 
values were significantly raised in MHO-type patients 
comparatively to MUO type ones with AO: respectively 
11.32 mcg/mL and 7.87 mcg/mL (P < 0.01). Leptin was 
in the same range in patients of all subsets. HMWAN 
was significantly lower in patients of 1st and 4th groups 
comparatively to 2nd and 3rd groups [Table 5]. AF was 
identified in 129 patients (32.4%) throughout the span 
of surveillance. Patients with obesity and body weight 
deficiency (1st and 4th groups) developed AF more 
frequently compared to other groups. There were 
different types of AF: AF paroxysms spontaneously 
resolved into sinus rhythm or restored to sinus rhythm 
by medicated cardioversion, long-lasting AF of 
persistent or permanent type. Analysis of AF incidence 
among patients involved in the study was shown in 
Table 6.

Correlation between AF and HMWAN was determined 
by regressive analysis in patients of 1st and 4th 
groups (β = -0.24, Р = 0.003 and β = -0.26, Р = 0.002 
respectively).

The probability of developing AF increases with AO and 
decreased BMI, which is accompanied by a change 
in HMVAN levels. In MHO patients probability of AF 
developing is identical with normal BMI individuals. 

DISCUSSION

The obtained results revealed some peculiarities of 
leptin and HMWAN levels in relation to various BMI. 
It was established that the level of leptin did not differ 
significantly in patients with normal body weight 
or with an increase or decrease BMI. At the same 
time, HMWAN value changes were more significant 
and had specific features in individuals with different 
body weight. We found a reduction of HMWAN with 

Table 1: Subsets of patients considering BMI (n = 398)

Groups of the patients (%) BMI (kg/m²)
Group 1 (n = 95) (23.9) ≥ 30
Group 2 (n = 167) (42.0) 25-29.9
Group 3 (n = 84) (21.1) 20-24.9
Group 4 (n = 52) (13.0) < 19.9

BMI: body mass index
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1 and 4. Less often, AF developed in individuals with 
increased body weight, even without obesity and only 
in isolated cases in patients with normal body weight. 
The most frequent variant of AF was paroxysmal AF, 
while the other variants - persistent or permanent type, 
developed much less frequently.

These changes have been confirmed by established 
correlation dependence of the development of AF 
and HMWAN reduction in groups 1 and 4 of the 
patients. It was found that significant BMI deviation in 
both directions is a prognostically unfavorable factor 
for the development of AF in patients, even without 
any other manifestations of CV disease or metabolic 
abnormality. It was found that the deviation of BMI 

BMI deviations greater and smaller from normal 
values. Thus, there was significant decrease of serum 
HMWAN in patients with obesity of group 1 with a BMI 
of more than 30 kg/m2, and with a body mass deficit 
in patients of group 4 with BMI less than 19.9 kg/m2. 
It is also important to note that the difference in the 
HMWAN value reduction in patients with obesity and 
body weight deficit was insignificant, while significantly 
different from those with normal and increased body 
weight with a BMI within 25-29.9 kg/m2.

During the observation period, AF most often developed 
in patients who had the most significant initial HMWAN 
reduction - in patients with more prominent obesity 
and in patients with body mass deficiency in groups 

Table 2: Echocardiographic characteristic of patients

Indices
Control
(n = 20)

Group 1
(n = 95)

Group 2
(n = 167)

Group 3
(n = 84)

Group 4
(n = 52)

LA (sm) 2.9 ± 0.2 3.1 ± 0.2 3.3 ± 0.4 3.0 ± 0.2 2.6 ± 0.3

EDV LV (mL) 98.5 ± 4.3 108.6 ± 3.8 110.8 ± 4.2 84.5 ± 4.9 96.6 ± 3.8

ESV LV (mL) 38.4 ± 2.2 41.7 ± 2.4 42.8 ± 3.6 37.0 ± 3.1 38.6 ± 3.8

EF (%) 64.4 ± 4.2 62.8 ± 3.8 57.2 ± 4.2 59.6 ± 5.3 61.6 ± 3.8

TPWd (mm) 8.4 ± 0.4 9.2 ± 1.2 9.0 ± 1.4 8.6 ± 1.1 8.2 ± 0.8

TIVSd (mm) 8.2 ± 0.6 9.2 ± 1.8 9.1 ± 1.2 8.5 ± 1.2 8.2 ± 0.8

LA: left atrium; EDV LV: end-diastolic volume of the left ventricle; ESV LV: end-systolic volume of the left ventricle; EF: ejection fraction; 
TPWd: thickness of the posterior wall of the left ventricle in diastole; TIVSd: the thickness of the interventricular septum in diastole

Table 3: Baseline characteristics of the study population with different BMI 

Index
Control group 

(n = 20)

Examined patients (n = 398)
Group 1
(n = 95)

Group 2
(n = 167)

Group 3
(n = 84)

Group 4
(n = 52)

WC (sm) 78.2 ± 5.4 101.4 ± 6.2 *,** 96.8 ± 4.4*,** 82.6 ± 6.4^,#,** 64.8 ± 2.6^,#

HC (sm) 92.4 ± 6.3 142.8 ± 8.4 *,&,** 124.6 ± 7.4*,** 96.5 ± 6.51^,#,** 80.2 ± 3.4^,#

WC/HC 0.76 ± 0.04 0.82 ± 0.08 0.80 ± 0.07 0.80 ± 0.06 0.78 ± 0.06

SAD (mmHg) 120.4 ± 2.6 142.4 ± 6.8 *,** 138.8 ± 5.2*,** 132.5 ± 3.5^,** 118.8 ± 4.6

DAD (mmHg) 78.4 ± 2.2 88.4 ± 4.5 *,** 86,2 ± 3.4*,** 82.4 ± 6.2^,** 74.6 ± 3.8^,#

Total cholesterol (mmol/L) 4.42 ± 0.08 6.68 ± 1.07 *,** 6.24 ± 1.02*,** 5.16 ± 1.29 4.14 ± 0.08^,#

Triglycerides (mmol/L) 1.34 ± 0.06 3.22 ± 0.08 *,** 3.12 ± 0.06*,** 2.16 ± 0.07^,#,** 1.04 ± 0.03^,#

HDL cholesterol (mmol/L) 1.40 ± 0.04 0.72 ± 0.06 *,** 0.84 ± 0.04*,** 1.05 ± 0.02^,# 1.02 ± 0.02^,#

Fasting glucose (mmol/L) 4.60 ± 0.22 6.28 ± 0.36*,** 6.02 ± 0.16*,** 5.12 ± 0.08^,#,** 3.72 ± 0.18^,#

HOMA-IR 1.88 ± 0.22 5.12±0.32*,&,** 4.98 ± 0.28*,&,** 2.32 ± 0.24^,# 1.14 ± 0.06^,#

C-reactive protein (mg/L) 2.24 ± 0.12 5.38 ± 1.24*,** 4.42 ± 1.12*,** 3.02 ± 0.79^ 2.68 ± 0.32^,#

Serum leptin (mcg/mL) 21.6 ± 1.2 22.5 ± 1.6 23.5 ± 1.8 22.4 ± 1.4 21.9 ± 1.2

HMWAN (mcg/mL) 14.74 ± 1.22 4.42 ± 1.06*,#,& 13.82 ± 1.12^,** 14.23 ± 1.07^,** 3.75 ± 0.18*,#,&

*: reliability of differences (P ≤ 0.05) compared with control group; ̂ : reliability of differences (P ≤ 0.05) compared with group 1; #: reliability 
of differences (P < 0.05) compared with group 2; &: reliability of differences (P < 0.05) compared with group 3; **: reliability of differences 
(P < 0.05) compared with group 4; WC: waist circumference; HC: hip circumference; SAD: systolic blood pressure; DAD: diastolic blood 
pressure; HDL: high-density lipoprotein; HOMA-IR: homeostasis model of assessment insulin resistance; BMI: body mass index
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both in the direction of increase and decrease is a 
prognostically unfavorable factor for the development 
of AF in patients even without any other manifestations 
of CV disease.

These results indicate that obesity not only leads to 
different metabolic, hormonal and hemodynamic 
changes in the body that affect the heart muscle, 
causing its structural and functional changes, but the 
same changes are taking place in the patient with a 
body weight deficit, causing similar pathogenesis,  
particularly AF development.

Adiponectin plays an important role in many 
metabolic processes; it has a protective effect, 
especially for development of endothelial dysfunction, 
atherosclerosis and other vascular diseases, the 
progression of which is reflected in heart rhythm 
disturbances, in particular, the onset of AF[19]. 
Adiponectin is under the influence and itself influences 
the action of many pathophysiological mechanisms, 
including pathological TNF-α, interleukin-6, C-reactive 
protein, insulin, body weight, blood pressure deviation, 
and progression of many chronic diseases[20].

Adiponectin is involved in cardiac remodeling, not 
only through direct action on the cardiac muscle, but 
indirectly through the effect on endothelial function, 
atherogenesis, and vascular inflammation. In addition, 
adiponectin penetrates the blood-brain barrier and 
affects the function of the heart through the central 
nervous system[21].

Adipose tissue can be related to the lipotoxicity of 
cardiomyocytes, which is carried out through unknown 
factors with the participation of FATP4 and CD36 
transporters, and cardiomyocytes can maintain the 
stability of adipose tissue, affecting the secretion of 
adipokines[22].

Insulin resistance - this is the main pathological 
mechanism that binds metabolic, anthropometric and 
clinical indicators with the increasing risk of CVD and 
DM2. Adipocytokine imbalance, with a low level of 
adiponectin, can act as a triggering mechanism for the 
development of hyperinsulinemia, impaired glucose 
tolerance, dyslipidemia, endothelial dysfunction, 
arterial hypertension, abdominal obesity, fibrosis and 
atrial fibrillation[23].

Table 5: Serum leptin and high-molecular-weight adiponectin values in patients with different body weight

Index
Control group 

(n = 20)
Examined patients (n = 398)

Group 1 (n = 95) Group 2 (n = 167) Group 3 (n = 84) Group 4 (n = 52)
Serum leptin (mcg/mL) 21.6 ± 1.2 22.5 ± 1.6 23.5 ± 1.8 22.4 ± 1.4 21.9 ± 1.2

HMWAN (mcg/mL) 14.74 ± 1.22 4.42 ± 1.06*,#,& 13.82 ± 1.12&,** 14.23 ± 1.07&,** 3.75 ± 0.18*,#,&

Table 4: Characteristics of MHO-type patients by Wildman criteria

Index Wildman criteria MHO-type patients P
SAD (mmHg) ≤ 130 123.4 ± 2.4 0.05
DAD (mmHg) ≤ 85 78.8 ± 2.2 0.05
Triglycerides (mmol/L) ≤ 1.70 1.46 ± 0.18 0.05
HDL cholesterol: men, 
women (mmol/L)

≥ 1.04
≥ 1.30

1.15 ± 0.08
1.42 ± 0.11

0.05
0.05

Fasting blood glucose (mmol/L) ≤ 5.55 4.08 ± 0.06 0.05
C-reactive protein (mg/L) < 4.72 2.18 ± 0.06 0.05
HOMA-IR < 4.81 2.62 ± 0.12 0.05

MHO: metabolically healthy obesity; SAD: systolic blood pressure; DAD: diastolic blood pressure; HDL: high-density lipoprotein; HOMA-IR: 
homeostasis model of assessment insulin resistance

*: reliability of differences (P ≤ 0.05) compared with control group; ^: reliability of differences (P ≤ 0.05) compared with group 1; #: 
reliability of differences (P < 0.05) compared with group 2; &: reliability of differences (P < 0.05) compared with group 3; **: reliability of 
differences (P < 0.05) compared with group 4

Table 6: The incidence of various forms of atrial fibrillation in patients examined during the observation period (3.8 
± 1.2 years)

Index
Examined patients (n  = 398) (%)

Group 1 (n = 95) Group 2 (n = 167) Group 3 (n = 84) Group 4 (n = 52)
Paroxysmal atrial fibrillation (AFpx) 24 (25.3) 26 (15.6) 7 (8.3) 13 (25.0)
Persistent atrial fibrillation (AFps) 17 (17.9) 24 (14.4) 4 (4.8) 9 (17.3)
Permanent atrial fibrillation (AFpm) 11 (11.6) 19 (11.4) 2 (2.4) 7 (13.5)
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Increasing evidence indicates that adipose tissue-originated cytokines mediate communication 
between obesity-related exogenous molecules and the molecular events that initiate the 
metabolic syndrome and the inflammatory responses in the cardiovascular system (CVS). 
Adipose tissue-derived cytokines including the C1q/tumor necrosis factor-related proteins 
(CTRPs), a 15-member family of novel adipokines, has attracted much interest due to its 
metabolic regulatory and anti-inflammatory effect and appear to play a pathophysiological 
role in metabolism and immunity. To date, 15 members of CTRP family have been identified 
and they also play a role in the CVS, especially as potent biomarkers or therapeutic targets 
for modulating metabolic or inflammatory functions. Therefore, this review will focus on the 
characteristics of CTRPs that influence cardiovascular function and on the potential of CTRPs 
as biomarkers and therapeutic targets.
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INTRODUCTION

During the last decade, a mounting number of 
adipocyte-originated hormones (adipokines) have 
been recognized and documented to be discriminately 
regulated during the onset of metabolic syndrome, 

obesity, and the inflammatory processes. By acting 
systemically as circulating hormones or locally on 
diverse cell types, adipokines are involved in the 
regulation of many physiological functions, including 
energy storage, metabolism, and the development of 
obesity-associated disorders (type 2 diabetes mellitus, 
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cardiovascular disease, the inflammatory process).

Adiponectin, discovered as the first member of the 
C1q/tumor necrosis factor-related proteins (CTRPs) 
family, has been broadly investigated because of its 
metabolic regulatory and cardiovascular protective 
effects. To date, additional CTRP family members, 
a newly discovered novel family of adipokines, have 
been identified that may play a role in metabolism 
and cardiovascular system path-physiological 
regulation. Hence, in future, the studies on these 
novel adipokines will provide new understandings into 
the physiological/pathological mechanisms including 
the communication of different organs based on 
energy homeostasis, homeostasis of the internal 
environment, and prevention of inflammation.

The current review focuses on the main roles of 
CTRPs in the context of pathophysiology with 
particular attention to their potential biomarker 

features and therapeutic roles in the metabolic energy 
balance regulation, inflammatory responses and in 
obesity-associated disorders.

WHAT ARE CTRPS?

CTRPs, first identified by the Harvey Lodish laboratory, 
are considered a new family of secreted proteins from 
various organs. These 15 secreted proteins (CTRP1 
to CTRP15) share common structural and functional 
character ist ics with adiponectin: a N-terminal 
signal peptide, a short variable region, a collagen 
domain containing collagen triples (Gly-X-Y), and a 
C-terminal globular complement factor C1q domain 
[Figure 1][1,2]. CTRPs display distinct biological and 
signaling properties by occurring in the circulation as 
trimers and assembling with their basic structural unit 
into hexameric and high molecular weight oligomeric 
complexes [Figure 1]. Most CTRPs are expressed by 
adipose tissue and circulate in plasma. Their plasma 
levels vary with the genetic background, age, gender, 
and metabolic states. In terms of CTRPs sexually 
dimorphic patterns, female mice express higher levels 
of CTRP13, CTRP11, CTRP9, CTRP5, and CTRP3 
compared to male animals/humans [1-5]. The exact 
mechanism for these differences is still unclear.

CTRPs are expressed and distributed in a variety 
of ways that may determine their diverse biological 
functions [Table 1]. To date, metabolic functions have 
been established for CTRP1, CTRP2, CTRP3, CTRP5, 
and CTRP9[2]. Although the functional receptors for 
CTRPs have not yet been recognized, vascular, liver, 
muscle, heart and adipose tissue are the likely targets 
of CTRPs. They share similar structure and function 
with adiponectin[6], including the regulation of balance 
of body energy metabolism through enhancing 
insulin sensitivity in the liver and muscle, exhibition 
of anti-inflammatory responses, and protection of the 
cardiovascular system (CVS). Thus, the CTRP family 
may have parallel implications for energy homeostasis 
and provides new pharmacological targets in the 
obesity-related diseases and type 2 diabetes. 
Meanwhile, they consist of many family members 
distributed in various organs, hence they have the 
potential to serve as biomarkers in the obesity-related 
diseases and may serve as detectable parameters for 
early prognosis and diagnosis.

CTRPS IN CIRCULATION

Endogenous CTRPs can be detected in the blood by 
enzyme-linked immunosorbent assay (ELISA), even 
although they circulate at 1-2 orders of magnitude less 
than adiponectin. The distribution of CTRPs levels 
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Figure 1: Structural organization of the CTRPs. A: domain structure 
of CTRP monomeric protein; B: homotrimeric CTRP protein structure. 
C: CTRP trimeric proteins form higher-order three-dimensional 
structures. CTRPs: C1q/tumor necrosis factor-related proteins
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varies and is influenced by metabolic hormones, 
signif icant signaling and inf lammatory states, 
meanwhile, they can exist in autocrine, paracrine, 
and endocrine manners that influence the individual 
susceptibility to the disease and therefore, it provides 
the possibility that they timely reflect the processing 
of insulin resistance, obesity, and type 2 diabetes. 
Accumulated studies reveal that circulating levels 
of CTRP3, CTRP6, CTRP7, CTRP9, CTRP12, and 
CTRP15 are reduced in diet-induced diabetes or 
obese mice or humans [4,5,7-9]. CTRP1 and CTRP5 
concentrations are higher in obese and diabetic 

rodents[10]. The characteristics of CTRPs in various 
situations are listed [Table 2]. While different CTRP 
oligomers have distinct distribution proper ties, 
the functional significance of CTRPs still remains 
largely undefined.

CTRPS PERTURBATIONS AND 
METABOLISM

Inter-organ communication in the organism is 
necessary to maintain the integrated control of 

Table 1: Overview of the function of CTRP family

CTRP Expression Function
1 Heart, liver, muscle, 

kidney, sexual gland
Metabolic regulation: glucose and lipid hemostasis; antithrombotic effects; attenuate plaque 
formation; increases aldosterone production[18,54,55]

2 Adipose tissue Metabolic regulation: improve insulin and lipid tolerance[18]

3 (3A,3B) Kidney, brain, small 
intestine, adipose tissue

Regulates glucose and lipid metabolism regulates systemic inflammation in obesity and 
insulin resistance; modulates mitochondrial biogenesis; attenuate liver fibrosis; biomarker 
for diabetic retinopathy; negative regulator of osteoclastogenesis; independent predictor for 
atherosclerosis[47,56-60]

4 Hepatic cells Modulates energy metabolism; novel nutrient-responsive central regulator of food intake and 
energy balance; reduces colitis; suppresses the pyroptosis of trophoblasts derived from rats 
with preeclampsia[61-63]

5 Adipose tissue, ocular 
tissue

Inhibits pro-metabolic insulin signaling; related to the degree of obesity and is associated with 
obesity-related at alterations; associated with ISR after PCI with DES implantation; associated 
with obesity and diabetes; Alleviates insulin resistance; circulating markers of metabolic disease, 
diabetes, nonalcoholic fatty liver disease and age-related macular degeneration[64-67]

6 Adipose tissue, human 
synoviocytes

Novel metabolic/immune regulator; modulating both inflammation and insulin sensitivity; 
regulates fat development; alleviates AngII-induced hypertension and vascular endothelial 
dysfunction; potential therapeutic target for the prevention of skin fibrosis; endogenous 
complement regulator[5,29,68,69]

7 Adipose tissue, lung Improves insulin sensitivity; beneficial metabolic outcomes in the setting of obesity and 
diabetes[9,54]

8 (8B) Lung, testis, 
absent in mice

Blocks glioblastoma dissemination within the brain[14,70]

9 (9A,9B) Cardiac tissue, adipose 
tissue

Important in the development of type 2 diabetes; novel metabolic regulator and a new 
component of the metabolic network that links adipose tissue to lipid metabolism in skeletal 
muscle and liver; prevents vascular restenosis after angioplasty, hepatic steatosis and 
hypertension; stabilizes plaque, improves endothelial cell survival and function[12,20,48,71-73]

10 Eye, adipose tissue Regulates metabolism, adipose tissue homeostasis[3,23]

11 Adipose tissue New regulator of adipogenesis; maintains adipose tissue homeostasis[3,74]

12 Adipose tissue Novel biomarkers for the prediction and early diagnosis of T2DM; regulates glucose and lipid 
metabolism and whole-body glucose homeostasis[24,50,51,75,76]

13 Adipose tissue, brain Associated with increased risk of T2DM and coronary artery disease and non-alcoholic fatty liver 
disease; negative association with metabolism; modulates whole-body energy balance[2,24,27,77,78]

14 Brain, adipose tissue Promotes tissue regeneration, and recovery of ischemic heart disease; maintains adipose tissue 
homeostasis by generating complexes with CTRP11[74]

15 Skeletal muscle Modulates energy homeostasis and metabolic circuit; modulates inter-tissue crosstalk[21,79]

ISR: in-stent restenosis; PCI: percutaneous coronary intervention; DES: drug-eluting-stent; CTRP: C1q/tumor necrosis factor-related 
protein; T2DM: type 2 diabetes mellitus

Table 2: C1q/TNF-related proteins traits

Characteristic Description
Metabolism Regulation of insulin sensitivity, glucose and lipid metabolism; expression of C1q/TNF-related 

proteins is various in conditions of obesity and diabetes; promotion of insulin sensitivity, promoting 
insulin resistance; action is local, action is systemic, exertion of effects via central neuron 
mechanisms or action on peripheral tissues

Muscle and liver Regulation of AMPK signaling pathway Inflammation; inhibition of monocyte chemoattractant 
releasing; inhibition of LPS-induced basic and common proinflammatory pathways

Obesity and type 2 diabetes Potent inhibition of LPS-induced systemic inflammation; regulation of TLR9 signaling pathway in 
chronic inflammation[80], biomarker in reflecting the degree of inflammatory response

LPS: lipopolysaccharide; TLR: toll-like-receptor; TNF: tumor necrosis factor; AMPK: AMP-activated protein kinase
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(HEK) 293T cells. However, the exact modification 
mechanisms are still under investigation[16]. In addition, 
the two isoforms of CTRP12 differ from the oligomeric 
structure and are distinct in the regulation of function. 
Full length CTRP12 preferentially stimulates the Akt 
signaling in adipocytes, whereas the globular form 
activates the mitogen-activated protein (MAP) kinase 
signaling[16]. CTRP9, as a secreted glycoprotein, can 
be multiple post-translationally modified in multiple 
ways in its collagen domain. However, since the 
CTRP9 globular domain is closely similar to that of 
adiponectin, the interaction between CTRP9 and 
adiponectin does not need their collagen domains 
and is independent of posttranslational modification to 
activate the downstream signaling pathways[12]. Here, 
we highlight the characteristics of CTRPs and their 
isoforms; modification of CTRPs could account for the 
functional diversity of CTRPs.

The circulating levels of CTRPs tend to fluctuate 
according to sex, age, and alterations in the metabolic 
states and are sensitive to different responses in 
mammals. Reports have been made that CTRP6, a 
protein with fundamentally different modes of action 
as opposed to other CTRPs characterized to date, is a 
negative physiological regulator of glucose metabolism 
in adipocytes, skeletal muscle and liver to control the 
systemic energy balance. Expression of CTRP6 is 
upregulated in leptin deficient animals and increases 
in diabetic animals [8]. However, other researchers 
have reported that CTRP6 induces fatty acid oxidation 
in myocytes via AMPK activation[17]. These studies 
suggest that the newly discovered CTRPs still need 
to be investigated further in depth to understand 
their diverse functions. In addition, other CTRPs 
functional analysis reveals various roles of CTRPs. 
CTRP2 exerts fatty acid oxidation and glycogen 
deposition in myotubes[18]. CTRP1 transcript levels are 
augmented by rosiglitazone in mice, which enhance 
the insulin sensitizing action on the skeletal muscle via 
activation of the AMPK and Akt pathways[19]. CTRP3 
can be a secreted plasma hormone and regulates 
hepatic gluconeogenesis. The metabolic regulatory 
action of CTRP3 is the downregulation of its plasma 
concentration which indicates that CTRP3 has a 
significant role in regulation of the lipid metabolism 
although the exact mechanism has not yet been 
established. However, CTRP3 deficiency reduces the 
liver size which indicates that its target organ appears 
to be the liver. Additionally, reduced circulating level 
of CTRP3 alters the inflammatory responses in the 
obese animals and the short-term daily administration 
of CTRP3 in diet-induced obese mice has been 
sufficient to improve the fatty liver phenotype, as 
evidenced by the suppressed triglyceride content and 

metabolism and this crosstalk can be realized by the 
well-orchestrated secreted hormones. The newly 
discovered CTRPs family has profound significance 
aiding better understanding of hormonal control of the 
energy homeostasis based upon the reports from the 
research group lead by Wong and other researchers in 
the last decade[11]. They discovered the contributions 
of various CTRPs hormones to whole-body glucose 
and lipid metabolic regulation.

CTRPs can dynamically modulate the response to 
the alterations in short-term nutritional states or the 
changes in long-term metabolic status. However, 
the signaling pathways modulated by CTRPs are 
frequently disrupted by the metabolic perturbations of 
excess caloric uptake in obesity- and inflammation-
induced disorders. Consequently, the hormone 
dysregulation leads to broad metabolic disorders 
such as insulin resistance, diabetes, and obesity. 
Those disruptions include the alterations of structural 
organization, and post-translational modifications of 
CTRPs.

For CTRPs structural organization, it has been reported 
that all CTRPs form trimers, but accumulating reports 
reveal that CTRP3, CTRP5, CTRP9, CTRP6, CTRP8, 
CTRP10, CTRP11, CTRP12, CTRP13 and CTRP15 can 
further assemble into multimeric complexes mediated 
by the N-terminal Cysteine residues or with the aid of 
oxidoreductase. Adiponectin, as an insulin sensitizer, 
assembles with CTRP9 to form heterotrimers[12], by 
which CTRP9 and adiponectin share the same receptor 
to exert their cardiovascular protective function[13]. 
In addition to forming the homo-oligomers, CTRP6/
CTRP1, CTRP7/CTRP2, and CTRP2/adiponectin form 
heterotrimers generating functionally distinct ligands 
to provide new framework for the action of this family 
of secreted glycoproteins in normal and diseases 
states[11]. CTRP9 has 2 isoforms 9A and 9B, whereas 
CTRP9B requires physical interaction with CTRP9A 
and adiponectin for completing its function[14]. CTRP8 
in addition to forming homotrimers, forms heteromeric 
complexes with CTRP1, CTRP9 and CTRP10. It 
effectively activates GPCR relaxin/insulin like family 
peptide receptor (RXFP1 receptor) to enhance the 
motility of the glioblastoma through regulating the 
activity of cathepsin B[15].

CTRPs, as secreted hormones are subjected to 
multiple functionally relevant post-translational 
modifications at their highly conserved residues. 
CTRP12 is glycosylated on the 39th Asparagine 
amino acid and the 85th Cysteine modified with 
oligosaccharides which mediates the assembly of 
oligomeric structure in human embryonic kidney 
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can serve as potential novel biomarkers for the 
prediction and early diagnosis of type-2 diabetes, and 
furthermore, they represent a new treatment strategy. 
CTRP3 can be a better predictor for coronary artery 
disease than other CTRPs.

CTRPS AND INFLAMMATION

Metabolic syndrome such as obesity is associated with 
the chronic low-level inflammation, and therefore the 
metabolic regulators connecting obesity and diabetes 
to the inflammatory response have attracted much 
attention. In addition, it has been gradually recognized 
that the imbalance of anti-inflammatory adipokines 
and pro-inflammatory factors leads to the progression 
of  obesi t y- re lated diseases.  D isrupted ant i -
inflammatory adipokines participate in the systemic 
or local inflammatory reactions contributing to the 
initiation and development of metabolic dysfunction 
and cardiovascular events. In this regard, to define 
the imbalance of anti- inf lammatory adipokines 
(CTRPs) and proinflammatory factors (risks factor) 
would be valuable in studying the obesity-associated 
complications. Hence, this section will emphasize the 
possible associations of CTRPs with cardiovascular 
inflammation.

CTRPs as a priming potential biomarker for predicting 
the dysfunctional metabolic status and therapeutic 
target has drawn much at tent ion. Thus, their 
capability of regulation of metabolism has been widely 
investigated and documented. However, the association 
between CTRPs and inflammation, insulin resistance/
obesity-linked inflammation, and pro-inflammatory 
cytokines needs to be thoroughly investigated even 
although these relationships between those disorders 
besides CTRPs have been well documented.

CTRPs protect against the complications of obesity 
such as cardiovascular diseases (CVDs) via their anti-
inflammatory properties. Obesity is characterized by 
chronic inflammation leading to the obesity-related 
diseases including hypertension, atherosclerosis, 
and diabetes, while CTRPs as secretory proteins 
circulating in the organism can easily reach the site of 
infection to exert its anti-inflammatory characteristics.

Recent studies have shown new insights into CTRP6. 
For example, upregulation of CTRP6 in the leptin 
knock-out mice and under diabetic conditions shows 
distinct roles of CTRP6 in modulating inflammation[5]. 
In contrast to other CTRPs, CTRP6 expression is 
obviously elevated in adipose tissue and vascular 
cells in obese, diabetic patients and mouse models. 
Overexpression of CTRP6 not only impairs glucose 

expression of the triglyceride synthesis genes[1,20]. 
Hence, CTRP3 shows potent action on the regulation 
of metabolism. Loss of CTRP5 improves the insulin 
action states and hepatic steatosis. Deletion of CTRP7 
attenuates the obesity-linked glucose intolerance 
of cytokine expression and circulating levels of 
cytokine [8]. Overexpression of CTRP9 modestly 
downregulates the serum glucose and insulin levels. 
CTRP9 and CTRP15 are considered as cardiokine 
(the heart-derived proteins are termed cardiokines) 
due to their high profile in the cardiac tissue and 
for their protective and preventive actions against 
cardiovascular injury. Although the CTRP9’s functional 
receptor has not been thoroughly investigated, 
cadherin family appears to be a potential candidate[21]. 
Loss of CTRP12 af fects the glucose and lipid 
metabolism in the obese and insulin-resistant mouse 
models[22]. CTRP13 regulates the metabolism through 
AMPK activation and decrease of fatty acid-induced 
JNK signaling[23]. CTRP15 links skeletal muscle and 
liver to systemic lipid homeostasis[21]. We summarize 
current understanding of CTRPs metabolic functions 
and provide insight into the dynamic regulatory role of 
CTRP on metabolic balance. Although much has been 
acknowledged since CTRPs were initially defined, 
many more questions remain to be addressed.

Of all the CTRPs, CTRP1, CTRP3, CTRP9, CTRP12, 
CTRP13 have been reported to exhibit positive 
metabolic regulation and cardiovascular effects in 
animal models. However, in human studies, circulating 
levels of CTRP1 are elevated, while CTRP12 
displayed a decrease in type-2 diabetes patients. 
Thus, circulating CTRP1 and CTRP12 can serve as 
potential novel biomarkers for the early diagnosis of 
type-2 diabetes in humans[24,25]. The measurement of 
circulating CTRPs in serum is through commercially 
available ELISA kits provide by Aviscera company 
(Santa Clara, USA). CTRP3, in recent human studies, 
was increased in subjects with the cardio-metabolic 
syndrome and is associated with various cardio-
metabolic risk factors including the triglycerides, high-
density lipoprotein-cholesterol, waist-to-hip ratio, and 
eGFR, which indicate the decreased CTRP3 levels 
that may serve as a predictor of coronary artery 
disease, while CTRP13 cannot serve as a predictor 
candidate since there is evidence that CTRP13 mRNA 
expression is increased in the setting of obesity[26,27]. 
This contradiction may be attributed to different nature 
of human and rodent studies.

Collectively, based upon properties of the known 
and characterized CTRPS, a strategy designed for 
screening the biomarkers to predict the metabolic-
related disease reveals that CTRP1 and CTRP12 
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levels of CTRPs are negatively correlated with the 
severity of CVDs without or with obesity in animals. 
Clinic studies indicate close association between 
CTRPs levels and CVDs. Conversely, the expression 
of inflammatory mediators in human tissues has been 
observed to be inversely regulated related to the levels 
of CTRPs [13,39]. Hence, the reciprocal relationship 
among CTRPs and the inflammatory mediators may 
present a dynamic crosstalk in the development of 
obesity and diabetic complications. Furthermore, the 
dysregulated production of CTRPs shown in obesity is 
associated with the pathogenesis of CVDs[40].

In contrast to adiponectin, which is a well-established 
adipokine for its anti- inf lammatory and insulin 
sensitizer characteristics, CTRPs show diverse 
biological activities in the setting of normal metabolic 
condition and CVDs [Figure 2]. In the past decades, 
adiponectin has been recognized as a member of 
the CTRP family as it contains the collagen tail and 
C1q like globular domain. Recent studies reported 
that CTRPs exhibit stronger effective and sensitive 
response than adiponectin to dif ferent CVDs. 
Therefore, in this section, we mainly focus on the 
characteristics of anti-inflammatory and metabolic 
regulatory actions of the CTRPs in the onset of 
metabolic dysfunction-related CVDs.

Cardiovascular metabolism plays a pivotal role in 
the CVDs and the metabolic cascade is particularly 
important to investigate in the normal and disease 
processes. Cardiovascular metabolic dysfunction 
contributes to the progression of obesity-linked 
cardiovascular events and marks the fate of treatment 
application. Accumulating studies show that increased 
levels of CTRP1 are closely associated with the 
initiation and severity of the coronary arterial disease  
and can serve as a marker for myocardial infarction[10]. 
Meanwhile, the inhibition of CTRP1 may slow down 
the pathogenesis of early stage atherosclerosis and 
prevent the development of pathological vascular 
remodeling[41,42]. Circulating levels of CTRP 3 is elevated 
in patients with dysfunction of glucose metabolism and 
is associated with numerous cardiovascular metabolic 
risk factors[26]. It also can serve as a biomarker to 
predict proliferative retina disorder (PDR) and has 
beneficial actions for preventing CVDs, providing a 
promising strategy of vascular remodeling[43]. The 
levels of CTRP5 are associated with in-stent restenosis 
after percutaneous coronary intervention (PCI) with 
drug-eluting-stent implantation. CTRP9 can reflect the 
pathophysiology of renal involvement and abnormal 
glucose metabolism besides impairing vasorelaxation 
in type 2 diabetics[44]. CTRP15, a newly identified 
myokine, can link skeletal muscle to lipid homeostasis 

disposal in response to glucose challenge in animal 
models, but also augments local inflammation by 
targeting the inflammatory cells in production of TNF-α 
and IL-10[28]. Circulating inflammatory cytokines and 
pro-inflammatory macrophages were suppressed in 
the CTRP6-deficient mouse[5]. In addition, CTRP6 
exhibits an immune-regulatory role in the complement 
system as it specifically suppresses the alternative 
pathway by binding of the finalizing factor-B to treat 
arthritis[29], where CTRP6 displays ability to cure the 
arthritis by intra-articulate injection in mice model[29].

Dif fering from CTRP6, other CTRPs exhibit the 
inflammatory regulatory role in a distinct way. In 
contrast to suppression of CTRP6 expression by 
cytokines, cytokines IL-1β and TNF-α elevate the 
expression of CTRP1 adaptively in the adipose 
tissue by which CTRP1 suppresses inflammation[30]. 
Meanwhile, CTRP1 impedes collagen-induced platelet 
coagulation, indicating its potent therapeutic value for 
treating vascular disorders during the inflammatory 
process[31]. CTRP3 has been shown to be capable 
of decreasing the secretion of pro-inflammatory 
mediators by primary human leukocytes, suggesting 
strongly an anti-inflammatory function, comparable 
to adiponectin[32-34]. CTRP5 appears to be a better 
biomarker than CTRP3 for predicting the severity of 
obstruction of airflow and systemic inflammation in 
patients with COPD although concentration alteration 
in response to the obese women[35,36]. CTRP4 can 
modulate tumor-promoting inflammation in cancer[37]. 
CTRP12 has been identified as an anti-inflammatory 
molecule by Enomoto et al.[38] in 2013. Even among 
the diverse types of cells, CTRP12 exhibits similar 
anti-inflammatory actions through the MAPK/JNK- 
dependent regulatory pathway to modulate TNF-α 
production.

Various CTRPs exert beneficial actions on the obesity-
associated complications including inflammatory 
disorders through their anti-inflammatory actions. But, 
numerous functional, physiological, and mechanistic 
questions regarding the role of CTRPs in inflammation 
remain to be answered. The establishment and 
availability of transgenic and knock-out mice models 
for investigating inflammatory response of CTRPs will 
advance the knowledge of functions and mechanisms 
of action of CTRPs. Meanwhile, the receptor(s) 
responsible for the CTRP-mediated signal transduction 
should be thoroughly characterized and established.

CTRPS AND CARDIOVASCULAR SYSTEM

Reports show that CTRPs have beneficial function in 
the CVS and it is well established that the circulating 
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more reliable and accessible marker systemically, 
which may provide the best identification of individual 
at risk for cardiovascular disorders and benefit to 
prognosis and future treatment.

The alteration in levels of CTRPs is associated with 
increased risks of cardiovascular event and reflect the 
progression of CVDs. For better establishment of the 
relationship between inflammation and CVDs, we will 
address the recently discovered response of CTRPs 
to inflammation in the cardiac and vascular systems, 
respectively to lead the researchers to obtain in depth 
understanding for the novel strategy for cardiovascular 
risk.

The levels and actions of circulating CTRPs (CTRP1, 
CTRP3, CTRP6, CTRP9, CTRP12 and CTRP13) 
in normal subjects and diabetic patients have been 
examined in a cross- sectional clinical study which 
reveals that in chronic inf lammatory condition. 
CTRP1 and CTRP12 show opposite changes in the 
concentration, while CTRP3 may have a beneficial 
effect on the prevention of vascular remodeling 
through anti - inf lammatory actions providing a 
promising strategy for the therapy of vascular disease 
linked to obesity[42,24]. CTRP6, although it has no effect 
on collagen or fibroblasts proliferation, does suppress 

in response to alterations in energy state and predicting 
changes in the metabolic circuit[21].

Therefore, among the CTRPs, CTRP1 displays the 
potential to serve as a marker and therapeutic target 
in the vascular system and CTRP3 exhibits biomarker 
features in patients with diabetic-related PDR [45]. 
CTRP5 appears to have a greater potential to serve 
as a biomarker to predict the risks in PCI following the 
clinical operations.

CTRPS AND CARDIOVASCULAR 
INFLAMMATION

Inflammation happens in the cardiac tissue and 
vasculature as an injurious signal in response to the 
CVDs or risk factors including hypertension, smoking 
and diabetes. Those situations combined with 
metabolic dysfunction will amplify the harmful effects 
to initiate chronic inflammatory reactions resulting 
in rupture, thrombosis and vulnerable plaque. Basic 
research and epidemiological clinical studies showed 
that consistent association between parameters of 
inflammation and risks of impending cardiovascular 
event. Emerging advanced techniques can detect 
locally occurring inflammation by means of screening 

Figure 2: Pathophysiology of CTRPs in cardiovascular system. CTRPs exerts protective effects in cardiovascular system in physiological 
condition, but unbalanced levels of CTRPs in pathophysiological condition contributes to the development of cardiovascular relevant 
disease. CTRPs: C1q/tumor necrosis factor-related proteins
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and vascular endothelial cells, but research has been 
limited on the RNA interference approaches. Solid 
evidence of the CTRP9 interaction with the adiponectin 
receptor on the cell surface is lacking. A yeast-based 
assay system for the progestin and adipoQ receptor 
family (PAQR) receptor activity reveals that the 
adiponectin receptor is identified as the category of 
PAQR1 and PAQR2. Adiponectin is identified as an 
agonist for PAQR3[52,53]. Since CTRP family members 
share many characteristics with adiponectin, it has 
been speculated that the CTRP receptors belong to 
the PAQR family members or share similarity with the 
adiponectin receptors.

The number of members in the C1q/TNF-related 
superfamily keeps growing along with the progression 
of research. C1q engages a broad range of ligands 
via its globular domain and modulates cells via the 
collagen region. The members of this new family are 
involved in processes as diverse as inflammation, 
metabolism, energy conversation/expenditure, and 
beyond, including cell differentiation and proliferation. 
Therefore, the CTRP family is vastly underestimated 
and its functions need to be further investigated.

CONCLUSION 

Research on CTRPs has provided insights into their 
metabolic roles and their characteristics of vascular 
protection. Although abundant knowledge has been 
gained since the CTRPs were f irst discovered, 
additional questions still need to be answered. 
CTRPs possess unique and shared functions that 
are supported by research using the advanced 
manipulative techniques, such as the genetic mouse 
models and gene engineering, and by population 
research on obese and diabetic patients. Future 
studies will reveal novel insights into the physiological 
and pathological functions of CTRPs, their metabolic 
behavior, and possible redundancy of CTRPs in 
health and disease. Additionally, studying the CTRPs 
receptors and the downstream signals that transduce 
the actions of CTRP in the cell are major challenges 
but the research will provide tremendous insights into 
drug design and identification of biomarker.
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the cell migration induced by inflammatory factors[46]. 
CTRP9 has been reported to exert positive effects 
on endothelium-dependent vasorelaxation in aortic 
vessel ring with the vasorelaxative effects induced 
via the activation of nitric oxide synthase. Besides 
that, CTRP9 inhibits the remodeling of vascular wall 
in the mouse wire-injured model through attenuating 
vascular smooth muscle proliferation. It is notable that 
those actions have been mediated by CTRP9 through 
sharing the adiponectin receptor[47,48]. Those studies 
highlight the potential protective roles of CTRPs in 
response to the inflammatory stress.

It has been reported that CTRP3 may act as an 
inflammatory molecule to improve the post-ischemic 
cardiac function and cardiac remodeling in animal 
model via the ability to reduce apoptosis. Whereas, 
CTRP6 may affect the inflammatory states in the 
context of obesity by stimulating the activation of 
p42/44 mitogen-activated protein kinase-dependent 
pathway[28]. Meanwhile, it can increase the production 
of anti-inflammatory cytokine IL-10 in monocyte-
derived macrophages in human patients. In protecting 
against the inflammatory response of oxidative stress, 
CTRP9 can reduce the myocardial ischemia injury-
induced superoxide generation to suppress apoptosis 
and shrink the infarct size[49]. Although CTRP12 has 
been reported to be lower in an obese rodent model, 
the systemic administration of CTRP12 inhibits the 
macrophage pro-inflammatory factor and attenuates 
the infiltration of cells in the obese mice. Hence, 
CTRP12 not only modulates the glucose homeostasis, 
but also leads to the suppression of the inflammatory 
response of white blood cells[50,51].

Those new invest igat ions and the numerous 
epidemiological studies indicate that the CTRPs 
f am i l y  h as  t h e  c apab i l i t y  t o  m o du la te  t h e 
metabolic and related inflammation to maintain the 
cardiovascular homeostasis. This sheds light on the 
biomarker features of CTRPs in the assessment 
of obesity relevant diseases or as the therapeutic 
link for the treatment of metabolic dysfunction-
associated disorders. Even so, large-scale clinical 
trials to investigate the effects/actions of CTRPs 
on cardiovascular events are required for a better 
understanding of the potential risks and beneficial roles 
in the prevention of cardiovascular risks.

LIMITATIONS

Although investigations on the CTRP receptors are 
ongoing, much work required to be done to understand 
them better. Adiponectin receptor1 may in part be 
involved in the effects of CTRP9 on cardiomyocytes 
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Myocardial protection is integral to the functioning of hearts in day to day cardiac surgery. 
However, due to the longer ischaemic times, it becomes pivotal in the management of organs 
during transplantation. There are many different strategies employed to ensure diligent and 
judicious myocardial protection during donor management, transportation of the heart and the 
post-operative period. Given the limited supply of organs and the increasing waiting lists for 
heart transplants worldwide, it has become an area of renewed interest with many innovations 
and inventions using the principles of basic sciences to improve outcomes of transplanted 
hearts. The heart procurement process encompasses several of the different myocardial 
protection strategies in tandem to provide the greatest benefit to the recipients. This review 
looks at the different modalities employed, which include different types of cardioplegia, 
the role of biomarkers, the cutting-edge novel therapies, hormonal therapies and ischaemic 
conditioning strategies.
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INTRODUCTION

Cardiac surgery is a rapidly evolving specialty when 
compared to other forms of surgery. In the 19th century, 
professor Theodor Billroth, one of the pioneers of 
modern abdominal surgery once stated: “A surgeon 
who tries to suture a heart wound deserves to lose the 
esteem of his colleagues” in 1896[1]. In 1951, Russian 
physiologist Vladimar Petrovich Demikhov performed 
the first thoracic transplants recorded. He transplanted 
the heart and lungs of a male dog into a 3-year-old 
female dog. The dog survived 6 days exhibiting normal 
behaviour but succumbed to respiratory complications. 
This was the first recorded history of any animal 
surviving any length of time with a transplanted heart 
supporting its circulation[2].

Stanford University Medical Center led the field in 
cardiac transplantation. Norman Shumway from the 
University of Minnesota was well known for his work 
on myocardial protection. Along with Lillehei, they 
would later lead the team that refined the technique 
of orthotopic heart transplantation. They reported 
a series of orthotopic heart transplantations in dogs 
and perfected a method that had been use previously 
by Cass and Brock by preserving the recipient atrial 
cuffs[3]. They had also first introduced the idea of cold 
cardioplegia. These experiments were successful but 
Shumway that host immunologic mechanisms were 
destroying the graft and survival could be prevented 
by addressing these[4].

Shumway searched for biomarkers to monitor 
transplant rejection. Initial experiments with enzymes 
(hypertensin I) were unsuccessful. He settled on 
electrocardiography as a monitor but noted its 
limitations and pointed out that atrial fibrillation within 
7-21 days of transplant was an early sign of rejection[5]. 
After working with transplant nephrologists, he 
assessed the potential benefits of immunosuppression 
(6-mercaptopurine, azathioprine, and prednisolone) 
and increased survival by up to 250 days in dogs 
receiving orthotopic transplants. Dr. Christiaan Barnard 
extended their pioneering work. Barnard undertook the 
first successful human-to-human heart transplant in 
December 1967[6], before Shumway’s group followed 
shortly afterwards in January 1968.

However, the initial reported 1-year survival was 
only 22%, resulting in most centers abandoning this 
procedure[7]. Shumway’s group at Stanford along 
with other contemporaries (Cabrol’s group at Paris, 
Lower’s group at Virginia) persevered and following 
introduction of cyclosporine, 1-year survival increased 

to approximately 80% by the 80s.

The number of heart transplants performed worldwide 
continued to increase until the shortage of donors 
in the 1990s became a limiting factor[8]. In 2005, 
almost half (48%) of patients had spent at least 2 
years on the heart transplant waiting list worldwide[9] 
leading to challenging decisions about the eligibility 
of donor hearts. Abuanzeh et al.[10] described steps 
utilized by their retrieval team to optimize donors. 
This was included standardizing protocols which 
includes insertion of a pulmonary artery catheter and 
performance of cardiac output studies, weaning other 
vasopressors and commencing arginine vasopressin, 
and administration of hormone replacement. This 
included tri-iodothyronine, methylprednisolone and 
insulin. They managed to retrieve 14 additional hearts 
in that time frame (56% of the borderline hearts) after 
aggressive donor management and optimization[10].

Despite recent advances, myocardial protection 
during heart transplantation remains a challenging 
avenue. With the increasing usage of borderline 
donor hearts as described, we review some of the 
myocardial protection strategies and potential markers 
for perioperative myocardial infarction.

CARDIOPLEGIA

Ringer first noted the relationship between potassium 
and sodium concentration and the heart rate in 
1883[11]. Experimentations with potassium citrate were 
initially unsuccessful due to the excessive osmolality 
due to the high-concentration potassium citrate[12]. 
Most cardioplegic solutions today employ a more 
physiological osmolality and potassium concentration.

Cardioplegic solutions are defined as intracellular and 
extracellular solutions based on the concentrations 
of sodium and potassium ions. Extracellular solutions 
contain high levels of potassium, magnesium and 
sodium, while intracellular solutions contain low 
electrolyte levels. Intracellular solutions mimic the high 
potassium/low sodium conditions reducing potential 
concentration gradients across the plasma membrane, 
thereby halting potassium efflux. This reduction in 
membrane potential resting state prevents generation 
of action potentials. The function of the Na+/K+ 
ATPase channel is reduced in hypothermic conditions, 
therefore permitting the intracellular concentrations 
to persist[13]. Extracellular cardioplegia on the other 
hand works by preventing repolarization of myocytes. 
Potassium rich perfusate in the extracellular space 
reduces the membrane voltage difference causing 
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depolarization. Intracellular calcium sequestration 
occurs via active transport across an ATP-dependent 
pump allowing relaxation of the myocardium in diastole. 
Repolarization however is prevented by the high 
potassium concentration of the cardioplegic solution. 
Both intracellular and extracellular cardioplegic 
solutions have similar long-term outcomes[14].

Norman Shumway first noted the use of topical 
hypothermia to reduce myocardial metabolic 
requirements in 1960 when chemical cardioplegia 
fell out of favour[15]. Denton Cooley then attempted 
intermittent aortic occlusion and utilized Kay’s work 
with intracoronary blood perfusion with cross clamp 
fibrillation[16-18].

Clinical cardioplegia was reintroduced in the 1970s by 
using a low-sodium solution by Bretschneider et al.[19] 
with potassium chloride[20] that was reported as safe 
and allowed safer aortic cross-clamping allowing cold 
crystalloid cardioplegic solutions to be in favour for 
general cardiac surgery. Blood was later introduced 
as medium for cardioplegia by Buckberg as it was 
later discovered that reperfusion injuries occurred 
in crystalloid cardioplegia due to the associated 
influence of calcium and oxygen as described 
by Buckberg[21] and Hearse et al.[22]. There are 
intracellular and extracellular types of crystalloid 
cardioplegia which have become the gold standard 

for cardiac preservation [Table 1][23].

Histidine-tryptophan-ketoglutarate (custodiol/
bretschneider)
Reichenspurner et al.[24] studied the effect of histidine-
tryptophan-ketoglutarate (HTK) in a cohort of 600 
(524 male:76 female) patients undergoing heart 
transplantation over a 10-year period (1981-1991). 
They reported good results provided the ischaemic 
times were less than 4 h.

Sung et al.[25] compared Bretscheinder’s HTK solution 
(18 patients) and cold blood cardioplegia (CBC) (49 
patients) for myocardial protection in donor heart 
preservation. Cold HTK solution was infused at low 
perfusion pressure after procurement and the donor 
heart was placed in a sterile bag containing HTK 
solution. The CBC group heart was placed in St 
Thomas’ Hospital (StH). The heart was covered with 
ice-cold saline for topical cooling and packed in a 
container filled with ice. Two patients (11.1%) in the 
HTK group died within 30 days of surgery due to right 
heart failure and pneumonia with septic shock. There 
were 4 deaths (8.2%) in the CBC group due to acute 
rejection (n = 2), right heart failure and pneumonia 
with septic shock. There was no statistically significant 
difference between thebypass time, ischaemic time 
short term outcomes, creatine kinase/CKMB/troponin 
I values, length of ICU stay, and hospital stay between 

Table 1: Comparison of cardioplegic solutions contents

HTK[15] University of 
Wisconsin[16] Celsior[14] Eurocollins[17] St Thomas’s 

Solution[18]

Intracellular/extracellular Extracellular Intracellular Extracellular Intracellular Extracellular
Na+ 10 25 100 10 120
K+ 10 120 15 115 16
Ca2+ 0.015 0 0.25 0 1.2
Mg2+ 4 5 13 0 16
Cl– 50 20 0 15 160
Glucose – 0 0 180 0
Others a-KG Adenosine 0 0
Glucose 0 0 0 195 0
Impermeant/colloid
  Hydroxyl-Ethyl Starch (g/L) 0 0 50 0 0
  Lactobionate 0 0 100 80 0
  Mannitol 30 0 60 0
  Raffinose 0 0 30 0 0
Buffer
  Phosphate 0 25 0 100 0
  Bicarbonate 0 0 0 10 10
  Histidine 180 0 30 00
  Osmolarity (mOsm/L) 310 330 320 375 320
Anti-oxidants
  Glutothione 0 2 3 0 0
  Allopurinol 0 1 0 0 0
  Tryptophan 2 0 0 0 0

All units expressed in mmol/L unless otherwise indicated
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mortality (46% vs. 42%, P = 0.7) and cause of death 
(chronic rejection: 50% vs. 50%; neoplasia: 33% vs. 
25%, P = 0.8). Survival at 12 years was 50 ± 12% vs. 
52 ± 11% (P = 0.9). Follow-up echocardiogram showed 
similar mean left ventricular ejection fraction (LVEF; 47 
± 12% vs. 49 ± 11%, P = 0.7) and prevalence of LVEF < 
35% (21% vs. 18%, P = 0.8). The prevalence of chronic 
rejection was similar in both groups (42% vs. 32%, P 
= 0.1), but severe allograft vasculopathy was more 
prevalent in the St Thomas cardioplegia group (64% 
vs. 17%, P = 0.04). There were no other between-
group differences[31].

Eurocollins
Collins et al.[32] designed an “intracellular” organ 
preservation solution and is credited to being one 
of the first solutions to attempt the advancement of 
organ preservation based on changes that occur 
during cell hypothermia. The predecessor to the 
Eurocollins solution, Collins solution, provided reliable 
preservation and was the organ preservation fluid of 
choice in abdominal organ transplantation especially 
renal preservation.

Collins solution has a high potassium content alongside 
a glucose osmotic barrier. Despite achieving relatively 
long storage times for abdominal organs, hearts were 
more susceptible to ischaemic injury and the low 
protective properties of glucose compounded by the 
acidotic conditions resulting from glucose conversion 
to lactate resulted in the addition of mannitol or sucrose 
instead of glucose as the impermeant[33]. Euro-Collins 
solution however fell out of favour due to the variability 
of recovery of hearts at non-uniform temperatures[34].

University of Wisconsin (Belzer UW/Viaspan)
University of Wisconsin Solution (UW) was formulated 
by James et al.[35] in the late 1980s as the preservation 
fluid of choice for pancreas preservation. Prior to its 
introduction, abdominal organs preserved in Collins 
solution would have limited ischaemic tolerance of 
about 8 h. Belzer and Southard developed UW solution 
initially to prolong liver and pancreas preservation. 
Their initial experiments of canine pancreases were 
encouraging and used it for liver and kidneys with 
similarly encouraging results[36-38].

UW solution became the “gold standard” of preservation 
fluids as it first highlighted the lack of equilibrium 
achieved by Na+/K+ ratios during cold preservation[39]. 
It contains lactobionate and raffinose, which are 
metabolically inert, making it suitable for multiorgan 
usage. Both these substances which are osmotically 
active prevent organ oedema. Addition of adenosine 
provides precursor of an energy source (ATP). 

the 2 groups. There was however a higher inotropic 
score in the HTK group at 24 h (P = 0.03). Multivariate 
analysis revealed a significantly reduced bypasstime in 
the HTK group (P = 0.002). They concluded that HTK 
was superior due to the reduced pumping time albeit 
with a higher post-operative inotrope score. A single 
dose of HTK provided similar myocardial protection 
as repeated doses of CBC solution in donated hearts. 
Minami et al.[26] noted an increment in troponin and 
CK-MB levels if the ischaemic times were > 4 h using 
HTK solution but concluded that it was still within 
acceptable limits when compared to other crystalloid 
cardioplegias CK-MB 25 IU and troponin I 21 pg/mL, 
with ischaemic time of 263 min).

HTK is an intracellular type of cardioplegic solution. It 
lowers concentrations of sodium and calcium thereby 
inducing cardiac arrest by deprivation of extracellular 
sodium thus preventing depolarisation of the action 
potential. Calcium channels open leading to increased 
cytosolic calcium and potentially aggravating cellular 
injury, indirectly reducing the calcium concentration. 
Histidine in the HTK solution, acts as a buffer enhancing 
the efficiency of anaerobic glycolysis. This has been 
quoted by several sources to be its primary advantage, 
with its buffering capacity allowing effective myocardial 
preservation. The Ketoglutarate (α-KG) component 
serves as a high energy ATP provider during reperfusion. 
Tryptophan stabilises the cell membranes. Mannitol, an 
osmotic diuretic is added to reduce cellular oedema as 
it has free radical scavenging properties thus reducing 
the extent of ischaemic injury[27].

St Thomas’s solution
St Thomas’s solution (StH) is an extracellular type of 
cardioplegic solution that induces rapid cardiac arrest 
by high potassium and magnesium concentrations 
alongside the membrane stabilising effect of 
procaine[28]. Addition of a buffer and reduction of 
calcium concentrations resulted in the formation of 
No. 2 (Plegisol, Abbott Laboratories, North Chicago, 
III.). In a rat model, Plegisol was shown to be superior 
to its predecessor with lower rates of post-operative 
ventricular fibrillation, increased left ventricular 
pressure and recovery of aortic flow[29]. Addition of 
procaine in this solution reduces the incidence of post-
declamping ventricular fibrillation. Luciani et al.[30] group 
performed a prospective single blinded randomised 
control trial comparing cold blood cardioplegia to StH 
(crystalloid cardioplegia). Spontaneous sinus rhythm 
was significantly higher in the blood cardioplegia 
group (11% vs. 40%) (P = 0.02) with a higher creatine 
kinase (P = 0.01) and CK-MB (144 ± 90 IU vs. 102 ± 
59 IU) (P = 0.06). They performed a follow up study 
12 years later and revealed no difference in terms of 
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Allopurinol with glutathione act as antioxidants[40,41]. UW 
limited ischaemic damage from prolonged storage and 
improved myocardial function in the early posttransplant 
period, thus allowing transplantation of organs with 
ischaemic times > 300 min[42]. Jeevanandam et al.[43] 
performed a study comparing University of Wisconsin 
solution with crystalloid cardioplegia to saline storage 
and noted a significant improvement in mean time 
from reperfusion to achieving a stable rhythm, need for 
intraoperative defibrillation, need for cardiac pacing and 
CK-MB release over 48 h. They however also reported 
higher CK-MB levels (335 IU) post-operatively despite 
a relatively shorter ischaemic time of 153 min when 
compared to the HTK group of Minami’s cohort[26].

Celsior
Dr Menasche and colleagues developed Celsior 
solution[44]. They utilised lactobionate and mannitol as 
impermeants. Celsior also uses histidine as a buffer 
and glutamate as an energy substance alongside 
magnesium to stabilise calcium levels. Unlike UW 
which has a high potassium content, Celsior had 
a lower potassium content and a high sodium 
concentration. In canine models, Celsior had a similar 
cardioprotective profile as UW. Higher concentrations 
of potassium results in increase coronary vascular 
resistance secondary to endothelial distension[45,46]. De 
Santo et al.[46] compared the results of “high risk” grafts 
vs. “standard” grafts using Celsior. They followed up 
200 consecutive heart recipients with 73 in the high-
risk group (defined as 2 or more of the following: age 
> 45, female, high pre-retrieval inotropic support, size 
mismatch > 20%, and ischaemia time > 180 min) and 
127 in the standard group. There was no difference 
noted between the two groups in terms of 1-year 
mortality, hospital mortality, histological findings and 
patterns of enzyme release[47].

Comparison of cardioplegic solutions
Lee et al.[48] combined both the intracellular and 
extracellular cardioplegic solutions (HTK and StH). 
In their cohort of 31 patients, they demonstrated non-
inferiority to other approaches. The theoretical benefits 
include the quick initial arrest from StH alongside 
the prolonged effect of HTK alongside its buffering 
mechanism. The effectiveness of HTK has resulted 
in lower CK and lactate dehydrogenase levels in non-
transplant cardiac surgery [Table 2][48,49].

Comparisons between the different crystalloid 
cardioplegia solutions are difficult to extrapolate due to 
the lack of direct comparisons. Several smaller animal 
studies however do suggest potential superiority of 
HTK cardioplegia over the rest.

BIOMARKERS

Cardiac troponins have largely replaced cardiac muscle 
enzymes (CK-MB) for the diagnosis of myocardial 
infarction. Cardiac troponin T (cTnT) and troponin I (cTnI) 
are cardiac regulatory proteins that control the calcium 
mediated interaction between actin and myosin. cTnT 
is also expressed in small amounts in skeletal muscles 
as well. The role of post-operative troponin release as 
a prognostic factor for mid- and short-term all-cause 
mortality after adult cardiac surgery is accepted albeit 
cut-off values are difficult to establish due to the variety 
of timing of the Tn testing, Tn subunit and Tn assays[59]. 
Its prognostic value in a transplant setting however 
has not been clearly understood. CK-MB and troponin 
I are released immediately after transplantation and 
depends on myocardial ischaemic damage, which is 
related to ischaemic time[60].

De Santo et al.[60] investigated troponin release after 
cardiac transplantation. Data from 362 consecutive 
recipients were collated over 11 years. Target outcomes 
included factors determining troponin release, early 
graft failure, rise in creatinine and operative death. 
This study depicted the largest group of adult cardiac 
transplantation patients who had cTnI levels correlated 
with perioperative morbidity and mortality reported in 
the literature thus far. The pattern of troponin release 
observed was similar to that reported by Minami. 
cTnI release > 10 μg/L proved to be an independent 
predictor for early graft dysfunction which in turn 
was a determinant of hospital mortality. Factors that 
predicted this rise included previous cardiac surgery, 
left ventricular hypertrophy, increased ischaemic 
time and transplant status 2B. Troponin proteins are 
intracellular proteins released primarily from cardiac 
myocytes undergoing cellular necrosis. Perhaps 
surprisingly, ischaemia/reperfusion injury following 
cardiac transplantation may not cause cellular necrosis 
and occasionally troponin concentrations may not be 
increased[61].

Brain natriuretic peptide (BNP) is actively synthesized 
and released from cardiac myocytes in response 
to ischaemia and inflammation[62]. It is not directly 
stimulated by surgical manipulation or cardiopulmonary 
bypass, hence its role as a biomarker for ischaemic 
reperfusion injury in non-transplant cardiac surgery to 
predict post-operative dysfunction[63,64]. McIlroy et al.[65] 
studied the role of BNP as marker for myocardial 
ischaemic reperfusion in 25 consecutive patients 
following cardiac transplantation. The median 
preoperative troponin-I concentrations were almost 
three-fold the upper limit of normal in both the donor 
and recipient. The donor BNP levels centred around 
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the upper limit of normal, while in recipients, it was 
the levels were all markedly elevated with greater 
heterogeneity. Posto-peratively, BNP had a moderate 
correlation with ischaemic time (ρ = 0.52, P = 0.01), 
donor BNP (ρ = 0.45, P = 0.03), and donor troponin-I 
(ρ = 0.49, P = 0.01). The post-operative concentrations 
of BNP were significantly higher in patients requiring 
increasing doses of inotropic support. However, there 
was no correlation between post-operative troponin I 
and the measured parameters.

The role of microRNAs (miRNAs) as a biomarker 
for cardiac disease is rapidly expanding due to its 
rapid release kinetics, cardio-selectivity and plasma 
stability[66]. It negatively regulates gene expression by 

prohibiting complementary messenger RNAs (mRNAs) 
translation into functional proteins. Wang et al.[67] 
attempted to monitor initial injury to the myocardium 
and post-operative recovery by detecting levels of 
circulating muscle-specific miRNAs in 7 consecutive 
patients. Fourteen controls were also included in their 
study. Samples were obtained at daily intervals post 
transplantation. They also collected cTnI levels. Their 
results showed significant correlation between miRNAs 
and cTnI (P < 0.05) and the circulating concentrations of 
both proteins were strongly correlated with bypass time. 
Circulating miR-133b correlated well with parameters 
of heart function such as central venous. It also had 
strong correlations with ventilation time (r > 0.99, P < 
0.001) and length of ICU stay (r > 0.92, P < 0.05). They 

Table 2: Comparison of studies comparing cardioplegic agents

Study
Year of 
study

Type Solution Cases (n) Findings Comment

Vega et al.[50] 2001 Open Label RCT
(Humans)

Celsior vs. 
Standard of 
care (UW, 

STh, others)

Celsior (64)
SOC (67)

Fewer patients in the Celsior 
group experienced at least 
one cardiac-related serious 

adverse event

Younger recipients in 
control group

Wieselthaler et al.[51] 1999 Open Label RCT
(Humans)

HTK vs. 
Celsior

HTK (24)
Celsior (24)

Increased Ischaemic time 
for HTK group (P-values not 

given)
2 cases of Acute graft failure 

in HTK cohort

Similar outcomes

Cannata et al.[52] 2012 Retrospective 
cohort (humans)

Celsior vs. 
HTK vs. STh

HTK (61) Celsior 
(38) STh (34)

Similar outcomes Similar outcomes

George et al.[53] 2012 Retrospective 
cohort

UW vs. Celsior UW (42)
Celsior (134)

UW is associated with less 
acute ischaemic necrosis 
(on pathology) than CS

George et al.[54] 2011 Retrospective 
cohort

UW vs. Celsior UW (3,107) Celsior 
(1,803)

In high-risk allografts, 
UW was associated with 

improved survival

UW recipient cohort 
had significantly 

better haemodynamic 
readings pre-
operatively

Kofler et al.[55] 2009 Retrospective 
cohort

(humans)

UW vs. HTK UW (118) HTK 
(222)

UW demonstrated a 
significantly better survival

HTK group was 
derived from historic 

control
Garlicki et al.[56] 1999 Retrospective 

cohort
UW vs. Celsior 

vs. HTK
UW (64)
CEL (28)

HTK (132)

HTK had highest mortality Statistical significance 
uncertain as P-values 

unavailable
Lee et al.[57] 2011 Prospective 

cohort

Lewis donor rat

HTK vs. 
Celsior

NA HTK = Significant reduction 
in serum troponin I & 

creatine phosphokinase
HTK = reduction in 

upregulation of mRNA for 
interleukin-6, intercellular 
adhesion molecule-1, and 
tumor necrosis factor-a, 
fewer infiltrating cells, 

less apoptosis, and less 
phosphorylated adenosine 
monophosphate-activated 

protein kinase

HTK- superior 
protective effects 
against ischemia-

reperfusion in older 
donors

Ackemann et al.[58] 2002 Prospective 
cohort

28 to 35 kg adult 
fox hound dogs

HTK vs. 
Celsior

19 (HTK) vs. 19 
(Celsior)

HTK = more ATP after 8 and 
12 h of ischemia

HTK = better LV 
function, less prone to 

arrhythmic events

NA: not applicable; LV: left ventricular; HTK: histidine-tryptophan-ketoglutarate
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concluded that cardiac muscle specific miRNAs could 
detect early myocardial injury and possibly predict graft 
dysfunction and recovery post-operatively.

NOVEL THERAPIES

The current standard of care for organ preservation of 
hearts post explant is cold preservation (usually in an 
icebox). Perfusion of the heart with cold preservative 
solution is then followed by explantation and storage of 
the heart at 4 °C. The choice of cardioplegic solution is 
primarily based on experience of individual centres. The 
generally acceptable time for cold preservation is about 
4 h with ISHLT data suggesting that ischaemic times > 
6 h associated with primary graft dysfunction[68]. One 
of the contributing factors to primary graft dysfunction 
may be suboptimal organ preservation alongside the 
role of ischaemia reperfusion injury.

Goldsmith et al.[69] group analysed the potential benefits 
of reducing the ischaemic time (IT). They analysed 
survival rates beyond 20 years’ post-transplantation. The 
study showed that median survival post-transplantation 
was between 10-11 years. Every additional hour of donor 
organ IT, conferred a 25% increased risk of death after 
heart transplantation in the first year after transplant, 
with a 5% increase thereafter (P < 0.001). On average, 
recipients surviving a decade post-transplantation could 
potentially gain 0.4 life-years if IT was reduced to 1 h. 
This worked out to almost 3 life years saved if IT was 
reduced to 1 h if someone had IT > 6 h[69].

To overcome this limitation, Hassanein et al.[70] 

proposed the use of a makeshift continuous perfusion 
device to permit prolonged storage of allografts.

At 2 h of reperfusion, the hearts that were continuously 
perfused had higher LV generated pressures and 
lower lactate levels (myocardial acidosis) compared 
to the controls in cold storage. Based on Hassanein’s 
findings, the Organ Care System (OCS), a continuous 
perfusion device developed by TransMedics, Inc., 
Andover, MA, USA, was then used in two phase 1 trials, 
the prospective multi-centre European trial to evaluate 
the safety and performance of the Organ Care System 
for heart transplants (PROTECT) trial based in Europe 
and the Prospective Multicentre Safety and Effective-
ness Evaluation of the Organ Care System Device 
for Heart Use (PROCEED) trial based in the United 
States. The OCS consists of a miniature pulsatile 
pump with an inbuilt inline heater. It is also permits 
monitoring of cardiac output, coronary flow and blood 
pressure via the attached monitor. A specific perfusion 
solution consisting of part crystalloid, part glucose and 
amino acids, physiological extracellular electrolyte 

concentrations, free-radical scavengers, antibiotics, 
and calculated levels of catecholamines and insulin 
alongside oxygenated warm blood with a haematocrit 
of 20-25%; thus simulating a more “physiological” 
environment[71].

The PROTECT trial[72] was a prospective study of 20 
patients who received donor hearts that had been 
maintained by the OCS in a perfused and physiologic 
beating state for a mean time of 3.7 h. The graft 
survival rate of 100% at 30 days and the percentage of 
cardiac related complications was 23%. Additionally, 
OCS was associated with earlier recovery with a 
shorted ventilation time and shorter ICU stay. The 
PROCEED[73] trial was a 20 patient, single arm, non-
randomized, Food and Drug Administration approved 
safety and performance study. This study highlighted 
the importance of lactate concentration during OCS 
use. Hamed’s group concluded that when using the 
OCS for donor heart maintenance, the final serum 
lactate concentrationis the most powerful predictor of 
graft failure post heart transplant with high sensitivity 
and specificity[74].

PROCEED II[75] was the first prospective, open-label, 
multicentre, randomised non-inferiority trial comparing 
OCS to current standard of care (cold hypothermic 
static preservation) at ten heart-transplant centres in 
the USA and Europe. Eligible adult heart-transplant 
candidates were randomly assigned (1:1) to receive 
donor hearts preserved with either the Organ Care 
System or standard cold storage. One hundred and 
thirty patients were recruited and randomised to 
Organ Care System group (n = 67) or the standard 
cold storage group (n = 63). The 30-day patient and 
graft survival rates were 94% (n = 63) in the Organ 
Care System group and 97% (n = 61) in the standard of 
care (P = 0.45). Eight (13%) patients in the Organ Care 
System group and 9 (14%) patients in the standard 
cold storage group had cardiac-related serious 
adverse events. The results were consistent with non-
inferiority of OCS vs. standard of care in terms of short 
term outcomes. Donor hearts in the OCS group had 
a significantly longer preservation (out-of-body) time, 
but shorter cold ischemia time compared to standard 
of care. The longest preservation time with the OCS 
was 9 h and 7 min thought to be due to the extra 
time needed to instrument the donor heart into the 
Organ Care System circuit and optimise the perfusion 
characteristics.

Donation following cardiac death however is a new avenue 
which resulted in an increase of available organs. Initially 
used primarily for kidney transplantation, donor after 
circulatory death (DCD) was first split into four categories 
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by the Maastricht group [Table 3][76].

Of these, type I, II and IV are regarded uncontrolled 
DCD. For these donors, cardiopulmonary resuscitation 
is typically conducted until organ recovery procedures 
are employed.

Iyer et al.[77] conducted a porcine orthotopic heart 
transplant using a DCD asphyxia model. Following 30 min 
of warm ischaemia, the hearts were allocated to 
either OCS preservation of SOC with Celsior solution. 
Following preservation, the OCS group demonstrated 
acceptable lactate profiles and all hearts out of this 
group were successfully transplanted whereas none 
of the hearts in the SOC group could be weaned off 
bypass.

Dhital et al.[78] then piloted the first case series of 
Maastrict group III DCD cardiac transplants at St 
Vincent’s Hospital (Australia) using the OCS. The 
3 recipients (2 men and 1 woman; mean age 52 
years) received the transplants. After periods of 
warm ischaemia < 30 min, ex-vivo perfusion was 
done with the OCS device to resuscitate, assess, 
and transport the donor hearts. Of these patients, 1 
required mechanical circulatory support for 72 h post-
operatively, with all 3 patients showing normal cardiac 
function within a week post-transplantation. Follow up 
data shows patients are still making a good recovery 
at 176, 91, and 77 days after transplantation.The 
cohort included a fourth donor, a trauma victim, who 
was excluded as the warm ischaemic time was > 30 
min (which did not meet the inclusion criteria).

DCD donation however was not pioneered by this group. 
In fact the first ever cardiac transplant by Barnard was 
a DCD heart. Boucek et al.[79] highlighted the first case 
series of DCD donations in the paediatric population 
owing to the higher waiting list mortality compared to 
adults. They successfully performed 3 transplants in 
the paediatric population and found no late deaths (3.5 
years post-operatively) with functional and immunologic 
outcomes similar to those of controls.

In March 2015, the first DCD heart transplant in Europe 

was performed at Papworth Hospital[80]. While it is 
quoted that this may potentially increase the donor pool 
by about 25% in the UK alone, several ethical issues 
arise from DCD heart procurement. These include the 
definition of death. While the needs and feelings of 
the donors and their families are noted, organ viability 
should be maintained and maximized. Organ donation 
in itself should not be the reason for donor death[81].

Another point noted by the Australian group was the 
potential use of OCS for resuscitating marginal donors. 
An estimated 60% of hearts offered are rejected for 
transplantation and the introduction of OCS may 
therefore on paper at least, increase the number of 
suitable organs[82].

HORMONAL THERAPY

As alluded to, the increasing recipient waiting list 
has led to the recruitment of so-called “marginal” 
donors. Brain death usually succeeds a period of 
variable intracranial pressure in which the term 
“coning” is often used. The classic Cushing’s reflex 
of increased blood pressure and reduced heart rate 
is often discernible through monitoring and can lead 
to deleterious effects on multiple organ systems if 
not managed appropriately. There is a compensatory 
arterial hypertension and bradycardia (Cushing’s 
reflex) that is followed by sympathetic stimulation with 
vasoconstriction, raised systemic vascular resistance 
and tachycardia (a triad called the catecholamine 
storm)[83]. There is a redistribution of blood volume that 
prompts visceral ischaemia and in one study, revealed 
that myocardial injury occurs in 20-25% of DBD 
donors[84], with echocardiographic imaging of cardiac 
dysfunction evident in up to 40% of DBD donors[85]. 
Following this catecholamine storm phenomena, there 
is a profound hypotension that results from a reduction 
in sympathetic tone and peripheral vasodilation 
causing mass hypoperfusion of all organs, potentially 
resulting in more organ dysfunction[86].

Cooper et al.[87] and Novitzky et al.[88] noted that 
several animal model studies carried out in South 
Africa in the 1980s demonstrated the catecholamine 
storm phenomena followed by profound hypotension 
occurred with reduction in cortisol, insulin, thyroid, and 
antidiuretic hormone levels, a switch from aerobic to 
anaerobic metabolism and increases in inflammation 
markers and cytokines. Hormonal replacement 
resulted in recovery of cardiac function in both 
experimental animals and humans, thus protecting 
the donor organs. Registry multivariate studies 
on hormonal treatment of brain-dead donors also 

Table 3: Modified Maastricht Classification of DCD[76]

Classification Descriptions
I Dead on arrival and have not been resuscitated
II Unsuccessfully resuscitated
III Typical controlled DCD, with planned cardiac 

arrest
IV Planned DBD that suddenly arrest during or 

after the brain death determination

DCD: donor after circulatory death; DBD: donations following brain 
death
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revealed significant increases in organs transplanted 
and in 1-year survival of kidneys and hearts. Cardiac 
transplant centres then formed specific teams for the 
purpose of “optimizing” the donors with the “Papworth 
Cocktail”[89] of hormones[90]. Multiple studies showed 
increased organ procurement and a reduction in 
primary graft dysfunction in transplanted hearts when 
triple therapy with thyroid hormone, corticosteroids 
and arginine vasopressin was used[91,92].

Cortisol
It has been postulated that haemodynamic instability 
in DBD donors is caused by adrenal insufficiency. 
Nicolas-Robin et al.[93] revealed in their cohort of 
brain-dead patients, adrenal insufficiency was present 
in almost 90%. They also noted that hydrocortisone 
supplementation enhanced systemic haemodynamics 
and decreased norepinephrine dose by more than 
30% in more than half of brain-dead patients with 
haemodynamic instability.

They also identified several pathophysiological groups 
based on cortisol levels and Adrenocorticotropic 
Hormone (ACTH) response. (1) ACTH responders 
with low plasma cortisol: this reflected a hypothalamic-
pituitary failure (secondary adrenal insufficiency) 
resulting from direct insult from intracranial hypertension 
causing ischaemia of the hypothalamus and pituitary 
gland, impairing the release of corticotropin-releasing 
hormone and ACTH as described by Novitzky et al.[94]. 
This group responded to tetracosactrin (synthetic 
ACTH) administration; (2) ACTH non-responders with 
normal baseline cortisol - suggesting primary adrenal 
failure; (3) ACTH non-responders with low baseline 
cortisol: this was probably caused by a hypothalamic-
pituitary-adrenal insufficiency; and (4) ACTH 
responders with normal plasma cortisol: no pathology 
within the hypothalamic-pituitary-adrenal axis.

Ironically, Nicolas-Robin et al.[93]’s study demonstrated 
that hydrocortisone infusion was more often efficient 
in enhancing haemodynamic stability in ACTH non-
responders than in ACTH responders suggesting 
that exogenous steroids have a higher likelihood of 
producing a haemodynamic response when there is 
no endogenous response to ACTH stimulation.

It is also postulated that the effects of corticosteroid 
administration could be due to the re-sensitization of α- 
and β-adrenoceptors pathway which are often altered 
by down-regulation and later by desensitization in 
patients with shock treated with catecholamines[95,96]. 
Another explanation is the “consumption” of cortisol 
following its initial release by the hyper-stimulated 
hypothalamic-pituitary-adrenal axis adrenal gland 

induced by brain death may be unable to replenish 
cortisol stores. Nicolas-Robin et al.[93]’s group also 
noted the effectiveness of hydrocortisone infusion on 
norepinephrine dose decrease was observed in 25% of 
ACTH non-responders with low baseline cortisol. The 
anti-inflammatory properties of hydrocortisone could 
also have an effect as adrenal insufficiency results 
from the release of several cytokines such as tumor 
necrosis factor α, interleukin-1, interleukin-6, and 
overexpression of cell adhesion molecules such as 
intercellular adhesion molecule-1 and E-selectin[97-99].

A French study involving 22 ICUs during 15 months 
to compare two different resuscitation strategies: 
systematic hydrocortisone supplementation (steroid 
group) or no supplementation (control group) in brain-
dead patients who were potential organ donors was 
conducted. Eleven centres administered standard-
care, low-dose hydrocortisone to brain-dead patients 
before organ procurement the remaining 11 did not 
administer corticosteroids[100].

Adrenal insufficiency was noted in almost 80% of 
brain-dead patients. The average number of episodes 
ofhypotension and vascular filling volume per hour were 
similar in the two groups. Although more patients in 
the steroid group received norepinephrine before brain 
death, the mean dose of vasopressor administered 
after brain death was significantly lower than in the 
control group, duration of vasopressor support use 
was shorter than in control group and norepinephrine 
weaning before aortic clamping was more frequent. 
This decrease in number of vasopressors used 
following steroid administration was seen in other 
studies as well[101].

Dhar et al.[102] looked at 132 consecutive brain-dead 
donors managed before and after changing the steroid 
protocol from 15 mg/kg methylprednisolone (high dose) 
to 300 mg hydrocortisone (low dose) and found that 
the only significant differences were lower final insulin 
requirements and faster weaning off insulin infusions 
in the low dose group.

Steroid therapy was not associated with improvements 
in the recovery of primary graft function in these 
studies.

Thyroxine
Another change that occurs with brain death is the 
reduction of plasma-free triiodothyronine (T3) resulting 
in impaired aerobic metabolism. This causes a reduction 
of myocardial energy stores and an increased tissue 
lactate as a result of increased anaerobic metabolism. 
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Novitzky et al.[103] performed one of the pioneering 
studies in the role of T3 in transplants. One hundred 
and sixteen consecutive potential donors were treated, 
alongside 70 recipients with good immediate cardiac 
function in all but 3 patients, who recovered within 24 h 
of mechanical circulatory support. They also conducted 
2 randomized trials in patients undergoing myocardial 
revascularization on cardiopulmonary bypass, and 
administration of post-operative T3 therapy was 
associated with a reduced need for inotropic support and 
diuretic therapy in the first study and improved cardiac 
output in the second study. Chen et al.[104]’s study on 
rat models suggested that T3 can protect myocytes 
against ischemia-induced apoptosis, which may be 
mediated by Akt signalling.

In a study by Jeevanandam et al.[105], donor hearts 
with statistically higher filling pressures, lower EF on 
echocardiograms, and higher inotrope requirements 
were resuscitated with T3 and compared to normal 
donors not receiving T3. All patients survived the 
immediate post-operative period, and at 1 week and 
6 months there were no significant differences in 
systolic blood pressure, diastolic blood pressure, 
heart rate, cardiac index, central venous pressure, 
pulmonary capillary wedge pressure, or LVEF on 
echocardiography. It should also be noted that the 
donors also received furosemide and dopamine, both 
increasing renal perfusion thereby being partially 
responsible for the fall in pre-load and increased mean 
arterial pressure[87].

Novitzky et al.[106] then conducted a retrospective 
review on 63,593 donors (2000-2009) who were 
administered T3/T4. They noted a 12.8% increment 
of organs from T3/T4-treated donors compared to 
untreated donors (P < 0.0001). In study 2, a 15.3% 
increase was noted (P < 0.0001). T3/T4 therapy was 
associated with procurement of significantly greater 
numbers of hearts, lungs, kidneys, pancreases, 
and intestines, but not livers. Multivariate analysis 
indicated a beneficial effect of T3/T4 independent of 
other factors (P < 0.0001)[105]. Apart from Novitzky’s 
work however, there have been mixed reviews on 
the efficacy of T3 administration. A recent systematic 
review conducted by Macdonald et al.[107] noted that 
all case series and retrospective audits reported a 
beneficial effect of thyroid hormone administration 
but all seven randomized controlled trials reported no 
benefit of thyroid hormone administration either alone 
or in combination with other hormonal therapies. In 
four placebo-controlled trials, administration of thyroid 
hormone had no significant effect on donor cardiac 
index (pooled mean difference, 0.15 L/min/m²; 95% 
confidence interval -0.18 to 0.48). They noted that there 
was a lack of consideration of confounding factors in case 

series and retrospective audits. However, it also notes 
that of the few randomized controlled trials conducted, 
the number of patients who were hemodynamically 
unstable or marginal in other ways, who would have 
possibly benefited from T3 administration was too small 
to exclude a benefit of thyroid hormone in this subgroup. 
A randomized trial by Venkateswaran et al.[108] allocated 
80 donors to four treatment groups; A control group, 
T3 monotherapy, Methylprednisolone monotherapy, 
T3 and Methylprednisolone and placebo. Pulmonary 
Artery Catheters were used to guide management, 
with vasopressin infusion commenced while weaning 
catecholamines at the commencement of blinded trial 
medication. The study found no difference in outcomes 
in patients from all 4 groups. They concluded that 
detailed donor haemodynamic measurement and 
management is possibly the most important criteria 
in increasing the yield of transplantable hearts. In 
animal models, administration of T3 was shown to 
improve haemodynamic function before and after 
transplantation[108-110].

However, this has yet to be seen in prospective 
randomized studies in human donors. The stance 
taken by most centres in the UK is to replace T3 only 
when there is evidence of thyroid hypofunction.

Antidiuretic hormone (arginine-vasopressin)
Antidiuretic hormone is synthesized by magnicellular 
neurons at the supraoptic and paraventricular nuclei, 
stored in neurosecretory granules in the axons that 
project into the posterior pituitary[111,112]. Given its 
anatomical location, rising intracranial pressures 
from the Cushing reflex as described earlier plays a 
part in the depletion of ADH. Yoshioka et al.[113] first 
described the role of vasopressin and epinephrine vs. 
epinephrine alone in 16 brain-dead patients improving 
mean survival from 1 day to 23 days. The rise in ICP 
is a cause for neurogenic diabetes insipidus (DI) which 
is very commonly found (in some studies up to 77% 
of solid organ donors[113]), and hormone replacement 
with vasopressin, an effective treatment for DI, would 
have resolved the haemodynamic instability.

Blaine et al.[114] noted that aggressive resuscitation 
with crystalloid solutions may instigate intravascular 
to intracellular fluid shifts thus contribute to the 
development of both interstitial and intracellular oedema, 
and ultimately result in profound hypoperfusion of 
end organs causing the rejection of the organs for 
transplantation. They conducted their study of an animal 
model of a brain-dead organ donor, in which polyuria, 
hypernatremia, and hyperosmolality developed. 
Low-dose (2-10 microU/kg/min) vasopressin was 
continuously infused to maintain plasma sodium and 
osmolality within normal range over the course of the 
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experiments. Cardiovascular function remained stable 
in both control and experimental vasopressin-infusion 
groups, with the only significant difference being a 
moderate rise in pulmonary artery pressure.

Rostron et al.[115] conducted a similar study looking 
at the effects of arginine vasopressin in preventing 
neurogenic vasoplegia which exacerbates lung injury. 
They induced brain death in Wistar rats by inflating an 
intracranial balloon mimicking coning. They noted an 
increment in pulmonary capillary permeability, wet/dry 
lung weight ratios, neutrophil integrin expression and 
pro-inflammatory cytokines in serum (TNF-α, IL-1β, 
CINC-1 and CINC-3), bronchoalveolar lavage (TNF-α, 
IL-1β,) and lung tissue (IL-1β and CINC-1) in braindead 
animals compared to controls. These effects were 
corrected by administration of arginine vasopressin 
(AVP) and norepinephrine to correct the neurogenic 
hypotension.

Another study conducted by Chen et al.[116] investigated 
vasopressin deficiency and hypersensitivity as a 
potential contributing factor to hypotension in organ 
donors. In their cohort of 50 organ donors, 10 patients 
were treated with a continuous infusion of vasopressin 
(0.04 to 0.1 U/min). Mean arterial pressure (MAP), 
catecholamine requirements, serum vasopressin, 
and serum osmolality were obtained before and after 
vasopressin administration. An increment of MAP 
allowed complete discontinuation of catecholamine 
pressors in 40% of patients and a decrement in 
pressor dose in another 40%. Plasma vasopressin 
levels (2.9 ± 0.8 pg/mL) were notably low for the degree 
of hypotension. It is likely that haemodynamically 
unstable organ donors may not only display diabetes 
insipidus but also have a defect in baroreflex-mediated 
secretion of vasopressin, for which supplementation 
would permit catecholamine sparing. The 
catecholamine sparing effects of vasopressin were 
also noted by Pennefather et al.[117] in which 24 DBD 
donors were randomised to receive either saline or low 
dose AVP. The AVP group had a decreased plasma 
hyperosmolality (P < 0.05), improved blood pressure 
(P < 0.01), and reduced inotrope use (P < 0.01), while 
maintaining cardiac output. Myocardial ATP levels 
were higher in the AVP than the control group (NS). 
Kinoshita et al.[118] studied the effects of epinephrine 
and arginine vasopressin in 10 brain dead patients. 
Patients maintained haemodynamic stability for more 
than a week with an initial rise in ST wave changes that 
was reversible. This was confirmed by a normal level 
of CK-MB and normal or slightly swollen mitochondria 
on cardiac biopsy specimens, highlighting the role 
of both arginine vasopressin and epinephrine in 
maintaining haemodynamic stability post brain 

death. Papadopoulos et al.[119] found that vasopressin 
administration reduced the dose of requirements of 
catecholamines and contributed to prevention of the 
post-cardiotomy vasoplegic shock in the patient with 
low ejection fraction (30-40%) on ACE inhibitors in a 
double blind randomized controlled trial whereby the 
group A who were infused with low dose vasopressin 
and the group B who were infused with normal saline 
intraoperatively and for the 4 post-operative hours. 
This further illustrated the benefits of vasopressin out 
with the correction of neurogenic diabetes insipidus.

Glucose-Insulin-Potassium
Calva et al.[120] first conducted experiments on canines 
by inducing myocardial infarctions via coronary artery 
ligation noting the extent of damage to the mitochondria 
with and without glucose-insulin-potassium regimes in 
the 60s. Opie et al.[121] conducted similar studies with 
baboons and noted similar findings, a reduction in 
mitochondrial damage and decreased infarction and 
reduced ST segment depression on EKG. Multiple 
studies have since been done to study the effect 
of glucose-potassium-insulin (GKI) on myocyte 
function. Human studies were first pioneered by 
Sodi-Pallares et al.[122] in which 10 patients with 
acute myocardial infarction and 20 patients with 
chronic coronary insufficiency, with 3 patients showing 
improvements but 2 patients worsening and a general 
improvement in the chronic patients. A meta-analysis 
however revealed no reduction in mortality in patients 
receiving GKI in randomised studies[123]. They concluded 
that while it may have had a potential benefit in the pre-
revascularisation and thrombolysis era, its benefits 
are not clearly evident now. Sun et al.[124] investigated 
the role of GKI for prevention of oxygen free radical 
injury during reperfusion of ischaemic stored hearts. 
Comparing known free radical scavengers (superoxide 
dismustase and catalase) alone and combination 
with GKI in rat models, they noted that there was no 
added benefit of GKI infusion in reduction reperfusion 
injury once reperfusion was commenced, but noted 
an improvement in the superoxide dismustase and 
catalase infusion group. A significant improvement 
however was noted when GKI and the free radical 
scavengers were combined showing improvement in 
left ventricular end-diastolic pressure, myocardial blood 
flow. They concluded that free radical scavengers in 
the presence of glucose-insulin-potassium significantly 
improve functional recovery in the setting of heart 
transplantation.Myocardial dysfunction that occurs 
post brain death is a phenomenon that is ubiquitously 
reported but not fully understood. It is thought to be 
related to direct myocardial injury from sympathetic 
activation[125], potential reduction in oxidative 
metabolism from the reduction in T3, variability 
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of loading conditions, endothelial dysfunction and 
impairment of coronary blood flow[126].

Nicolas-Robin et al.[127] looked at GKI infusion in 
comparison to dobutamine for in DBD donors. They 
found that a GKI infusion significantly improved the 
systolic dysfunction comparably to dobutamine without 
its inherent side effects of peripheral vasodilation, 
potential arrhythmogenesis, and tachycardia. This was 
thought to be possibly due to an adaptive hibernating 
state of the myocardium to reduce myocardial oxygen 
demand, thereby allowing a longer period of ischaemia 
without necrosis[128]. Hence the rationale behind GKI 
infusion is by replenishing the energy supply of the 
failing heart, by switching metabolism from oxidation 
of fatty acids (glycogenolysis) to oxidation of glucose 
(glycolysis) and lactate[129]. This allows restoration of 
calcium homeostasis and replenishment of glycogen 
stores by increasing the rate of ATP[130]. Although GKI 
was not shown to improve mortality in acute myocardial 
infarction as mentioned above, there may be a role for 
it in the ischaemic myocardium.

Cottin et al.[131] demonstrated that their cohort of patients 
with heart failure (Ejection Fraction < 45%), GKI infusion 
reduced Wall Motion Score Index and increased 
ejection fraction significantly in their small study. Similar 
findings were noted in several other studies, including a 
reduction in BNP concentrations[132-135].

ISCHAEMIC CONDITIONING

Reperfusion injury is postulated to be a key 
contributing factor for primary graft dysfunction, thus 
the role of ischaemic conditioning whilst still in its 
trialling phase may be of benefit. The lack of evidence 
of benefit in large scale studies such as RIPheart[136] 
and ERICCA[137] clarified that this intervention does not 
confer any benefits to patients undergoing CABG.

Animal models have shown potential benefits and 
cardioprotective mechanisms, but while biochemical 
improvements were noted by the ERICCA trial 
(reduced troponin levels), its relevance remains to be 
seen. Remote ischaemic preconditioning (RIC) and 
remote ischaemic post conditioning (PostC) work 
on the premise that brief episodes of ischemia and 
reperfusion to the remote organ protect the heart by 
a paracrine or neural-reflex mechanism while avoiding 
additional stress on the heart itself[138].

Thielmann et al.[139] conducted the first single centre 
randomised, double blind controlled trial of RIC in 329 
patients from 2008-2012. They found a significantly 
lower troponin level (cTnI) in the RIC group compared 

to the control group and the all-cause mortality was 
assessed over 1.54 (SD 1.22) years and was lower with 
remote ischaemic preconditioning than without (ratio 
0.27, 95% CI 0.08-0.98, P = 0.046)[137]. Hong et al.[140] 
however failed to demonstrate any difference between 
the groups but it should be noted that he included RIC 
with PostC in 1280 patients and had a much broader 
composite of outcomes. Hong’s group also failed to 
record any biomarkers, limiting the end-points to solely 
clinical outcomes.

Sachdeva et al.[141] noted no subsequent benefit in both 
remote preconditioning and postconditioning alone 
or in combination and observed that they failed to 
attenuate infarct size in an anesthetized rat model with 
myocardial infarction. There was also no recovery of 
LV dysfunction induced by ischemia-reperfusion injury.

However, the recently concluded randomized 
LipsiaConditioning[142] trial studied the effects of RIC 
and PostC revealed conflicting evidence to this. Using 
cardiac magnetic resonance to quantify myocardial 
injury, they showed that combined intra-hospital RIC 
and PostC significantly increases myocardial salvage 
when compared with conventional PCI, whereas PostC 
alone failed to demonstrate a cardioprotective effect in 
STEMI patients undergoing primary PCI.

Another article by Pichot et al.[143] however revealed 
PostC had a significant effect in reducing myocardial 
injury independently of traditional cardiovascular risk 
factors in patients with STEMI.

Ischaemic conditioning has garnered a lot of interest in 
recent times with almost 500 articles published every 
year, and 53 clinical trials (phase I to IV) available 
on PubMed. Of these 37 clinical trials are specific 
to cardiac surgery alone[144]. A lot of the RIC data in 
other studies have focused on biomarkers of cardiac 
injury and not outcomes, which were the endpoints for 
both RIPheart and ERICCA. To date, no adequately 
powered and randomised trial has looked at the effect 
of RIC and PostC in transplantation, and given the 
recent findings of large trials in CABGs, an adequately 
powered trial in transplant cannot be justified. The 
negative results have generated more discussion and 
questions with better discourse into methodology. For 
example, in Kottenberg et al.[145]’s study, propofol was 
a potential confounding factor. Propofol interferes with 
the activation of the signal transducer and activator 
of transcription 5 (STAT5) pathway. A recent study 
by Kleinbongard et al.[146] looking at confounders that 
may affect the efficacy of RIC found that patients 
with an aortic cross-clamp time of < 56 min had no 
protection by RIC whereas there was solid protection 
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by RIC at cross-clamp times of 57-75 min (ratio of RIC/
control = 0.757; P = 0.0348) and of ≥ 76 min (ratio of 
RIC/control = 0.735; P = 0.0277)[146]. RIC theoretically 
confers protection against ischaemia but not trauma 
during surgery (cannulation/handling); thus making 
it plausible that in longer cross-clamp times, the 
protection conferred by RIC becomes more overt due 
to the effect of ischaemic/reperfusion injury. Another 
recent study what studied the effect of preconditioning 
with cyclosporine-A (which prevents MPTP opening 
at the onset of reperfusion, thereby also reducing 
the incidence of ischaemic-reperfusion injury[147] in 
patients undergoing elective CABG revealed similar 
findings, with the cardioprotective benefits noted at 
longer cross-clamp times (85-120 min) but not in the 
shorter (50-85 min) group[148].

Iyer et al.[149] utilised PostC in DCD hearts using a 
porcine asphyxia model and subjected them to warm 
ischaemic times of 20-40 min prior to flushing with 
Celsior solution. The solution was supplemented 
with erythropoietin[150], glyceryl trinitrate[151,152] and 
zoniporide (Cs)[153], a combination that activates 
ischaemic postconditioning pathways.

Hearts were assessed for functional, biochemical and 
metabolic recovery on an ex-vivo working heart apparatus. 
Hearts with postconditioning pathways activated 
demonstrated complete recovery up to 20-min of warm 
ischaemia time after which a rapid decline ensued.

CONCLUSION

There have been multiple recent advances in recent 
times with specific interest in myocardial protection. The 
search for biomarkers however continue to persist and 
may provide a gauge to quantify myocardial damage. 
Continuous normothermic organ perfusion remains an 
interesting prospect that allows transport and working 
assessment of the heart prior to transplantation. This 
has revolutionised DCD transplantation thus added 
more organs to the potential donor pool. Short term 
outcomes of DCD hearts have been good, however long-
term outcomes need to be studied to allow widespread 
use. The role of ischaemic pre- and post-conditioning 
remain uncertain in the field of cardiac transplantation. 
A summation of myocardial protection strategies may be 
the way forward.
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Cardiac muscle contraction is a strictly regulated process which conjugates a series of 
electrophysiological, biochemical and mechanic events, resulting in the pumping of blood to 
all bodily tissues. These phenomena require a very high energetic demand both for generating 
the necessary mechanical force, and for maintaining cellular homeostasis during the process. 
In the myocardium, fatty acids (FA) represent the main energy substrate, although other 
secondary substrates, such as glucose and ketone bodies, may also be used. Nevertheless, 
under certain conditions such as heart failure or myocardial ischemia, FA metabolism may 
become deleterious via mechanisms such as oxidative stress and arrhythmogenesis. In an 
ischemic milieu, various metabolic changes occur as a consequence of hypoxia, favoring cell 
necrosis, ventricular arrhythmias, and death. Major events in this context include an increase 
in extracellular K+, a decrease in pH, and accumulation of intracellular calcium. This review 
includes a detailed description of the molecular basis underlying myocardial contraction and 
energetic metabolism in cardiomyocytes, aiming to promote an integral understanding of the 
pathophysiology of heart ischemia. This in turn may aid in the development of future, more 
satisfactory alternative treatments in the management of acute coronary ischemia episodes.
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INTRODUCTION

The heart is composed of specialized muscle tissue, 
the myocardium, which depends on a constant input 
of energy for adequate functioning, and thus utilizes 
various sources of carbon for adenosine triphosphate 

(ATP) production. However, in cardiomyocytes, the 
majority of the energy produced derives from the 
mitochondrial oxidation of free fatty acids (FA)[1].

Alterations in myocardial energetic metabolism may 
lead to conditions such as ischemic heart disease, 
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arrhythmias, heart failure, and others. During 
ischemia, cardiomyocytes are restricted in both their 
oxygen and nutrient supplies, rendering these cells 
unable to oxidize energetic substrates, causing a 
significant depletion in ATP reserves. This leads to 
deterioration of cardiac contractility and disruptions in 
the cardiac conduction system, which may culminate 
in heart failure and arrhythmias, respectively [2]. 
Therefore, an understanding of myocardial energetic 
metabolism is essential, in order to comprehend the 
physiologic basis of the therapeutic management of 
acute and chronic heart disease.

FUEL FOR MYOCARDIAL CONTRACTION: 
THE ROLE OF MACROMOLECULES

The heart is the driving force of the circulatory system, 
pumping blood to all bodily tissues. This organ 
consists of various layers, the thickest of which is the 
myocardium. The main component of this layer is 
contractile cells termed cardiomyocytes[3], with only 
2% corresponding to Purkinje fibers. The Purkinje 
fibers are organized into an arborized structure which 
originates in the atrioventricular node and constitutes 
a specialized conduction system that allows quick and 
synchronic activation of the ventricles[4,5].

The cytosol of cardiomyocytes contains sarcomeres, 
complex proteic structures composed of thick myosin 
filaments and thin actin filaments[6]. Sarcomeres 
occupy most of these cells’ cytosol and mediate 
calcium-dependent cellular contraction [Figure 1][7]. This 
phenomenon is regulated by the cardiac conduction 
system through modulation of ionic transport and 

generation of action potentials[8]. These impulses are 
synchronically propagated throughout the myocardium 
via gap junctions and ionic channels which facilitate 
electrical and chemical communication between 
cardiomyocytes, allowing these to function as a 
syncytium[9]. Connexins, especially Cx43, Cx40 and 
Cx45 are key voltage-gated proteic structures found 
in these gap junctions, each of which can differentially 
and dynamically intervene in the propagation of the 
action potential[10-12].

The myocardium is a form of specialized striated 
muscle, richly innervated by the autonomic nervous 
system, which is under uninterrupted activity 
throughout life. Therefore, it requires a constant and 
substantial energetic input from macromolecules 
such as carbohydrates, lipids and proteins in order 
to sustain the process of contraction and relaxation. 
Indeed, the cardiomyocyte transforms chemical 
energy from FA, glucose, ketone bodies and other 
substrates into mechanical energy[13,14]. The energetic 
metabolism of the cardiomyocyte consists of three 
key components: (1) capture and utilization of primary 
substrates, with the incorporation of their metabolites 
into the tricarboxylic acid (TCA) cycle; (2) oxidative 
phosphorylation, which occurs in the respiratory 
chain within the internal mitochondrial membrane; 
and (3) the phosphocreatine-creatine kinase energy 
transference system, a network for phosphate 
transference from ATP to creatine (an “energy-storing” 
molecule), through mitochondrial creatine kinase and 
yielding phosphocreatine, an important source of 
energy under high-demand conditions[15].

The metabolic machinery of the heart utilizes oxygen 

Figure 1: The role of calcium in excitation-contraction coupling. Green arrows: calcium entry; blue arrows: calcium exit; SR: sarcoplasmic 
reticulum; RyR: ryanodine receptor; NCX: Na+/Ca2+ exchanger
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up to 80%-90% of the maximum capacity of the 
electron transport chain; however, at a resting state, 
the heart operates at only 15%-25% of its maximum 
oxidative capacity [16]. Cardiomyocytes show an 
elevated rate of ATP hydrolysis, which is strongly 
linked to oxidative phosphorylation. Because under 
non-ischemic conditions, over 95% of these cells’ 
ATP is produced in this process[17], it is indispensable 
in order to assure the full replenishment of the 
cardiomyocytes’ ATP content every 10 s, and thus 
maintain constant concentrations of this molecule, 
even under conditions of increased frequency or force 
of contractions[18]. Of the total energy produced by 
ATP hydrolysis, approximately 60%-70% serves as 
fuel for contraction, while the remaining 30%-40% 
is used by the Ca2+ATPase pumps in the smooth 
sarcoplasmic reticulum and other ion pumps[19].

FA metabolism in cardiomyocytes
Cardiomyocytes use FA as their main source of 
energy, yet their synthesizing capacity for these 
molecules is relatively low[20] as is shown in Figure 2. 
As a result, these cells depend fundamentally on 
the influx of FA from the vascular compartment, and 
thus, the rate of FA consumption by cardiac muscle 
is principally determined by the concentration of non-
esterified FA in plasma[21,22].

The heart obtains these FA chiefly from exogenous 
substrates, especially free FA bound to albumin, and 
FA released from triacylglycerides (TAG) contained 

in chylomicrons and very low-density lipoproteins, 
later undergoing β-oxidation [23-25]. FA may enter 
cardiomyocytes by passive diffusion or by active 
transport through the sarcolemma, involving an FA 
translocase (CD36) or an FA-binding protein in the 
cell membrane[26]. This translocation is mediated 
by intracellular vesicles, and may be promoted by 
electrical stimulation or high-demand conditions[27].

CD36 is one of the main translocases, an 80 kD 
integral membrane glycoprotein which is stored in 
intracellular compartments and transported towards 
the cell membrane in response to increased energy 
demands[28]. This protein is found in platelets, immune 
cells, adipocytes, myocytes, enterocytes and various 
other cells, yet is most abundantly expressed in 
cardiomyocytes. It is also the most important FA 
translocase in the heart and plays a key role in the 
entry of long-chain FA into cardiomyocytes[29]. The 
extracellular domain of CD36 has three disulfide 
bridges in its C-terminus end which contain binding 
sites for FA, oxidized low-density l ipoprotein, 
thrombospondin and Plasmodium falciparum-
infected erythrocytes. This domain operates actively 
by generating transduction signals which interact 
with multiple tyrosine-kinases and generate various 
structural modifications which modulate the functions 
of CD36; including phosphorylation, glycosylation, 
palmitoylation and ubiquitination[30].

As  ca rd iac  ac t i v i t y  inc reases ,  so  does  the 

Figure 2: FA metabolism in myocardiocytes. Once inside cells, FA are esterified with Coenzyme A into acyl-CoA, which in turn can be 
esterified for storage as triacylglycerides, or transported to the external mitochondrial membrane, where it is carried by a carnitine-dependent 
system into the intermembrane space. In this process, the acyl group is condensed with carnitine and separated from CoA to form acyl-
carnitine, via carnitine palmitoyl transferase I. Then, it binds to acyl-carnitine translocase, which transports it into the mitochondrial matrix, and 
is converted into acetyl CoA, which goes into the TCA cycle. This process also yields NADH and FADH2 and several reducing equivalents, 
which can be utilized in the respiratory chain to generate ATP through oxidative phosphorylation. FA: fatty acid; TCA: tricarboxylic acid
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Carbohydrate metabolism in cardiomyocytes
Carbohydrates are also a valuable source of energy 
in the myocardium, with glucose providing roughly a 
quarter of the total energy produced in a well-irrigated 
heart. Of this total ATP, approximately 10%-40% 
derives from the oxidation of glucose-lactate within 
the TCA, and only 2% derives from glycolysis[43].

Glucose enters the cardiomyocyte through glucose 
transporter proteins (GLUT). Fourteen different 
GLUTs have been described in humans, all of which 
appear to be able to transport hexoses or polyols, 
although it is suspected that many other GLUT 
substrates remain undiscovered[44]. GLUT 1-5 are 
the most studied to date, and they are well-known 
to be glucose and/or fructose transporters in various 
tissues and cell types[45]. In cardiomyocytes, GLUT4 is 
the main transporter, translocating to the membrane 
in response to signaling by insulin, increased work 
demand, or ischemia, with GLUT1 playing an 
accessory role[14].

The products of glycolysis are utilized in both the TCA 
cycle and the respiratory chain in order to generate 
ATP through oxidative phosphorylation[46]. Although 
only 2% the heart’s ATP is produced in glycolysis, it 
becomes very important under anaerobic or ischemic 
conditions. Indeed, in heart failure and hypertrophy, 
there is a metabol ic switch towards favoring 
carbohydrate over FA metabolism in the heart, with a 
notable change being the acceleration of glycolysis[47]. 
This increase in the glycolytic flux appears to be due 
to a functional upregulation in the pathway’s enzyme, 
rather than a clear increase in the expression of 
glycolytic enzymes[48].

This shift towards util ization of glucose in the 
hypertrophic myocardium had traditionally been 
considered a maladaptive change. Nevertheless, 
recent studies in bioengineering-modified mice have 
demonstrated glucose-dependence not to be harmful 
in adult hearts, and a decrease in the utilization of 
glucose appears to be deleterious in failure and 
hypertrophy [49]. For example, mice with GLUT1 
overexpression - and thus, increased glycolysis - 
appear to be protected against heart failure and left 
ventricular dilatation, even when subjected to pressure 
overload[50,51]. On the other hand, those with deletion 
of GLUT4 and insulin receptors in the heart failure, 
and showed worse responses to cardiac hypertrophy-
promoting stimuli[52].

The phosphocreatine-creatine kinase system 
incardiomyocytes
Because both the systole and diastole are active, 

cardiomyocyte’s metabolic demand, which results 
in an increase in intracellular concentrations of 
adenosine monophosphate (AMP) and reactive 
oxygen species[31]. In turn, this upregulates AMP-
activated protein kinase (AMPK), a key metabolic 
regulator. AMPK is a serine/threonine kinase which 
acts as a metabolic sensor in cardiomyocytes. It is 
activated during high energy requirement states, 
enhancing FA availability, uptake and oxidation 
in these cells by promoting the expression and 
activation of lipoprotein lipase and CD36, also known 
as fatty acid translocase[31]. This favors the entry 
of long-chain FA into the cell, preserving stable 
levels of ATP in the face of increased metabolic 
demand[32]. Nevertheless, excessive expression of 
CD36 has been associated with impaired cardiac 
insulin sensitivity, reduced uptake of glucose, and 
excessive uptake of FA, subsequently causing 
cardiomyocyte lipotoxicity and retention of GLUT4 
in their cytoplasm [33]. Recent in vitro studies in 
cardiomyocytes have shown that use of CD36 
blockers or deletion of its coding gene ameliorates 
contractile dysfunction mediated by lipotoxicity, and 
reduced lipid-induced damage[34,35]. AMPK can also 
inhibit acetyl-CoA carboxylase, which enhances 
mitochondrial FA uptake. In addition, in energy 
depletion states, AMPK increases GLUT4 expression 
and inhibits its internalization and also enhances 
glycolysis by phosphorylation of phosphofructokinase 
2. It may also facilitate glycogen storage in adequate 
ATP supply states[36].

In addition to their plasma concentration, an important 
long-term regulator of FA β-oxidation is the modulation 
by peroxisome proliferator-activated receptor (PPAR)[37]. 
Numerous coactivator proteins, such as PPAR-γ co-
activator 1-α can powerfully induce the transcription 
of PPAR target genes, including those involved in 
FA storage (such as diacylglycerol acyltransferase, 
promoted by PPARα), FA oxidation (such as medium-
chain acyl-CoA dehydrogenase, promoted by PPARα/
β/δ/γ), and glucose metabolism (such as pyruvate 
dehydrogenase kinase 4, promoted by PPARα)[38,39].

PPAR also plays an important role in the regulation 
of oxidative stress in the cardiovascular system, with 
several isoforms implicated in various transcriptional 
mechanisms for antioxidant genes[40,41]. For example, 
PPARα and PPARγ promote the transcription and 
activation of Cu/Zn-superoxide dismutase (SOD1), 
Mn-superoxide dismutase (SOD2) and catalase in 
cardiac tissue. Furthermore, PPARα augments IGF-
1 transcription, subsequently activating the IGF-1/
PI3K pathway, inhibiting apoptosis and protecting 
cardiomyocytes under ischemic stress[42].
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and transphophorylated by mi-CK to PC and 
ADP, with the latter being immediately available 
for oxidative phosphorylation, stimulating cellular 
respiration[55]. Another isoform of CK is associated 
with myofilaments, acting as a structural protein within 
M-bands, which is functionally coupled to the myosin 
ATPase and can transfer phosphate from PC to ATP, 
providing sufficient energy for maintaining maximum 
contractility[61].

In a healthy heart, approximately two thirds of all 
creatine is phosphorylated by CK to yield PC. In 
heart failure, the level of PC is lower in relation to 
the concentrations of ATP, with a lower PC/ATP 
index [62]. Lower values of this index have been 
related to increased mortality[63]. Human and animal 
models have demonstrated a progressive reduction 
in the creatine pool of up to 60% in patients with 
heart failure, with a directly proportional relationship 
between the decrease of the index and the severity of 
the condition[64].

Fatty acids vs. glucose as energetic 
substrates
The selection of energetic substrates in cardiomyocytes 
is a fundamental step for the constant generation 
of ATP which depends on the dynamic metabolic 
milieu in each body at a given time[65]. This flexibility 
is present during fetal development; however, after 
birth, FA becomes the preferential substrates, due 
to the increased availability of oxygen and dietary 
fats[66-68]. Infants with mutations in genes involved in 
FA metabolism have been documented to develop 
cardiomyopathy when under stress, highlighting the 
essential role of FA in this tissue[66]. Likewise, in heart 
failure and left ventricular hypertrophy (when the 
oxidative capacity of mitochondria in cardiomyocytes 
is diminished), there is a shift towards a predominance 
for glucose metabolism[69,70].

FA are known to be the main source of energy in 
cardiomyocytes when the heart is at rest and during 
fasting periods: most of the acetyl CoA that enters the 
TCA cycle (60%-90%) originates in the β-oxidation of 
free FA[13], while the remaining 10%-40% is produced 
by oxidation of pyruvate, which derives from the 
oxidation of glucose or lactic acid[71]. Several reports 
have shown that cardiac efficiency, in terms of oxygen 
consumption, is greater when oxidizing glucose and 
lactate rather than FA[72]. Studies using ranolazine - 
an inhibitor of β-oxidation which induces oxidation of 
carbohydrates - have found enhanced left ventricular 
function and improved metabolic efficiency when 
utilizing glucose as the main energetic substrate[73]. 
Similarly, potentiating FA use in the heart with 

highly ATP-dependent processes, the demand for 
these metabolites in cardiomyocytes is very high, 
with the heart requiring approximately 20 times its 
weight in ATP per day in order to sustain its energetic 
demands[53]. After synthesis, ATP must be transported 
from the mitochondria to the myofilaments and 
membrane proton pumps, a process in which the 
phosphocreatine-creatine kinase system intervenes 
substantially[54].

Creatine kinase (CK) is a key enzyme for phosphate 
transference in cells with high energetic demand, 
and works in harmony wi th other  enzymat ic 
machinery in order to facilitate intracellular energetic 
communication[55]. CK synthesizes phosphocreatine 
(PC) from creatine and a phosphate group from ATP 
in a reversible reaction, acting as a functional ATP 
reserve. CK associated with myofilaments catalyzes 
the transference of the phosphate from PC towards 
adenosine diphosphate (ADP), replenishing ATP 
in ATPase active sites, such as myosin heads. In 
cardiomyocytes, CK isoenzymes and the highly 
diffusible PC are responsible for sustaining the 
transference of energy from producing centers 
(mitochondria and glycolysis) towards ATP-consuming 
sites (myofilaments and ATPase pumps)[15].

The PC-CK system represents the first l ine of 
energetic reserves in cardiomyocytes, providing a 
quick source of ATP and favoring its transportation 
to its utilization sites, especially myofilaments[56]. In 
animal models, disruptions in the PC-CK system 
have been linked to impaired myocardial contractility 
and increased risk for arrhythmias[57,58]. Moreover, 
alterations in the functionality of CK have been 
identified as an independent risk factor for heart 
failure[59].

CK is composed of dimers, which consist of subunits 
M and B, and originate three isoenzymes: CK-
MM, -MB and -BB. A fourth isoenzyme is found in 
mitochondria (mi-CK) and accounts for 20%-40% 
of all CK activity in the heart[60]. CK is not evenly 
distributed within the cell, and is rather a part of a 
compartmentalized metabolic pathway, bound to 
myofilaments and the sarcoplasmic reticulum to 
form functional complexes which accelerate ATP 
synthesis[61].

The mi-CK isoform is coupled to the external surface 
of the internal mitochondrial membrane, near the ATP-
ADP translocases, also termed adenine nucleotide 
translocases (ANT). During oxidative phosphorylation, 
the ATP generated in the mitochondrial matrix 
is exported by ANT to the intermembrane space 
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myocardium can prevent or diminish tissue damage 
and dysfunction under conditions of ischemia or 
reperfusion, diabetic cardiomyopathy, and AMI. This 
occurs because the heart shifts towards glucose as 
the main source for ATP synthesis, which reduces 
the oxygen demand by 11%-13% and therefore 
improves cardiac efficiency and protects mitochondrial 
function[43,86]. Nonetheless, the real benefits of this 
partial inhibition remain uncertain when contemplating 
the potential consequences of excessive l ipid 
accumulation within cardiomyocytes[86].

ARRHYTHMOGENIC METABOLIC 
CHANGES DURING MYOCARDIAL 
ISCHEMIA

Cardiac sudden death is responsible for approximately 
half of all cardiovascular mortality[87]. The majority of 
these are attributed to ventricular tachyarrhythmias 
(ventricular tachycardia, ventricular fibrillation), which 
are frequently caused by myocardial ischemia[88]. 
The mechanisms through which myocardial ischemia 
leads to local electrophysiological disorders and 
arrhythmogenesis have been extensively explored 
[Figure 3][2,89].

Severe metabolic changes begin a few seconds after 
coronary occlusion: high-energy phosphates are 
hydrolyzed, intracellular pH lowers as a consequence 
of the activation of anaerobic glycolysis, and 
extracellular potassium levels increase[90,91]. The latter 
lasts for roughly 10 min, during which the resting 
membrane potential decreases, approaching the 
firing threshold potential, thus accelerating electrical 
conduction[92]. The intracellular acidosis also drives 
an increase in cytosolic calcium, facilitating early and 
late depolarization, as well as spatial and temporal 
fluctuations in the duration of action potentials[93]. 
Additionally, ischemia leads to dephosphorylation 
of connexin-43 in gap junctions, which impairs 
intercellular electrical coupling and anisotropy[94]. 
Lastly, sympathetic stimulation not only promotes 
calcium release from the sarcoplasmic reticulum, but 
it also prompts lipolysis, elevating circulating free FA 
levels and therefore predisposing to ischemia-induced 
arrhythmogenesis[95].

Other possible mediators of cardiac arrhythmia 
include thrombin and endothelin-1. Patients with ST-
elevation myocardial infarction (STEMI) complicated 
with ventricular fibril lation have been found to 
have higher levels of thrombin activity markers[96]. 
The production of thrombin at sites of coronary 
occlusion has been suggested to favor accumulation 

heparin or TAG infusions has been reported to result 
in a 26% increase in oxygen consumption without 
changes in mechanical capacity of the left ventricle[74], 
which suggests a greater functional capacity for this 
chamber when utilizing glucose[75]. This may be due 
to the higher level of oxidative stress caused by the 
oxidation of FA in comparison with carbohydrates, 
due to the increased oxygen consumption rate in the 
former[76].

The ATP synthesis/oxygen consumption rates 
for glucose and lactic acid are 3.17 and 3.00, 
respectively; whereas they are 2.80 and 2.86 for 
palmitate and oleate, respectively. Although these 
are theoretical values which may be lower in vivo as 
a consequence of the constant proton efflux through 
the mitochondrial membrane, the differences between 
substrates remain substantial[77]. For example, when 
comparing palmitate with glucose, the complete 
oxidation of 1 molecule of palmitate yields 105 ATP 
molecules and requires 46 oxygen atoms, while 1 
molecule of glucose generates 31 ATP molecules 
and uses 12 oxygen atoms. Thus, despite FA 
clearly yielding greater amount of ATP, this occurs 
at the expense of larger oxygen requirements[39]. 
Furthermore, β-oxidation of FA generates more lipid 
peroxidation due to increased delivery of NADH and 
FADH2 to the electron transport chain and production 
of superoxide anion[78].

In addition, elevated free FA are harmful in the 
ischemic myocardium, augmenting cell damage. In 
the first hours of an acute myocardial infarction (AMI), 
free FA can act as detergents on the cell membrane 
of cardiomyocytes[79-81]. Moreover, there is increased 
generation of free radicals, which can inactivate IRS-1 
via phosphorylation of serine residues. This directly 
promotes insulin resistance and simultaneously 
stimulates the release of proinflammatory cytokines, 
such as TNF-α and IL-6[82]. Therefore, all conditions 
of metabolic inefficiency in the heart favor insulin-
mediated left ventricular remodeling and diastolic 
myocardial dysfunction[83].

Considering this, various systemic conditions such 
as obesity cause elevated serum free FA which 
can potentiate β-oxidation, and thus increase lipid 
traffic in cardiomyocytes, prompting a phenomenon 
termed lipotoxicity[13,84]. This process can lead the cell 
towards contractile dysfunction, insulin resistance and 
ultimately apoptosis in association with accumulation 
of ceramides[85].

On the other hand, pre-clinical and clinical evidence 
suggests partial inhibition of free FA oxidation in the 
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low pH, oxygen depletion, increased intracellular 
calcium and potentiated sympathetic signaling[105]. 
These events, along with the high proportion of 
electrical decoupling and the auto-oscillatory activity 
of individual cells lay the foundation for a very variable 
syncytial behavior[106]. This leads to the continuous 
generation of mini-reentry circuits from individual 
ectopic rhythmic foci within the decoupled cell areas, 
which then spread to the better coupled zones 
within the penumbra, constituting the genesis of 
arrhythmias[107]. In concert, these changes are thought 
to be the triggers and substrates for ventricular 
arrhythmias, although further research is required to 
elucidate them in more detail.

LIPOTOXIC PHENOMENA IN ISCHEMIA 
AND ARRHYTHMIA

In 1968, Oliver et al.[108] determined patients with AMI 
and especially those with elevated free FA levels 
had a greater incidence of ventricular arrhythmias in 
comparison with normolipemic patients. This finding 
has been also been found by various authors ever 
since[109]. More recently, in the Paris Prospective 
Study - a research realized in 5,250 male subjects 
followed during 22 years - high plasma free FA levels 
have been associated with sudden cardiac death, yet 
appeared to be unrelated to other causes of AMI[110].

The exact mechanism through which the shifts in FA/
glucose metabolism in the cardiomyocyte lead to 

of lysophosphatidylcholine, which activates Na+ 
channels and Na+/H+ exchangers, enhancing the entry 
of Na+ into the cell[97]. On the other hand, endothelin-1 
activity increases exponentially during acute ischemia, 
mediating direct and indirect electrophysiological 
effects through type-A endothelin receptors, and 
possibly playing a protecting role through type B 
endothelin receptors during the early stages of 
ischemia[98].

Acute pro-inflammatory cytokines - including TNF-α, 
IL-1β, IL-6 - and metalloproteinases are also found 
in greater proportions in the myocardium following 
an AMI, and may account for the electrophysiological 
changes observed in the cardiomyocytes within the 
border zone of the infarction[99]. This suggests an 
inflammatory process is involved in the remodeling 
and arrhythmogenic changes seen after an infarction. 
Patients with post-AMI arrhythmias tend to display 
higher levels of pro-inflammatory cytokines than 
those without arrhythmias[100,101]; and subjects without 
AMI or structural myocardial damage with systemic 
inflammation have shown an increased risk of 
ventricular tachyarrhythmias[102].

This catalogue of arrhythmogenic changes occur 
heterogeneously along the penumbra of the infarction 
zone, impairing its functionality as a syncytium and 
the electrical coupling among cardiomyocytes[103,104]. 
These phenomena are complex and appear to occur 
erratically due to the dynamic nature of reperfusion, 

Figure 3: Mechanisms involved in the genesis of ventricular arrhythmias in the ischemic myocardiocyte. SR: sarcoplasmic reticulum; NCX: 
Na+/Ca2+ exchanger; ROS: reactive oxygen species; FFA: free fatty acids; P: phosphate
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drugs for rapid inhibition of lipolysis would yield better 
results, yet research efforts in this line remain scarce 
and poor.

Quick myocardial FA availability has been closely 
related with epicardial adipose tissue (EAT) or 
the epicardial fat pad which is found between the 
myocardium and the visceral pericardium. This isin 
close proximity with the coronary arteries and so 
facilitates the activity of anti-inflammatory and pro-
inflammatory adipokines and FA in the myocardium 
and arterial walls [124,125]. The Framingham Heart 
Study[126] has identified the EAT volume as a predictor 
of atrial fibrillation - the most frequent arrhythmia in 
clinical practice - independent of other methods for 
the measurement of adiposity such as the body mass 
index. Other studies have reported the EAT volume 
to be associated with the prevalence and severity of 
atrial fibrillation[127].

The EAT has also been found to release pro-
inflammatory messengers such as activin A, which 
induces the expression of the transforming growth 
factor β1 (TGF-β1) and several metalloproteinases. 
These are key regulators in the homeostasis of 
the extracellular matrix - in particular by modifying 
collagen fibers - and mediate the profibrotic effect 
of EAT in the atrial myocardium [128]. Many other 
inflammatory mediators secreted by EAT also 
intervene in the pathogenesis of atrial fibrillation, 
including TNF-α, IL-8, and the monocyte chemotactic 
protein 1 (MCP-1)[129].

Finally, increased EAT has been associated with fatty 
infiltration in the myocardium, which contributes to 
tissue disorganization and promotes an arrhythmia-
prone environment [130]. At the same time, these 
deposits favor the proliferation of myofibroblasts and 
increase the amount of dystrophic cardiomyocytes[130]. 
In this context, the EAT has been proposed as 
a novel therapeutic target in the management of 
cardiovascular disease[125].

CONCLUSION

The cardiomyocyte is the protagonist cell in the heart 
which allows it to function as a pump. This capacity 
requires strict electrophysiological and mechanical 
control and large amounts of ATP. These energetic 
demands are covered by a dynamic selection 
of substrates, shift ing between carbohydrates 
and FA depending on various intracellular and 
systemic circumstances. Myocardial metabolism 
has been historically described as the “lost child of 
cardiology”[131], as clinicians have rather focused on 

arrhythmia remain unclear, yet various alternatives 
have been proposed [111]. During an infarction, 
numerous events develop in parallel, with some 
of the earliest being precordial pain and increased 
sympathetic activity[112]. Although a moderate increase 
in catecholamines may aid in maintaining cardiac 
contractility in the face of oxygen depletion, excessive 
signaling can augment the energetic demands of the 
myocardium, impairing functionality[113].

It has been proposed that for the ischemic cardiomyocyte, 
glucose metabolism is more beneficial, and FA 
metabolism is deleterious[114]. However, FA availability 
is much greater: catecholamines induce lipolysis in 
adipose tissue, abruptly rising circulating FA levels[115], 
and inhibit insulin signaling, reducing glucose entry 
into the myocardium[116]. Likewise, FA can inhibit 
glucose oxidation and potentiate oxygen consumption 
in ischemic myocardial areas, leading to a preferential 
utilization of FA over glucose during ischemia[117].

The mechanisms underlying FA-related toxicity 
appear to be fundamentally linked with adrenergic 
stimulation [118]. However, FA also exhibit direct 
arrhythmogenic activity. Even without ischemia, a 
sufficiently high free FA/albumin molar rate can inhibit 
β-oxidation, leading to accumulation of acyl-carnitine 
and acyl-CoA in the cytosol. In turn, acyl-carnitine 
inhibits Ca++ pumps in the sarcoplasmic reticulum, 
as well as the Na+/Ca++ exchanger and the Na+/K+ 
ATPase pump, finalizing in an overload of Ca++ in the 
cytosol[119].

Furthermore, other metabolic processes activated 
upon elevation of free FA levels, such as membrane 
lipid peroxidation, inhibition of β-oxidation, uncoupling 
of proteins in the mitochondrial respiratory chain, 
accumulation of CoA derivates and extracellular K+ 
with shortening of action potentials, are all harmful 
for the ischemic cardiomyocyte[120]. On this basis, 
strong arguments propose the reduction of circulating 
free FA as a therapeutic measure in AMI, although 
further evidence is required to encourage this 
practice. Regarding instrumentation, the glucose-
insulin-potassium (GIK) infusion is a well-known 
and viable alternative, as it promotes glucose entry 
into the myocardium and inhibits lipolysis, with the 
metabolic benefits this implies in cardiomyocytes[121]. 
Despite early clinical trials failing to demonstrate 
the utility of GIK at decreasing sudden death during 
the first 3 days following an AMI[122], more recent 
reports, such as the IMMEDIATE study have shown 
better outcomes at a 1-year follow-up: in patients 
with STEMI, 1-year mortality and hospitalizations for 
heart failure decreased significantly[123]. Theoretically, 
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thrombolysis and angioplasty, and very little practical 
value has been obtained from its study. Nonetheless, 
the evidence suggesting metabolic causes for 
arrhythmias grants a “resuscitation” of this cause[120]. 
Indeed, further research is required in order to explore 
and exploit the therapeutic implications of myocardial 
metabolism.
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Sternal non-union is a rare but serious complication post-sternotomy. It is defined as sternal 
pain with clicking, instability, or both for more than 6 months in the absence of infection and 
usually presents in an outpatient setting. It may result in multiple admissions to the hospital 
for surgical debridement and wound care therapies. Several risk factors have been identified 
in the literature but treatment options are limited. Proven benefits of increased stability and 
decreased incidence of non-union using the principles of rigid fixation have been described 
in other surgical specialties such as orthopaedic surgery. Employing this, the authors describe 
the first successful sternal non-union fixation using the Titanium Sternal Fixation System 
(DepuySynthes) in Scotland.
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INTRODUCTION

A 54-year-old male was referred to our unit following 
a Non-ST elevation myocardial infarction. His past 

medical history included type 2 diabetes mellitus 
for which he was on oral hypoglycaemic agents and 
subcutaneous insulin. He underwent a coronary 
angiogram that revealed severe triple vessel disease in: 
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(1) the left anterior descending artery; (2) intermediate 
artery; (3) right coronary artery. The patient also had 
an occluded distal circumflex artery.

At the time of angiography, the patient had an estimated 
ejection fraction of about 35%. He was referred to 
the care of the cardiac surgeons for consideration of 
coronary artery bypass grafting (CABG).

He successfully underwent a quadruple vessel 
bypass using a bilateral internal thoracic artery (BITA) 
technique. This involves using both internal thoracic 
arteries as a Y-graft and sequential anastomosis 
to the target vessel. The closure of his sternum was 
performed using stainless steel wires (USP size 6) in 
a modified Robicsek technique [Figure 1] given his 
history of diabetes. This involves placing stainless 
steel wires parasternally on both sides. The initial 
wire is passed via the manubrium through the second 
intercostal space, forming a ring. This is continued 
for the succeeding intercostal spaces. Transverse 
parasternal wires are then placed proximal to distally 
allowing horizontal and vertical stabilization. He was 
discharged on postoperative day 6 after satisfactory 
progression[1]. On his journey home, the taxi he was 
involved in a near collision necessitating a sudden 
stop. He recalled an audible click on the tugging action 
of the seatbelt and noted increase movement in his 
sternum. He was referred following concerns of a non-
healing sternal wound that was treated conservatively 
in the community that was worst on lifting objects and 
affected his sleep.

CASE REPORT

He described abnormal clicking and movement of 

his sternum when turning in bed. There were no 
discharging sinuses as the skin had healed well. All 
other examination findings were normal.

His blood results revealed a HbA1c of 110 mmol/mol 
(normal range 20-42) indicating poor glycemic control. 
All other blood results were within normal limits.

A computed tomography scan revealed noted the 
displacement of the two sternal edges with a midline 
defect confirming malunion of the sternum and he was 
consented for sternal fixation. He was also referred to 
a diabetologist for optimisation of his glycemic control 
[Figure 2].

Procedure
The patient was prepped and draped in standard 
fashion. A midline incision was made on the skin. The 
sternal wires were removed and sent for microbiology 
analysis. Further debridement of devitalised tissues 
was performed with no use of bone wax. A specimen 
of bone was sent for microbiology.

Using a depth gauge, the sternal edges adjacent to 
each rib was measured for placement of the plates. 
Sternal reducing forceps was then used to reduce the 
cranial and caudal ends of the sternum. A template 
was used to gauge the size and contours needed 
prior to shaping of the eventual plate using bending 
pliers and a rod cutter. Two other plates were inserted 
to provide satisfactory fixation of the sternum. Bone 
grafts from the patients iliac crest was used to enhance 
the osteosynthesis. The sternum was then irrigated 
with saline. The pectoral muscles were sutured using 
interrupted Vicryl sutures, with continuous Vicryl for the 
subcutaneous layer closure and skin using Monocryl. 
The patient was extubated in theatre and taken to the 
wards.

Postoperatively, the patient recovered well with Figure 1: Chest X-ray showing sternal wires

Figure 2: Computed tomography scan of thorax showing non-
union of sternum (red arrow - sternal malunion)
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minimal oral opioids and was discharged home on 
postoperative day 3 [Figure 3].

Microbiology results revealed inflamed fibrous tissue 
with a fibrinous reaction from the sternal debridement 
and no signs of infection or malignancy.

He was seen at the routine follow-up clinic 6 weeks 
and 1 year postoperatively with no further complaints 
of pain.

DISCUSSION

Since the advents of the SYNTAX trial (2009)[2], CABGs 
have been the mainstay of treatment of triple vessel 
diseases involving the left main stem as it had a lower 
rate of major adverse cardiac or cerebrovascular event 
at 1 year. Most CABG patients across the UK (90%) 
receive a “standard” operation with a single internal 
thoracic artery and vein grafts for revascularisation 
with excellent postoperative outcomes[3]. Progressive 
vein graft failure however is inevitable in these 
groups[4]. A meta-analysis by Yi et al.[5] highlighted that 
the benefits of BITA that continued to increase with 
duration of follow-up with freedom from redo surgery 
and survival[5]. A study by Nasso et al.[6] showed the 
superiority of a dual arterial technique over a single 
arterial graft technique at 2 years.

Critics of BITA however highlight its limitation with the 
theoretical increased risk of sternal wound infections 
due to the devascularisation of the sternum. Grossi et al.[7] 

highlighted the risk of devascularizing the sternum 
as an independent risk factor for sternal wound 
infection development[7]. With improving techniques 
of skeletonising the internal thoracic arteries however, 
many other studies have shown that there is no 
increased risk of BITA over single internal thoracic 
artery even in diabetic patients regardless of whether 
the surgery was on-pump or off-pump[8-11].

Another risk factor for sternal dehiscence is poor sternal 
closure. Sternal closure stability plays a pivotal role 
in preventing this. Our patient underwent a modified 
Robicsek closure which is described as sternal closure 
technique that provides the greatest stability[12]. This 
consists of placing interlocking steel wires parasternal 
bilaterally and then including them in transverse sternal 
wires providing stability against vertical and horizontal 
forces.

Poor glycemic control in diabetics has also been 
identified as an independent risk factor for sternal 
dehiscence. Optimisation of preoperative levels of 
HbA1c and blood glucose significantly reduced the rate 
of sternal wound complications in patients undergoing 
CABG[13].

Sternal non-union is defined as sternal pain with 
clicking, instability, or both for more than 6 months in 
the absence of infection as present in outpatient. The 
use of plating for sternal non-union is relatively new. 
Hendrickson et al.[14] first described its use in a case 
series of 6 patients with debilitating pain who reported 
improved quality of life post-plating with radiological 
evidence of fully healed sternotomies on follow up. Two 
patients developed bursae which settled on removal 
of the plates. Since then, multiple instances of sternal 
plate fixation have been used in the literature. A recent 
pilot study even advocated its use for primary closure 
of the sternum[15].

Vos et al.[16] conducted a retrospective analysis of 
patients with sternal dehiscence and compared 
outcomes of standard repair (steel wire cerclage and 
pectoralis muscle reconstruction) vs. titanium plating. 
The sternal plating group had greater sternal stability 
compared to the standard closure.

Kim et al.[17] conducted a similar review of their patients. 
In their cohort of 2,769 patients, 36 patients developed 
deep sternal wound complications and 17 underwent 
titanium plate fixation following debridement of the 
sternum. Almost half of the patients who underwent 
plating were diabetic (n = 8). Eight patients had 
undergone conservative therapy (vacuum dressings 
and soft tissue debridement) prior to internal fixation 

Figure 3: Postoperative chest X-ray showing union and fixation of 
sternum with titanium sternal fixation system
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with a titanium plate. One patient died following multi-
organ failure secondary to mediastinitis that was present 
prior to plating with 2 requiring wound revisions due to 
aseptic wound dehiscence confined to the soft tissue. 
Another patient contracted tuberculosis and warranted 
an extended in-hospital stay. They concluded that rigid 
plate sternal fixation was a good option particularly for 
patients who require aggressive sternal resection.

The titanium plates also cost more than the other 
traditional methods of management including irrigation 
debridement and rewiring. However, considering 
its effectiveness, the shortened postoperative stay, 
improved outcomes and reduced readmission rates 
may reap its benefits.

Given the improvements in cardiac surgical techniques, 
sternal non-union remains an uncommon complication, 
albeit with significant morbidity. A larger multicentre 
trial may be warranted to verify its benefits over other 
modalities.

In conclusion, sternal fixation is a viable method to 
treat sternal malunion. Larger studies are needed to 
highlight its benefits compared to conventional therapy.
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1. Submission Overview
Before you decide to publish with us, please read the following items carefully and make sure that you are well aware of 
Editorial Policies and the following requirements.

1.1 Topic Suitability
The topic of the manuscript must fit the scope of the journal. Please refer to Aims and Scope for more information.

1.2 Open Access and Copyright
The journal adopts Gold Open Access publishing model since its establishment and has been distributing contents under 
Attribution 4.0 International License. Please make sure that you are well aware of these policies.

1.3 Publication Fees
There are no fees for submission, processing, and publication.

1.4 Language Editing
All submissions are required to be presented clearly and cohesively in good English. Authors whose first language is not 
English are advised to have their manuscripts checked or edited by a native English speaker before submission to ensure 
the high quality of expression. A well-organized manuscript in good English would make the peer review even the whole 
editorial handling more smooth and efficient. 
If needed, authors are recommended to consider the language editing services provided by Charlesworth to ensure that 
the manuscript is written in correct scientific English before submission. Authors who publish with OAE journals enjoy a 
special discount for the services of Charlesworth via the following two ways.
Submit your manuscripts directly at http://www.charlesworthauthorservices.com/~OAE;
Open the link http://www.charlesworthauthorservices.com/, and enter Promotion Code “OAE” when you submit.

1.5 Work Funded by the National Institutes of Health
If an accepted manuscript was funded by National Institutes of Health (NIH), the author may inform editors of the NIH 
funding number. The editors are able to deposit the paper to the NIH Manuscript Submission System on behalf of the author.

2. Submission Preparation
2.1 Cover Letter
A cover letter is required to be submitted accompanying each manuscript. It should be concise and explain why the study 
is significant, why it fits the scope of the journal, and why it would be attractive to readers, etc. 
Here is a guideline of a cover letter for authors’ consideration: 
In the first paragraph: include the title and type (e.g., Original Article, Review, Case Report, etc.) of the manuscript, a brief 
on the background of the study, the question the author sought out to answer and why;
In the second paragraph: concisely explain what was done, the main findings and why they are significant; 
In the third paragraph: indicate why the manuscript fits the Aims and Scope of the journal, and why it would be attractive 
to readers; 
In the fourth paragraph: confirm that the manuscript has not been published elsewhere and not under consideration of any 
other journal. All authors have approved the manuscript and agreed on its submission to the journal. Journal’s specific 
requirements have been met if any. 
If the manuscript is contributed to a special issue, please also mention it in the cover letter.
If the manuscript was presented partly or entirely in a conference, the author should clearly state the background information 
of the event, including the conference name, time and place in the cover letter.

2.2 Types of Manuscripts
There is no restriction on the length of manuscripts, number of figures, tables and references, provided that the manuscript 
is concise and comprehensive. The journal publishes Original Article, Review, Meta-Analysis, Case Report, Commentary, 
etc. For more details about paper type, please refer to the following table.
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Manuscript 
Type Definition Abstract Keywords Main Text Structure

Original 
Article

An Original Article describes detailed results 
from novel research. All findings are extensively 
discussed.

Structured abstract 
including Aim, Methods, 
Results and Conclusion. 
No more than 250 words.

3-8 keywords The main content should 
include four sections: 
Introduction, Methods, 
Results and Discussion.

Review A Review paper summarizes the literature on 
previous studies. It usually does not present any 
new information on a subject.

Unstructured abstract. 
No more than 250 words.

3-8 keywords The main text may 
consist of several 
sections with unfixed 
section titles. We 
suggest that the 
author includes an 
"Introduction" section at 
the beginning, several 
sections with unfixed 
titles in the middle part, 
and a "Conclusion" 
section in the end.

Case Report A Case Report details symptoms, signs, diagnosis, 
treatment, and follows up an individual patient. 
The goal of a Case Report is to make other 
researchers aware of the possibility that a specific 
phenomenon might occur. 

Unstructured abstract. 
No more than 150 words.

3-8 keywords The main text consists 
of three sections with 
fixed section titles: 
Introduction, Case 
Report, and Discussion.

Meta-
Analysis

A Meta-Analysis is a statistical analysis combining 
the results of multiple scientific studies. It is often 
an overview of clinical trials.

Structured abstract 
including Aim, Methods, 
Results and Conclusion. 
No more than 250 words.

3-8 keywords The main content should 
include four sections: 
Introduction, Methods, 
Results and Discussion.

Systematic 
Review

A Systematic Review collects and critically 
analyzes multiple research studies, using methods 
selected before one or more research questions 
are formulated, and then finding and analyzing 
related studies and answering those questions in a 
structured methodology.

Structured abstract 
including Aim, Methods, 
Results and Conclusion. 
No more than 250 words.

3-8 keywords The main content should 
include four sections: 
Introduction, Methods, 
Results and Discussion.

Technical 
Note

A Technical Note is a short article giving a brief 
description of a specific development, technique 
or procedure, or it may describe a modification of 
an existing technique, procedure or device applied 
in research.

Unstructured abstract. 
No more than 250 words.

3-8 keywords /

Commentary A Commentary is to provide comments on a newly 
published article or an alternative viewpoint on a 
certain topic.

Unstructured abstract. 
No more than 250 words.

3-8 keywords /

Editorial An Editorial is a short article describing news 
about the journal or opinions of senior editors or 
the publisher.

None required None 
required

/

Letter to 
Editor

A Letter to Editor is usually an open post-
publication review of a paper from its readers, 
often critical of some aspect of a published paper. 
Controversial papers often attract numerous 
Letters to Editor

Unstructured abstract 
(optional). No more than 
250 words.

3-8 keywords 
(optional)

/

Opinion An Opinion usually presents personal thoughts, 
beliefs, or feelings on a topic.

Unstructured abstract 
(optional). No more than 
250 words.

3-8 keywords /

Perspective A Perspective provides personal points of view on 
the state-of-the-art of a specific area of knowledge 
and its future prospects. Links to areas of intense 
current research focus can also be made. The 
emphasis should be on a personal assessment 
rather than a comprehensive, critical review. 
However, comments should be put into the context 
of existing literature. Perspectives are usually 
invited by the Editors.

Unstructured abstract. 
No more than 150 words.

3-8 keywords /
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2.3 Manuscript Structure
2.3.1 Front Matter
2.3.1.1 Title
The title of the manuscript should be concise, specific and relevant, with no more than 16 words if possible. When gene or 
protein names are included, the abbreviated name rather than full name should be used.

2.3.1.2 Authors and Affiliations
Authors’ full names should be listed. The initials of middle names can be provided. Institutional addresses and email 
addresses for all authors should be listed. At least one author should be designated as corresponding author. In addition, 
corresponding authors are suggested to provide their Open Researcher and Contributor ID upon submission. Please note 
that any change to authorship is not allowed after manuscript acceptance.

2.3.1.3 Abstract
The abstract should be a single paragraph with word limitation and specific structure requirements (for more details please 
refer to Types of Manuscripts). It usually describes the main objective(s) of the study, explains how the study was done, 
including any model organisms used, without methodological detail, and summarizes the most important results and their 
significance. The abstract must be an objective representation of the study: it is not allowed to contain results which are not 
presented and substantiated in the manuscript, or exaggerate the main conclusions. Citations should not be included in the 
abstract.

2.3.1.4 Keywords
Three to eight keywords should be provided, which are specific to the article, yet reasonably common within the subject 
discipline.

2.3.2 Main Text
Manuscripts of different types are structured with different sections of content. Please refer to Types of Manuscripts to 
make sure which sections should be included in the manuscripts.

2.3.2.1 Introduction
The introduction should contain background that puts the manuscript into context, allow readers to understand why the 
study is important, include a brief review of key literature, and conclude with a brief statement of the overall aim of the 
work and a comment about whether that aim was achieved. Relevant controversies or disagreements in the field should be 
introduced as well.

2.3.2.2 Methods
Methods should contain sufficient details to allow others to fully replicate the study. New methods and protocols should be 
described in detail while well-established methods can be briefly described or appropriately cited. Experimental participants 
selected, the drugs and chemicals used, the statistical methods taken, and the computer software used should be identified 
precisely. Statistical terms, abbreviations, and all symbols used should be defined clearly. Protocol documents for clinical 
trials, observational studies, and other non-laboratory investigations may be uploaded as supplementary materials.

2.3.2.3 Results
This section contains the findings of the study. Results of statistical analysis should also be included either as text or as 
tables or figures if appropriate. Authors should emphasize and summarize only the most important observations. Data on 
all primary and secondary outcomes identified in the section Methods should also be provided. Extra or supplementary 
materials and technical details can be placed in supplementary documents.

2.3.2.4 Discussion
This section should discuss the implications of the findings in context of existing research and highlight limitations of the 
study. Future research directions may also be mentioned.

2.3.2.5 Conclusion
It should state clearly the main conclusions and include the explanation of their relevance or importance to the field.

2.3.3 Back Matter
2.3.3.1 Acknowledgments
Anyone who contributed towards the article but does not meet the criteria for authorship, including those who provided 
professional writing services or materials, should be acknowledged. Authors should obtain permission to acknowledge 
from all those mentioned in the Acknowledgments section. This section is not added if the author does not have anyone to 
acknowledge.
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2.3.3.2 Authors’ Contributions
Each author is expected to have made substantial contributions to the conception or design of the work, or the acquisition, 
analysis, or interpretation of data, or the creation of new software used in the work, or have drafted the work or substantively 
revised it. 
Please use Surname and Initial of Forename to refer to an author’s contribution. For example: made substantial contributions 
to conception and design of the study and performed data analysis and interpretation: Salas H, Castaneda WV; performed 
data acquisition, as well as provided administrative, technical, and material support: Castillo N, Young V. 
If an article is single-authored, please include “The author contributed solely to the article.” in this section.

2.3.3.3 Availability of Data and Materials
In order to maintain the integrity, transparency and reproducibility of research records, authors should include this section 
in their manuscripts, detailing where the data supporting their findings can be found. Data can be deposited into data 
repositories or published as supplementary information in the journal. Authors who cannot share their data should state 
that the data will not be shared and explain it. If a manuscript does not involve such issue, please state “Not applicable.” in 
this section.

2.3.3.4 Financial Support and Sponsorship
All sources of funding for the study reported should be declared. The role of the funding body in the experiment design, 
collection, analysis and interpretation of data, and writing of the manuscript should be declared. Any relevant grant numbers 
and the link of funder’s website should be provided if any. If the study is not involved with this issue, state “None.” in this 
section.

2.3.3.5 Conflicts of Interest
Authors must declare any potential conflicts of interest that may be perceived as inappropriately influencing the 
representation or interpretation of reported research results. If there are no conflicts of interest, please state “All authors 
declared that there are no conflicts of interest.” in this section. Some authors may be bound by confidentiality agreements. 
In such cases, in place of itemized disclosures, we will require authors to state “All authors declare that they are bound by 
confidentiality agreements that prevent them from disclosing their conflicts of interest in this work.”. If authors are unsure 
whether conflicts of interest exist, please refer to the “Conflicts of Interest” of OAE Editorial Policies for a full explanation.

2.3.3.6 Ethical Approval and Consent to Participate
Research involving human subjects, human material or human data must be performed in accordance with the Declaration 
of Helsinki and approved by an appropriate ethics committee. An informed consent to participate in the study should also 
be obtained from participants, or their parents or legal guardians for children under 16. A statement detailing the name of 
the ethics committee (including the reference number where appropriate) and the informed consent obtained must appear 
in the manuscripts reporting such research. 
Studies involving animals and cell lines must include a statement on ethical approval. More information is available at 
Editorial Policies. 
If the manuscript does not involve such issue, please state “Not applicable.” in this section.

2.3.3.7 Consent for Publication
Manuscripts containing individual details, images or videos, must obtain consent for publication from that person, or in 
the case of children, their parents or legal guardians. If the person has died, consent for publication must be obtained from 
the next of kin of the participant. Manuscripts must include a statement that a written informed consent for publication was 
obtained. Authors do not have to submit such content accompanying the manuscript. However, these documents must be 
available if requested. If the manuscript does not involve this issue, state “Not applicable.” in this section.

2.3.3.8 Copyright
Authors retain copyright of their works through a Creative Commons Attribution 4.0 International License that clearly 
states how readers can copy, distribute, and use their attributed research, free of charge. A declaration “© The Author(s) 
2017.” will be added to each article. Authors are required to sign License to Publish before formal publication.

2.3.3.9 References
References should be numbered in order of appearance at the end of manuscripts. In the text, reference numbers should 
be placed in square brackets and the corresponding references are cited thereafter. Only the first five authors’ names are 
required to be listed in the references, other authors’ names should be omitted and replaced with “et al.”. Abbreviations of 
the journals should be provided on the basis of Index Medicus. Information from manuscripts accepted but not published 
should be cited in the text as “Unpublished material” with written permission from the source. 
References should be described as follows, depending on the types of works:
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Author Instructions

Types Examples
Journal articles by 
individual authors

Weaver DL, Ashikaga T, Krag DN, Skelly JM, Anderson SJ, et al. Effect of occult metastases on 
survival in node-negative breast cancer. N Engl J Med 2011;364:412-21. [PMID: 21247310 DOI: 
10.1056/NEJMoa1008108]

Organization as author Diabetes Prevention Program Research Group. Hypertension, insulin, and proinsulin in participants 
with impaired glucose tolerance. Hypertension 2002;40:679-86. [PMID: 12411462]

Both personal authors and 
organization as author

Vallancien G, Emberton M, Harving N, van Moorselaar RJ; Alf-One Study Group. Sexual dysfunction 
in 1,274 European men suffering from lower urinary tract symptoms. J Urol 2003;169:2257-61. [PMID: 
12771764 DOI: 10.1097/01.ju.0000067940.76090.73]

Journal articles not in 
English

Zhang X, Xiong H, Ji TY, Zhang YH, Wang Y. Case report of anti-N-methyl-D-aspartate receptor 
encephalitis in child. J Appl Clin Pediatr 2012;27:1903-7. (in Chinese)

Journal articles ahead of 
print

Odibo AO. Falling stillbirth and neonatal mortality rates in twin gestation: not a reason for 
complacency. BJOG 2018; Epub ahead of print [PMID: 30461178 DOI: 10.1111/1471-0528.15541]

Books Sherlock S, Dooley J. Diseases of the liver and billiary system. 9th ed. Oxford: Blackwell Sci Pub; 
1993. pp. 258-96.

Book chapters Meltzer PS, Kallioniemi A, Trent JM. Chromosome alterations in human solid tumors. In: Vogelstein 
B, Kinzler KW, editors. The genetic basis of human cancer. New York: McGraw-Hill; 2002. pp. 93-
113.

Online resource FDA News Release. FDA approval brings first gene therapy to the United States. Available from: 
https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm574058.htm. [Last accessed 
on 30 Oct 2017]

Conference proceedings Harnden P, Joffe JK, Jones WG, editors. Germ cell tumours V. Proceedings of the 5th Germ Cell 
Tumour Conference; 2001 Sep 13-15; Leeds, UK. New York: Springer; 2002.

Conference paper Christensen S, Oppacher F. An analysis of Koza's computational effort statistic for genetic 
programming. In: Foster JA, Lutton E, Miller J, Ryan C, Tettamanzi AG, editors. Genetic 
programming. EuroGP 2002: Proceedings of the 5th European Conference on Genetic Programming; 
2002 Apr 3-5; Kinsdale, Ireland. Berlin: Springer; 2002. pp. 182-91.

Unpublished material Tian D, Araki H, Stahl E, Bergelson J, Kreitman M. Signature of balancing selection in Arabidopsis. 
Proc Natl Acad Sci U S A. Forthcoming 2002.

For other types of references, please refer to U.S. National Library of Medicine. 
The journal also recommends that authors prepare references with a bibliography software package, such as EndNote to 
avoid typing mistakes and duplicated references.

2.3.3.10 Supplementary Materials
Additional data and information can be uploaded as Supplementary Material to accompany the manuscripts. The 
supplementary materials will also be available to the referees as part of the peer-review process. Any file format is 
acceptable, such as data sheet (word, excel, csv, cdx, fasta, pdf or zip files), presentation (powerpoint, pdf or zip files), image 
(cdx, eps, jpeg, pdf, png or tiff), table (word, excel, csv or pdf), audio (mp3, wav or wma) or video (avi, divx, flv, mov, mp4, 
mpeg, mpg or wmv). All information should be clearly presented. Supplementary materials should be cited in the main text 
in numeric order (e.g., Supplementary Figure 1, Supplementary Figure 2, Supplementary Table 1, Supplementary Table 2, etc.). 
The style of supplementary figures or tables complies with the same requirements on figures or tables in main text. Videos 
and audios should be prepared in English, and limited to a size of 500 MB or a duration of 3 minutes.

2.4 Manuscript Format
2.4.1 File Format
Manuscript files can be in DOC and DOCX formats and should not be locked or protected.

2.4.2 Length
There are no restrictions on paper length, number of figures, or amount of supporting documents. Authors are encouraged 
to present and discuss their findings concisely.

2.4.3 Language
Manuscripts must be written in English.

2.4.4 Multimedia Files
The journal supports manuscripts with multimedia files. The requirements are listed as follows:
Videos or audio files are only acceptable in English. The presentation and introduction should be easy to understand. The 
frames should be clear, and the speech speed should be moderate.
A brief overview of the video or audio files should be given in the manuscript text.
The video or audio files should be limited to a duration of 3 min and a size of up to 500 MB.



Author Instructions

Please use professional software to produce high-quality video files, to facilitate acceptance and publication along with the 
submitted article. Upload the videos in mp4, wmv, or rm format (preferably mp4) and audio files in mp3 or wav format.

2.4.5 Figures
Figures should be cited in numeric order (e.g., Figure 1, Figure 2) and placed after the paragraph where it is first cited;
Figures can be submitted in format of tiff, psd, AI or jpeg, with resolution of 300-600 dpi;
Figure caption is placed under the Figure; 
Diagrams with describing words (including, flow chart, coordinate diagram, bar chart, line chart, and scatter diagram, etc.) 
should be editable in word, excel or powerpoint format. Non-English information should be avoided;
Labels, numbers, letters, arrows, and symbols in figure should be clear, of uniform size, and contrast with the background;
Symbols, arrows, numbers, or letters used to identify parts of the illustrations must be identified and explained in the 
legend; 
Internal scale (magnification) should be explained and the staining method in photomicrographs should be identified; 
All non-standard abbreviations should be explained in the legend;
Permission for use of copyrighted materials from other sources, including re-published, adapted, modified, or partial 
figures and images from the internet, must be obtained. It is authors’ responsibility to acquire the licenses, to follow any 
citation instruction requested by third-party rights holders, and cover any supplementary charges.

2.4.6 Tables
Tables should be cited in numeric order and placed after the paragraph where it is first cited;
The table caption should be placed above the table and labeled sequentially (e.g., Table 1, Table 2);
Tables should be provided in editable form like DOC or DOCX format (picture is not allowed);
Abbreviations and symbols used in table should be explained in footnote;
Explanatory matter should also be placed in footnotes;
Permission for use of copyrighted materials from other sources, including re-published, adapted, modified, or partial tables 
from the internet, must be obtained. It is authors’ responsibility to acquire the licenses, to follow any citation instruction 
requested by third-party rights holders, and cover any supplementary charges.

2.4.7 Abbreviations
Abbreviations should be defined upon first appearance in the abstract, main text, and in figure or table captions and used 
consistently thereafter. Non-standard abbreviations are not allowed unless they appear at least three times in the text. 
Commonly-used abbreviations, such as DNA, RNA, ATP, etc., can be used directly without definition. Abbreviations in 
titles and keywords should be avoided, except for the ones which are widely used.

2.4.8 Italics
General italic words like vs., et al., etc., in vivo, in vitro; t test, F test, U test; related coefficient as r, sample number as n, 
and probability as P; names of genes; names of bacteria and biology species in Latin.

2.4.9 Units
SI Units should be used. Imperial, US customary and other units should be converted to SI units whenever possible. There 
is a space between the number and the unit (i.e., 23 mL). Hour, minute, second should be written as h, min, s.

2.4.10 Numbers
Numbers appearing at the beginning of sentences should be expressed in English. When there are two or more numbers 
in a paragraph, they should be expressed as Arabic numerals; when there is only one number in a paragraph, number < 10 
should be expressed in English and number > 10 should be expressed as Arabic numerals. 12345678 should be written as 
12,345,678.

2.4.11 Equations
Equations should be editable and not appear in a picture format. Authors are advised to use either the Microsoft Equation 
Editor or the MathType for display and inline equations.

2.5 Submission Link 
Submit an article via https://www.oaemesas.com/vp.
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