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Abstract
Numerous studies have revealed the critical role of premature senescence induced by various cancer treatment 
modalities in the pathogenesis of aging-related diseases. Senescence-associated secretory phenotype (SASP) can 
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be induced by telomere dysfunction. Telomeric DNA damage response induced by some cancer treatments can 
persist for months, possibly accounting for long-term sequelae of cancer treatments. Telomeric DNA damage-
induced mitochondrial dysfunction and increased reactive oxygen species production are hallmarks of premature 
senescence. Recently, we reported that the nucleus-mitochondria positive feedback loop formed by p90 ribosomal 
S6 kinase (p90RSK) and phosphorylation of S496 on ERK5 (a unique member of the mitogen-activated protein 
kinase family that is not only a kinase but also a transcriptional co-activator) were vital signaling events that played 
crucial roles in linking mitochondrial dysfunction, nuclear telomere dysfunction, persistent SASP induction, and 
atherosclerosis. In this review, we will discuss the role of NAD+ depletion in instigating SASP and its downstream 
signaling and regulatory mechanisms that lead to the premature onset of atherosclerotic cardiovascular diseases in 
cancer survivors.

Keywords: NAD+, senescence-associated secretory phenotype (SASP), cardiovascular diseases, p90RSK, ERK5

INTRODUCTION
Late cardiovascular complications such as myocardial infarction and structural heart defects were observed 
in childhood cancer survivors treated at St. Jude Children’s Research Hospital. The cumulative 
cardiovascular disease (CVD) incidence of those who survived more than 10 years and reached age over 18 
years was 45.5% relative to 15.7% of the age- and sex-matched controls. These findings revealed the 
increased CVD risks in cancer survivors relative to their age and sex-matched controls. This study also 
revealed the association between high cardiac radiation exposure (≥ 35 Gy) and high CVD risks[1,2].

Growing evidence demonstrates that various cancer treatment modalities, including chemotherapy, 
radiation therapy, targeted therapy, immunotherapy, hormone therapy, stem cell or bone marrow 
transplant, and surgery[3-5], cause premature senescence, as reviewed elsewhere[6-8].

A few examples are listed here. Radiation therapy triggers premature senescence rather than apoptosis in 
human non-small cell lung cancer (NSCLC) cells through the activation of p53-p21 signaling. A small 
molecule inhibitor, Nutilin-3, mediates p53 activation and sensitizes NSCLC cells to radiation therapy, 
leading to ionizing radiation (IR)-mediated premature senescence[9]. A CDK4/6-specific inhibitor 
palbociclib (PD033299)[10] induces premature senescence in various cancer cell types by phosphorylating 
and activating the transcription factor Forkhead Box M1 (FOXM1)[10-13]. A second-generation selective 
Aurora kinase inhibitor, Alisertib (MLN8237)[14], induces premature senescence in cells lacking p53 and 
p73[15-17]. Further, immunotherapy mediates cancer cell growth arrest via IFN-γ- and TNF-induced 
premature senescence[18-20].

From the perspective of the Fibonacci mathematical modeling, hand grip strength (HGS) can be a physical 
biomarker or an indicator of aging[2,21]. A meta-analysis of 53,476 participants[22] revealed that HGS was 
associated with reduced all-cause mortality. This association appeared to be compromised in participants 
with an average age of 60. As such, cancer treatment-induced premature senescence can be reflected by 
HGS and the association with increased incidence of CVD, all-cause mortality, and cardiovascular 
mortality. An impaired physical function, as evidenced by the decreased 6-minute walking distance 
(6MWD), was observed in long-term survivors after allogeneic hematopoietic stem cell transplantation 
(allo-HSCT) relative to their siblings[23]. In the peripheral blood of cancer survivors, an increased level of 
both serum interleukin 6 (IL-6) and CDKN2A [p16(INK4A)] was noted[24-26]. These observations suggest the 
association between allo-HSCT and premature senescence[23-26].
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Diverse cancer treatment modalities are utilized in different cancer types[3-5]. However, survivors of different 
cancer treatment modalities exhibit common phenotypes with late cardiovascular complications[27-31]. 
Among cancer patients, who had or had not been previously exposed to known cardiotoxic agents, (i) those 
who survived after chemotherapy agents without acute cardiotoxicity (as defined by Children’s Oncology 
Group guidelines) also exhibited increased cardiac dysfunction, body mass index, fasting serum non-high-
density lipoprotein cholesterol, insulin, and C-reactive protein compared to non-cancer siblings; (ii) those 
who survived after chemotherapy agents with acute cardiotoxicity exhibited similar phenotypes as described 
in (i). These data demonstrated that chemotherapy agents with acute cardiotoxicity only contributed little to 
CVD incidence including hypertension, dyslipidemia, and obesity[32]. Without pre-exposure to acute 
cardiotoxicity-inducing agents, cancer survivors also exhibited late cardiovascular complications. These 
findings suggested that, by inducing premature senescence, different cancer treatment modalities can cause 
common cardiovascular complications long after the completion of cancer treatments[33-35].

WHAT IS SENESCENCE?
For the first time in 1961, Hayflick and Moorhead introduced the original concept of senescence based on 
their observation that the proliferation of human diploid fibroblasts was irreversibly arrested after serial 
passage in vitro. This type of time-dependent growth or proliferation arrest was termed replicative 
senescence (RS)[36,37]. Further studies revealed that both internal and external stimuli, including cellular 
stress, reactive oxygen species (ROS), radiation, and mitochondrial dysfunction, can induce cell cycle arrest, 
i.e., “stress-induced premature senescence (SIPS)”[38,39]. RS and SIPS may follow different molecular 
mechanisms and time frames. RS is accompanied by the shortening of telomeres until a critical length at 
which senescence is induced, known as the Hayflick limit[40]. SIPS may or may not be associated with 
telomere shortening[41-44]. For example, the telomerase-immortalized human foreskin fibroblast (hTERT-
BJ1) cells exposed to ultraviolet B light or H2O2 develop SIPS, suggesting that SIPS can be independent of 
telomerase activity and telomere shortening[42].

It is important to emphasize that both telomeric and non-telomeric DNA damage contribute to the 
induction of cellular senescence with time; both senescence and organismal aging are accompanied by 
increased DNA damage, as evidenced by γH2AX foci formation[45]. Nakamura et al.[45] examined the 
chromosomal location of senescence-associated γH2AX-foci that may be found at either uncapped 
telomeres or non-telomeric DNA damage in human and murine cells, and found that telomeric and non-
telomeric DNA damage responses (DDR) play equivalent roles in inducing senescence, which is mainly 
regulated by telomere length rather than species differences. It is also important to note that genomic DNA 
damage is repaired relatively faster (within 24 hours) than telomeric DNA damage[46,47]. Accordingly, 
telomeric DNA damage can persist for longer periods of time and can cause a persistent DDR for 
months[48]. As such, the long-lasting effect of cancer therapy-induced SISP may be explained by this delayed 
and sustained telomeric DDR.

TELOMERE SHORTENING AND DYSFUNCTION IN CANCER SURVIVORS
Length of telomeres, the TTAGGG repeats at eukaryotic chromosome ends, shortens with age until 
reaching the Hayflick limit[49,50]. Telomere shortening is associated with cancer treatments and age-related 
diseases[51-54] and has been a marker of cellular senescence marker[6,49]. The St. Jude Lifetime Cohort Study 
(SJLIFE) revealed a significantly shorter telomere length in leukocytes of childhood cancer survivors relative 
to that of the age- and sex-matched controls[54]. Patients with solid malignancies received immune 
checkpoint inhibitors revealed a link between peripheral leukocyte telomere shortening and poor survival[55].
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Mammalian telomeres are protected by Shelterin, a protein complex composed of six proteins including 
TERF telomeric repeat binding factor 1 (TRF1)[56], TERF telomeric repeat binding factor 2 (TRF2)[57], 
telomeric repeat-binding factor 2-interacting protein 1 [TERF2IP, or repressor/activator protein 1 
(RAP1)][58], the protection of telomeres 1 (POT1)[59], TPP1[60], and TRF1-interacting nuclear factor 2 
(TIN2)[61,62]. Structure and biological function of these six Shelterin proteins have been extensively reviewed 
elsewhere[61-68]. Briefly, TRF1 and TRF2 recognize and bind the TTAGGG repeats via interacting with the 
TRF homology (TRFH). With specific docking sites, the TRFH domains facilitate TIN2 and TERF2IP 
binding to TRF1 and TRF2. POT1 binds the telomere 3′-overhang and TPP1 forming a quadruplex 
structure. POT1 serves as the inhibitor of telomeres[61-68].

DDR recognizes DNA damage to activate pathways to repair the damage. Double-strand breaks (DSB) can 
be repaired by (i) non-homologous end joining (NHEJ) machinery that joins two chromosomal ends with 
no or minimal base-pairing at the junction; and/or by (ii) 5′-to-3′ resection of the DSB ends to generate 3′-
ended single-stranded DNA tails, which are then repaired by homology-dependent recombination 
pathways[64-68]. Through binding telomeric DNA at the chromosome ends, Shelterin protects telomeric DNA 
from being recognized as DNA damage by DDR. Loss of Shelterin protective effects and/or telomere 
shortening leads to telomere dysfunction. Dysfunctional telomeres are recognized by DDR and repaired by 
NHEJ machinery and/or homology-dependent recombination apparatus. As a result, chromosomal 
abnormalities are generated, cell cycle arrest is induced, p53 signaling is upregulated, and the PPARγ co-
activator 1-α and -β (PGC1- α and β) is repressed. Consequently, mitochondrial biogenesis and function are 
hampered, leading to the upregulation of mitochondria ROS production. Therefore, mitochondrial 
dysfunction and elevated levels of ROS can be early events in premature senescence induced by telomere 
dysfunction[69].

Different from proliferative cells, post-mitotic cardiomyocytes develop senescent-like phenotypes through a 
mechanism independent of cell division and telomere length. As characterized by persistent telomeric DNA 
damage, post-mitotic cardiomyocyte senescence can be mediated by mitochondrial dysfunction, which 
activates p21CIP and p16INK4a, resulting in a non-canonical Senescence-associated secretory phenotype 
(SASP)[70,71]. Studies revealed the critical role of cardiomyocyte mitochondria in cardiac function[72]. As 
radiation therapy induces cardiomyocyte mitochondrial dysfunction[73,74], it is reasonable to speculate that 
cancer treatments induce post-mitotic cardiomyocyte senescence through persistent telomeric DNA 
damage-mediated mitochondrial dysfunction, independent of cell division and telomere length.

CANCER TREATMENTS INDUCE PREMATURE SENESCENCE IN VARIOUS CELL TYPES
Numerous in vitro and in vivo studies have shown that cancer treatments including chemotherapy and 
radiation therapy can induce premature senescence in different cell types[75]. For instance, cancer cell 
senescence was detected in clinical cancer samples of breast cancer patients after preoperative neoadjuvant 
chemotherapy. Cyclin-dependent kinases 4/6 (CDK4/6) small molecule inhibitors mediated the induction 
of cancer cell senescence[8]. IR induces endothelial cell senescence, as evidenced by decreased NO 
production and thrombomodulin expression, increased adhesion molecule expression, elevated ROS 
production and inflammatory cytokines, and impairment of proliferative capacity as well as the formation 
of capillary-like structure. Endothelial cell senescence can cause endothelial dysfunction through 
dysregulation of vasodilation and hemostasis, inducing oxidative stress and inflammation and inhibition of 
angiogenesis, which are involved in IR-mediated late effects[76]. Doxorubicin and IR induce myeloid cell 
senescence by triggering metabolite changes with nicotinamide adenine dinucleotide (NAD) depletion and 
mitochondrial stunning[77]. Low doses of doxorubicin induce human primary vascular smooth muscle cells 
(VSMC) senescence through the mediation of TRF2 ubiquitination and proteasomal degradation[78]. 
Doxorubicin and IR induce stem cell premature senescence by mediating expression of the senescence 
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marker p16(INK4a) in human cardiac progenitor cells, and consequently impair their regenerative capacity, 
leading to cardiotoxicity and heart failure in cancer survivors[79]. Cancer treatments induce SIPS not only in 
cardiovascular cells, but also in stem cells, which may have an important role in the long-lasting effects of 
cancer treatments leading to CVD.

STEM CELL PREMATURE SENESCENCE AND EXHAUSTION IN CANCER SURVIVORS
Stem cells are cells with self-renewal properties for an unlimited or prolonged period of time and have the 
potential to differentiate into other cell lineages[80]. Stem cell exhaustion and diminished activity of 
hematopoietic stem cells (HSCs) are hallmarks of aging[81,82]. Thus, the overall disease-free survival after 
bone marrow transplantation depends on the age of stem cell donors, i.e., young donors can provide 
recipients with longer disease-free survival[83,84]. Importantly, hematopoietic cell transplantation (HCT) 
causes significant stress on HSC[6], leading to SIPS, and subsequently reduces HSC’s potency to 
repopulate[85,86]. HCT also elicits telomere shortening in HSCs of the recipients, irrespective of myeloablative 
or non-myeloablative conditioning regimens[85].

UNIQUE FEATURES OF SENESCENCE-ASSOCIATED SECRETORY PHENOTYPE 
Senescent cells communicate with neighboring cells, such as immune and cancer cells, through secreting 
cytokines, chemokines, matrix metalloproteinases etc., as well as through a direct intercellular protein 
transfer (IPT)[87]. Particularly, senescent cells secrete a cocktail of proinflammatory cytokines, chemokines, 
growth factors, pro-angiogenic factors, ROS, and proteases etc., namely senescence-associated secretory 
phenotype (SASP). These secreted cytokines and chemokines recruit T cells, macrophages, and natural 
killer cells, which help remove senescent cells. Of note, the timely clearance of senescent cells is critical in 
tissue homeostasis, in which immune cells play a vital role[88-90]. In a direct IPT process, proteins from 
senescent cells are directly transferred to neighboring cells, activating signaling pathways in neighboring 
cells, ultimately changing neighboring cell behaviors[87].

Unlike apoptotic or quiescent cells, senescent cells exhibit high metabolic activity. Studies demonstrated 
that high metabolic activity directs energy toward activities related to senescent state, including the 
induction of SASP and the modulation of immune responses within the senescent microenvironment. Like 
cancer cells, the glycolytic state in senescent cells, for example, in senescent human diploid fibroblasts 
(HDF), was higher than in their young counterparts, even in high oxygen conditions[91,92]. Senescent human 
HDF displayed an increased expression of key glycolytic enzymes including hexokinase, phosphoglycerate 
kinase, and phosphoglycerate mutase[93-95].

Metabolic activity is controlled at various levels. The oxidized state of NAD (NAD+) is a vital cofactor that 
controls metabolic activities using its electron transfer function in redox reactions. Functioning as a co-
enzyme, NAD+ regulates glycolysis, tricarboxylic acid (TCA, Kreb’s) cycle, and fatty acid oxidation to form 
NAD+ hydrogen (NADH)[96,97]. In glycolysis, NAD+ is reduced to form NADH+H+[96]. Numerous studies 
showed that cellular NAD+ levels are reduced in senescent cells, inducing premature senescence and age-
related diseases[98,99]. Our recent study revealed that in myeloid cells, NAD+ is reduced after treatment with 
doxorubicin or IR. Specifically, we observed a sustained SASP induction and an upregulation of p90RSK-
mediated ERK5 S496 phosphorylation as well as downstream inflammatory signaling pathways in myeloid 
cells treated with doxorubicin or IR[77]. To gain insight into the underlying molecular mechanism, we 
discovered that doxorubicin and IR activated poly (ADP-ribose) polymerase (PARP) and subsequent NAD+ 
depletion. Consequently, reversible mitochondrial dysfunction was mediated without inducing cell death 
even when ATP is depleted. We also noted that, although low-dose IR inhibited both oxidative 
phosphorylation (OXPHOS) and glycolysis without causing cellular necrosis or apoptosis, significant 
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upregulation of mitochondrial ROS production and succinate production occurred, attesting to the 
metabolically active status of SASP[77].

THE BALANCE BETWEEN NAD + BIOSYNTHESIS AND CONSUMPTION MAINTAINS THE 
NAD+ LEVEL
NAD+ biosynthesis
There are three independent biosynthetic pathways for generating NAD+, namely, de novo biosynthesis 
from tryptophan, Preiss-Handler pathway, and NAD+ salvage pathway[100]. The de novo (kynurenine) 
pathway uses tryptophan, which enters the cell via plasma membrane transporters SLC7A5 and SLC36A4 
[Figure 1]. The functional contribution of kynurenine pathway to the production of NAD+ remains unclear, 
because not all the enzymes related to kynurenine pathway are expressed in most cells besides liver and 
immune cells including macrophages. Nicotinamide (NAM) generated by tryptophan metabolism in the 
liver is released into the circulation and is taken up by the other cells for conversion to NAD+ via the salvage 
pathway as described below.

The second pathway to generate NAD+ is Preiss-Handler pathway and the dietary nicotinic acid (NA), 
which enters the cell via SLC5A8 or SLC22A13 transporters, and is used as the precursor to produce NAD+ 
by the Preiss–Handler pathway and converted to nicotinic acid mononucleotide (NAMN) by NA 
phosphoribosyl-transferase (NAPRT). NAMN is the common intermediate produced by kynurenine and 
Preiss-Handler pathway and is converted to the nicotinic acid adenine dinucleotide (NAAD) by 
nicotinamide mononucleotide adenylyl transferases (NMNAT1, NMNAT2 and NMNAT3). Finally, NAD+ 

synthetase (NADS) converts NAAD into NAD+ [Figure 1].

The third pathway is the salvage pathway, which generates NAD+ not only from extracellular nicotinamide 
riboside (NR) or nicotinamide mononucleotide (NMN) but also recycles NAM to NMN, which is 
metabolized to produce NAD+ by nicotinic acid mononucleotide transferases (NAMNTs). In the 
extracellular space, the ectoenzymes CD38 and CD157 convert NAD+ to NAM, and then NMN [by 
extracellular nicotinamide phosphoribosyltransferase (eNAMPT)]. CD73 dephosphorylates NMN, 
generates nicotinamide riboside (NR), imports into the cells by an unknown transporter, then forms NMN 
via nicotinamide riboside kinases 1 and 2 (NRK1 and NRK2) In addition, there is an NMN-specific 
transporter (SLC12A8)for importing NMN into the cell. After all, NMNAT1-3 converts NMN to NAD+ 

[Figure 1].

Subcellular compartment-specific NAD+ metabolism
There are subcellular compartment-specific NAD+-consuming or -generating enzymes, and subcellular 
NAD+ homeostasis and level are regulated by subcellular compartmentalization. For example, intracellular 
NAMPT (iNAMPT) and NMNAT2 localize in the cytoplasm and generate NAD+ in the cytoplasm. 
NMNAT isoform of NMNAT3 specifically localizes in the mitochondria. Also, NAD+-dependent 
mitochondrial Sirtuin 3 (SIRT3), SIRT4 and SIRT5 can consume NAD+ and covert it to NAM in the 
mitochondria. There is a nucleus-specific NMNAT isoform (NMNAT1) that converts NMN to NAD+.

Although there is subcellular location-specific regulation of NAD+ by subcellular-specific enzymes, NAD+ 
levels in each subcellular compartment are also co-regulated by various shuttling mechanisms amongst 
compartments. Recent studies showed that the mammalian NAD+ mitochondrial transporter SLC25A51 
plays a crucial role in intact NAD+ uptake from the cytoplasm to mitochondria[101]. The malate/aspartate 
shuttle system can also shuttle NAD/NADH between cytoplasm and mitochondria. The cytosolic NADH 
imported to mitochondria via the malate/aspartate shuttle is oxidized by complex I in the electron transport 
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Figure 1. NAD+ metabolism in cells and its compartmentalization[99,103]. Human cells produce NAD+ through three major pathways: the 
Kynurenine pathway, Preiss-Handler pathway, and Salvage pathway. In the Kynurenine pathway, which is a de novo pathway, the 
precursor molecule, tryptophan (Trp), after entering the cells via the transporters SLC7A5 and SLC36A4, is converted to N-formyl 
kynurenine (FK) by the rate-limiting enzyme indoleamine 2,3- dioxygenase (IDO) or the rate-limiting enzyme tryptophan 2,3- 
dioxygenase (TDO) and then FK is converted to kynurenine. The kynurenine aminotransferases (KATs) convert kynurenine to kynurenic 
acid, further converted to quinaldic acid. In addition to this, kynurenine 3-monooxygenase (KMO) converts kynurenine to 3-
hydroxykynurenine (3-HK), which is further transformed to 3- hydroxy anthranilic acid (3-HAA) by tryptophan 2,3- dioxygenase 
(KYNU). The 3-HAA gives rise to α- amino- β- carboxy muconate ε- semialdehyde (ACMS) by the enzyme 3-hydroxyanthranilic acid 
oxygenase (3HAO). Finally, ACMS is transformed to picolinic acid by α-amino-β-carboxy muconate-ε-semialdehyde decarboxylase 
(ACMSD) or quinolinic acid. In the Preiss-Handler pathway, the precursor molecule nicotinic acid (NA) first enters the cells via SLC5A8 
or SLC22A3 transporters. It is then converted to nicotinic acid mononucleotide (NAMN) by the enzyme nicotinic acid 
phosphoribosyltransferase (NAPRT), which is then converted into nicotinic acid adenine dinucleotide (NAAD) by the enzymes called 
nicotinamide mononucleotide adenylyl transferases (NMNAT1, NMNAT2, and NMNAT3). Next, NAD+ synthase (NADS) transforms 
NAAD to NAD +. The NAD+ can be directly phosphorylated by NAD+ kinase (NADK) to produce NADP(H). In the Salvage pathway, the 
intracellular nicotinamide (NAM) is recycled back to NAD+ via the formation of nicotinamide mononucleotide (NMN) by intracellular 
nicotinamide phosphoribosyltransferase (iNAMPT). The NAM is the byproduct generated by the NAD+ consuming enzymes, sirtuins, 
poly (ADP- ribose) polymerases (PARPs), CD38, CD157, and SARM1. The Salvage pathway also uses nicotinamide riboside (NR) to 
produce the NMN via the enzyme nicotinamide riboside kinases 1 and 2 (NRK1 and NRK2). The cellular NAD+ level is balanced by 
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biosynthesis and consumption in different subcellular compartments. For example, in the cytoplasm, the intracellular NAMPT (iNAMPT) 
converts NAM to NMN, further transformed to NAD+ by another cytoplasm-specific enzyme, NMNAT2. The NADH, generated from the 
NAD+ in the cytoplasm and utilized by Glycolysis, is transported to the mitochondria via the malate/aspartate shuttle. Via the electron 
transport chain (ETC), the NADH is oxidized to NAD+ by mitochondria specific complex I, while by tricarboxylic acid (TCA) cycle, the 
NAD+ is transformed to NADH. The mitochondrial SIRT 3, 4, 5 convert NAD+ to NAM. The NADH can enter the mitochondria via the 
glyceraldehyde 3- phosphate shuttle and results in reduced flavin adenine dinucleotide (FADH2), which is converted to the FADH 
mitochondrial complex II. The mitochondrial transporter SLC25A51 can also help the direct mitochondrial entry of NAD +. The nuclear 
NAD+ pool equilibrates with the cytosolic NAD+ pool by diffusion through the unidentified nuclear pore[99,103]. The nuclear enzymes SIRT 
1, 6, 7, and PARPs, CD38, SARM1, consume NAD+ and regulate the NAD+ homeostasis in the nucleus.

chain (ETC) and converts back to NAD+[99,102,103]. The nuclear NAD+ pool equilibrates with the cytosolic 
NAD+ pool by diffusion through the nuclear pore, but the details of this mechanism remain unclear[99,103].

NAD+-consuming enzymes and aging process
NAD+ concentration decreases during aging in humans and in animal models[104-107]. An increased NAD+ 
availability by NAD+ precursors counteracts the effects of aging in various experimental models[108,109], 
demonstrating the critical role of NAD+ depletion in aging. NAMPT expression declines with aging, 
supporting the involvement of NAMPT in NAD+ depletion[110-112]. As NAMPT plays an important role in 
regulating circadian oscillation, the decline of circadian oscillation with aging may be indirectly involved in 
aging-mediated NAD+ depletion[113]. Recent studies suggested that NAD+-consuming enzymes may also play 
a regulatory role in aging-mediated NAD+ depletion. These NAD+-consuming enzymes are sirtuins, poly 
(ADP-ribose) polymerases (PARPs), Sterile Alpha and TIR Motif Containing 1 (SARM1), and the 
ectoenzymes CD38 and CD157[114,115].

Sirtuins
Sirtuins (SIRTs, or SIR2), NAD+-dependent deacetylase or mono-ADP-ribosyltransferase, catalyze the 
NAD+-dependent deacetylation of lysine on the target protein[116]. Mammalian SIRTs consist of 7 members 
(SIRT1-7) with distinct subcellular localization, enzymatic activity, and downstream targets[99,117]. In the 
nucleus, SIRT1, 6, 7 consume NAD+ to make NAM. Subsequently, NAM is converted into NMN by 
iNAMPT, which is used to produce NAD+ by NMNAT1[99]. In mitochondria, SIRT3, 4, 5 consume NAD+ to 
make NAM; however, it is unclear whether NAM is converted into NMN and NAD+99]. SIRT1 
downregulates SASP factors such as IL6 and IL8 by increasing acetylation of Histone H3 (K9) and H4 
(K16)[118]. With aging, the SIRT level is decreased[119]. In endothelial cells (EC), SIRT1, 6 inhibition induces 
premature senescence[120,121]. SIRT activity can be increased using pharmaceutically active compounds 
(SIRT-activating compounds, or STACs) such as resveratrol, SRT1720, SRT3025, and SRT2104. These 
compounds may be useful in the management of cardiomyopathy, atherosclerosis, metabolic syndrome, and 
endothelial dysfunction[122].

Poly (ADP-ribose) polymerases (PARPs)
PARPs are expressed in all eukaryotes except yeast and are involved in numerous cellular processes such as 
DNA repair and apoptosis, gene regulation, and chromatin remodeling. PARPs can transfer one (mono) or 
more (poly) ADP-ribose moieties from NAD+ to substrates to form poly (ADP-ribose) (PAR) chains with 
varying lengths and contents. There are 17 PARP isoforms that share a conserved catalytic domain with 
various domains such as zinc finger, BRCT, SAM, SAP, ankyrin and macro domain[123-125]. PARPs consume 
NAD+ and convert NAD+ to NAM[99,124].

PARP1 is the best characterized PARP member. PARP1 activation plays distinct roles based on the context. 
In a normal (non-stressed) condition, PARP1 protects the replication fork. In aging, PARP1 maintains 
telomere length and telomerase activity[126,127]. As a sensor of DNA damage, PARP1 activation increases in 
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response to DNA damage[123,128] and mediates NAD+ depletion[99]. PARP1 activation is involved in various 
DDR mechanisms such as single-strand break (SSB) repair, DSB repair, homologous recombination (HR), 
and NHEJ. In a stressed (DNA damage) condition, activated PARP1 recruits DDR machineries such as 
scaffold protein XRCC1 (in case of SSB), and MRE11, EXO1, BRCA1, and BRCA2 (in case of DSB)[129]. 
Through activating PARP1 and the downstream NF-κB signaling, anti-melanoma DNA-damaging drugs 
induce melanoma cell SASP[130]. However, excessive DNA damage leads to PARP1 overactivation, severe 
NAD+ depletion, and cell death. PARP1-dependent DNA damage-induced programmed cell death pathway, 
namely “parthanatos”, has been implicated in heart diseases[131]. In cancer cells, such as breast and ovarian 
cancers, HR is less effective due to mutations in DNA repair genes, e.g., BRCA1, BRCA2. Consequently, 
DNA damage accumulates and induces genome instability. These cancer cells utilize other DDR systems 
including PARP1. In such cases, PARP1 inhibitors will be helpful as they cause cellular apoptosis and 
eliminate the mutant, damaged cells[132]. As such, PARP inhibitors, e.g., isoindolinone-based PARP inhibitor 
INO-1001 (ClinicalTrials.gov. NCT00271765, NCT00271167), and Olaparib (NCT03782818) are in early 
stages of evaluation for the treatment of atherosclerotic CVD and pulmonary arterial hypertension.

CD38 and CD157
Both CD38 and CD 157 are paralogues, and both are located on chromosome 4 (4p15)[133]. The CD38 type II 
transmembrane protein is an ectoenzyme[134], which has multiple functional roles in tumorigenesis and 
aging by regulating NAD+ levels and extracellular nucleotide homeostasis[134]. This ectoenzyme is on the cell 
surface with its catalytic site facing towards the extracellular environment. CD38 can also regulate the NAD+ 
metabolism by regulating the metabolism of its extracellular precursor, such as nicotinamide 
mononucleotide (NMN)[105]. CD38 mRNA and protein expression along with CD38 NADase enzymatic 
activity are significantly increased during the process of aging.  Furthermore, CD38 induction correlates 
with NAD+ depletion in liver, adipose tissue, spleen, and skeletal muscles in aged mice[105].

CD157 is expressed on myeloid cells, B-cell progenitors, and endothelial cells[99]. In vitro macrophage 
polarization from M0 to proinflammatory M1 macrophages exhibited increased expression of CD38 and to 
a smaller extent CD157 with lesser NADase activity. Like CD38, CD157 has also been suggested to consume 
extracellular NAD+[133]. However, it is becoming clear that CD157 consumes mostly the NAD+ precursor 
nicotinamide riboside (NR)[135] and is not a significant NAD+ consumer[105,115,136,137].

Both CD38 and CD157 expression are increased in the epididymal white adipose tissue from aged (25-
month-old) wild-type mice as compared to 6-month-old mice[137,138]. Therefore, it is possible that the 
expression of CD38 and CD157 plays a significant role in aging-mediated NAD+ depletion. CD38 is 
activated in the endothelial cells in heart by hypoxia-reoxygenation and triggers NAD+ depletion[139] and 
endothelial cell dysfunction. In in vivo models, the CD38 inhibitors (thiazoloquin(az)olin(on)es and 
luteolinidin) can block the CD38 activity and prevent endothelial and myocardial cell damage in the post-
ischemic heart[137,140-142].

Human sterile alpha and HEAT/Armadillo motif containing 1 (SARM1)
SARM1 has multiple functional domains including a mitochondrial targeting signal (MTS), an auto-
inhibitory N-terminus region with armadillo motifs (ARM) and HEAT motifs, two sterile alpha motifs 
(SAM), and Toll/interleukin-1 receptor (TIR) domain. SARM1 has two different types of NADase 
enzymatic activities for (1) hydrolyzing NAD+ to NAM and ADP-ribose (ADPR), and (2) ADP-ribosyl 
cyclase activity and generating NAM and cyclic ADPR from NAD+ by utilizing the TIR domain[143]. The 
NADase activity of SARM1 is regulated by phosphorylation. NAM acts as a feedback inhibitor of SARM1 
NADase activity[96].
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SARM1 is reported to be a key mediator of axonal degeneration via the breakdown of NAD+ after neural 
injury or disease[144], and SARM1 regulates the neuronal intrinsic immune response to axonal injuries 
through activating JNK-c-Jun signaling[145]. In oxidative stress, activated JNK phosphorylates SARM1, 
thereby increasing its NADase activity, reducing NAD+ levels and suppressing mitochondrial 
respiration[146]. Recently, it has been reported that the depletion of SARM1 inhibited NMNAT2-deficiency 
mediated axonopathy during the process of aging without any phenotypic manifestations[147]. Sur et al.[148] 
have reported an important role of SARM1-induced inflammatory response in age-dependent susceptibility 
to rotenone-induced neurotoxicity. These data suggest that SARM1 plays a crucial role in increased 
susceptibility to age-associated neuronal loss. In the context of cytotoxic chemotherapy for cancer, the 
induction of chemotherapy-induced peripheral neuropathy (CIPN) by axonal degeneration may be due to 
the loss of NAD+ via SARM1 activity[149].

SARM1 is also expressed at high levels in neurons in the brain and is linked to neuronal cell death after 
deprivation of glucose, ischemia, viral infection, or axonal damage[150-152]. Declines in cellular NAD+ levels 
and the rate-limiting enzyme NAMPT in NAD+ biosynthesis may play pathogenic roles in age-related 
cognitive decline, and treatment with NMN to increase NAD+ may improve cognition in the setting of 
aging. Chemotherapy-induced cognitive impairment (CICI) has been reported in almost 3/4 of cancer 
patients treated with chemotherapy, and a significant fraction of patients have continued cognitive decline. 
The metabolic pathways involving NAD+ contribute significantly to CICI, and treatment with NMN to 
increase NAD+ may prevent CICI[153].

NAD+ DEPLETION AND AGING PROCESS
NAD+ levels decline during aging and this decline can be linked to aging-related diseases, including 
atherosclerosis, arthritis, diabetes, cognitive dysfunction, and cancer. The relationship between NAD+ and 
various hallmarks of aging has been extensively reviewed elsewhere[154]. In this review, we will focus on the 
role of NAD+ depletion in “inflammaging” and telomere dysfunction.

INFLAMMAGING
The term “inflammaging” refers to the systemic low-grade chronic inflammation status in the absence of 
infection. Inflammaging represents a central biological process in aging[155,156] as well as the strong link 
between chronic inflammation and systemic metabolism including NAD+ depletion. First, studies have 
shown a strong correlation between NAD+ depletion with activation of innate immunity. CD38 expression 
increases with M1 (pro-inflammatory) polarization in macrophages, leading to a significant increase of 
NAD+ consumption and subsequent NAD+ depletion[136,138,157]. NAD+ precursors NMN and NR can inhibit 
glycolytic shifts, which are observed in M1 macrophage polarization, and CD38-mediated NAD+ depletion 
can attenuate the inflammatory response[158]. Aging is associated with a sustained increase in ROS, which 
upregulates NLRP3 inflammasome activation[138,159,160]. ROS induced by proinflammatory cytokines can also 
induce DNA damage, thus activating PARPs and CD38 and leading to aging-related NAD+ depletion. 
Therefore, enhanced expression of proinflammatory cytokines or ROS drives a vicious cycle of 
inflammaging by a positive feedback loop with activation of major consumers of NAD+, such as CD38 and 
PARPs, induced by ROS-mediated DNA damage and accelerated physiological age-related decline[99]. In 
contrast, M2 type-like (anti-inflammatory) macrophage increased NAMPT expression and subsequently 
upregulated NAD+ production[138]. Therefore, it is possible that M2 type-like macrophages can inhibit the 
process of inflammaging. Further investigation will be necessary to clarify these issues.
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The aging process has a profound impact on adaptive immunity, and age-related immune dysfunction that 
includes remodeling of lymphoid organs and impairment of adaptive immunity is referred to as 
immunosenescence. Studies reported decreased levels of naïve T and B cells, and increased levels of memory 
T cells including cytotoxic CD8+CD28- populations during the process of aging. This cytotoxic CD8+CD28- 
population is characterized by inhibition of SIRT1 and FOXO1 levels[161], which can be reversed by the 
inhibition of CD38[162]. Another type of T cells is also increased by aging, i.e., exhausted T cells. These T cells 
have increased expression of inhibitory receptor molecules (PD1 and TIM3) and a decrease in proliferative 
capacity and effector functions[163,164]. PD1 inhibitor can restore the effector function of aged T cells[165]. Both 
adoptive CAR-T and anti-PD1 immune checkpoint blockade mouse models demonstrated that NAD+ 

supplementation enhanced the tumor-killing efficacy of T cells in vivo. NAD+ supplementation may 
promote tumor-killing by tumor-infiltrated T cells after anti-PD1 immune checkpoint inhibitor treatment 
or adoptive chimeric antigen receptor (CAR) T cells through rescuing defective TUB-mediated NAMPT 
transcription[166]. Interestingly, in cancers that show resistance to PD1 inhibitor, CD38 expression is 
upregulated in exhausted CD8 T cell populations[167,168], but a critical role of CD38-mediated NAD+ depletion 
in resistance to PD1 inhibitor cancer therapy needs further investigation.

PERSISTENT SASP INDUCTION BY THE p90RSK-ERK5 S496 PHOSPHORYLATION-MEDIATED 
POSITIVE FEEDBACK LOOP AFTER CHEMO-RADIATION
Telomere shortening and telomeric DNA damage induced by aging and cancer treatments can cause NAD+ 
depletion by activating PARP[77] or increasing[169] CD38 expression[170]. PARP1 overactivation can lead to a 
catastrophic decrease of cytosolic NAD+ and thereby directly inhibiting glycolysis and causing cell 
death[117,171,172]. Recently, however, we found that various cancer treatments (IR and doxorubicin) activate the 
p90RSK/ERK5-S496 inflammatory complex that leads to the formation of a positive feedback loop, which 
inducing mitochondrial stunning and a persistent SASP. This positive feedback loop is formed by the 
following steps (i) cancer treatments increase mitochondrial ROS production, (ii) mitochondrial ROS 
activates the p90RSK/ERK5-S496 complex and thereby decreasing NRF2 transcriptional activity; (iii) the 
reduction of NRF2 transcriptional activity inhibits antioxidant gene expression (HO1 and Trx1) that involve 
in the initiation of a persistent SASP including senescence, inflammation, mitochondrial ROS production, 
and impaired efferocytosis; (iv) steps (i) to (iii) is required for IR and doxorubicin to induce telomere 
shortening; (v) telomeric DNA damage activates PARP[127]; (vi) PARP activation causes mitochondrial 
damage and cell death[148-150,173-175] [Figure 2]. As IR low dose and doxorubicin did not trigger immediate cell 
death, and the depletion of NAD+ and ATP was recovered by PARP and p90RSK inhibitors, this 
mitochondrial dysfunction is reversible. Accordingly, we referred this unique reversible form of 
mitochondrial dysfunction as “mitochondrial stunning”; (vii) cancer treatments-induced “mitochondrial 
stunning” was unique in that the cells remained metabolically active even in ATP-depleted conditions. Of 
note, an increased mitochondrial ROS and succinate production after IR low dose was sustained, and the 
late phase (but not early phase) of mitochondrial ROS and succinate production are p90RSK dependent. We 
also found that complex II activity is required for mitochondrial stunning-triggered mitochondrial ROS 
production. As such, sustained mitochondrial ROS production without killing the cells is critical for chronic 
inflammation and unceasing SASP status, which we noted even long after the completion of cancer therapy 
(late effects)[77]. A positive feedback loop formed by the p90RSK/ERK5-S496 inflammatory complex 
contributes to persistent SASP induction as (i) telomeric DNA damage to senescence; (ii) ERK5 S496 
phosphorylation-NRF2 and PARP activation to inflammation and ROS[176,177]; (iii) mitochondrial stunning 
to mitochondrial ROS; and (iv) p90RSK-ERK5 S496 phosphorylation to efferocytosis [Figure 2][176]. We 
anticipate that this positive feedback loop can explain the persistent SASP status seen in many cancer 
survivors with increased late CVD risks.
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Figure 2. The SASP is sustained by a positive feedback loop constituted by p90RSK-ERK5 S496[77]. In the cells exposed to 
chemoradiation, a sustained SASP is maintained for the long term via the positive feedback loop. (1) The chemoradiation induces the 
production of mitochondrial ROS (mtROS) in the mitochondria, which in turn (2) increases the p90RSK phosphorylation leading to ERK5 
S496 phosphorylation, the decreased transcriptional activity of ERK5, and reduced NRF2 transcriptional activity. Consequently, the (3) 
level of cellular antioxidant is dropped, causing (4) telomeric DNA damage, (5) PARP activation, and leading to NAD+ depletion. (6) The 
NAD+ depletion causes mitochondrial dysfunction, along with severe ATP depletion, termed reversible mitochondrial (mt) stunning, 
which further (7) causes mtROS production and reactivates the same p90RSK-ERK5-NRF2 module, thus constituting a positive feedback 
loop. This figure was modified from the figure in reference[77].

AGING-RELATED DISEASES IN CANCER SURVIVORS
With the recent advancements in cancer detection and therapeutics, the life expectancy of patients with 
cancer has significantly increased[178]. Nearly 70% of patients with cancer will live at least 5 years from 
diagnosis and 18% will live 20 years or longer[179]. In 2016, almost 10 million elderly cancer survivors (≥ 65-
year-old) were living in the US, while by 2040, the number is projected to grow to 19 million[180,181]. Even 
though this represents a great accomplishment of modern medicine, there is a cost to these 
accomplishments. Cancer and cancer treatments accelerate the process of aging in cancer survivors, 
manifesting as earlier onset and higher incidence of aging-related diseases including CVD, compared to the 
general population[6].

Aging is a well-known risk factor for the development of coronary and peripheral artery disease, 
hypertension, heart failure, valvular disease, and atrial fibrillation[182,183]. The pathogenetic processes behind 
the above clinical manifestations include atherosclerosis, decreased arterial elasticity, arterial and 
myocardial fibrosis, calcification, and decreased myocardial relaxation[183]. These conditions are now seen 
significantly more often among cancer survivors, years after their cancer diagnosis and treatment. NAD+ 
biosynthetic and metabolic processes are mechanistically involved in aging, cancer, and many age-
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associated comorbidities[184], and therapies aimed at raising intracellular NAD+ may remedy accelerated 
aging and age-associated diseases in cancer survivors. In fact, there are several ongoing clinical studies 
examining supplementation with NAD+ precursors as a therapeutic option for age-related diseases 
[Table 1].

Using reports on childhood cancer survivors makes it easier to disentangle the contribution of aging later in 
life from the direct effects of cancer and cancer therapies in the development of cardiovascular disease. In 
the Childhood Cancer Survivor Study, a retrospective study of over 10,000 adults who survived childhood 
cancer between 1970 and 1986, coronary artery disease was 10.4 times more frequent later in the life of 
cancer survivors compared to their siblings[185]. Furthermore, congestive heart failure was 15.1 and 
cerebrovascular accidents were 9.3 times more frequent in survivors of childhood cancer than their 
siblings[185]. A different study, using the registry of the Pediatric Oncology Group of Ontario Networked 
Information System, including over 7,000 childhood cancer survivors, showed that heart failure was 9.7 
times more frequent in cancer survivors than in age-, gender-, and postal code-matched control 
individuals[186]. Additionally, coronary artery disease was 3.4, valvular disease 4.7 and arrhythmia 1.8 more 
frequent[186]. A smaller prospective study of 92 childhood cancer survivors from Germany further supports 
the theory of premature cardiovascular aging in cancer survivors. When compared to healthy controls, 
childhood cancer survivors had significantly reduced health-related physical fitness, significantly increased 
systolic and reduced diastolic blood pressure (wide pulse pressure) consistent with premature arterial 
stiffening, matching the cardiovascular phenotype of older individuals[187]. A different study including 19 
long-term (> 10 years) high-risk neuroblastoma survivors revealed significantly higher levels of high-
sensitivity CRP, which correlated with increased common carotid artery intima-media thickness in cancer 
survivors compared to age- and gender-matched controls, again another marker of premature 
cardiovascular aging[188]. Despite current evidence supporting higher prevalence and earlier onset of age-
related CVD in cancer survivors, methodological challenges have limited the efforts to thoroughly study the 
aging-related consequences of cancer and cancer treatment[189].

To overcome these challenges, in July 2018, the National Cancer Institute convened basic, clinical, and 
translational science experts who identified several research and resource needs that to be addressed 
immediately. The main items included: i) the need for longitudinal studies examining aging trajectories that 
include detailed data prior to, during, and post cancer treatment; ii) mechanistic studies that investigate the 
pathways leading to the development of aging phenotypes in cancer survivors; iii) long-term clinical 
surveillance studies to assess for late effects[189]. Addressing these needs will allow for a better understanding 
of aging in cancer survivors and will help to better identify, predict, and mitigate aging-related 
consequences of cancer and cancer treatment[189]. Yet there is a paucity of mechanistic investigations into the 
role of NAD+ metabolism and its regulatory pathways in accelerated aging of cancer survivors.

MODELING CANCER TREATMENTS-INDUCED PREMATURE SENESCENCE WITH 
ORGAN-CHIPS
Organ-Chips are contemporary preclinical experimental models of disease and drug discovery. An organ 
chip is a microfluidic cell culture device typically consisting of two or more cell types arranged to simulate 
tissue- and organ-level physiology under continuous perfusion. These systems are capable of forming 
physiologically relevant tissue architecture in 3D and forming a tissue, thus recreating organ-level 
functionality not possible with conventional 2D or 3D culture systems. Importantly, they offer a 
reductionist approach to studying signaling pathways and are supported by high-resolution, real-time 
imaging and in vitro analysis of biochemical, genetic, and metabolic activities of living cells. The organ-on-
chip technology of blood vessels has been transformational over the last decade; it has allowed functional 
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Table 1. Clinical trials with the NAD+ precursors in elderly people with or without diseases

Target molecule, therapy 
applied Disease Status/results Reference

NAD+-precursors nicotinic 
acid, nicotinamide, and 
tryptophan

Aging In physically compromised older adults, the dietary 
supplements did not alter the mitochondrial 
function or skeletal muscle function

NCT03310034
[196]

NAD3 
(an over-the-counter dietary 
supplement

Aging Yet to publish NCT04276948

MIB-626 (Nicotinamide 
mononucleotide (NMN)

Alzheimer’s Disease, Dementia Not yet recruiting NCT05040321

Nicotinamide riboside (NR) Aging Yet to publish NCT02950441 

Niagen (Nicotinamide 
riboside, NR)

Mild Cognitive Impairment Recruiting NCT03482167

Deuterated nicotinamide 
(D4-NAM) IV infusion

To study the impact of lifestyle, aging on 
the rate of NAD synthesis

Recruiting NCT04905446

Nicotinamide riboside (NR) To study the role of dietary NR 
supplementation on the muscle functions 
in older people

Recruiting NCT04691986

Nicotinamide riboside (NR) Role of NR on the skeletal function and 
metabolic function in elderly people 

Recruiting NCT03818802

Nicotinamide riboside (NR) Role of NR on the brain function, blood 
flow in elderly people with mild cognitive 
impairment

Yet to publish NCT02942888

Nicotinamide riboside (NR) Role of NR in metabolism and 
mitochondrial function in elderly people

Recruiting NCT04907110

Nicotinamide riboside (NR) To study whether NR supplementation 
can shorten the recovery time from acute 
injury

Recruiting NCT04110028

Nicotinamide Alzheimer’s Disease Recruiting NCT03061474

Nicotinamide Alzheimer’s Disease Yet to publish NCT00580931

Niacin Parkinsons Disease Active, not recruiting NCT03808961

Nicotinamide riboside (NR) To study the role of NR on vascular 
function in young and older people 
following high-fat diet intake

Yet to publish NCT03501433

Nicotinamide riboside (NR) To assess the arterial stiffness in middle 
age and elderly people

Recruiting NCT03821623

NMN Aging Yet to publish NCT04228640

Nicotinamide riboside (NR) Hypertension in elderly people Recruiting NCT04112043

Niagen Aging, cognitive impairment Active, not recruiting NCT04078178

Niagen Aging, age-associated physiological 
dysfunction

Yet to publish NCT02921659

analyses, continuous nutrition, intercellular transport, removal of byproducts, and secretion and 
biochemical assessment of co-cultured vascular cells not possible before with traditional experimental 
models[190]. Therefore, these systems are suited to model aging and senescence associated with cancer 
therapy in a manner complementary to animal models.

Recent works by Jain et al.[193,195] demonstrated a 3D anatomical Vessel-Chip that supports the co-culture of 
EC and mural cells and recapitulates their bi-directional signaling under cyclic flow. The platform allows the 
construction of a wide range of luminal diameters and muscular layer thicknesses, thus providing a toolbox 
to create variable anatomy[191-192,194]. In this device, smooth muscle cells (SMCs) align circumferentially while 
ECs align axially under flow, as only observed in vivo in the past and in rare in vitro models. This system 
successfully characterizes the dynamics of cell size, density, growth, and alignment due to co-culture and 
shear. The matrix used in this system has bulk mechanical properties close to in vivo vessels. Another 
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significant feature of our Vessel-Chip is that the subendothelial gap (distance between ECs and SMCs) of a 
Vessel-Chip is the same scale (~5µm-10µm in thickness) as in vivo, which is an important physiological 
feature. This platform technology can be used to include tissue-resident myeloid cells and other immune 
cells of the circulation and simulate senescence. The platform will also allow the investigation of changes in 
metabolites (e.g., NAD+ and its metabolites) in the microvascular microenvironment.

CONCLUSION
Premature aging in cancer survivors is now well documented. In this current review, we discussed how 
various cancer treatments can modulate premature aging and induce SASP in these cancer survivors. 
Importantly, we also linked the role of NAD+ in the accelerated senescence and aging in these cancer 
patients. However, the role of NAD+ in different cell types and their cross talk contributing to the 
accelerated aging and SASP is yet to be explored. The outcome of several ongoing clinical trials on the drugs 
targeting the NAD+ and the related factors of that NAD+ metabolism pathway might provide some clue 
whether NAD+ can be a potential target for long-term management for inhibiting cardiovascular events in 
cancer survivors. Novel approaches, including the 3D anatomical Vessel-Chip model, can be a great tool for 
pre-assessment of the role of NAD+ depletion-mediated secreted factors in forming the interplay among 
different cell types, resulting in cancer therapy-induced vessel senescence.

DECLARATIONS
Authors’ contributions
Designed, ideated, collected sources, prepared, and revised the manuscript: Banerjee P, Abe JI, Le NT
Prepared and revised figures: Abe JI, Banerjee P
Outlined and oversaw the entire sections: Abe JI, Le NT
Provided guidance and critical feedback: Deswal A, Cooke JP, Olmsted-Davis EA, Palaskas NL, Lin SH, 
Herrmann J, Jain A
Contributed to the article and approved the submitted version: Banerjee P, Olmsted-Davis EA, Deswal A, 
Nguyen MT, Koutroumpakis E, Palaskas NL, Lin SH, Kotla S, Reyes-Gibby C, Yeung SCJ, Yusuf SW, 
Yoshimoto M, Kobayashi M, Yu B, Schadler K, Herrmann J, Cooke JP, Jain A, Chini E, Le NT, Abe JI

Availability of data and materials
Not applicable.

Financial support and sponsorship
This work was partially supported by grants from the National Institutes of Health (NIH) to Drs. Abe 
(AI156921), Cooke (HL-149303), Chini (AG26094, AG58812, and CA233790), Le (HL-149303), and from 
Cancer Prevention and Research Institute of Texas (CPRIT) to Drs. Abe and Schadler (RP190256). This 
work is supported in part by the MD Anderson Cancer Center Support Grant CA016672. Dr. Deswal is 
supported in part by the Ting Tsung and Wei Fong Chao Distinguished Chair. The Glenn Foundation for 
Medical Research via the Paul F. Glenn Laboratories for the Biology of Aging, Calico Life Sciences LLC to 
E.N.C.

Conflicts of interest
All authors declare that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.



Page 16 of Banerjee et al. J Cardiovasc Aging 2022;2:28 https://dx.doi.org/10.20517/jca.2022.1322

Consent for publication
Not applicable.

Copyright
©The Author(s) 2022.

REFERENCES
Bhakta N, Liu Q, Yeo F, et al. Cumulative burden of cardiovascular morbidity in paediatric, adolescent, and young adult survivors of 
Hodgkin’s lymphoma: an analysis from the St Jude lifetime cohort study. The Lancet Oncology 2016;17:1325-34.  DOI  PubMed  
PMC

1.     

Iconaru EI, Ciucurel MM, Georgescu L, Ciucurel C. Hand grip strength as a physical biomarker of aging from the perspective of a 
Fibonacci mathematical modeling. BMC Geriatr 2018;18:296.  DOI  PubMed  PMC

2.     

Huang S, Parekh V, Waisman J, et al. Cutaneous metastasectomy: is there a role in breast cancer? J Surg Oncol 2022.  DOI  PubMed3.     
Stec R, Bodnar L, Smoter M, Mączewski M, Szczylik C. Metastatic colorectal cancer in the elderly: an overview of the systemic 
treatment modalities (Review). Oncol Lett 2011;2:3-11.  DOI  PubMed  PMC

4.     

Syrigos KN, Karachalios D, Karapanagiotou EM, Nutting CM, Manolopoulos L, Harrington KJ. Head and neck cancer in the elderly: 
an overview on the treatment modalities. Cancer Treat Rev 2009;35:237-45.  DOI  PubMed

5.     

Cupit-Link MC, Kirkland JL, Ness KK, et al. Biology of premature ageing in survivors of cancer. ESMO Open 2017;2:e000250.  
DOI  PubMed  PMC

6.     

Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020: globocan estimates of incidence and mortality worldwide for 36 
cancers in 185 countries. CA Cancer J Clin 2021;71:209-49.  DOI  PubMed

7.     

Qin S, Schulte BA, Wang GY. Role of senescence induction in cancer treatment. World J Clin Oncol 2018;9:180-7.  DOI  PubMed  
PMC

8.     

Luo H, Yount C, Lang H, et al. Activation of p53 with Nutlin-3a radiosensitizes lung cancer cells via enhancing radiation-induced 
premature senescence. Lung Cancer 2013;81:167-73.  DOI  PubMed  PMC

9.     

Sherr CJ, Beach D, Shapiro GI. Targeting CDK4 and CDK6: from discovery to therapy. Cancer Discov 2016;6:353-67.  DOI  
PubMed  PMC

10.     

Rader J, Russell MR, Hart LS, et al. Dual CDK4/CDK6 inhibition induces cell-cycle arrest and senescence in neuroblastoma. Clin 
Cancer Res 2013;19:6173-82.  DOI  PubMed  PMC

11.     

Yoshida A, Lee EK, Diehl JA. Induction of therapeutic senescence in vemurafenib-resistant melanoma by extended inhibition of 
CDK4/6. Cancer Res 2016;76:2990-3002.  DOI  PubMed  PMC

12.     

Klein ME, Dickson MA, Antonescu C, et al. PDLIM7 and CDH18 regulate the turnover of MDM2 during CDK4/6 inhibitor therapy-
induced senescence. Oncogene 2018;37:5066-78.  DOI  PubMed  PMC

13.     

Manfredi MG, Ecsedy JA, Meetze KA, et al. Antitumor activity of MLN8054, an orally active small-molecule inhibitor of Aurora A 
kinase. Proc Natl Acad Sci U S A 2007;104:4106-11.  DOI  PubMed  PMC

14.     

Liu Y, Hawkins OE, Su Y, Vilgelm AE, Sobolik T, Thu YM, et al. Targeting aurora kinases limits tumour growth through DNA 
damage-mediated senescence and blockade of NF-kappaB impairs this drug-induced senescence. EMBO Mol Med 2013;5:149-66.  
DOI  PubMed  PMC

15.     

Liu Y, Hawkins OE, Su Y, et al. Targeting aurora kinases limits tumour growth through DNA damage-mediated senescence and 
blockade of NF-κB impairs this drug-induced senescence. EMBO Mol Med 2013;5:149-66.  DOI  PubMed  PMC

16.     

Wysong DR, Chakravarty A, Hoar K, Ecsedy JA. The inhibition of Aurora A abrogates the mitotic delay induced by microtubule 
perturbing agents. Cell Cycle 2009;8:876-88.  DOI  PubMed

17.     

Dobrzanski MJ, Rewers-Felkins KA, Quinlin IS, et al. Autologous MUC1-specific Th1 effector cell immunotherapy induces 
differential levels of systemic TReg cell subpopulations that result in increased ovarian cancer patient survival. Clin Immunol 
2009;133:333-52.  DOI  PubMed  PMC

18.     

Rosemblit C, Datta J, Lowenfeld L, et al. Oncodriver inhibition and CD4+ Th1 cytokines cooperate through Stat1 activation to induce 
tumor senescence and apoptosis in HER2+ and triple negative breast cancer: implications for combining immune and targeted 
therapies. Oncotarget 2018;9:23058-77.  DOI  PubMed  PMC

19.     

Luheshi N, Davies G, Poon E, Wiggins K, McCourt M, Legg J. Th1 cytokines are more effective than Th2 cytokines at licensing anti-
tumour functions in CD40-activated human macrophages in vitro. Eur J Immunol 2014;44:162-72.  DOI  PubMed

20.     

Iconaru EI, Ciucurel C. Hand grip strength variability during serial testing as an entropic biomarker of aging: a Poincaré plot analysis. 
BMC Geriatr 2020;20:12.  DOI  PubMed  PMC

21.     

Cooper R, Kuh D, Hardy R; Mortality Review Group; FALCon and HALCyon Study Teams. Objectively measured physical 
capability levels and mortality: systematic review and meta-analysis. BMJ 2010;341:c4467.  DOI  PubMed  PMC

22.     

Celis-Morales CA, Welsh P, Lyall DM, et al. Associations of grip strength with cardiovascular, respiratory, and cancer outcomes and 
all cause mortality: prospective cohort study of half a million UK Biobank participants. BMJ 2018;361:k1651.  DOI  PubMed  PMC

23.     

Uziel O, Lahav M, Shargian L, et al. Premature ageing following allogeneic hematopoietic stem cell transplantation. Bone Marrow 24.     

https://dx.doi.org/10.1016/S1470-2045(16)30215-7
http://www.ncbi.nlm.nih.gov/pubmed/27470081
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5029267
https://dx.doi.org/10.1186/s12877-018-0991-0
http://www.ncbi.nlm.nih.gov/pubmed/30497405
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6267814
https://dx.doi.org/10.1002/jso.26870
http://www.ncbi.nlm.nih.gov/pubmed/35389520
https://dx.doi.org/10.3892/ol.2010.212
http://www.ncbi.nlm.nih.gov/pubmed/22870121
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3412521
https://dx.doi.org/10.1016/j.ctrv.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19100689
https://dx.doi.org/10.1136/esmoopen-2017-000250
http://www.ncbi.nlm.nih.gov/pubmed/29326844
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5757468
https://dx.doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://dx.doi.org/10.5306/wjco.v9.i8.180
http://www.ncbi.nlm.nih.gov/pubmed/30622926
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6314866
https://dx.doi.org/10.1016/j.lungcan.2013.04.017
http://www.ncbi.nlm.nih.gov/pubmed/23683497
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3739976
https://dx.doi.org/10.1158/2159-8290.CD-15-0894
http://www.ncbi.nlm.nih.gov/pubmed/26658964
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4821753
https://dx.doi.org/10.1158/1078-0432.CCR-13-1675
http://www.ncbi.nlm.nih.gov/pubmed/24045179
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3844928
https://dx.doi.org/10.1158/0008-5472.CAN-15-2931
http://www.ncbi.nlm.nih.gov/pubmed/26988987
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4873417
https://dx.doi.org/10.1038/s41388-018-0332-y
http://www.ncbi.nlm.nih.gov/pubmed/29789718
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6137027
https://dx.doi.org/10.1073/pnas.0608798104
http://www.ncbi.nlm.nih.gov/pubmed/17360485
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1820716
https://dx.doi.org/10.1002/emmm.201201378
http://www.ncbi.nlm.nih.gov/pubmed/23180582
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3569660
https://dx.doi.org/10.1002/emmm.201201378
http://www.ncbi.nlm.nih.gov/pubmed/23180582
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3569660
https://dx.doi.org/10.4161/cc.8.6.7897
http://www.ncbi.nlm.nih.gov/pubmed/19221504
https://dx.doi.org/10.1016/j.clim.2009.08.007
http://www.ncbi.nlm.nih.gov/pubmed/19762283
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2805085
https://dx.doi.org/10.18632/oncotarget.25208
http://www.ncbi.nlm.nih.gov/pubmed/29796172
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5955413
https://dx.doi.org/10.1002/eji.201343351
http://www.ncbi.nlm.nih.gov/pubmed/24114634
https://dx.doi.org/10.1186/s12877-020-1419-1
http://www.ncbi.nlm.nih.gov/pubmed/31931730
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6958685
https://dx.doi.org/10.1136/bmj.c4467
http://www.ncbi.nlm.nih.gov/pubmed/20829298
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2938886
https://dx.doi.org/10.1136/bmj.k1651
http://www.ncbi.nlm.nih.gov/pubmed/29739772
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5939721


Page 17 of Banerjee et al. J Cardiovasc Aging 2022;2:28 https://dx.doi.org/10.20517/jca.2022.13 22

Transplant 2020;55:1438-46.  DOI  PubMed
Uziel O, Lahav M, Shargian L, et al. Correction: Premature ageing following allogeneic hematopoietic stem cell transplantation. Bone 
Marrow Transplant 2020;55:1519.  DOI  PubMed

25.     

Arora M, Sun CL, Ness KK, et al. Physiologic Frailty in nonelderly hematopoietic cell transplantation patients: results from the bone 
marrow transplant survivor study. JAMA Oncol 2016;2:1277-86.  DOI  PubMed  PMC

26.     

Kim DK, Lee HS, Park JY, et al. Risk of cardiovascular intervention after androgen deprivation therapy in prostate cancer patients 
with a prior history of ischemic cardiovascular and cerebrovascular disease: a nationwide population-based cohort study. Urol Oncol 
2022;40:6.e11-9.  DOI  PubMed

27.     

Leer P. The risk of cardiovascular disease, fracture, dementia, and cancer after long-term hormone therapy in perimenopausal and 
postmenopausal women. Am Fam Physician 2018;98:117-8.  PubMed

28.     

Aleman BM, Moser EC, Nuver J, et al. Cardiovascular disease after cancer therapy. EJC Suppl 2014;12:18-28.  DOI  PubMed  PMC29.     
O’Farrell S, Garmo H, Holmberg L, Adolfsson J, Stattin P, Van Hemelrijck M. Risk and timing of cardiovascular disease after 
androgen-deprivation therapy in men with prostate cancer. J Clin Oncol 2015;33:1243-51.  DOI  PubMed

30.     

Scott JM, Koelwyn GJ, Hornsby WE, et al. Exercise therapy as treatment for cardiovascular and oncologic disease after a diagnosis 
of early-stage cancer. Semin Oncol 2013;40:218-28.  DOI  PubMed

31.     

Lipshultz SE, Landy DC, Lopez-Mitnik G, et al. Cardiovascular status of childhood cancer survivors exposed and unexposed to 
cardiotoxic therapy. J Clin Oncol 2012;30:1050-7.  DOI  PubMed  PMC

32.     

Hudson MM, Ness KK, Gurney JG, et al. Clinical ascertainment of health outcomes among adults treated for childhood cancer. 
JAMA 2013;309:2371-81.  DOI  PubMed  PMC

33.     

Robinson PD, Tomlinson D, Beauchemin M, et al. Identifying clinical practice guidelines for symptom control in pediatric oncology. 
Support Care Cancer 2021;29:7049-55.  DOI  PubMed

34.     

Signorelli C, Wakefield CE, McLoone JK, et al; ANZCHOG Survivorship Study Group. Models of childhood cancer survivorship 
care in Australia and New Zealand: strengths and challenges. Asia Pac J Clin Oncol 2017;13:407-15.  DOI  PubMed

35.     

Campisi J. The biology of replicative senescence. European Journal of Cancer 1997;33:703-9.  DOI  PubMed36.     
Hayflick L, Moorhead P. The serial cultivation of human diploid cell strains. Experimental Cell Research 1961;25:585-621.  DOI  
PubMed

37.     

Banerjee P, Kotla S, Reddy Velatooru L, et al. Senescence-associated secretory phenotype as a hinge between cardiovascular diseases 
and cancer. Front Cardiovasc Med 2021;8:763930.  DOI  PubMed  PMC

38.     

Dominic A, Banerjee P, Hamilton DJ, Le NT, Abe JI. Time-dependent replicative senescence vs. disturbed flow-induced pre-mature 
aging in atherosclerosis. Redox Biol 2020;37:101614.  DOI  PubMed  PMC

39.     

Liu J, Wang L, Wang Z, Liu JP. Roles of telomere biology in cell senescence, replicative and chronological ageing. Cells 2019;8:54.  
DOI  PubMed  PMC

40.     

Chuenwisad K, More-Krong P, Tubsaeng P, et al. Premature senescence and telomere shortening induced by oxidative stress from 
oxalate, calcium oxalate monohydrate, and urine from patients with calcium oxalate nephrolithiasis. Front Immunol 2021;12:696486.  
DOI  PubMed  PMC

41.     

Magalhães JP, Chainiaux F, Remacle J, Toussaint O. Stress-induced premature senescence in BJ and hTERT-BJ1 human foreskin 
fibroblasts. FEBS Letters 2002;523:157-62.  DOI  PubMed

42.     

Hewitt G, Jurk D, Marques FD, et al. Telomeres are favoured targets of a persistent DNA damage response in ageing and stress-
induced senescence. Nat Commun 2012;3:708.  DOI  PubMed  PMC

43.     

Naka K, Tachibana A, Ikeda K, Motoyama N. Stress-induced premature senescence in hTERT-expressing ataxia telangiectasia 
fibroblasts. J Biol Chem 2004;279:2030-7.  DOI  PubMed

44.     

Nakamura AJ, Chiang YJ, Hathcock KS, et al. Both telomeric and non-telomeric DNA damage are determinants of mammalian 
cellular senescence. Epigenetics Chromatin 2008;1:6.  DOI  PubMed  PMC

45.     

Gioia U, Francia S, Cabrini M, et al. Pharmacological boost of DNA damage response and repair by enhanced biogenesis of DNA 
damage response RNAs. Sci Rep 2019;9:6460.  DOI  PubMed  PMC

46.     

Schumann S, Scherthan H, Pfestroff K, et al. DNA damage and repair in peripheral blood mononuclear cells after internal ex vivo 
irradiation of patient blood with 131 I. Eur J Nucl Med Mol Imaging 2022;49:1447-55.  DOI  PubMed  PMC

47.     

Fumagalli M, Rossiello F, Clerici M, et al. Telomeric DNA damage is irreparable and causes persistent DNA-damage-response 
activation. Nat Cell Biol 2012;14:355-65.  DOI  PubMed  PMC

48.     

Vaiserman A, Krasnienkov D. Telomere length as a marker of biological age: state-of-the-art, open issues, and future perspectives. 
Front Genet 2020;11:630186.  DOI  PubMed  PMC

49.     

Jiang H, Ju Z, Rudolph KL. Telomere shortening and ageing. Z Gerontol Geriatr 2007;40:314-24.  DOI  PubMed50.     
Li P, Hou M, Lou F, Björkholm M, Xu D. Telomere dysfunction induced by chemotherapeutic agents and radiation in normal human 
cells. Int J Biochem Cell Biol 2012;44:1531-40.  DOI  PubMed

51.     

Wong KK, Maser RS, Bachoo RM, et al. Telomere dysfunction and Atm deficiency compromises organ homeostasis and accelerates 
ageing. Nature 2003;421:643-8.  DOI  PubMed

52.     

Armanios M, Alder JK, Parry EM, Karim B, Strong MA, Greider CW. Short telomeres are sufficient to cause the degenerative 
defects associated with aging. Am J Hum Genet 2009;85:823-32.  DOI  PubMed  PMC

53.     

Armanios M, Alder JK, Parry EM, Karim B, Strong MA, Greider CW. Short telomeres are sufficient to cause the degenerative 54.     

https://dx.doi.org/10.1038/s41409-020-0839-z
http://www.ncbi.nlm.nih.gov/pubmed/32094417
https://dx.doi.org/10.1038/s41409-020-0900-y
http://www.ncbi.nlm.nih.gov/pubmed/32269306
https://dx.doi.org/10.1001/jamaoncol.2016.0855
http://www.ncbi.nlm.nih.gov/pubmed/27254472
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5078990
https://dx.doi.org/10.1016/j.urolonc.2021.07.002
http://www.ncbi.nlm.nih.gov/pubmed/34315660
http://www.ncbi.nlm.nih.gov/pubmed/30215990
https://dx.doi.org/10.1016/j.ejcsup.2014.03.002
http://www.ncbi.nlm.nih.gov/pubmed/26217163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4250533
https://dx.doi.org/10.1200/JCO.2014.59.1792
http://www.ncbi.nlm.nih.gov/pubmed/25732167
https://dx.doi.org/10.1053/j.seminoncol.2013.01.001
http://www.ncbi.nlm.nih.gov/pubmed/23540747
https://dx.doi.org/10.1200/JCO.2010.33.7907
http://www.ncbi.nlm.nih.gov/pubmed/22393080
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3341149
https://dx.doi.org/10.1001/jama.2013.6296
http://www.ncbi.nlm.nih.gov/pubmed/23757085
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3771083
https://dx.doi.org/10.1007/s00520-021-06303-9
http://www.ncbi.nlm.nih.gov/pubmed/34041614
https://dx.doi.org/10.1111/ajco.12700
http://www.ncbi.nlm.nih.gov/pubmed/28670761
https://dx.doi.org/10.1016/S0959-8049(96)00058-5
http://www.ncbi.nlm.nih.gov/pubmed/9282108
https://dx.doi.org/10.1016/0014-4827(61)90192-6
http://www.ncbi.nlm.nih.gov/pubmed/13905658
https://dx.doi.org/10.3389/fcvm.2021.763930
http://www.ncbi.nlm.nih.gov/pubmed/34746270
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8563837
https://dx.doi.org/10.1016/j.redox.2020.101614
http://www.ncbi.nlm.nih.gov/pubmed/32863187
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7767754
https://dx.doi.org/10.3390/cells8010054
http://www.ncbi.nlm.nih.gov/pubmed/30650660
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6356700
https://dx.doi.org/10.3389/fimmu.2021.696486
http://www.ncbi.nlm.nih.gov/pubmed/34745087
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8566732
https://dx.doi.org/10.1016/s0014-5793(02)02973-3
http://www.ncbi.nlm.nih.gov/pubmed/12123824
https://dx.doi.org/10.1038/ncomms1708
http://www.ncbi.nlm.nih.gov/pubmed/22426229
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3292717
https://dx.doi.org/10.1074/jbc.M309457200
http://www.ncbi.nlm.nih.gov/pubmed/14570874
https://dx.doi.org/10.1186/1756-8935-1-6
http://www.ncbi.nlm.nih.gov/pubmed/19014415
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2584625
https://dx.doi.org/10.1038/s41598-019-42892-6
http://www.ncbi.nlm.nih.gov/pubmed/31015566
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6478851
https://dx.doi.org/10.1007/s00259-021-05605-8
http://www.ncbi.nlm.nih.gov/pubmed/34773472
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8940852
https://dx.doi.org/10.1038/ncb2466
http://www.ncbi.nlm.nih.gov/pubmed/22426077
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3717580
https://dx.doi.org/10.3389/fgene.2020.630186
http://www.ncbi.nlm.nih.gov/pubmed/33552142
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7859450
https://dx.doi.org/10.1007/s00391-007-0480-0
http://www.ncbi.nlm.nih.gov/pubmed/17943234
https://dx.doi.org/10.1016/j.biocel.2012.06.020
http://www.ncbi.nlm.nih.gov/pubmed/22728163
https://dx.doi.org/10.1038/nature01385
http://www.ncbi.nlm.nih.gov/pubmed/12540856
https://dx.doi.org/10.1016/j.ajhg.2009.10.028
http://www.ncbi.nlm.nih.gov/pubmed/19944403
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2790562


Page 18 of Banerjee et al. J Cardiovasc Aging 2022;2:28 https://dx.doi.org/10.20517/jca.2022.1322

defects associated with aging. Am J Hum Genet 2009;85:823-32.  DOI  PubMed  PMC
Rolles B, Gorgulho J, Tometten M, et al. Telomere shortening in peripheral leukocytes is associated with poor survival in cancer 
patients treated with immune checkpoint inhibitor therapy. Front Oncol 2021;11:729207.  DOI  PubMed  PMC

55.     

Bianchi A, Smith S, Chong L, Elias P, de Lange T. TRF1 is a dimer and bends telomeric DNA. EMBO J 1997;16:1785-94.  DOI  
PubMed  PMC

56.     

Ilicheva NV, Podgornaya OI, Voronin AP. Telomere repeat-binding factor 2 is responsible for the telomere attachment to the nuclear 
membrane. Elsevier; 2015. pp. 67-96.  DOI  PubMed

57.     

Kotla S, Vu HT, Ko KA, et al. Endothelial senescence is induced by phosphorylation and nuclear export of telomeric repeat binding 
factor 2-interacting protein. JCI Insight 2019;4:124867.  DOI  PubMed  PMC

58.     

Gu P, Jia S, Takasugi T, et al. Distinct functions of POT1 proteins contribute to the regulation of telomerase recruitment to telomeres. 
Nat Commun 2021;12:5514.  DOI  PubMed  PMC

59.     

Liu B, He Y, Wang Y, Song H, Zhou ZH, Feigon J. Structure of active human telomerase with telomere shelterin protein TPP1. 
Nature 2022;604:578-83.  DOI  PubMed

60.     

Abe J, Martin JF, Yeh ET. The future of onco-cardiology: we are not just ‘side effect hunters’. Circ Res 2016;119:896-9.  DOI  
PubMed  PMC

61.     

Kim SH, Kaminker P, Campisi J. TIN2, a new regulator of telomere length in human cells. Nat Genet 1999;23:405-12.  DOI  
PubMed  PMC

62.     

Rossiello F, Aguado J, Sepe S, et al. DNA damage response inhibition at dysfunctional telomeres by modulation of telomeric DNA 
damage response RNAs. Nat Commun 2017;8:13980.  DOI  PubMed  PMC

63.     

Cipressa F, Cenci G. DNA damage response, checkpoint activation and dysfunctional telomeres: face to face between mammalian 
cells and Drosophila. Tsitologiia 2013;55:211-7.  PubMed

64.     

Guo X, Deng Y, Lin Y, et al. Dysfunctional telomeres activate an ATM-ATR-dependent DNA damage response to suppress 
tumorigenesis. EMBO J 2007;26:4709-19.  DOI  PubMed  PMC

65.     

Longhese MP. DNA damage response at functional and dysfunctional telomeres. Genes Dev 2008;22:125-40.  DOI  PubMed  PMC66.     
Muraki K, Murnane JP. The DNA damage response at dysfunctional telomeres, and at interstitial and subtelomeric DNA double-
strand breaks. Genes Genet Syst 2018;92:135-52.  DOI  PubMed

67.     

Rai R, Chang S. Monitoring the DNA damage response at dysfunctional telomeres.  DOI  PubMed68.     
Passos JF, Nelson G, Wang C, et al. Feedback between p21 and reactive oxygen production is necessary for cell senescence. Mol Syst 
Biol 2010;6:347.  DOI  PubMed  PMC

69.     

Anderson R, Lagnado A, Maggiorani D, et al. Length-independent telomere damage drives post-mitotic cardiomyocyte senescence. 
EMBO J 2019;38:e100492.  DOI  PubMed  PMC

70.     

Brand T. Length doesn’t matter-telomere damage triggers cellular senescence in the ageing heart. EMBO J 2019;38:e101571.  DOI  
PubMed  PMC

71.     

Li A, Gao M, Jiang W, Qin Y, Gong G. Mitochondrial dynamics in adult cardiomyocytes and heart diseases. Front Cell Dev Biol 
2020;8:584800.  DOI  PubMed  PMC

72.     

Livingston K, Schlaak RA, Puckett LL, Bergom C. The role of mitochondrial dysfunction in radiation-induced heart disease: from 
bench to bedside. Front Cardiovasc Med 2020;7:20.  DOI  PubMed  PMC

73.     

Gorini S, De Angelis A, Berrino L, Malara N, Rosano G, Ferraro E. Chemotherapeutic drugs and mitochondrial dysfunction: focus on 
doxorubicin, trastuzumab, and sunitinib. Oxidative Medicine and Cellular Longevity 2018;2018:1-15.  DOI  PubMed  PMC

74.     

Wang B, Kohli J, Demaria M. Senescent cells in cancer therapy: friends or foes? Trends Cancer 2020;6:838-57.  DOI  PubMed75.     
Wang Y, Boerma M, Zhou D. Ionizing radiation-induced endothelial cell senescence and cardiovascular diseases. Radiat Res 
2016;186:153-61.  DOI  PubMed  PMC

76.     

Kotla S, Zhang A, Imanishi M, et al. Nucleus-mitochondria positive feedback loop formed by ERK5 S496 phosphorylation-mediated 
poly (ADP-ribose) polymerase activation provokes persistent pro-inflammatory senescent phenotype and accelerates coronary 
atherosclerosis after chemo-radiation. Redox Biol 2021;47:102132.  DOI  PubMed  PMC

77.     

Hodjat M, Haller H, Dumler I, Kiyan Y. Urokinase receptor mediates doxorubicin-induced vascular smooth muscle cell senescence 
via proteasomal degradation of TRF2. J Vasc Res 2013;50:109-23.  DOI  PubMed

78.     

Piegari E, De Angelis A, Cappetta D, et al. Doxorubicin induces senescence and impairs function of human cardiac progenitor cells. 
Basic Res Cardiol 2013;108:334.  DOI  PubMed

79.     

Chagastelles PC, Nardi NB. Biology of stem cells: an overview. Kidney Int Suppl (2011) 2011;1:63-7.  DOI  PubMed  PMC80.     
Rebelo-Marques A, De Sousa Lages A, Andrade R, et al. Aging hallmarks: the benefits of physical exercise. Front Endocrinol 
(Lausanne) 2018;9:258.  DOI  PubMed  PMC

81.     

Rossi DJ, Jamieson CH, Weissman IL. Stems cells and the pathways to aging and cancer. Cell 2008;132:681-96.  DOI  PubMed82.     
Kollman C, Howe CW, Anasetti C, et al. Donor characteristics as risk factors in recipients after transplantation of bone marrow from 
unrelated donors: the effect of donor age. Blood 2001;98:2043-51.  DOI  PubMed

83.     

Cupit-Link MC, Arora M, Wood WA, Hashmi SK. Relationship between Aging and Hematopoietic Cell Transplantation. Biol Blood 
Marrow Transplant 2018;24:1965-70.  DOI  PubMed

84.     

Lahav M, Uziel O, Kestenbaum M, et al. Nonmyeloablative conditioning does not prevent telomere shortening after allogeneic stem 
cell transplantation. Transplantation 2005;80:969-76.  DOI  PubMed

85.     

https://dx.doi.org/10.1016/j.ajhg.2009.10.028
http://www.ncbi.nlm.nih.gov/pubmed/19944403
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2790562
https://dx.doi.org/10.3389/fonc.2021.729207
http://www.ncbi.nlm.nih.gov/pubmed/34490122
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8417059
https://dx.doi.org/10.1093/emboj/16.7.1785
http://www.ncbi.nlm.nih.gov/pubmed/9130722
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1169781
https://dx.doi.org/10.1016/bs.apcsb.2015.06.009
http://www.ncbi.nlm.nih.gov/pubmed/26572976
https://dx.doi.org/10.1172/jci.insight.124867
http://www.ncbi.nlm.nih.gov/pubmed/31045573
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6538340
https://dx.doi.org/10.1038/s41467-021-25799-7
http://www.ncbi.nlm.nih.gov/pubmed/34535663
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8448735
https://dx.doi.org/10.1038/s41586-022-04582-8
http://www.ncbi.nlm.nih.gov/pubmed/35418675
https://dx.doi.org/10.1161/CIRCRESAHA.116.309573
http://www.ncbi.nlm.nih.gov/pubmed/27688305
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5147506
https://dx.doi.org/10.1038/70508
http://www.ncbi.nlm.nih.gov/pubmed/10581025
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4940194
https://dx.doi.org/10.1038/ncomms13980
http://www.ncbi.nlm.nih.gov/pubmed/28239143
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5473644
http://www.ncbi.nlm.nih.gov/pubmed/23875450
https://dx.doi.org/10.1038/sj.emboj.7601893
http://www.ncbi.nlm.nih.gov/pubmed/17948054
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2080807
https://dx.doi.org/10.1101/gad.1626908
http://www.ncbi.nlm.nih.gov/pubmed/18198332
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2731633
https://dx.doi.org/10.1266/ggs.17-00014
http://www.ncbi.nlm.nih.gov/pubmed/29162774
https://dx.doi.org/10.1007/978-1-4939-2963-4_14
http://www.ncbi.nlm.nih.gov/pubmed/26420717
https://dx.doi.org/10.1038/msb.2010.5
http://www.ncbi.nlm.nih.gov/pubmed/20160708
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2835567
https://dx.doi.org/10.15252/embj.2018100492
http://www.ncbi.nlm.nih.gov/pubmed/30737259
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6396144
https://dx.doi.org/10.15252/embj.2019101571
http://www.ncbi.nlm.nih.gov/pubmed/30770342
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6396151
https://dx.doi.org/10.3389/fcell.2020.584800
http://www.ncbi.nlm.nih.gov/pubmed/33392184
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7773778
https://dx.doi.org/10.3389/fcvm.2020.00020
http://www.ncbi.nlm.nih.gov/pubmed/32154269
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7047199
https://dx.doi.org/10.1155/2018/7582730
http://www.ncbi.nlm.nih.gov/pubmed/29743983
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5878876
https://dx.doi.org/10.1016/j.trecan.2020.05.004
http://www.ncbi.nlm.nih.gov/pubmed/32482536
https://dx.doi.org/10.1667/RR14445.1
http://www.ncbi.nlm.nih.gov/pubmed/27387862
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4997805
https://dx.doi.org/10.1016/j.redox.2021.102132
http://www.ncbi.nlm.nih.gov/pubmed/34619528
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8502954
https://dx.doi.org/10.1159/000343000
http://www.ncbi.nlm.nih.gov/pubmed/23172421
https://dx.doi.org/10.1007/s00395-013-0334-4
http://www.ncbi.nlm.nih.gov/pubmed/23411815
https://dx.doi.org/10.1038/kisup.2011.15
http://www.ncbi.nlm.nih.gov/pubmed/25028627
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4089750
https://dx.doi.org/10.3389/fendo.2018.00258
http://www.ncbi.nlm.nih.gov/pubmed/29887832
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5980968
https://dx.doi.org/10.1016/j.cell.2008.01.036
http://www.ncbi.nlm.nih.gov/pubmed/18295583
https://dx.doi.org/10.1182/blood.v98.7.2043
http://www.ncbi.nlm.nih.gov/pubmed/11567988
https://dx.doi.org/10.1016/j.bbmt.2018.08.015
http://www.ncbi.nlm.nih.gov/pubmed/30130587
https://dx.doi.org/10.1097/01.tp.0000173649.99261.df
http://www.ncbi.nlm.nih.gov/pubmed/16249747


Page 19 of Banerjee et al. J Cardiovasc Aging 2022;2:28 https://dx.doi.org/10.20517/jca.2022.13 22

Beauséjour C. Bone marrow-derived cells: the influence of aging and cellular senescence. Handb Exp Pharmacol 2007;180:67-88.  
DOI  PubMed

86.     

Biran A, Krizhanovsky V. Senescent cells talk frankly with their neighbors. Cell Cycle 2015;14:2181-2.  DOI  PubMed  PMC87.     
Gorgoulis V, Adams PD, Alimonti A, et al. Cellular senescence: defining a path forward. Cell 2019;179:813-27.  DOI  PubMed88.     
Kuilman T, Peeper DS. Senescence-messaging secretome: SMS-ing cellular stress. Nat Rev Cancer 2009;9:81-94.  DOI  PubMed89.     
Coppé JP, Patil CK, Rodier F, et al. Senescence-associated secretory phenotypes reveal cell-nonautonomous functions of oncogenic 
RAS and the p53 tumor suppressor. PLoS Biol 2008;6:2853-68.  DOI  PubMed  PMC

90.     

Wiley CD, Campisi J. The metabolic roots of senescence: mechanisms and opportunities for intervention. Nat Metab 2021;3:1290-
301.  DOI  PubMed  PMC

91.     

Sabbatinelli J, Prattichizzo F, Olivieri F, Procopio AD, Rippo MR, Giuliani A. Where metabolism meets senescence: focus on 
endothelial cells. Front Physiol 2019;10:1523.  DOI  PubMed  PMC

92.     

James EL, Michalek RD, Pitiyage GN, et al. Senescent human fibroblasts show increased glycolysis and redox homeostasis with 
extracellular metabolomes that overlap with those of irreparable DNA damage, aging, and disease. J Proteome Res 2015;14:1854-71.  
DOI  PubMed

93.     

Chen JH, Ozanne SE. Deep senescent human fibroblasts show diminished DNA damage foci but retain checkpoint capacity to 
oxidative stress. FEBS Lett 2006;580:6669-73.  DOI  PubMed

94.     

Zwerschke W, Mazurek S, Stöckl P, Hütter E, Eigenbrodt E, Jansen-Dürr P. Metabolic analysis of senescent human fibroblasts 
reveals a role for AMP in cellular senescence. Biochem J 2003;376:403-11.  DOI  PubMed  PMC

95.     

Xie N, Zhang L, Gao W, et al. NAD+ metabolism: pathophysiologic mechanisms and therapeutic potential. Signal Transduct Target 
Ther 2020;5:227.  DOI  PubMed  PMC

96.     

Xiao W, Wang RS, Handy DE, Loscalzo J. NAD(H) and NADP(H) redox couples and cellular energy metabolism. Antioxid Redox 
Signal 2018;28:251-72.  DOI  PubMed  PMC

97.     

Nacarelli T, Lau L, Fukumoto T, et al. NAD+ metabolism governs the proinflammatory senescence-associated secretome. Nat Cell 
Biol 2019;21:397-407.  DOI  PubMed  PMC

98.     

Covarrubias AJ, Perrone R, Grozio A, Verdin E. NAD+ metabolism and its roles in cellular processes during ageing. Nat Rev Mol 
Cell Biol 2021;22:119-41.  DOI  PubMed  PMC

99.     

Lin Q, Zuo W, Liu Y, Wu K, Liu Q. NAD+ and cardiovascular diseases. Clin Chim Acta 2021;515:104-10.  DOI  PubMed100.     
Luongo TS, Eller JM, Lu MJ, et al. SLC25A51 is a mammalian mitochondrial NAD+ transporter. Nature 2020;588:174-9.  DOI  
PubMed  PMC

101.     

Leverve XM, Verhoeven AJ, Groen AK, Meijer AJ, Tager JM. The malate/aspartate shuttle and pyruvate kinase as targets involved in 
the stimulation of gluconeogenesis by phenylephrine. Eur J Biochem 1986;155:551-6.  DOI  PubMed

102.     

Lautrup S, Sinclair DA, Mattson MP, Fang EF. NAD+ in Brain Aging and Neurodegenerative Disorders. Cell Metab 2019;30:630-55.  
DOI  PubMed  PMC

103.     

Braidy N, Guillemin GJ, Mansour H, Chan-Ling T, Poljak A, Grant R. Age related changes in NAD+ metabolism oxidative stress and 
Sirt1 activity in wistar rats. PLoS One 2011;6:e19194.  DOI  PubMed  PMC

104.     

Camacho-Pereira J, Tarragó MG, Chini CCS, et al. CD38 dictates age-related NAD decline and mitochondrial dysfunction through an 
SIRT3-dependent mechanism. Cell Metab 2016;23:1127-39.  DOI  PubMed  PMC

105.     

Mouchiroud L, Houtkooper RH, Moullan N, et al. The NAD(+)/Sirtuin Pathway Modulates Longevity through Activation of 
Mitochondrial UPR and FOXO Signaling. Cell 2013;154:430-41.  DOI  PubMed  PMC

106.     

Zhu XH, Lu M, Lee BY, Ugurbil K, Chen W. In vivo NAD assay reveals the intracellular NAD contents and redox state in healthy 
human brain and their age dependences. Proc Natl Acad Sci U S A 2015;112:2876-81.  DOI  PubMed  PMC

107.     

Verdin E. NAD+ in aging, metabolism, and neurodegeneration. Science 2015;350:1208-13.  DOI  PubMed108.     
Zhang H, Ryu D, Wu Y, et al. NAD+ repletion improves mitochondrial and stem cell function and enhances life span in mice. Science 
2016;352:1436-43.  DOI  PubMed

109.     

Frederick DW, Loro E, Liu L, et al. Loss of NAD homeostasis leads to progressive and reversible degeneration of skeletal muscle. 
Cell Metab 2016;24:269-82.  DOI  PubMed  PMC

110.     

Stein LR, Imai S. Specific ablation of Nampt in adult neural stem cells recapitulates their functional defects during aging. EMBO J 
2014;33:1321-40.  DOI  PubMed  PMC

111.     

van der Veer E, Ho C, O’Neil C, et al. Extension of human cell lifespan by nicotinamide phosphoribosyltransferase. J Biol Chem 
2007;282:10841-5.  DOI  PubMed

112.     

Chang HC, Guarente L. SIRT1 mediates central circadian control in the SCN by a mechanism that decays with aging. Cell 
2013;153:1448-60.  DOI  PubMed  PMC

113.     

Zeidler JD, Hogan KA, Agorrody G, et al. The CD38 glycohydrolase and the NAD sink: implications for pathological conditions. Am 
J Physiol Cell Physiol 2022;322:C521-45.  DOI  PubMed  PMC

114.     

Chini CCS, Zeidler JD, Kashyap S, Warner G, Chini EN. Evolving concepts in NAD+ metabolism. Cell Metab 2021;33:1076-87.  
DOI  PubMed  PMC

115.     

Feldman JL, Dittenhafer-Reed KE, Denu JM. Sirtuin catalysis and regulation. J Biol Chem 2012;287:42419-27.  DOI  PubMed  PMC116.     
Pehar M, Harlan BA, Killoy KM, Vargas MR. Nicotinamide adenine dinucleotide metabolism and neurodegeneration. Antioxid 
Redox Signal 2018;28:1652-68.  DOI  PubMed  PMC

117.     

https://dx.doi.org/10.1007/978-3-540-68976-8_4
http://www.ncbi.nlm.nih.gov/pubmed/17554505
https://dx.doi.org/10.1080/15384101.2015.1056608
http://www.ncbi.nlm.nih.gov/pubmed/26030140
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4613544
https://dx.doi.org/10.1016/j.cell.2019.10.005
http://www.ncbi.nlm.nih.gov/pubmed/31675495
https://dx.doi.org/10.1038/nrc2560
http://www.ncbi.nlm.nih.gov/pubmed/19132009
https://dx.doi.org/10.1371/journal.pbio.0060301
http://www.ncbi.nlm.nih.gov/pubmed/19053174
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2592359
https://dx.doi.org/10.1038/s42255-021-00483-8
http://www.ncbi.nlm.nih.gov/pubmed/34663974
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8889622
https://dx.doi.org/10.3389/fphys.2019.01523
http://www.ncbi.nlm.nih.gov/pubmed/31920721
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6930181
https://dx.doi.org/10.1021/pr501221g
http://www.ncbi.nlm.nih.gov/pubmed/25690941
https://dx.doi.org/10.1016/j.febslet.2006.11.023
http://www.ncbi.nlm.nih.gov/pubmed/17126333
https://dx.doi.org/10.1042/BJ20030816
http://www.ncbi.nlm.nih.gov/pubmed/12943534
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1223775
https://dx.doi.org/10.1038/s41392-020-00311-7
http://www.ncbi.nlm.nih.gov/pubmed/33028824
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7539288
https://dx.doi.org/10.1089/ars.2017.7216
http://www.ncbi.nlm.nih.gov/pubmed/28648096
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5737637
https://dx.doi.org/10.1038/s41556-019-0287-4
http://www.ncbi.nlm.nih.gov/pubmed/30778219
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6448588
https://dx.doi.org/10.1038/s41580-020-00313-x
http://www.ncbi.nlm.nih.gov/pubmed/33353981
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7963035
https://dx.doi.org/10.1016/j.cca.2021.01.012
http://www.ncbi.nlm.nih.gov/pubmed/33485900
https://dx.doi.org/10.1038/s41586-020-2741-7
http://www.ncbi.nlm.nih.gov/pubmed/32906142
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7718333
https://dx.doi.org/10.1111/j.1432-1033.1986.tb09523.x
http://www.ncbi.nlm.nih.gov/pubmed/3956499
https://dx.doi.org/10.1016/j.cmet.2019.09.001
http://www.ncbi.nlm.nih.gov/pubmed/31577933
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6787556
https://dx.doi.org/10.1371/journal.pone.0019194
http://www.ncbi.nlm.nih.gov/pubmed/21541336
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3082551
https://dx.doi.org/10.1016/j.cmet.2016.05.006
http://www.ncbi.nlm.nih.gov/pubmed/27304511
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4911708
https://dx.doi.org/10.1016/j.cell.2013.06.016
http://www.ncbi.nlm.nih.gov/pubmed/23870130
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3753670
https://dx.doi.org/10.1073/pnas.1417921112
http://www.ncbi.nlm.nih.gov/pubmed/25730862
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4352772
https://dx.doi.org/10.1126/science.aac4854
http://www.ncbi.nlm.nih.gov/pubmed/26785480
https://dx.doi.org/10.1126/science.aaf2693
http://www.ncbi.nlm.nih.gov/pubmed/27127236
https://dx.doi.org/10.1016/j.cmet.2016.07.005
http://www.ncbi.nlm.nih.gov/pubmed/27508874
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4985182
https://dx.doi.org/10.1002/embj.201386917
http://www.ncbi.nlm.nih.gov/pubmed/24811750
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4194122
https://dx.doi.org/10.1074/jbc.C700018200
http://www.ncbi.nlm.nih.gov/pubmed/17307730
https://dx.doi.org/10.1016/j.cell.2013.05.027
http://www.ncbi.nlm.nih.gov/pubmed/23791176
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3748806
https://dx.doi.org/10.1152/ajpcell.00451.2021
http://www.ncbi.nlm.nih.gov/pubmed/35138178
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8917930
https://dx.doi.org/10.1016/j.cmet.2021.04.003
http://www.ncbi.nlm.nih.gov/pubmed/33930322
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8172449
https://dx.doi.org/10.1074/jbc.R112.378877
http://www.ncbi.nlm.nih.gov/pubmed/23086947
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3522242
https://dx.doi.org/10.1089/ars.2017.7145
http://www.ncbi.nlm.nih.gov/pubmed/28548540
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5962335


Page 20 of Banerjee et al. J Cardiovasc Aging 2022;2:28 https://dx.doi.org/10.20517/jca.2022.1322

Hayakawa T, Iwai M, Aoki S, et al. SIRT1 suppresses the senescence-associated secretory phenotype through epigenetic gene 
regulation. PLoS One 2015;10:e0116480.  DOI  PubMed  PMC

118.     

Lee S, Lee J, Lee H, Min K. Sirtuin signaling in cellular senescence and aging. BMB Rep 2019;52:24-34.  PubMed  PMC119.     
Mostoslavsky R, Chua KF, Lombard DB, et al. Genomic instability and aging-like phenotype in the absence of mammalian SIRT6. 
Cell 2006;124:315-29.  DOI  PubMed

120.     

Ota H, Akishita M, Eto M, Iijima K, Kaneki M, Ouchi Y. Sirt1 modulates premature senescence-like phenotype in human endothelial 
cells. J Mol Cell Cardiol 2007;43:571-9.  DOI  PubMed

121.     

Kane AE, Sinclair DA. Sirtuins and NAD+ in the Development and treatment of metabolic and cardiovascular diseases. Circ Res 
2018;123:868-85.  DOI  PubMed  PMC

122.     

Murata MM, Kong X, Moncada E, et al. NAD+ consumption by PARP1 in response to DNA damage triggers metabolic shift critical 
for damaged cell survival. Mol Biol Cell 2019;30:2584-97.  DOI  PubMed  PMC

123.     

Poltronieri P, Celetti A, Palazzo L. Mono(ADP-ribosyl)ation enzymes and NAD+ metabolism: a focus on diseases and therapeutic 
perspectives. Cells 2021;10:128.  DOI  PubMed  PMC

124.     

Jubin T, Kadam A, Jariwala M, et al. The PARP family: insights into functional aspects of poly (ADP-ribose) polymerase-1 in cell 
growth and survival. Cell Prolif 2016;49:421-37.  DOI  PubMed  PMC

125.     

Savelyev NV, Shepelev NM, Lavrik OI, Rubtsova MP, Dontsova OA. PARP1 regulates the biogenesis and activity of telomerase 
complex through modification of H/ACA-proteins. Front Cell Dev Biol 2021;9:621134.  DOI  PubMed  PMC

126.     

Gomez M, Wu J, Schreiber V, et al. PARP1 Is a TRF2-associated poly(ADP-ribose)polymerase and protects eroded telomeres. Mol 
Biol Cell 2006;17:1686-96.  DOI  PubMed  PMC

127.     

Gupte R, Liu Z, Kraus WL. PARPs and ADP-ribosylation: recent advances linking molecular functions to biological outcomes. 
Genes Dev 2017;31:101-26.  DOI  PubMed  PMC

128.     

Slade D. PARP and PARG inhibitors in cancer treatment. Genes Dev 2020;34:360-94.  DOI  PubMed  PMC129.     
Ohanna M, Giuliano S, Bonet C, et al. Senescent cells develop a PARP-1 and nuclear factor-{kappa}B-associated secretome (PNAS). 
Genes Dev 2011;25:1245-61.  DOI  PubMed  PMC

130.     

Lv ZC, Li F, Wang L, et al. Impact of parthanatos on the increased risk of onset and mortality in male patients with pulmonary 
hypertension. Am J Mens Health 2021;15:15579883211029458.  DOI  PubMed  PMC

131.     

Malyuchenko NV, Kotova EY, Kulaeva OI, Kirpichnikov MP, Studitskiy VM. PARP1 inhibitors: antitumor drug design. Acta 
Naturae 2015;7:27-37.  PubMed  PMC

132.     

Quarona V, Zaccarello G, Chillemi A, et al. CD38 and CD157: a long journey from activation markers to multifunctional molecules. 
Cytometry B Clin Cytom 2013;84:207-17.  DOI  PubMed

133.     

Hogan KA, Chini CCS, Chini EN. The multi-faceted ecto-enzyme CD38: Roles in immunomodulation, cancer, aging, and metabolic 
diseases. Front Immunol 2019;10:1187.  DOI  PubMed  PMC

134.     

Preugschat F, Carter LH, Boros EE, Porter DJ, Stewart EL, Shewchuk LM. A pre-steady state and steady state kinetic analysis of the 
N-ribosyl hydrolase activity of hCD157. Arch Biochem Biophys 2014;564:156-63.  DOI  PubMed

135.     

Chini CCS, Peclat TR, Warner GM, et al. CD38 ecto-enzyme in immune cells is induced during aging and regulates NAD+ and NMN 
levels. Nat Metab 2020;2:1284-304.  DOI  PubMed  PMC

136.     

Tarragó MG, Chini CCS, Kanamori KS, et al. A Potent and Specific CD38 Inhibitor Ameliorates Age-Related Metabolic Dysfunction 
by Reversing Tissue NAD+ Decline. Cell Metab 2018;27:1081-1095.e10.  DOI  PubMed  PMC

137.     

Covarrubias AJ, Kale A, Perrone R, et al. Senescent cells promote tissue NAD+ decline during ageing via the activation of CD38+ 
macrophages. Nat Metab 2020;2:1265-83.  DOI  PubMed  PMC

138.     

Boslett J, Hemann C, Christofi FL, Zweier JL. Characterization of CD38 in the major cell types of the heart: endothelial cells highly 
express CD38 with activation by hypoxia-reoxygenation triggering NAD(P)H depletion. Am J Physiol Cell Physiol 2018;314:C297-
309.  DOI  PubMed  PMC

139.     

Agorrody G, Peclat TR, Peluso G, et al. Benefits in cardiac function by CD38 suppression: Improvement in NAD+ levels, exercise 
capacity, heart rate variability and protection against catecholamine-induced ventricular arrhythmias. J Mol Cell Cardiol 
2022;166:11-22.  DOI  PubMed

140.     

Boslett J, Hemann C, Zhao YJ, Lee HC, Zweier JL. Luteolinidin protects the postischemic heart through CD38 Inhibition with 
preservation of NAD(P)(H). J Pharmacol Exp Ther 2017;361:99-108.  DOI  PubMed  PMC

141.     

Boslett J, Reddy N, Alzarie YA, Zweier JL. Inhibition of CD38 with the Thiazoloquin(az)olin(on)e 78c Protects the heart against 
postischemic injury. J Pharmacol Exp Ther 2019;369:55-64.  DOI  PubMed  PMC

142.     

Hopkins EL, Gu W, Kobe B, Coleman MP. A Novel NAD Signaling Mechanism in Axon Degeneration and its Relationship to Innate 
Immunity. Front Mol Biosci 2021;8:703532.  DOI  PubMed  PMC

143.     

Gerdts J, Brace EJ, Sasaki Y, DiAntonio A, Milbrandt J. SARM1 activation triggers axon degeneration locally via NAD+ destruction. 
Science 2015;348:453-7.  DOI  PubMed  PMC

144.     

Wang Q, Zhang S, Liu T, et al. Sarm1/Myd88-5 regulates neuronal intrinsic immune response to traumatic axonal injuries. Cell Rep 
2018;23:716-24.  DOI  PubMed

145.     

Murata H, Khine CC, Nishikawa A, Yamamoto KI, Kinoshita R, Sakaguchi M. c-Jun N-terminal kinase (JNK)-mediated 
phosphorylation of SARM1 regulates NAD+ cleavage activity to inhibit mitochondrial respiration. J Biol Chem 2018;293:18933-43.  
DOI  PubMed  PMC

146.     

https://dx.doi.org/10.1371/journal.pone.0116480
http://www.ncbi.nlm.nih.gov/pubmed/25635860
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4312089
http://www.ncbi.nlm.nih.gov/pubmed/30526767
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6386230
https://dx.doi.org/10.1016/j.cell.2005.11.044
http://www.ncbi.nlm.nih.gov/pubmed/16439206
https://dx.doi.org/10.1016/j.yjmcc.2007.08.008
http://www.ncbi.nlm.nih.gov/pubmed/17916362
https://dx.doi.org/10.1161/CIRCRESAHA.118.312498
http://www.ncbi.nlm.nih.gov/pubmed/30355082
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6206880
https://dx.doi.org/10.1091/mbc.E18-10-0650
http://www.ncbi.nlm.nih.gov/pubmed/31390283
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6740200
https://dx.doi.org/10.3390/cells10010128
http://www.ncbi.nlm.nih.gov/pubmed/33440786
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7827148
https://dx.doi.org/10.1111/cpr.12268
http://www.ncbi.nlm.nih.gov/pubmed/27329285
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6496725
https://dx.doi.org/10.3389/fcell.2021.621134
http://www.ncbi.nlm.nih.gov/pubmed/34095104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8170401
https://dx.doi.org/10.1091/mbc.e05-07-0672
http://www.ncbi.nlm.nih.gov/pubmed/16436506
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1415310
https://dx.doi.org/10.1101/gad.291518.116
http://www.ncbi.nlm.nih.gov/pubmed/28202539
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5322727
https://dx.doi.org/10.1101/gad.334516.119
http://www.ncbi.nlm.nih.gov/pubmed/32029455
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7050487
https://dx.doi.org/10.1101/gad.625811
http://www.ncbi.nlm.nih.gov/pubmed/21646373
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3127427
https://dx.doi.org/10.1177/15579883211029458
http://www.ncbi.nlm.nih.gov/pubmed/34190625
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8256257
http://www.ncbi.nlm.nih.gov/pubmed/26483957
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4610162
https://dx.doi.org/10.1002/cyto.b.21092
http://www.ncbi.nlm.nih.gov/pubmed/23576305
https://dx.doi.org/10.3389/fimmu.2019.01187
http://www.ncbi.nlm.nih.gov/pubmed/31214171
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6555258
https://dx.doi.org/10.1016/j.abb.2014.09.008
http://www.ncbi.nlm.nih.gov/pubmed/25250980
https://dx.doi.org/10.1038/s42255-020-00298-z
http://www.ncbi.nlm.nih.gov/pubmed/33199925
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8752031
https://dx.doi.org/10.1016/j.cmet.2018.03.016
http://www.ncbi.nlm.nih.gov/pubmed/29719225
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5935140
https://dx.doi.org/10.1038/s42255-020-00305-3
http://www.ncbi.nlm.nih.gov/pubmed/33199924
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7908681
https://dx.doi.org/10.1152/ajpcell.00139.2017
http://www.ncbi.nlm.nih.gov/pubmed/29187364
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6335017
https://dx.doi.org/10.1016/j.yjmcc.2022.01.008
http://www.ncbi.nlm.nih.gov/pubmed/35114253
https://dx.doi.org/10.1124/jpet.116.239459
http://www.ncbi.nlm.nih.gov/pubmed/28108596
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5363772
https://dx.doi.org/10.1124/jpet.118.254557
http://www.ncbi.nlm.nih.gov/pubmed/30635470
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6413770
https://dx.doi.org/10.3389/fmolb.2021.703532
http://www.ncbi.nlm.nih.gov/pubmed/34307460
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8295901
https://dx.doi.org/10.1126/science.1258366
http://www.ncbi.nlm.nih.gov/pubmed/25908823
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4513950
https://dx.doi.org/10.1016/j.celrep.2018.03.071
http://www.ncbi.nlm.nih.gov/pubmed/29669278
https://dx.doi.org/10.1074/jbc.RA118.004578
http://www.ncbi.nlm.nih.gov/pubmed/30333228
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6295714


Page 21 of Banerjee et al. J Cardiovasc Aging 2022;2:28 https://dx.doi.org/10.20517/jca.2022.13 22

Gilley J, Ribchester RR, Coleman MP. Sarm1 deletion, but not WldS, confers lifelong rescue in a mouse model of severe axonopathy. 
Cell Rep 2017;21:10-6.  DOI  PubMed  PMC

147.     

Sur M, Dey P, Sarkar A, et al. Sarm1 induction and accompanying inflammatory response mediates age-dependent susceptibility to 
rotenone-induced neurotoxicity. Cell Death Discov 2018;4:114.  DOI  PubMed  PMC

148.     

Liu HW, Smith CB, Schmidt MS, et al. Pharmacological bypass of NAD+ salvage pathway protects neurons from chemotherapy-
induced degeneration. Proc Natl Acad Sci U S A 2018;115:10654-9.  DOI  PubMed  PMC

149.     

Mukherjee P, Woods TA, Moore RA, Peterson KE. Activation of the innate signaling molecule MAVS by bunyavirus infection 
upregulates the adaptor protein SARM1, leading to neuronal death. Immunity 2013;38:705-16.  DOI  PubMed  PMC

150.     

Osterloh JM, Yang J, Rooney TM, et al. dSarm/Sarm1 is required for activation of an injury-induced axon death pathway. Science 
2012;337:481-4.  DOI  PubMed  PMC

151.     

Lin CW, Liu HY, Chen CY, Hsueh YP. Neuronally-expressed Sarm1 regulates expression of inflammatory and antiviral cytokines in 
brains. Innate Immun 2014;20:161-72.  DOI  PubMed

152.     

Yoo KH, Tang JJ, Rashid MA, et al. Nicotinamide mononucleotide prevents cisplatin-induced cognitive impairments. Cancer Res 
2021;81:3727-37.  DOI  PubMed  PMC

153.     

Navas LE, Carnero A. NAD+ metabolism, stemness, the immune response, and cancer. Signal Transduct Target Ther 2021;6:2.  DOI  
PubMed  PMC

154.     

López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell 2013;153:1194-217.  DOI  PubMed  
PMC

155.     

Franceschi C, Bonafè M, Valensin S, et al. Inflamm-aging. An evolutionary perspective on immunosenescence. Ann N Y Acad Sci 
2000;908:244-54.  DOI  PubMed

156.     

Chini C, Hogan KA, Warner GM, et al. The NADase CD38 is induced by factors secreted from senescent cells providing a potential 
link between senescence and age-related cellular NAD+ decline. Biochem Biophys Res Commun 2019;513:486-93.  DOI  PubMed  
PMC

157.     

Cameron AM, Castoldi A, Sanin DE, et al. Inflammatory macrophage dependence on NAD+ salvage is a consequence of reactive 
oxygen species-mediated DNA damage. Nat Immunol 2019;20:420-32.  DOI  PubMed

158.     

Muris Consortium, Overall coordination, Logistical coordination, Organ collection and processing, Library preparation and 
sequencing, Computational data analysis, Cell type annotation, Writing group, Supplemental text writing group, Principal 
investigators. Single-cell transcriptomics of 20 mouse organs creates a tabula Muris. Nature 2018;562:367-72.  DOI  PubMed  PMC

159.     

Youm YH, Grant RW, McCabe LR, et al. Canonical Nlrp3 inflammasome links systemic low-grade inflammation to functional 
decline in aging. Cell Metab 2013;18:519-32.  DOI  PubMed  PMC

160.     

Jeng MY, Hull PA, Fei M, et al. Metabolic reprogramming of human CD8+ memory T cells through loss of SIRT1. J Exp Med 
2018;215:51-62.  DOI  PubMed  PMC

161.     

Chatterjee S, Daenthanasanmak A, Chakraborty P, et al. CD38-NAD+axis regulates immunotherapeutic anti-tumor T cell response. 
Cell Metab 2018;27:85-100.e8.  DOI  PubMed  PMC

162.     

Lee KA, Shin KS, Kim GY, et al. Characterization of age-associated exhausted CD8+ T cells defined by increased expression of Tim-
3 and PD-1. Aging Cell 2016;15:291-300.  DOI  PubMed  PMC

163.     

Shimada Y, Hayashi M, Nagasaka Y, Ohno-Iwashita Y, Inomata M. Age-associated up-regulation of a negative co-stimulatory 
receptor PD-1 in mouse CD4+ T cells. Exp Gerontol 2009;44:517-22.  DOI  PubMed

164.     

Lages CS, Lewkowich I, Sproles A, Wills-Karp M, Chougnet C. Partial restoration of T-cell function in aged mice by in vitro 
blockade of the PD-1/ PD-L1 pathway. Aging Cell 2010;9:785-98.  DOI  PubMed  PMC

165.     

Wang Y, Wang F, Wang L, et al. NAD+ supplement potentiates tumor-killing function by rescuing defective TUB-mediated NAMPT 
transcription in tumor-infiltrated T cells. Cell Rep 2021;36:109516.  DOI  PubMed

166.     

Verma V, Shrimali RK, Ahmad S, et al. PD-1 blockade in subprimed CD8 cells induces dysfunctional PD-1+ CD38hi cells and anti-
PD-1 resistance. Nat Immunol 2019;20:1231-43.  DOI  PubMed  PMC

167.     

Chen L, Diao L, Yang Y, et al. CD38-Mediated immunosuppression as a mechanism of tumor cell escape from PD-1/PD-L1 
blockade. Cancer Discov 2018;8:1156-75.  DOI  PubMed  PMC

168.     

Kumar N, Qian W, Van Houten B. Sick mitochondria cause telomere damage: implications for disease. Mol Cell Oncol 
2020;7:1678362.  DOI  PubMed  PMC

169.     

Bai P. Biology of poly(ADP-Ribose) polymerases: the factotums of cell maintenance. Mol Cell 2015;58:947-58.  DOI  PubMed170.     
Alano CC, Garnier P, Ying W, Higashi Y, Kauppinen TM, Swanson RA. NAD+ depletion is necessary and sufficient for poly(ADP-
ribose) polymerase-1-mediated neuronal death. J Neurosci 2010;30:2967-78.  DOI  PubMed  PMC

171.     

Tang KS, Suh SW, Alano CC, et al. Astrocytic poly(ADP-ribose) polymerase-1 activation leads to bioenergetic depletion and 
inhibition of glutamate uptake capacity. Glia 2010;58:446-57.  DOI  PubMed

172.     

Bai P, Cantó C, Oudart H, et al. PARP-1 inhibition increases mitochondrial metabolism through SIRT1 activation. Cell Metab 
2011;13:461-8.  DOI  PubMed  PMC

173.     

Virag L, Salzman AL, Szabo C. Poly(ADP-ribose) synthetase activation mediates mitochondrial injury during oxidant-induced cell 
death. J Immunol 1998;161:3753-9.  PubMed

174.     

Bai P, Nagy L, Fodor T, Liaudet L, Pacher P. Poly(ADP-ribose) polymerases as modulators of mitochondrial activity. Trends 
Endocrinol Metab 2015;26:75-83.  DOI  PubMed

175.     

https://dx.doi.org/10.1016/j.celrep.2017.09.027
http://www.ncbi.nlm.nih.gov/pubmed/28978465
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5640801
https://dx.doi.org/10.1038/s41420-018-0119-5
http://www.ncbi.nlm.nih.gov/pubmed/30564462
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6289984
https://dx.doi.org/10.1073/pnas.1809392115
http://www.ncbi.nlm.nih.gov/pubmed/30257945
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6196523
https://dx.doi.org/10.1016/j.immuni.2013.02.013
http://www.ncbi.nlm.nih.gov/pubmed/23499490
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4783152
https://dx.doi.org/10.1126/science.1223899
http://www.ncbi.nlm.nih.gov/pubmed/22678360
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5225956
https://dx.doi.org/10.1177/1753425913485877
http://www.ncbi.nlm.nih.gov/pubmed/23751821
https://dx.doi.org/10.1158/0008-5472.CAN-20-3290
http://www.ncbi.nlm.nih.gov/pubmed/33771896
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8277702
https://dx.doi.org/10.1038/s41392-020-00354-w
http://www.ncbi.nlm.nih.gov/pubmed/33384409
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7775471
https://dx.doi.org/10.1016/j.cell.2013.05.039
http://www.ncbi.nlm.nih.gov/pubmed/23746838
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3836174
https://dx.doi.org/10.1111/j.1749-6632.2000.tb06651.x
http://www.ncbi.nlm.nih.gov/pubmed/10911963
https://dx.doi.org/10.1016/j.bbrc.2019.03.199
http://www.ncbi.nlm.nih.gov/pubmed/30975470
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6486859
https://dx.doi.org/10.1038/s41590-019-0336-y
http://www.ncbi.nlm.nih.gov/pubmed/30858618
https://dx.doi.org/10.1038/s41586-018-0590-4
http://www.ncbi.nlm.nih.gov/pubmed/30283141
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6642641
https://dx.doi.org/10.1016/j.cmet.2013.09.010
http://www.ncbi.nlm.nih.gov/pubmed/24093676
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4017327
https://dx.doi.org/10.1084/jem.20161066
http://www.ncbi.nlm.nih.gov/pubmed/29191913
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5748845
https://dx.doi.org/10.1016/j.cmet.2017.10.006
http://www.ncbi.nlm.nih.gov/pubmed/29129787
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5837048
https://dx.doi.org/10.1111/acel.12435
http://www.ncbi.nlm.nih.gov/pubmed/26750587
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4783346
https://dx.doi.org/10.1016/j.exger.2009.05.003
http://www.ncbi.nlm.nih.gov/pubmed/19457448
https://dx.doi.org/10.1111/j.1474-9726.2010.00611.x
http://www.ncbi.nlm.nih.gov/pubmed/20653631
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2941565
https://dx.doi.org/10.1016/j.celrep.2021.109516
http://www.ncbi.nlm.nih.gov/pubmed/34380043
https://dx.doi.org/10.1038/s41590-019-0441-y
http://www.ncbi.nlm.nih.gov/pubmed/31358999
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7472661
https://dx.doi.org/10.1158/2159-8290.CD-17-1033
http://www.ncbi.nlm.nih.gov/pubmed/30012853
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6205194
https://dx.doi.org/10.1080/23723556.2019.1678362
http://www.ncbi.nlm.nih.gov/pubmed/31993494
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6961657
https://dx.doi.org/10.1016/j.molcel.2015.01.034
http://www.ncbi.nlm.nih.gov/pubmed/26091343
https://dx.doi.org/10.1523/JNEUROSCI.5552-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20181594
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2864043
https://dx.doi.org/10.1002/glia.20936
http://www.ncbi.nlm.nih.gov/pubmed/19795500
https://dx.doi.org/10.1016/j.cmet.2011.03.004
http://www.ncbi.nlm.nih.gov/pubmed/21459330
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3086520
http://www.ncbi.nlm.nih.gov/pubmed/9759901
https://dx.doi.org/10.1016/j.tem.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/25497347


Page 22 of Banerjee et al. J Cardiovasc Aging 2022;2:28 https://dx.doi.org/10.20517/jca.2022.1322

Singh MV, Kotla S, Le NT, et al. Senescent phenotype induced by p90RSK-NRF2 signaling sensitizes monocytes and macrophages 
to oxidative stress in HIV-positive individuals. Circulation 2019;139:1199-216.  DOI  PubMed  PMC

176.     

Albadawi H, Crawford RS, Atkins MD, Watkins MT. Role of poly(ADP-ribose) polymerase during vascular reconstruction. Vascular 
2006;14:362-5.  DOI  PubMed

177.     

Yeh JM, Ward ZJ, Chaudhry A, et al. Life expectancy of adult survivors of childhood cancer over 3 decades. JAMA Oncol 
2020;6:350-7.  DOI  PubMed  PMC

178.     

Miller KD, Nogueira L, Mariotto AB, et al. Cancer treatment and survivorship statistics, 2019. CA Cancer J Clin 2019;69:363-85.  
DOI  PubMed

179.     

Bluethmann SM, Mariotto AB, Rowland JH. Anticipating the “Silver Tsunami”: prevalence trajectories and comorbidity burden 
among older cancer survivors in the United States. Cancer Epidemiol Biomarkers Prev 2016;25:1029-36.  DOI  PubMed  PMC

180.     

Sedrak MS, Kirkland JL, Tchkonia T, Kuchel GA. Accelerated aging in older cancer survivors. J Am Geriatr Soc 2021;69:3077-80.  
DOI  PubMed  PMC

181.     

Kannel WB, Dawber TR, Kagan A, Revotskie N, Stokes J 3rd. Factors of risk in the development of coronary heart disease--six year 
follow-up experience. The Framingham Study. Ann Intern Med 1961;55:33-50.  DOI  PubMed

182.     

Stern S, Behar S, Gottlieb S. Cardiology patient pages. Aging and diseases of the heart. Circulation 2003;108:e99-101.  DOI  
PubMed

183.     

Kincaid JW, Berger NA. NAD metabolism in aging and cancer. Exp Biol Med (Maywood) 2020;245:1594-614.  DOI  PubMed  PMC184.     
Oeffinger KC, Mertens AC, Sklar CA, et al; Childhood Cancer Survivor Study. Chronic health conditions in adult survivors of 
childhood cancer. N Engl J Med 2006;355:1572-82.  DOI  PubMed

185.     

Khanna A, Pequeno P, Gupta S, et al. Increased risk of all cardiovascular disease subtypes among childhood cancer survivors: 
population-based matched cohort study. Circulation 2019;140:1041-3.  DOI  PubMed

186.     

von Korn P, Müller J, Quell C, et al. Health-related physical fitness and arterial stiffness in childhood cancer survivors. Front 
Cardiovasc Med 2019;6:63.  DOI  PubMed  PMC

187.     

Vatanen A, Hou M, Huang T, et al. Clinical and biological markers of premature aging after autologous SCT in childhood cancer. 
Bone Marrow Transplant 2017;52:600-5.  DOI  PubMed

188.     

Guida JL, Ahles TA, Belsky D, et al. Measuring aging and identifying aging phenotypes in cancer survivors. J Natl Cancer Inst 
2019;111:1245-54.  DOI  PubMed  PMC

189.     

Gold K, Gaharwar AK, Jain A. Emerging trends in multiscale modeling of vascular pathophysiology: Organ-on-a-chip and 3D 
printing. Biomaterials 2019;196:2-17.  DOI  PubMed  PMC

190.     

Walther BK, Rajeeva Pandian NK, Gold KA, et al. Mechanotransduction-on-chip: vessel-chip model of endothelial YAP 
mechanobiology reveals matrix stiffness impedes shear response. Lab Chip 2021;21:1738-51.  DOI  PubMed

191.     

Saha B, Mathur T, Tronolone JJ, et al. Human tumor microenvironment chip evaluates the consequences of platelet extravasation and 
combinatorial antitumor-antiplatelet therapy in ovarian cancer. Sci Adv 2021;7:eabg5283.  DOI  PubMed  PMC

192.     

Mathur T, Flanagan JM, Jain A. Tripartite collaboration of blood-derived endothelial cells, next generation RNA sequencing and 
bioengineered vessel-chip may distinguish vasculopathy and thrombosis among sickle cell disease patients. Bioeng Transl Med 
2021;6:e10211.  DOI  PubMed  PMC

193.     

Gold KA, Saha B, Rajeeva Pandian NK, et al. 3D bioprinted multicellular vascular models. Adv Healthc Mater 2021;10:e2101141.  
DOI  PubMed

194.     

Pandian NK, Walther BK, Suresh R, Cooke JP, Jain A. Microengineered human vein-chip recreates venous valve architecture and its 
contribution to thrombosis. Small 2020;16:e2003401.  DOI  PubMed  PMC

195.     

Connell NJ, Grevendonk l, Fealy CE, et al. 3 NAD+-precursor supplementation with L-tryptophan, nicotinic acid, and nicotinamide 
does not affect mitochondrial function or skeletal muscle function in physically compromised older adults. J Nutr 2021;151:2917-31.  
DOI  PubMed

196.     

https://dx.doi.org/10.1161/CIRCULATIONAHA.118.036232
http://www.ncbi.nlm.nih.gov/pubmed/30586719
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6957233
https://dx.doi.org/10.2310/6670.2006.00061
http://www.ncbi.nlm.nih.gov/pubmed/17150157
https://dx.doi.org/10.1001/jamaoncol.2019.5582
http://www.ncbi.nlm.nih.gov/pubmed/31895405
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6990848
https://dx.doi.org/10.3322/caac.21565
http://www.ncbi.nlm.nih.gov/pubmed/31184787
https://dx.doi.org/10.1158/1055-9965.EPI-16-0133
http://www.ncbi.nlm.nih.gov/pubmed/27371756
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4933329
https://dx.doi.org/10.1111/jgs.17461
http://www.ncbi.nlm.nih.gov/pubmed/34534355
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8595814
https://dx.doi.org/10.7326/0003-4819-55-1-33
http://www.ncbi.nlm.nih.gov/pubmed/13751193
https://dx.doi.org/10.1161/01.CIR.0000086898.96021.B9
http://www.ncbi.nlm.nih.gov/pubmed/14530186
https://dx.doi.org/10.1177/1535370220929287
http://www.ncbi.nlm.nih.gov/pubmed/32500741
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7787546
https://dx.doi.org/10.1056/NEJMsa060185
http://www.ncbi.nlm.nih.gov/pubmed/17035650
https://dx.doi.org/10.1161/CIRCULATIONAHA.119.041403
http://www.ncbi.nlm.nih.gov/pubmed/31446776
https://dx.doi.org/10.3389/fcvm.2019.00063
http://www.ncbi.nlm.nih.gov/pubmed/31157240
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6530416
https://dx.doi.org/10.1038/bmt.2016.334
http://www.ncbi.nlm.nih.gov/pubmed/28067869
https://dx.doi.org/10.1093/jnci/djz136
http://www.ncbi.nlm.nih.gov/pubmed/31321426
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7962788
https://dx.doi.org/10.1016/j.biomaterials.2018.07.029
http://www.ncbi.nlm.nih.gov/pubmed/30072038
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6344330
https://dx.doi.org/10.1039/d0lc01283a
http://www.ncbi.nlm.nih.gov/pubmed/33949409
https://dx.doi.org/10.1126/sciadv.abg5283
http://www.ncbi.nlm.nih.gov/pubmed/34290095
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8294767
https://dx.doi.org/10.1002/btm2.10211
http://www.ncbi.nlm.nih.gov/pubmed/34589594
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8459595
https://dx.doi.org/10.1002/adhm.202101141
http://www.ncbi.nlm.nih.gov/pubmed/34310082
https://dx.doi.org/10.1002/smll.202003401
http://www.ncbi.nlm.nih.gov/pubmed/33205630
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7791597
https://dx.doi.org/10.1093/jn/nxab193
http://www.ncbi.nlm.nih.gov/pubmed/34191033

