
Vol:.(1234567890)

Cardiovascular Toxicology (2024) 24:870–878
https://doi.org/10.1007/s12012-024-09885-y

RESEARCH

Genetic Polymorphisms in Cardiovascular Disease: Effects Across Three 
Generations Exposed to Radiation from the Semipalatinsk Nuclear Test 
Site

Geir Bjørklund1,2 · Lyudmila Pivina2,3 · Yuliya Semenova4

Received: 14 August 2023 / Accepted: 19 June 2024 / Published online: 19 July 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
The population in the areas neighboring the Semipalatinsk Nuclear Test Site (SNTS) in the eastern region of Kazakhstan 
faces increased cardiovascular disease (CVD) risk. Previous research has not explored gene polymorphisms related to CVD 
in this population. Therefore, the present study examines the prevalence of six CVD-associated genotypes in three genera-
tions exposed to SNTS radiation. The genotyping of ApoE Leu28 → Pro, AGT Met174 → Thr, AGT Met235 → Thr, eNOS 
T786 → C, PON1 Gln192 → Arg, and EDN 1 Lys198 → Asn was performed using real-time polymerase chain reaction. 
The present study encompassed a cohort of 218 participants with a familial history of arterial hypertension and/or carotid 
artery disease spanning at least three generations. The analysis unveiled significant disparities in the prevalence of ApoE 
Leu28 → Pro, eNOS T786 → C, and PON1 Gln192 → Arg genotypes across different generations. Furthermore, a substantial 
variation in the distribution of the eNOS T786 → C genotype was observed between individuals of Kazakh and Russian 
ethnicities. Nevertheless, no significant discrepancies were detected in the frequencies of the investigated genotypes between 
genders. Further research in this area is warranted to enhance the understanding of the genetic factors contributing to CVD in 
the population exposed to radiation from the SNTS. Specifically, future studies should broaden the scope of genetic polymor-
phisms investigated and include representatives of healthy individuals who have not been exposed to radiation as controls.
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Introduction

The Semipalatinsk Nuclear Test Site (SNTS), located in 
the eastern region of the Republic of Kazakhstan, holds an 
important place in global nuclear testing history and its con-
sequences. Over the span of 40 years, from 1949 to 1989, 

the Soviet Union conducted approximately 456 nuclear 
tests at this site, comprising atmospheric, underground, and 
underwater explosions. However, during the initial period 
from 1949 to 1962, the tests were carried out without suf-
ficient consideration for the long-term consequences, with 
the primary objective being the advancement of the Soviet 
Union's nuclear capabilities and military strategies. Conse-
quently, significant amounts of radioactive materials were 
released into the atmosphere, exacerbated by unfavorable 
weather conditions that led to the dispersion of fallout and 
subsequent contamination of the surrounding land, water 
reservoirs, and vegetation. The health effects arising from 
the nuclear tests conducted at the SNTS have had enduring 
consequences on the region and its residents [1].

The population residing in the vicinity of the SNTS 
faces an increased risk of various health disorders, includ-
ing a heightened prevalence of cardiovascular disease 
(CVD). A study conducted by Markabayeva et al. shed 
light on the elevated rates of essential arterial hypertension 
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(AH) among individuals exposed to radiation at varying 
doses. The research demonstrated a dose-dependent effect, 
revealing that the odds of developing AH were 1.52 times 
higher for individuals exposed to radiation within the dose 
range of 20–59 mSv, 1.67 times higher for those exposed 
to doses of 60–185 mSv, and 1.93 times higher for indi-
viduals exposed to doses exceeding 186 mSv, compared to 
those exposed to doses below 20 mSv [2]. Another study 
by Markabayeva et al. revealed a significant positive cor-
relation between radiation dose and levels of low-density 
lipoproteins and total cholesterol [3]. Furthermore, a large 
cohort study on stroke patients exhibited higher rates 
of associated CVDs such as AH, atrial fibrillation, and 
chronic heart failure among individuals exposed to radia-
tion at the SNTS compared to unexposed individuals. The 
study also established a dose–response relationship with 
the mortality risk of ischemic stroke [4].

A wide range of gene mutations have been identified as 
contributors to the development of CVD. These mutations 
lead to the altered synthesis of specific enzymes, trigger-
ing a cascade of pathological reactions that worsen and 
manifest cardiovascular pathology. For instance, the apoli-
poprotein E (APOE) gene on chromosome 19 regulates 
lipoprotein levels in the blood. The leucine-to-proline sub-
stitution at position 28 (Leu28 → Pro) in this gene has been 
associated with coronary artery disease (CAD) [5]. On 
chromosome 1, the angiotensinogen (AGT) gene has been 
linked to myocardial infarction through the methionine-to-
threonine substitution at position 174 (Met174 → Thr) [6]. 
Similarly, the methionine-to-threonine substitution at posi-
tion 235 (Met235 → Thr) in AGT is a risk factor for CAD 
[7]. The endothelial nitric oxide synthase (eNOS) gene, 
located on chromosome 7, is associated with both AH and 
CAD due to the thymine-to-cysteine substitution at posi-
tion 786 (T786 → C) [8]. The paraoxonase 1 (PON1) gene, 
found on chromosome 7, contains the glutamine-to-argi-
nine substitution at position 192 (Gln192 → Arg), which 
is linked to CAD [9]. The endothelin 1 (EDN1) gene, situ-
ated on chromosome 6, exhibits the lysine-to-asparagine 
substitution at position 198 (Lys198 → Asn), associated 
with a range of CVDs, including AH and CAD [10].

Research has previously not been investigating the 
gene polymorphisms associated with CVD development 
in populations exposed to radiation fallout from the SNTS. 
Hence, the objective of this study was to assess the geno-
types of ApoE Leu28 → Pro, AGT Met174 → Thr, AGT 
Met235 → Thr, eNOS T786 → C, PON1 Gln192 → Arg, 
and EDN1 Lys198 → Asn in three generations of indi-
viduals residing in the contaminated areas surrounding 
the SNTS. The present study’s findings are crucial for 
advancing targeted prevention and intervention strate-
gies to improve cardiovascular health within the affected 
population.

Materials and Methods

Subject Recruitment

The present study focuses on individuals with CVD. The 
study participants were selected from the State Scientific 
Automated Medical Registry (SSAMR), a valuable data 
source on the population affected by the SNTS [11]. The 
SSAMR collects detailed information on these individu-
als, categorized by specific diseases. In 2003, Kazakhstan 
implemented a law aimed at providing social protection to 
individuals impacted by the activities of the SNTS, leading 
to the establishment of the SSAMR [12]. This law includes 
various forms of compensation, such as screenings and 
medical examinations, as part of the rehabilitation process 
for those exposed to radiation.

Participants had to meet the criteria of having at least 
three generations of family members with CVD to be 
included in the study. The first generation (grandparents) 
resided in the villages of Abayskiy, Beskaragayskiy, and 
Borodulikhinskiy districts, which are situated near the 
SNTS, and experienced significant radioactive fallout 
between 1949 and 1962 during open or surface nuclear 
tests. The second generation (parents) consisted of chil-
dren of those directly exposed to the SNTS activities. This 
generation includes individuals affected by the SNTS from 
1962 to 1989, when underground nuclear tests were con-
ducted with occasional leaks. The third generation (grand-
children) comprises individuals born after 1989 when no 
further explosions occurred at the SNTS [13]. To verify 
radiation exposure from the SNTS, official documents 
were used, including "kolkhoz books" used for registering 
rural residents by the Soviet administration and "polygon 
certificates" issued by Kazakh authorities in the 1990s to 
confirm residency in the affected areas.

The SSAMR contains approximately 14,000 registered 
individuals exposed to radiation and reside in the Abay-
skiy, Beskaragayskiy, and Borodulikhinskiy districts. 
Among them, 3014 individuals are registered as having 
CVD (AH and CAD). Three generations were verified 
within the same family as possible for 386 individuals. 
One representative from each family was contacted via tel-
ephone and invited to participate in the study, along with 
their relatives from other generations. Of the 386 eligi-
ble individuals, 218 agreed to participate in the study and 
provided blood samples for genetic testing. The majority 
of study participants were of Kazakh ethnicity, reflecting 
the current ethnic structure of the country [14]. However, 
the sample was skewed toward a higher predominance 
of middle-aged females (second generation), who were 
more motivated to take part in the study than their older 
or younger counterparts.
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Data on metabolic parameters were extracted from 
accompanying medical records. The most recent measure-
ments of total cholesterol levels and blood glucose within 
the past three months were obtained, along with height 
and weight. Total cholesterol was categorized as normal 
(< 5.17  mmol/L), borderline (5.17–6.18  mmol/L), and 
high (≥ 6.19 mmol/L) [15]. Blood glucose was classified 
as normal (< 5.6 mmol/L), impaired (5.6–6.9 mmol/L), 
and diabetic (≥ 7.0 mmol/L) [16]. Body mass index (BMI) 
was calculated based on height and weight measurements 
using the formula: weight in kilograms divided by height 
in meters squared, and classified as normal (< 24.9), over-
weight (25.0–29.9), and obese (≥ 30.0) [17].

Selection of Candidate Genes

The selection of candidate genes was carried out through 
an extensive analysis of three primary data sources. Firstly, 
the 1,000 Genomes project, renowned for its comprehensive 
collection of human genotypes and phenotypes on a global 
scale, was utilized [18]. Secondly, the Text-mined Hyperten-
sion, Obesity, and Diabetes candidate gene database were 
consulted to compile information on genes associated with 
these specific disorders [19]. Lastly, the CADgene database 
[20], focusing on genes related to CAD, was included in 
the analysis. By meticulously examining the information 
contained in these databases, a set of six candidate genes 
was identified for further investigation: ApoE Leu28 → Pro, 
AGT Met174 → Thr, AGT Met235 → Thr, eNOS T786 → C, 
PON1 Gln192 → Arg, and EDN1 Lys198 → Asn.

DNA Extraction and Genotyping of Samples

Peripheral venous blood samples of 10 ml were collected 
from each participant using EDTA vacuum tubes for DNA 
extraction. The DNA extraction process utilized commer-
cially available DNA-Express Genetics kits (Lytech, Inc.) 
following the manufacturer's instructions. The concentration 
and purity of the extracted DNA were assessed using a Nan-
oDrop™ 2000/2000C spectrophotometer. The isolated DNA 
was subsequently stored at – 20 °C for future use.

Genotyping of the samples was conducted utilizing 
commercially available SNP-EXPRESS kits (Lytech, Inc.) 
specific to each SNP of interest. The genotyping procedure 
involved real-time polymerase chain reaction (RT-PCR) per-
formed on a QuantStudio 5 device (Applied Biosystems, 
Thermo Fisher Scientific).

Among the 218 study participants screened, data on AGT 
Met174 → Thr and AGT Met235 → Thr genotypes were 
available for all participants (n = 218), while data on ApoE 
Leu28 → Pro, eNOS T786 → C, PON1 Gln192 → Arg, and 
EDN1 Lys198 → Asn genotypes were obtainable for 214 
participants only. This discrepancy may be attributed to 

rare gene variants characterized by a high degree of poly-
morphism or structural DNA alterations that impede stand-
ard genotyping methods from detecting the alleles under 
investigation.

Statistical Analysis

Categorical variables were presented using absolute num-
bers and percentages to provide a comprehensive overview 
of the data. Between-group differences were evaluated 
using the likelihood ratio and Fisher’s exact tests. As for 
the continuous variable in the study, namely age, its distri-
bution deviated from normality. Therefore, the median and 
the interquartile range (IQR) were reported. The observed 
genotypes were categorized as normal homozygote, het-
erozygote, and mutant homozygote to classify the genetic 
variations. Hardy–Weinberg equilibrium was applied to 
assess the ratio of genotype and allele frequencies, ensuring 
genetic equilibrium within the studied population. Statistical 
analyses were performed using IBM SPSS Statistics Version 
24 (IBM, Armonk, NY, USA). The significance level for all 
tests was set at p < 0.05.

Results

Table 1 provides an overview of the demographic charac-
teristics of the study participants. The data shows that most 
individuals belonged to the second generation (64.2%), while 
the first and third generations had relatively smaller repre-
sentations (12.4% and 23.4%, respectively). The median age 
of the first generation was 68.00 years, the second generation 
was 52.00 years, and the third generation was 23.00 years. 

Table 1   Demographic characteristics of study participants (n = 218)

IQR interquartile range

Variable Number %

Gender
 Male 70 32.1
 Female 148 67.9

Ethnicity
 Kazakh 161 73.9
 Russian 57 26.1

Generation
 First 27 12.4
 Second 140 64.2
 Third 51 23.4

Median age (IQR*), years
 First generation 68.00 (10)
 Second generation 52.00 (13)
 Third generation 23.00 (9)
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Additionally, most study participants were females, compris-
ing 148 individuals or 67.9% of the total sample.

Table 2 presents the metabolic parameters of the study 
participants as documented in the accompanying medical 
records. Overall, there were notable differences among 
representatives of all three generations in total cholesterol, 
BMI, and blood glucose, with the first generation exhibit-
ing the highest levels across all parameters studied. Con-
versely, representatives of the third generation demonstrated 
the lowest levels across all parameters. These distinctions 
are primarily attributed to age differentials among the three 
generations, contributing to the burden of disease.

Table 3 presents the distribution of genetic polymor-
phisms among representatives of the first, second, and third 
generations. Significant differences were observed in the 
frequencies of the ApoE Leu28 → Pro genotype. Among 
the 214 tested individuals, the second generation had the 
highest proportion of normal homozygotes and heterozy-
gotes (56.0% and 71.4% of individuals, respectively). Sig-
nificant between-generation differences were also observed 
in the distribution of the eNOS T786 → C genotype, with 
the second generation having the highest proportion of nor-
mal homozygotes and heterozygotes. Notably, the mutant 
homozygous allele was more common in representatives of 
the third generation (46.1%). Moreover, the frequency of 
the PON1 Gln192 → Arg genotype also differed significantly 
among the three generations, with normal homozygotes 
and heterozygotes being more common in the second gen-
eration (57.6% and 71.6%, respectively), while the mutant 

homozygous allele was predominant in the third generation 
(66.7%).

Table 4 presents the distribution of genetic polymor-
phisms by gender and ethnicity. Notably, the majority of 
individuals with a homozygous allele in eNOS T786 → C 
were females (17 individuals, 65.4%). However, none of the 
observed differences reached statistical significance. Regard-
ing ethnicity, the only significant difference was observed for 
the eNOS T786 → C genotype.

Discussion

The present epidemiological study represents the first inves-
tigation into the polymorphisms of six genes associated with 
CVD in three generations of individuals exposed to radiation 
from the SNTS. The present study identified significance 
between-generation differences in the distribution of ApoE 
Leu28 → Pro, eNOS T786 → C, and PON1 Gln192 → Arg 
genotypes, as well as a significance between-ethnicity dif-
ference in the distribution of the eNOS T786 → C genotype. 
However, no differences were found between representatives 
of both sexes. The primary objective of the present study 
was to develop targeted strategies for managing CVD in the 
population affected by the SNTS.

CVD, including AH and CAD, is a multifactorial disor-
der influenced by a combination of modifiable and genetic 
risk factors. Modifiable risk factors include dietary habits, 
physical activity, personality traits, and occupational and 

Table 2   Distribution of total cholesterol, blood glucose and body mass index in representatives of the first, second, and third generations 
(n = 218)

IQR interquartile range

Parameters Generation Test of difference p-value

First
N (%)

Second
N (%)

Third
N (%)

Likelihood ratio

Body mass index, median (IQR*) 30.2 (4.5) 29.0 (5.7) 24.3 (5.2) 51.780  < 0.001
Range
 Normal (< 24.9) 1 (3.7) 27 (19.6) 32 (60.4) 45.357  < 0.001
 Overweight (25.0–29.9) 9 (33.3) 51 (37.0) 14 (26.4)
 Obesity (≥ 30.0) 17 (63.0) 60 (43.5) 7 (13.2)
 Total cholesterol (mmol/L), median (IQR*) 6.6 (2.0) 5.6 (2.0) 4.4 (2.0) 49.288  < 0.001

Range
 Normal (< 5.17 mmol/L) 2 (7.4) 40 (29.0) 34 (64.2) 46.162  < 0.001
 Borderline (5.17–6.18 mmol/L) 6 (22.2) 45 (32.6) 15 (28.3)
 High (≥ 6.19 mmol/L) 19 (70.4) 53 (38.4) 4 (7.5)

Glucose (mmol/L),median (IQR*) 6.7 (1.0) 5.9 (1.8) 4.8 (1.3) 48.420  < 0.001
Range
 Normal (< 5.6 mmol/L) 3 (11.1) 55 (39.9) 35 (66.0) 28.158  < 0.001
 Impaired (5.6–6.9 mmol/L) 16 (59.3) 64 (46.4) 16 (30.2)
 Diabetes (≥ 7.0 mmol/L) 8 (29.6) 19 (13.8) 2 (3.8)
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environmental exposures [21]. On the other hand, numer-
ous genetic polymorphisms have been associated with the 
development of CVD, and polygenic risk scores have been 
proposed to assess the cumulative genetic risk contribu-
tion. Furthermore, evidence of familial clustering of AH 
and CAD suggests a familial predisposition to early-onset 
disease. Hypercholesterolemia, in particular, has been 
identified as a precipitating factor for these conditions. 
Several genes have been implicated in hypercholester-
olemia, and individuals carrying specific genetic muta-
tions may benefit from early initiation of statin therapy 
beyond dietary interventions [22]. Homozygous mutations 
confer a significantly higher risk of developing early-onset 
CAD, although rare, affecting approximately 1 case in 1 
million individuals. Heterozygotes also face an increased 
risk of developing the disease, with a prevalence estimated 
at 1 in 250 to 500 individuals [23].

Although the present study did not specifically investigate 
genetic polymorphisms associated with familial hypercho-
lesterolemia, such as mutations in the LDLR, APOB, and 
PCSK9 genes [23], other genotypes known to be associated 
with hypercholesterolemia were examined. The observed 
intergenerational differences in the frequency of certain 
genotypes warrant further investigation. While the exact 
contribution of radiation exposure from the SNTS remains 
unclear, it may have played a role.

In addition to environmental exposures, lifestyle exerts a 
considerable influence on the development and progression 
of CVD. Dietary habits represent a main aspect of CVD 
prevention and management. Notably, the Kazakhstani diet 
is recognized as one of the world's unhealthiest, character-
ized by elevated sodium levels. On average, a Kazakhstani 
consumes approximately 17 g of salt per day, surpassing the 
World Health Organization's recommended limit by fourfold 

Table 3   Distribution of 
genetic polymorphisms in 
representatives of the first, 
second, and third generations 
(n = 218)

Genotypes Generation Test of difference

First
N (%)

Second
N (%)

Third
N (%)

Likelihood ratio p-value

ApoE Leu28 → Pro
N = 214
 Homozygous normal 19 (19.0) 56 (56.0) 25 (25.0) 13.064 0.011
 Homozygous mutant 1 (50.0) 1 (50.0) 0 (0.0)
 Heterozygous 6 (5.4) 80 (71.4) 26 (23.2)

AGT Met174 → Thr
N = 218
 Homozygous normal 13 (12.3) 70 (66.0) 23 (21.7) 2.952 0.566
 Homozygous mutant 2 (40.0) 2 (40.0) 1 (20.0)
 Heterozygous 12 (11.2) 68 (63.6) 27 (25.2)

AGT Met235 → Thr
N = 218
 Homozygous normal 13 (13.4) 61 (62.9) 23 (23.7) 3.090 0.543
 Homozygous mutant 2 (40.0) 2 (40.0) 1 (20.0)
 Homozygous normal 12 (10.3) 77 (66.4) 27 (23.3)

eNOS
T786 → C
N = 214
 Homozygous normal 13 (13.4) 63 (64.9) 21 (21.7) 15.538 0.040
 Homozygous mutant 6 (23.1) 8 (30.8) 12 (46.1)
 Heterozygous 7 (7.7) 66 (72.5) 18 (19.8)

PON1 Gln192 → Arg
N = 214
 Homozygous normal 13 (13.1) 57 (57.6) 29 (29.3) 11.198 0.024
 Homozygous mutant 0 (0.0) 2 (33.3) 4 (66.7)
 Heterozygous 13 (11.9) 78 (71.6) 18 (16.5)

EDN 1 Lys198 → Asn
N = 214
 Homozygous normal 15 (13.4) 68 (60.7) 29 (25.9) 4.664 0.324
 Homozygous mutant 1 (14.3) 6 (85.7) 0 (0.0)
 Heterozygous 26 (12.1) 137 (64.1) 51 (23.8)
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[24].Tobacco use constitutes another significant risk factor 
for CVD. Despite a declining trend in smoking prevalence, 
recent data indicate that nearly 40% of men in Kazakhstan 
smoke [25]. Presently, there is limited emphasis on primary 
prevention strategies for CVD in Kazakhstan, as evidenced 
by a dearth of nationally implemented programs [26]. 
Despite an exhaustive search, studies specifically addressing 
CVD-related lifestyle factors within this population group 
were not identified. However, it is plausible to speculate 
that this population shares lifestyle characteristics with the 
broader Kazakhstani populace, thereby carrying an elevated 
risk for CVD.

Membership in a specific ethnic group may contribute 
to a predisposition for carrying certain mutations. Despite 
a comprehensive search of evidence-based medicine 
databases, limited studies are available investigating the 

frequencies of genotypes associated with ApoE, AGT174, 
AGT235, eNOS, PON1, and EDN1 in the Kazakh popu-
lation. For instance, Berkinbayev et al. examined APOE 
gene polymorphisms in ethnic Kazakhs related to coronary 
heart disease, identifying associations between various 
APOE gene alleles and the disease but not reporting the 
frequency of these alleles [27]. Sikhayeva et al. investi-
gated the distribution of the EDN1 gene in the Kazakh 
population with type 2 diabetes mellitus, reporting a fre-
quency of 58% for normal homozygotes, 35% for heterozy-
gotes, and 7% for mutant homozygotes [28]. Zhou et al. 
conducted a study to determine the frequency of AGT174 
genotypes in hypertensive patients of Kazakh ethnicity 
residing in Xinjiang province, China. They compared it 
with healthy controls of the same ethnicity. The study 
revealed a frequency of 74.2% for normal homozygous 
alleles in hypertensive patients, while healthy controls had 
a frequency of 78.0%. Additionally, the combined preva-
lence of heterozygous and mutant homozygous alleles 
among hypertensive patients was 25.8%, whereas 22.0% 
in controls [29].

Of particular interest in the present study is the finding 
of significant between-ethnic differences in the frequency 
of eNOS genotypes. Specifically, the study findings indi-
cate that among individuals of Kazakh ethnicity, 12.6% were 
identified as homozygous mutant carriers, whereas among 
individuals of Russian ethnicity, the prevalence was 10.9%. 
These results suggest a slightly higher occurrence of the 
mutation in the Kazakh population compared to the Rus-
sian population. However, no earlier research reported the 
frequency of this genetic polymorphism, specifically in the 
Kazakh population. Nonetheless, several studies examine 
individuals of Russian or Ukrainian ethnicity. For instance, 
Gruzdeva, in her doctoral thesis, reported the frequency of 
eNOS polymorphisms in patients with CAD and AH of Rus-
sian ethnicity. According to her findings, the prevalence of 
normal homozygous carriers was 47.0%, while heterozy-
gous carriers accounted for 48.5% of the population, and 
only 4.5% were carriers of the mutant homozygote [30]. 
Additionally, Dosenko et al. reported the frequency of the 
eNOS T786 → C genotype in patients with acute coronary 
syndrome (ACS) of Ukrainian ethnicity compared to healthy 
controls of the same ethnicity. Among ACS patients, the 
prevalence of normal homozygous carriers was 47.5%, while 
48.2% in controls. The prevalence of heterozygous carriers 
among ACS patients was 36.2% compared to 45.8% in con-
trols, and the prevalence of homozygous mutant carriers was 
16.3% compared to 6.0% in healthy controls. In the present 
study, among participants of Russian ethnicity, 27.3% were 
normal homozygous carriers, 61.8% were heterozygous car-
riers, and 10.9% were homozygous mutant carriers [31]. It is 
important to note that there is insufficient data on the genetic 
polymorphisms of eNOS genotypes in representatives of 

Table 4   Distribution of genetic polymorphisms by gender and ethnic 
origin (n = 218)

Genotypes Gender Ethnicity

Male Female Kazakh Russian

ApoE4 Leu28 → Pro
N = 214
 Homozygous normal 34 (34.0) 66 (66.0) 81 (81.0) 19 (19.0)
 Homozygous mutant 0 (0.0) 2 (100.0) 1 (50.0) 1 (50.0)
 Heterozygous 34 (30.4) 78 (69.6) 77 (68.8) 35 (31.3)

AGT Met174 → Thr
N = 218
 Homozygous normal 32 (30.2) 74 (69.8) 77 (72.6) 29 (27.4)
 Homozygous mutant 2 (40.0) 3 (60.0) 3 (60.0) 2 (40.0)
 Heterozygous 36 (33.6) 71 (66.4) 81 (75.7) 26 (24.3)

AGT Met235 → Thr
N = 218
 Homozygous normal 27 (27.8) 70 (72.2) 75 (77.3) 22 (22.7)
 Homozygous mutant 1 (20.0) 4 (80.0) 4 (80.0) 1 (20.0)
 Heterozygous 42 (36.2) 74 (63.8) 82 (70.7) 34 (29.3)

eNOS
T786 → C
N = 214
 Homozygous normal 33 (34.0) 64 (66.0) 82 (84.5)* 15 (15.5)*
 Homozygous mutant 9 (34.6) 17 (65.4) 20 (76.9)* 6 (23.1)*
 Heterozygous 26 (28.6) 65 (71.4) 57 (62.6)* 34 (37.4)*

PON1 Gln192 → Arg
N = 214
 Homozygous normal 30 (30.3) 69 (69.7) 74 (74.7) 25 (25.3)
 Homozygous mutant 3 (50.0) 3 (50.0) 4 (66.7) 2 (33.3)
 Heterozygous 35 (32.1) 74 (67.9) 81 (74.3) 28 (25.7)

EDN 1 Lys198 → Asn
N = 214
 Homozygous normal 34 (30.4) 68 (79.6) 89 (79.5) 23 (20.5)
 Homozygous mutant 2 (28.6) 5 (71.4) 5 (71.4) 2 (28.6)
 Heterozygous 32 (33.7) 63 (66.7) 65 (68.4) 30 (31.6)
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various ethnicities residing in Kazakhstan, highlighting the 
need for further research in this area.

The present study has several limitations, the major 
being the unavailability of a control group. This limita-
tion is because the study relied on the SSAMR, which only 
included individuals exposed to radiation. Consequently, 
it was challenging to include individuals from the general 
population as not all individuals exposed to radiation from 
the SNTS are listed in the SSAMR. Another limitation arises 
from the inability to differentiate between AH and CAD 
since they are categorized together in the SSAMR. Despite 
a total sample size of 218 individuals, distributed among 68 
families, it was not feasible to ensure a more comprehensive 
examination of the consistency of observed polymorphisms 
across all generations within each family. In addition, the 
study's sample composition is disproportionately skewed 
toward women, who constituted 67.9% of the sample size, 
and predominantly represents the second generation, with a 
median age of 52 years. This skewed representation could 
be attributed to the tendency of middle-aged females to par-
ticipate more readily in the study, while males exhibited a 
higher reluctance. This phenomenon has been observed in 
earlier surveys and could be linked to heightened health-
related anxiety among females [32].

Despite these limitations, the study exhibits several 
strengths. Notably, it boasts a reasonable sample size, access 
to data spanning three generations exposed to radiation 
from the SNTS, and the examination of six genes linked 
to cardiovascular pathology. However, it is imperative for 
future research to address the limitation of not incorporat-
ing healthy controls. Moreover, forthcoming studies should 
encompass a broader array of genetic polymorphisms and 
explore their correlation with specific cardiovascular events. 
Additionally, there is a need to recruit a larger sample size to 
observe the consistency of genetic polymorphisms across all 
generations within the same family. Furthermore, there is a 
pressing need to involve the fourth generation of the exposed 
population in genetic epidemiology research. Further genetic 
analyses could delve into additional genetic variants associ-
ated with CVD risk. Leveraging advanced genomic tech-
nologies, such as whole-genome sequencing, could yield 
comprehensive insights into the genetic determinants of 
CVD within this population. Furthermore, investigating the 
intricate interplay among environmental exposures, lifestyle 
factors, and genetic predispositions in the genesis of CVD 
is paramount.

In addition to its research implications, the present 
study holds practical significance. Firstly, there is a neces-
sity to implement strategies aimed at the primary preven-
tion of CVD through lifestyle modifications and to enhance 
strategies targeting the secondary prevention of CVD 
through screening and treatment, which is suboptimal at 

the level of the rural population [26]. Moreover, a person-
alized medicine approach could be implemented. Tailoring 
treatment plans based on an individual's genetic profile can 
help optimize therapeutic outcomes, allowing for targeted 
interventions and medication selection [33].

Conclusion

The present epidemiological study investigated the asso-
ciation between six genes and CVD in three generations of 
individuals exposed to radiation from the SNTS. The find-
ings revealed significant intergenerational differences in 
the distribution of ApoE Leu28 → Pro, eNOS T786 → C, 
and PON1 Gln192 → Arg genotypes. However, the exact 
role of radiation exposure from the SNTS in contributing 
to these differences remains uncertain and requires further 
exploration. Additionally, the present study shed light on 
the potential impact of ethnicity on the prevalence of spe-
cific genetic mutations, as demonstrated by a significant 
difference in the frequency of the eNOS T786 → C geno-
type between individuals of Kazakh and Russian ethnicity. 
These results have implications for developing more pre-
cise and tailored interventions to address the specific needs 
of the population affected by radiation exposure from the 
SNTS. Future research endeavors should aim to elucidate 
the observed associations' mechanisms and expand the 
investigation to encompass a wider range of genetic poly-
morphisms and their relationship to cardiovascular events.
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