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Abstract
Aim: To explore whether geographical location, genetic and environmental factors are associated with carotid
atherosclerosis in high-risk individuals.

Methods: In Moscow 470 apparently healthy, asymptomatic volunteer subjects with a high cardiovascular disease risk
were recruited to participate in a cross-sectional study. Carotid intima-media thickness (cIMT), a validated biomarker for
present and future cardiovascular disease risk, was assessed by means of high resolution ultrasound scans in subjects.

Results: The total burden of conventional cardiovascular risk factors explained 21% of the cIMT variability; the
mutational burden of mitochondrial genome defined by heteroplasmic mutations m.652delG, m.3256C>T, m.13513G>A,
m.14459G>A, and m.15059G>A independently explained 23% variability; the combination of conventional and genetic
risk factors increased explanatory level to 36%. Further exploratory statistical analyses showed air pollution as an
independent risk factor for cIMT.

Conclusion: In our study we confirmed and expanded the existence of a European geographic gradient of atherosclerosis
risk and its association with cardiovascular disease risk. Geographical, environmental (particularly, air pollution) -
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and genetic risk factors (particularly, mutant variants of mitochondrial genome) may interplay in the formation of
susceptibility to atherosclerosis.

Keywords: Carotid atherosclerosis, high-risk patients, mitochondrial DNA mutations, air pollution, convenient
cardiovascular risk factors

INTRODUCTION

Early detection and treatment of patients with a high risk of atherosclerosis is an urgent medical problem.
Within this aspect, the identification of markers of subclinical atherosclerosis is an essential factor'".
The thickness of the intima-media layer of the carotid arteries [carotid intima-media thickness (cIMT)],
determined by high-resolution ultrasonography, is considered to be a validated and conventionally accepted
non-invasive marker of subclinical atherosclerosis, that is used in clinical and epidemiological studies to
assess the effect of traditional and new cardiovascular risk factors on atherosclerosis”. Since there is a
correlation between cIMT and the degree of development of coronary atherosclerosis, and this factor has
a prognostic significance in relation to the clinical manifestations of atherosclerosis, it is proposed as a
surrogate marker of systemic atherosclerosis, including coronary one'™". The classic cardiovascular risk
factors are weakly associated with the cIMT of the carotid arteries, thus suggesting the presence of other
factors that determine the risk of developing atherosclerosis. The results of a recent European multicenter
study [The Carotid Intima Media Thickness (IMT) and IMT-Progression as Predictors of Vascular Events
in a High Risk European Population Study, or IMPROVE Study] revealed the existence of a geographical
gradient of the cIMT, coupled with a known gradient of cardiovascular mortality”™. The detected south-
north geographic gradient of cIMT did not depend on interpopulation differences in the cumulative effects
of conventional cardiovascular risk factors. It has been suggested that other mechanisms play a role in
the origin of this gradient, including hereditary, socio-economic and environmental factors. In order to
verify this assumption, we conducted our own population-based cross-sectional study in Moscow, the
methodology of which could allow us to regard the results as a significant addition to the data from the
European IMPROVE study. In particular, we aimed to explore whether geographical location, genetic and
environmental factors are associated with carotid atherosclerosis in high-risk individuals, thus focusing on
the possibility of specific interplay of genetic and environmental factors.

METHODS

Patients

The study was performed at municipal outpatient clinics in Moscow, Russia. The study was organized
in accordance with international and domestic standards of quality clinical practice, namely, Helsinki
Declaration of 1975 as revised in 1983, 2008 and 2013, and was approved by the local ethics committee. The
study involved 470 subjects (200 men and 270 women) without clinical manifestations of atherosclerosis
randomly recruited from the visitors’ flow who have passed a routine screening for cardiovascular
risk factors, as a screening subpart of Atherosclerosis Monitoring and Atherogenicity Reduction Study
(ClinicalTrials.gov Identifier: NCT01734707) and Monocyte Activation in Preclinical Atherosclerosis Study
(ClinicalTrials.gov Identifier: NCT02126280). The criteria for inclusion and exclusion were designed from
those of IMPROVE Study, which allowed to form an observation group that is completely comparable with
samples from European populations.

We have recruited men and women aged 55-79 years old who had at least three conventional risk factors
for cardiovascular diseases. The latter included: hypercholesterolemia (low-density lipoprotein cholesterol
level >160 mg/dL, or prescribed to cholesterol-lowering medications), hypertriglyceridemia (triglycerides >
200 mg/dL, or prescribed to triglyceride-lowering drugs), low HDL-cholesterol (below 40 mg/dL), arterial
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hypertension (diastolic blood pressure > 90 mmHg and/or systolic blood pressure > 140 mmHg, or prescribed
to antihypertensive drugs), the presence of diabetes mellitus or impaired glucose tolerance (blood sugar >
110 mg/dL, or prescribed to regular insulin injections and/or sugar-lowering drugs), smoking (consumption
of > 10 cigarettes per day for thirty preceding months), and the presence of family history of cardiovascular
diseases. For women, an additional inclusion criterion was the presence of menopause (spontaneous or
surgical) of more than 5-years duration.

Exclusion criteria were: abnormal anatomical configuration of the neck and neck muscles, severe
tortuosity or unusual layout of the carotid arteries and its branches, the history of clinical manifestations
of atherosclerosis (myocardial infarction, angina pectoris, acute and transient cerebral ischemic attacks,
aortic aneurisms, revascularization of carotid, coronary or peripheral arteries), chronic heart failure of 3-4
functional class, and the presence of severe concomitant diseases.

Clinical examination of study participants included a biochemical analysis of serum lipid profile,
identification of the main cardiovascular risk factors, calculating a prognostic 10-year risk of developing
coronary heart disease, myocardial infarction and sudden coronary death'”, and quantitative ultrasound
diagnostics of carotid atherosclerosis.

Lipid analysis

Venous blood was taken after overnight fasting. To obtain serum, the blood was incubated for 1 h at 37 °C and
centrifuged for 15 min at 1,500 g Cholesterol and triglyceride levels were measured by commercial enzymatic
kits (Cholesterol-32-Vital, and Triglycerides-22-Vital, respectively; Vital Diagnostics SPb, St. Petersburg,
Russia). Serum HDL cholesterol concentrations were measured after precipitation with magnesium chloride
phosphotungstic acid reagent (HDL-Cholesterol-04-Vital, Vital Diagnostics SPb, St. Petersburg, Russia).
Serum LDL cholesterol was calculated by Friedewald formula as the difference between total cholesterol and
the sum of HDL cholesterol and 1/5 triglycerides, and the ratio LDL-C/HDL-C was calculated.

Ultrasonographic examination

For diagnostics of carotid atherosclerosis, high-resolution B-mode carotid arterial ultrasonography
imaging was used (SSI-6000 ultrasound system, SonoScape, China, equipped by 7.5-MHz L741 linear array
probe). The protocol of ultrasound examination developed earlier by Salonen et al”, was used. The cIMT
measurements were carried out by a certified operator with M’Ath software package (IMT, France). The

extent of carotid atherosclerosis were evaluated as described elsewhere™”

MtDNA genotyping

DNA was isolated from whole venous blood with commercial kit for DNA isolation and purification
(QIAGEN GmbH, Germany). DNA concentration in samples was determined by NanoPhotometer Pearl UV/
Vis SDRAM P-34 (IMPLEN, Germany); the samples were kept in TE buffer at a concentration of 0.03 pg/pL.
Genotyping of mtDNA was performed for heteroplasmic mutations m.652 delG, m.1555A>G, m.3336T>C,
m.3256C>T, m.5178C>A, m.12315G>A, m.13513G>A, m.14459G>A, m.14846G>A, and m.15059G>A. For the
amplification of mitochondrial DNA fragments, PCR method followed by pyrosequencing, with earlier
described primers and conditions were used”. In brief, to quantitatively evaluate mutant allele, a method
of pyrosequencing was adapted for the condition when normal and mutant alleles may be present in a
biological specimen; the defective allele was quantified by analyzing the peak heights in the pyrogram of

one-chained PCR-fragments of a mitochondrial genome" "

Statistical analysis

Data processing was performed using the SPSS software package, version 22.0 (IBM Corp., Chicago, IL,
USA). Subprograms of descriptive statistics, variational analysis, parametric and nonparametric statistics,
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Table 1. Descriptive data on study participants

Variable Men, n =200 Women, 7 = 270 P value Total, n = 470
Age, years 61.4 (59.9-62.5) 66.1 (65.5-67.1) <0.001 64.1(63.6-65.1)
Body mass index, kg/m’ 27.0 (26.5-27.5) 27.8 (27.3-28.3) 0.033 27.5(271-27.9)
Systolic blood pressure, mmHg 148 (145-150) 144 (142-146) 0.026 145 (144-147)
Diastolic blood pressure, mmHg 89 (87-90) 85 (84-86) <0.001 86 (85-87)
Current smokers, % 15 12 04 13
Never smokers, % 56 78 <0.001 70
Smoking cessation, % 29 10 < 0.001 17
Smoking experience, years 10.0 (7.8-12.3) 4.8 (3.4-6.1) <0.001 6.8 (5.6-8.0)
Diabetes mellitus, % 8 5 0.20 6
Arterial hypertension, % 76 77 0.80 77
Menopause, years - 16.1(15.2-17.0) - -
Family history of:

Myocardial infarction 25 33 0.059 30

Arterial hypertension 35 57 <0.001 49

Diabetes mellitus 14 12 0.60 13
Total cholesterol, mg/dL 238 (230-245) 261(255-267) <0.001 252 (248-257)
Triglycerides, mg/dL 152 (140-165) 134 (127-140) 0.004 140 (134-147)
HDL cholesterol, mg/dL 60 (58-62) 70 (69-72) <0.001 66 (65-68)
LDL cholesterol, mg/dL 147 (141-154) 164 (159-169) <0.001 158 (154-162)
LDL/HDL ratio (Atherogenic index) 2.6(2.4-2.7) 2.5(2.4-2.6) 0.20 2.5(2.4-2.6)

covariance analysis and linear regression were used. Data are presented as the mean and 95% confidence
interval". The significance of differences was defined at the 0.05 level of confidence.

RESULTS

Clinical and anthropometric characteristics, and lipid profile of study participants are presented in Table 1.

As follows from the presented data, the cohort of study participants was, in general, at early retirement
age, with overweight but not obesity, and with mild systolic arterial hypertension. The inclusion criteria
used in this study predetermined a high proportion of participants with diagnosed hypertension (77%).
Accordingly, there was a high proportion of participants with a family history of myocardial infarction
(30%), hypertension (49%) and diabetes (13%). The proportion of subjects with diabetes (6%) was comparable
to that in population (reported occurrence, 4.5%-6%). The share of smokers (13%) was rather low, possibly
due to the features of the surveyed contingent (older people, mostly with higher education, and to a certain
extent focused on maintaining a healthy lifestyle).

Men and women differed by most of clinical and anthropometric parameters. Men were younger (P <
0.001), had a lower body mass index (P = 0.033) presumably due to lower amount of abdominal fat, were
characterized by higher blood pressure along with less likely family history of hypertension. The differences
in family history of myocardial infarction and diabetes did not reach statistical significance.

Men had a higher proportion of smokers, the mean duration of smoking, and a lower proportion of never-
smokers. At the same time, they also had a higher proportion of past-smokers, that also indicates the higher
compliance of the surveyed population to the healthy lifestyle.

According to lipid measurements, moderate deviations in the lipid profile of the blood serum were
observed. The presented mean values indicate the presence of moderate hypercholesterolemia with normal
triglycerides. Elevated levels of total cholesterol were caused primarily by LDL cholesterol. At the same
time, generally normal levels of HDL cholesterol were observed; as a result, LDL-C/HDL-C ratio remained
within the normal range (the upper limit of normal values was determined as 3.0), thus indicating that
balanced lipid metabolism was maintained. High levels of HDL cholesterol (taking the recommended lower
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Table 2. Ultrasound characteristics of carotid atherosclerosis

Variable Men, n =200 Women, n = 270 P value Total, n = 470
Mean cIMT, mm 0.819 (0.798-0.840) 0.827 (0.813-0.842) 0.5 0.824 (0.812-0.836)
Carotid artery internal diameter, mm 7.66 (7.55-7.78) 7.24 (717-7.31) <0.001 7.40 (7.34-7.47)

Table 3. Inter-population comparison of ultrasound characteristics of carotid atherosclerosis

Population-derived sample Mean cIMT, mm Latitude Longitude
*Perugia, Italy, n = 542 0.70 (0.69-0.71) 43° 12°
*Milan, Italy, n = 553 0.72 (0.71-0.73) 45° 9°
*Paris, France, n = 501 0.68 (0.67-0.69) 48° 2°
*Groningen, The Netherlands, 7 = 532 0.72 (0.71-0.73) 53° 7°
*Stockholm, Sweden, n = 533 0.79 (0.78-0.80) 59° 18°
*Kuopio, Finland, 7 = 1,050 0.76 (0.75-0.77) 62° 28°
Moscow, Russia, n = 472 0.82 (0.81-0.84) 56° 38°

*The data are derived from published results of IMPROVE Study™

threshold of 50 mg/dL) may also indirectly indicate the adherence to a healthy lifestyle, in particular, regular
consumption of fresh vegetables and fruits.

Women differed significantly from men by all lipid parameters. They had higher cholesterol levels in both
lipoprotein fractions (and as a result, in total cholesterol), and lower triglyceride levels. However, their
LDL-C/HDL-C ratio remained normal, as in men.

The direct quantitative characteristics of atherosclerosis, resulted from ultrasound scanning of the carotid
arteries followed by cIMT measurements, are provided in Table 2. In men, the diameter of the carotid
arteries was significantly larger than in women (P < 0.001). However, there were no significant differences
between men and women in the mean cIMT of the carotid arteries. The absence of such differences allowed
us to carry out a regression analysis of the dependence of cIMT on conventional risk factors without
taking into account sex differences. This analysis showed that the mean cIMT correlates with age (P <
0.001), systolic blood pressure (P < 0.001), HDL cholesterol (P = 0.039) and LDL cholesterol (P = 0.003). The
regression model was significant at P < 0.001; the adjusted R” value was 0.209.

The data on the direct quantitative characteristics of cIMT were compared with the results of the IMPROVE
Studym. The results of the comparison are presented in Table 3. Despite the fact that the inclusion criteria
used in the study allowed us to form an observation group comparable to European samples for the
cumulative effects of traditional cardiovascular risk factors, the mean cIMT in the high-risk patients from
Moscow population was significantly higher than in any one from European populations at P < 0.001.

Correlation analysis confirmed the existence of a geographic gradient of cIMT revealed in the IMPROVE
Study. The correlation coefficient between the mean cIMT values and the geographical position of the research
center, calculated as the geometric mean of geographical latitude and longitude, was 0.905 (P = 0.005).

The analysis of the relationship between the mean cIMT arteries and the standardized mortality from
coronary heart disease, obtained from the WHO database (http://www.euro.who.int) was performed. The
correlation coefficient between these variables was 0.853 (P = 0.015). The logarithmic model of this regression
was reliable at P = 0.003; the adjusted R’ value was 0.860.

We have also performed the linear regression analysis, where cIMT was taken as dependent variable, and
convenient cardiovascular risk factors (age, sex, body mass index, systolic and diastolic blood pressure,
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smoking status, LDL cholesterol, HDL cholesterol, serum triglycerides, menopausal status for women,
family history of myocardial infarction) as independent variables. It was found that the total burden of these
risk factors explains 21% of the cIMT variability. Since conventional risk factors do not fully explain the
variability of cIMT in the samples from European populations and the Moscow high-risk group, it should be
assumed that other factors play a role in the formation of atherosclerosis predisposition.

One of these factors may be the adverse effects of the external environment. As a possible characteristic of
the environmental situation, we used the mean annual integrated air pollution index. It was calculated as the
sum of the ratios of the concentrations of the five major pollutants (nitrogen oxide, nitrogen dioxide, carbon
monoxide, ozone and formaldehyde) to the maximum permissible concentration in the atmosphere. It was
found that standardized mortality from coronary heart disease tends to correlate with the atmospheric
pollution index: the correlation coefficient was 0.742 with P = 0.056. At the same time, the air pollution index
correlated with the mean cIMT: the correlation coeflicient was 0.812 with P = 0.026.

The other acting non-beneficial factor may be the genetic background. In our study, we have assessed the
mutation burden of mitochondrial DNA by those heteroplasmic variants that have been previously shown
to be associated with atherosclerotic lesions in human aorta and also with carotid atherosclerosis” . As it
was shown in linear regression model, 5 of 10 mutations, for which the level of heteroplasmy was measured,
independently provided the explanatory level of 23% for cIMT variation by adjusted R” at P < 0.001 (Fisher’s
exact test 11.21; P < 0.001); these were m.652delG, m.3256C>T, m.13513G>A, m.14459G>A, and m.15059G>A.
The combined model, which included conventional risk factors and the above mutations provided
significantly better explanatory level (36%, Fisher’s exact test 8.28; P < 0.001).

DISCUSSION

In this study, we used one of the generally accepted methods for assessing susceptibility to atherosclerosis,
namely, non-invasive ultrasound scanning of the carotid arteries in high-resolution mode. This approach
allowed to obtain direct quantitative estimate of the degree of development of subclinical atherosclerosis in
individuals with a high risk of CHD. The criteria used for inclusion in the study allowed us to form a sample
well comparable to the European samples in the IMPROVE Study on the cumulative effects of traditional
cardiovascular risk factors. A direct comparison of the measurement of cIMT with European data showed
that in spite of the same cumulative risk, the Moscow population-derived sample was more prone to
atherosclerosis.

We were able to expand significantly the hypothesis on the existence of a geographic gradient of the
variability of cIMT, and this gradient was associated not only with geographical latitude, as it was
demonstrated in the IMPROVE Study, but also with geographical longitude. The association of the cIMT
gradient with the gradient of cardiovascular mortality was confirmed, thus allowing to describe cIMT as the
risk factor for atherosclerotic disease and its clinical manifestations.

It was confirmed that the variability of cIMT is not sufficiently explained by the cumulative effect of
conventional risk factors: the explanatory nature of the used models for assessing the association of risk
factors with cIMT was 21%. Therefore, it was rather logical to assume that previously unexplored (or
insufficiently studied) mechanisms of susceptibility to atherosclerosis may be of importance. The latter may
include hereditary, socio-economic and environmental factors. The cross-sectional study in the sample from
Moscow population, the methodology of which allowed it to be regarded as an addition to the data from
the IMPROVE Study, showed that the ecological situation can be one of the factors associated with both the
development of subclinical atherosclerosis and its clinical manifestations and complications.

The hypothesis on the possible role of the damage of mitochondrial DNA in atherosclerosis development has
raised relatively recently but gains more and more experimental and clinical background. It is known that



Sobenin et al. Vessel Plus 2019;3:15 | http://dx.doi.org/10.20517/2574-1209.2019.09 Page 7 of 9

genetic factors evolved from variation of nuclear genome can be attributed approximately to 5% variability of
atherosclerotic diseas'"”. On the opposite, the latest findings on the role of mitochondrial DNA variation in
individual predisposition to atherosclerosis provide a growing body of evidence and the expectation of the
breakthrough in understanding of molecular mechanisms and pathways of atherogenesis[“’”]. Heteroplasmic
mtDNA mutations represent a promising molecular biomarker of genetic susceptibility to atherosclerosis
and related pathologies*"”. In our study, we have demonstrated that several atherosclerosis-associated
mutations of mitochondrial DNA taken together as a mutation burden of mitochondrial genome possess
their own explanatory power and give a significant increase atop of assessment of conventional risk factors.

Undoubtedly, this study has certain limitations. First, the study was performed on a limited and fairly
specific contingent (Muscovites, the elderly persons, mostly with higher education, focused on maintaining
a healthy lifestyle, but with high level of convenient cardiovascular risk factors). Data from IMPROVE Study
show that the cIMT varies significantly even between populations that are geographically close to each
other. It is clear that in Russia in the areas differing not only geographically, but also in socio-economic,
environmental and ethnic aspects, the variability of cIMT, as well as cardiovascular mortality, can differ
significantly. The only possible resolution of this restriction may be the performance of similarly designed
cross-sectional studies in various regions of Russia.

The second limitation is that the study did not assess socio-economic and ethnic variables. These
unaccounted factors may also play a role in the formation of susceptibility to atherosclerosis and,
undoubtedly, should be studied in further population-based studies.

The third limitation comes from the inability to quantitatively explore the interaction of mitochondrial DNA
variants with conventional cardiovascular risk factors and environmental ones; therefore, the hypothesis
on their interplay in the development of atherosclerosis remains the plausible idea, which needs further
investigations. Besides, the fundamental problem still exists, since the molecular mechanisms whereby
mitochondrial genome mutations may promote atherogenesis remain obscure. The most intriguing solution
of this problem may be related to generation of cellular lines with edited mtDNA, which should reproduce
pathologic phenotype and serve as the model for studying the effects of certain mtDNA mutations on cell
functionality and mitochondrial dysfunction.

Finally, of all possible environmental factors theoretically capable of influencing the formation of phenotypic
susceptibility to atherosclerosis (namely, diffuse intimal thickening, diagnosed ultrasonographically as
an increased cIMT), only the integral indicator of atmospheric pollution was evaluated in our study. This
indicator is neither standardized nor generally accepted. There is still no single worldwide database on air
pollution. Each country uses its own standards, maximum permissible levels for the content of pollutants in
the atmosphere, and methods for their determination. One of the adverse environmental factors is the dust
load, which is not regulated and is not evaluated in the vast majority of countries around the world. In our
study, the association of the cIMT with the content of dust particles in the atmosphere was not evaluated,
mainly due to the lack of valid data. Therefore, the data on correlation between cIMT and air pollution
index should be verified in a specially designed multicenter study; otherwise, these findings lead to rather
speculative conclusions. However, a recent study in Germany showed that the content of solid dust particles
of exhaust gases in atmospheric air is related to the degree of subclinical atherosclerosis, the prevalence of

. o 1 . [20]
coronary heart disease and the incidence of myocardial infarction ™’

Despite the above limitations, the results of our study suggest that environmental and genetic factors are
involved in the formation of susceptibility to atherosclerosis and should be considered as plausible risk
factors for cardiovascular diseases. However, the question on the plausibility of findings in routine clinical
practice and preventive medicine remains disputable”"’. It is likely that early awareness on individual genetic
predisposition to atherosclerosis may be the motivating factor for higher personal compliance to healthy
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lifestyle in more beneficial ecologic environment. On the other hand, it will also give a rise to earlier and
more focused medicinal preventive measures.
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