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Abstract: Asians are more susceptible to type 2 diabetes mellitus (T2D) and its coronary heart disease
(CHD) complications than the Western populations, possibly due to genetic factors, higher degrees of
obesity, insulin resistance, and endothelial dysfunction that could occur even in healthy individuals.
The genetic factors and their mechanisms, along with gene-gene and gene-environment interactions
associated with CHD in T2D Asians, are yet to be explored. Therefore, the objectives of this paper
were to review the current evidence of genetic factors for CHD, summarize the proposed mechanisms
of these genes and how they may associate with CHD risk, and review the gene-gene and gene-
environment interactions in T2D Asians with CHD. The genetic factors can be grouped according
to their involvement in the energy and lipoprotein metabolism, vascular and endothelial pathology,
antioxidation, cell cycle regulation, DNA damage repair, hormonal regulation of glucose metabolism,
as well as cytoskeletal function and intracellular transport. Meanwhile, interactions between single
nucleotide polymorphisms (SNPs) from different genes, SNPs within a single gene, and genetic
interaction with environmental factors including obesity, smoking habit, and hyperlipidemia could
modify the gene’s effect on the disease risk. Collectively, these factors illustrate the complexities of
CHD in T2D, specifically among Asians.

Keywords: gene-environment interaction; gene-gene interaction; coronary heart disease; type 2
diabetes mellitus

1. Introduction

Diabetes mellitus (DM) is a chronic non-communicable disease that affects approxi-
mately 463 million individuals or 9.3% of the total world population [1]. Almost 90% of
diabetic patients are classified as type 2 diabetes mellitus (T2D), while others are classi-
fied based on their underlying etiology [2]. One of the macrovascular complications in
long-term, poorly controlled diabetes is coronary heart disease (CHD) [3,4]. Asia is the
most populous continent and home to 60% of global DM cases [5,6]. Although Asians,
particularly South Asians, have a lower body mass index (BMI), they exhibit higher degrees
of central obesity and total adiposity compared with the matched Caucasian population [7].
Additionally, Asians have higher degrees of insulin resistance and endothelial dysfunction,
even among healthy individuals [8]. These factors may contribute to the higher propen-
sity for both T2D and its CHD complications among Asians compared to the Western
population, as reported by previous studies [9,10].
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The spectrum of CHD includes stable angina and acute coronary syndrome comprising
of unstable angina, ST-segment elevation myocardial infarction (STEMI), and non-ST-
segment elevation myocardial infarction (NSTEMI) [11]. It is one of the leading causes of
morbidity and mortality, resulting in more than 8 million annual deaths worldwide [12].
On top of well-known non-genetic risk factors such as age, gender, family history of CHD,
hypertension, dyslipidemia, overweight/obesity and sedentary lifestyle, cigarette smoking,
as well as alcohol intake [13–20], various genetic factors have been linked to the disease.
Alleles of genetic variants or single nucleotide polymorphisms (SNPs) may influence gene
and protein expression by modulating the promoter activity, DNA methylation status, post-
transcriptional mRNA processing, mRNA stability, or promoting the interaction with micro-
RNA for RNA interference. These could affect certain pathways that are involved in energy
and lipoprotein metabolism [18,21], antioxidant mechanisms [22,23], and DNA damage
repair [24]. The use of certain drugs for CHD management also has ethnic difference effects
between Asians and Caucasians, due to genetic architecture disparity. Antithrombotic
clopidogrel for post-MI patients, for example, has a different effect in Asians that had
a higher minor allele frequency of the CYP2C19*3 haplotype compared to Caucasians,
which was associated with a slower response to clopidogrel therapy [25]. Apart from
that, genetic interactions comprising gene-gene and gene-environment interactions, which
might modify the risk for CHD and its complications particularly in a T2D background,
have been reported in Asian populations. Collectively, the interplay between non-genetic
factors, genetic factors, and genetic interactions illustrates the complexities of CHD in T2D.

2. Genetic Factors Associated with CHD Risk in T2D Asian Populations

Various studies have shown significant associations of genetic variants with CHD in
T2D individuals among Asian populations, as summarized in the next section. These can
be divided into several groups depending on their established or proposed roles in the
disease mechanism.

2.1. Genes Related to Energy and Lipoprotein Metabolisms

The hepatic APOE gene encodes apolipoprotein E (apo-E) that is present on the surface
of lipoproteins [26,27]. It binds to the hepatic low-density lipoprotein receptor (LDLR) and
triggers the internalization of lipoproteins, thus playing an essential role in lipoprotein
metabolism [28]. There are three APOE gene variants, namely E2, E3, and E4. The E2
variants of the APOE gene result in the production of an apo-E protein with an impaired
binding affinity towards the LDLR that could contribute to CHD development [29]. A
prior study showed that Kuwaiti CHD patients harboring the E2 allele had the highest
level of dense LDL particles compared to non-E2 carriers [30]. Besides, plasma apo-E
was also higher among individuals with E2 than subjects with E3 allele in the Taiwanese
population [31]. Meanwhile, the E4 variant binding affinity toward LDLR was superior
to E2 but inferior to E3 [29]. The E4 variant was also an independent predictor for both
T2D and cardiovascular disease (CVD) among the Egyptians. It was associated with a
5.90-fold higher risk for having CVD and T2D compared to other APOE variants in this
population [32]. Contrarily, the E3 variant is the neutral form of APOE and has the strongest
binding affinity to LDLR [29]. Individuals who carry this variant exhibit higher levels of
high-density lipoprotein (HDL), higher antioxidant protein expressions and β-carotene
levels, as well as lower blood low-density lipoprotein (LDL) concentrations [33].

Apart from its function in lipoprotein metabolism, the apo-E protein could also reg-
ulate the arterial wall composition via the matrix metalloproteinase-9 (MMP-9) enzyme
to maintain arterial compliance. Apo-E-deficient mice exhibited fragmentation of elastin
laminae in their aortae, which was closely related to MMP-9 activity [34]. Compared to
the apo-E3 protein, apo-E4 is more prone to proteolysis. As such, the administration of
fragmented or proteolyzed apo-E4 upregulated MMP-9, which, in turn, activated elastin
fragmentation in human astrocytoma and neuroblastoma cell lines [35]. Since elastin lami-
nae run parallel to collagen fibers in the arterial wall, the fracture of elastin caused stress to
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be transferred directly to the stiffer collagen leading to vascular stiffening and subsequent
hypertension [34]. The process appeared to precede the formation of atherosclerotic plaque,
which was in agreement with the study by Weiss et al., (2001), who reported the exacerba-
tion of atherosclerosis by the simultaneous presence of apo-E deficiency and hypertension
in mice [34,36]. Furthermore, apo-E had been shown to affect glucose metabolism in mice
astrocytes. Compared to E2/E3, astrocytes expressing the E4 allele were associated with
reduced glucose uptake, increased anaerobic glycolysis, and increased gluconeogenesis [37],
which might result in hyperglycemia. Concerning lipoprotein metabolism, the E4 allele
could also influence HDL formation. Mice expressing the hepatic APOE4 gene exhibited
enhanced VLDL ability to bind lipids along with impaired lipolysis and reduced VLDL
remnants clearance compared to mice with hepatic APOE3 [38]. Subsequently, there would
be decreased VLDL surface components availability that could be transferred to the HDL
pool for HDL production, resulting in reduced plasma HDL concentrations and increased
pro-atherogenic lipoproteins levels (Figure 1) [38].

Figure 1. Proposed mechanisms of genes related to energy and lipoprotein metabolisms associated
with CHD in the T2D Asian population. * Significant association with CHD exclusive in T2D
Asians but not T2D Caucasians. Abbreviations: AMPK (5′ adenosine monophosphate-activated
protein kinase), ERK (extracellular signal-regulated kinase), LDL (low-density lipoprotein), PPAR
(peroxisome proliferation-activated receptor).

APOE gene expression is the highest within the liver, followed by the brain and
other tissues, including the heart [39]. In the animal model, targeted replacement of the
APOE gene to generate mice with the E4 allele established clear T2D phenotypes at basal
conditions [40]. These mice displayed reduced insulin secretion, insulin resistance, and
glucose intolerance [40]. In humans, variation of the APOE gene, specifically the E4 allele,
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could exert a significant CHD risk in T2D Asian patients. A study by Vaisi-Raygani et al.
(2010) reported that the Iranian T2D carriers of the E4 risk allele had a significantly higher
CHD risk in the allelic (odds ratio, OR: 2.30), dominant (OR: 2.17), and recessive models
(OR: 7.80) (Table 1) [41]. They also observed that E4 carriers had significantly higher
serum total cholesterol (TC), triglyceride (TG), and LDL, alongside lower serum HDL
concentrations [41]. Another independent study among the Thai population reported a
similar finding in which the T2D carriers of the E4 allele were associated with a 2.32-fold
higher CHD risk [18]. Although the recessive genotype E4/E4 did not have a significant
association with CHD, the E3/E4 genotype still conferred a markedly 2.52-fold higher CHD
risk in this population [18]. Similar to the Iranian population, the E4 allele is associated with
an impaired fasting lipid profile including increased VLDL and TG, as well as decreased
HDL in T2D patients with or without CHD [18]. Subjects in the Asian Indian Diabetic
Heart Study/Sikh Diabetes Study showed no differences in the frequency of the E4 allele
nor its genotypes in either CHD or T2D patients compared to non-CHD or non-T2D
controls [42]. Nevertheless, individuals with the E4 allele still possessed higher CHD
risk factors, including elevated systolic (SBP) and diastolic blood pressure (DBP), fasting
glucose, and postprandial glucose, as well as lower HDL levels than non-E4 carriers [42].
Despite the significant association between the E4 allele and increased CHD risk among
Caucasians in Italy, Finland, Australia, and the United States [43–46], the association was
absent when analyzed specifically among T2D Caucasian patients [47]. Moreover, a cross-
sectional study among 271 T2D Finnish patients showed that the prevalence of CHD was
similar between the E4 (64.4%) and E3 phenotypes (54.5%, p > 0.05) [48], indicating that E4
was not a CHD risk allele among T2D individuals in this population.

Another gene closely related to APOE is APOA5, which encodes for the apolipopro-
tein A5, a protein that associates with TG-rich lipoproteins and is present on the HDL
surface [74,75]. The gene is expressed specifically by the liver [76]. Apo-A5 could bind
to the LDL receptor and may have a role in lipoprotein metabolism [77]. Additionally,
apo-A5 could activate the lipoprotein lipase enzyme and promote TG breakdown [74]. Mice
fed with a high fructose diet developed signs of T2D, which include insulin resistance as
measured by hyperinsulinemic-euglycemic clamps and elevated fasting insulin level [78].
These changes were associated with elevated ApoA5 mRNA and ApoA5 protein expression
in the liver, increased hepatic and skeletal muscle lipid deposition, as well as abnormal
lipid profiles that were reversed by an antisense oligonucleotide to suppress the gene
expression [78]. One of the many APOA5 gene polymorphisms associated with CHD is
−1131T/C. In a South Indian cohort, the −1131C risk allele frequency was significantly
higher among the T2D + CHD subjects compared to non-T2D + CHD and healthy con-
trols [22]. It translated to a 1.71-fold higher CHD risk among the T2D patients than the
non-diabetic controls, as well as a 1.50-fold higher CHD risk among the T2D patients com-
pared to healthy individuals [22]. However, the study team did not assess the association of
the APOA5 risk allele with other clinical parameters in this population [22]. Compared to
Indian Asians, European Caucasian subjects had a significantly lower frequency of −1131C
regardless of their T2D status [79,80]. Despite the difference, the variant effect on the
plasma TG level was similar in both populations [79]. The APOA5 −1131C exerted a two-
to three-fold increased CHD risk among general Caucasians in Hungary and Czech with a
similar direction seen among Asians [81,82]. However, these studies did not examine the
−1131C effect on CHD risk in the T2D subgroup [81,82].
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Table 1. Genetic factors associated with coronary heart disease in type 2 diabetic Asian populations.

Source Population/Sample Size Country/Region Genes/Loci
CHD Association

Allele Model
CHD Risk,
OR or HR
(95% CI)

p-Value *
Yes No

Zhou et al., 2009 [49] 194 CHD and 90 healthy controls China PON1 L55M (rs854560) X

Vaisi-Raygani et al., 2010 [41] 118 T2D, 162 CHD, 172 T2D +
CHD, and 179 healthy controls Iran

BCHE-Kˆ G1615A (likely
rs1803274) X A Allelic OR: 2.02

(1.40–3.10) 0.001

APOEˆ (rs7412 and rs429358) X E4 Recessive OR: 7.80
(1.70–3.60) 0.008

Wang W. et al., 2010 [50] 2046 CHD China 9p21.3 (rs1333049) X

Wang Y. et al., 2010 [21] 1297 T2D China

SCYA11 Ala23Thr (rs1129844) X Ala Recessive HR: 1.70
(1.10–2.61) 0.016

PON2 Ser311Cys (rs7493) X Cys Additive HR: 1.42
(1.08–1.88) 0.013

ADRB3ˆ Trp64Arg (rs4994) X Arg Recessive HR: 3.84
(1.18–12.50) 0.025

Katakami et al., 2010 [51] 3819 T2D Japanese

GCLM -588C/T (rs17883901) X

SOD2 Val16Ala (rs4880) X

NOS3 G894T (rs1799983) X

CYBA C242T (rs4673) X

MPO-463G/A (rs2333227) X

Bae et al., 2010 [52] 192 CHD (54 T2D) and 196
non-CHD controls (35 T2D) Korea

eNOS-786T/C (rs2070744) X C Dominant OR: 4.39
(1.80–10.71) <0.050

eNOS 4a/4b (rs61722009) X 4a Dominant OR: 4.20
(1.73–10.16) <0.050

eNOS 894G/T (rs1799983) X

Bhaskar et al., 2011 [22] 250 CAD (160 T2D), 150 T2D, and
120 healthy controls India

PON1 Q192R (rs662) X R Allelic OR: 1.49
(1.04–2.12) 0.023

APOA5ˆ−1131T/C (rs662799) X C Allelic OR: 1.50
(1.01–2.22) 0.034

Cheng et al., 2011 [53]
Central China: 379 T2D, 496 CHD,

and 849 healthy controls
Northern China: 597 CHD and 846

healthy controls

China

9p21.3 (rs2383208) X

9p21.3 (rs10811661) X T Allelic OR: 1.19
(1.06–1.33) 0.004

9p21.3 (rs10757283) X C Allelic OR: 1.18
(1.06–1.32) 0.001

Ergun et al., 2011 [54] 171 T2D and 80 healthy controls Turkey
PON1 L55M (rs854560) X

PON1 Q192R (rs662) X

Chaudhary et al., 2012 [18] 147 T2D + CHD, 155 T2D, and 149
healthy controls Thailand APOEˆ (rs7412 and rs429358) X E4 Allelic OR: 2.32

(1.17–4.61) 0.016

Esteghamati et al., 2012 [13] 114 T2D + CHD and 127 T2D Iran
ADIPOQ T45G (rs2241766) X

ADIPOQ G276T (rs1501299) X T Additive OR: 0.39
(0.22–0.68) 0.001
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Table 1. Cont.

Source Population/Sample Size Country/Region Genes/Loci
CHD Association

Allele Model
CHD Risk,
OR or HR
(95% CI)

p-Value *
Yes No

Ho et al., 2012 [55] 1417 T2D Hong Kong

PPARG (rs1801282 G/C) X C Recessive HR: 4.38
(1.03–18.57) 0.045

ADIPOQ (rs1063539 C/G) X

HNF4A (rs1884614 T/C) X

Katakami et al. 2012 [56] 2637 T2D Japanese ADIPOQ G276T (rs1501299) X G Recessive OR: 1.66
(1.13–2.43) 0.009

Saini et al., 2012 [57] 28 T2D + CHD, 32 CHD, and 50
healthy controls India eNOS Glu298Asp (rs1799983) X

Tong et al., 2013 [58] 560 T2D + CHD and 550 T2D China ADIPOQ−11377C/G
(rs266729) X G Recessive OR: 2.18

(1.32–3.46) 0.001

Narne et al., 2013 [59] 160 T2D + CHD and 121 T2D India

eNOS -786T/C (rs2070744) X G Dominant OR: 1.81
(1.05–3.13) 0.030

eNOS intron 4a/b (rs61722009) X

eNOS G894T (rs1799983) X

Ma et al., 2014 [60] 260 T2D + CHD and 144 T2D
control China PRKAA1 (rs3805489) X C Allelic OR: 0.67

(0.48–0.92) 0.015

Wei et al., 2014 [61] 425 T2D + CHD and 258 T2D
control China

PCSK1 (rs6230*T/C) X

PCSK1 (rs6233*T/C) X

PCSK1 (rs6234*C/G) X

PCSK1 (rs156019*T/A) X T Additive OR: 1.92
(1.23–3.00) 0.04

PCSK1 (rs3811951*A/G) X G Recessive OR: 0.43
(0.24–0.77) 0.004

Wu et al., 2014 [17] 288 T2D + CHD, 312 T2D, and 346
healthy controls China KIF6 Trp719Arg (rs20455) X Arg Dominant OR: 5.21

(1.01–27.01) <0.01

Zhang et al., 2014 [62] 502 MI (194 T2D) and 308
angiographic normal (75 T2D)

controls

China 9p21 (rs10757274) ˆ X G Dominant OR: 4.38
(2.56–7.47) <0.0001

6p24 (rs6903956) X

Jin et al., 2014 [63] 165 T2D, 173 CHD, 174 T2D +
CHD, and 145 healthy controls China

ADIPOR1 (rs7539542) X

ADIPOR1 (rs3737884) X G Additive OR: 2.42
(1.51–3.89) 2.49 × 10−4

ADIPOR1 (rs1342387) X

ADIPOR1 (rs16850797) X C Additive OR: 1.71
(1.11–2.62) 0.014

ADIPOR1 (rs12045862) X

ADIPOR1 (rs7514221) X

Sapkota et al., 2015 [42] 1956 T2D (723 CHD), 1608
non-T2D (1212 non-CHD) US (Indian ancestry) APOE (rs7412 and rs429358) X
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Table 1. Cont.

Source Population/Sample Size Country/Region Genes/Loci
CHD Association

Allele Model
CHD Risk,
OR or HR
(95% CI)

p-Value *
Yes No

Mofarrah et al., 2016 [64] 152 T2D + angiographic CHD and
72 T2D controls

Iran

ADIPOQ T45G (rs2241766*T/G) ˆ X G Dominant OR: 7.21
(2.02–25.73) 0.002

KALRN (rs9289231*T/G) X G Dominant OR: 5.02
(1.07–23.70) 0.041

FTO (rs9939609*A/T) X

Mohammadzadeh et al., 2016 [65] 100 T2D + CHD and 100 T2D
controls Iran

ADIPOQ T45G (rs2241766) X

ADIPOQ G276T (rs1501299) X T Additive OR: 5.16
(1.02–26.18) 0.048

Wang et al., 2016 [66] 2317 CAD and 2404 healthy
controls China HDAC9 (rs2107595*G/A) X A Dominant OR: 1.23

(1.09–1.39) 0.001

Wang F. et al., 2016 [67] 295 T2D, 316 CHD, 302 T2D +
CHD, and 268 healthy controls China

ADIPOR1 (rs7539542) X

ADIPOR1 (rs3737884) X G Dominant OR: 2.69
(1.43–5.07) 0.002

ADIPOR1 (rs1342387) X

ADIPOR1 (rs16850797) X C Dominant OR: 1.44
(1.03–1.99) 0.032

ADIPOR1 (rs12045862) X

ADIPOR1 (rs7514221) X C Dominant OR: 1.75
(1.19–2.56) 0.004

Wang X. et al., 2016 [68] 595 T2D + CHD and 519 T2D China

TXNIP (rs7212) X G Dominant OR: 1.53
(1.18–1.99) 0.022

TXNIP (rs7211) X

TXNIP (rs9245) X

Sumi et al., 2017 [69] 198 CHD, 284 T2D + CHD, 160
T2D, and 271 healthy controls India ENPP1 K121Q

(rs1044498) X C Dominant OR: 12.8
(4.97–37.18) <0.01

Lu et al., 2017 [70] 390 T2D + CHD and 275 T2D China UBE2Z ˆ (rs46522) X T Additive OR: 1.67
(1.09–2.57) 0.019

Wang et al., 2017 [71] 903 T2D + CAD and 726 T2D China PARP1 (rs1136410) X G Recessive OR: 1.02
(0.76–1.35) 0.010



Int. J. Environ. Res. Public Health 2022, 19, 647 8 of 44

Table 1. Cont.

Source Population/Sample Size Country/Region Genes/Loci
CHD Association

Allele Model
CHD Risk,
OR or HR
(95% CI)

p-Value *
Yes No

Zhao et al., 2017 [72] 265,678 T2D and 260,365 CHD
Multiple countries

including the Eastern and
Southern Asian ancestries

TCF7L2 (rs7903146) X T Allelic OR: 1.04
(1.02–1.05) 2.6 × 10−212

HNF1A I27L (rs1169288) X A Allelic OR: 1.04
(1.03–1.06) 2.0 × 10−12

CTRB1/2 (rs7202877) X T Allelic OR: 1.06
(1.04–1.09) 1.0 × 10−8

MRAS (rs2306374) X C Allelic OR: 1.06
(1.04–1.08) 9.8 × 10−9

ZC3HC1 R342H (rs11556924) X C Allelic OR: 1.08
(1.06–1.10) 1.4 × 10−19

MIR17HG (rs7985179) X A Allelic OR: 1.05
(1.02–1.08) 1.5 × 10−9

CCDC92 (rs825476) X T Allelic OR: 1.03
(1.02–1.05) 2.7 × 10−9

APOEˆ (rs4420638) X A Allelic OR: 0.89
(0.85–0.93) 2.6 × 10−13

Wang et al., 2018 [73] 335 CHD and 372 non-CHD China
AP2A2 (rs7396366) X T Dominant OR: 2.33

(1.24–4.38) 0.009

BZRAP1 (rs2526378) X

* Indicates significant p-value. ˆ Significant association with CHD exclusive in T2D Asians but not T2D Caucasians. Symbol: (X) Genes associated with CHD. Abbreviations: Ala (alanine),
Arg (arginine), CAD (coronary artery disease), CHD (coronary heart disease), CI (confidence interval), Cys (cysteine), HR (hazard ratio), OR (odds ratio), Ser (serine), T2D (type 2
diabetes mellitus), Thr (threonine), Trp (tryptophan), Val (valine).
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Upon catecholamine stimulation, excessive heart contraction is prevented by the
β3-adrenergic receptor, which exerts negative inotropic effects on the myocardium [83].
Activation of the receptor by a β3-agonist nebivolol was shown to be beneficial in the
myocardial infarct (MI) animal model, potentially by supporting myocardial activity via
promoting lipolysis as the primary cardiac energy source, increasing energy usage, while
decreasing body adiposity [83,84]. ADRB3 is another gene linked to T2D and coronary
heart disease wherein ADRB3 polymorphism (Trp64Arg) is associated with central obesity,
dyslipidemia, and insulin resistance, all of which are known risk factors for CHD [85].
Type 2 diabetes induction in C57BL/6J mice by a high-fat diet resulted in increased plasma
insulin, increased blood glucose levels, as well as reduced GLUT4 mRNA expression indi-
cating impaired plasma glucose clearance [86]. These changes corresponded to decreased
Adrb3 mRNA expression in the white adipose tissue causing central obesity, in which the
mice accumulated perirenal, retroperitoneal, mesenteric, and uterine adipose tissues [86].

In a human study conducted among T2D Hong Kong Chinese, Wang et al. (2010)
reported that individuals with the homozygous arginine (Arg/Arg) ADRB3 genotype had
a 3.84-fold higher hazard for CHD incidence under a recessive model [21]. The study did
not analyze the association of the ADRB3 risk genotype with other clinical variables [21].
Meanwhile, a recent meta-analysis investigating the ADRB3 gene Trp64Arg polymor-
phism showed that carriers of the mutated 64Arg allele consistently and significantly had
higher CHD risk compared to subjects harboring the wild-type 64Trp allele, with the allelic
(OR: 1.48), additive (OR: 2.66), and recessive models (OR: 2.46) [87]. However, the associa-
tion of 64Arg with CHD was significant only in individuals of Asian but not Caucasian
descent, and analysis regarding the 64Arg effects on clinical variables was not performed
in this meta-analysis [87]. In agreement with this, several bodies of evidence showed that
there was no association between ADRB3 64Arg with T2D and CHD in Caucasians. In a
population-based cohort of 1259 Germans, the levels of plasma TC, HDL, fasting insulin,
HbA1c, BMI, as well as T2D status did not differ among different Trp64Arg genotypes [88].
In the same manner, 64Arg did not correlate with incident CHD among Caucasians from
various countries including The Netherlands, United Kingdom, Germany, United States,
and Finland either in the dominant, recessive, or additive models [89].

Butyrylcholinesterase (BChE) is an enzyme that belongs to the cholinesterase family.
It metabolizes short-acting neuromuscular blockers such as mivacurium and succinyl-
choline, in addition to acetylcholine and other choline esters [90]. Additionally known as
pseudocholinesterase, the enzyme is encoded by the BCHE gene. The impact of T2D on
BCHE protein activities had been reported in previous animal experiments. For instance,
Dave and Katyare (2002) observed that alloxan-induced diabetes in rats significantly in-
creased the plasma and cardiac BCHE activities, which could not be reversed by insulin
therapy [91]. On the other note, mice with BCHE gene deficiency developed central obesity
and an impaired lipid profile, as well as early signs of the T2D phenotype characterized by
marginally elevated FBG and significantly elevated fasting insulin levels [92]. Meanwhile,
in a human study, Asian individuals carrying the BCHE K-variant of the gene that harbored
a 1615A polymorphism (Ala539Thr) were significantly associated with a 2.02-fold increased
risk for CHD among T2D patients under an allelic model [41]. The T2D + CHD subjects
harboring BCHE 1615A also had numerically higher serum TG, TC, and LDL, but similar
HDL levels compared to those without the risk allele [41]. However, there was no statistical
test conducted to assess differences between the two groups [41]. In Caucasians, conflicting
evidence regarding BCHE K-variant association with T2D exist. In the United Kingdom, the
K-variant lacks association with the necessity for insulin therapy despite being positively
correlated with T2D status [93]. A study by Johansen et al. (2004) observed a similar allelic
frequency of the BCHE K-variant between T2D and control subjects among 1320 Danish
Caucasians [94]. Likewise, all BCHE genotypes exhibited comparable BMI as well as serum
insulin, C-peptide, FBG, and 2-h plasma glucose levels following an oral glucose tolerance
test (OGTT) [94]. In terms of CHD risk, Italian Caucasians had comparable K-variant fre-
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quencies in both CHD and control groups [95], indicating that the gene did not contribute
much to CHD in this population.

Although the exact mechanism on how it leads to CHD is unknown, BCHE was
proposed to heighten the disease risk by altering the lipid parameters and body adiposity.
Butyrylcholinesterase is produced by the hepatocytes, enters the circulation, and promotes
ghrelin production by enteroendocrine cells known as ghrelin cells in the gastrointestinal
mucosa [96,97]. As a gut–brain hormone, ghrelin travels from the gastrointestinal system
to the brain, binds to the ghrelin receptor in the lateral hypothalamus, then stimulates the
hunger center [98]. Mice deficient in the BChE gene exhibited increased plasma ghrelin
compared to wildtype. Increased plasma ghrelin elevates appetite, resulting in increased
daily calorie intake, body weight, fat mass, and plasma leptin concentration, as well as
decreased daily energy expenditure, which was reversed upon intravenous BChE gene
transfer [92,99]. Besides, specific inhibition of BChE had been shown to increase the levels
of acetylcholine, whereas acetylcholine could increase lipid synthesis via the nicotinic
acetylcholine receptor and upregulate ERK/PPAR-γ signaling [100,101]. In contrast to the
animal experiment, a study in human subjects reported that individuals with increased
serum BChE correlated significantly with overweight and obesity [102]. This association
was significant for all body adiposity surrogate markers including BMI (OR: 1.16), waist
circumference (OR: 1.07), waist–hip ratio (OR: 16.90), and waist-height ratio (OR: 4.51) [102].
Human subjects with higher BChE levels were more likely to have elevated serum TG, TC,
and LDL, along with decreased HDL, compared to those with lower BChE levels, indicating
that BChE could regulate lipid metabolism [102].

Adiponectin is a substance encoded by the ADIPOQ gene that is specially produced
and released by the fatty tissues, with adipocyte size and adipose mass influencing its
blood concentration [103–105]. Meta-analyses of human studies reported that weight
loss by caloric restriction, intake of weight-loss medications such as sibutramine, and
bariatric surgery significantly increased the adiponectin level [106–108]. In the liver and
skeletal muscle, adiponectin regulates lipid and glucose metabolisms by improving glucose
uptake, reducing gluconeogenesis, glycogenolysis, and lipid content [109]. Indeed, Adipoq
deficiency in mice was capable of inducing diabetic characteristics such as an impaired
glucose tolerance test, increased blood glucose, free fatty acids, as well as TG levels [110].
In the same study, there was also a reduction of the pancreatic islet size, β-cell mass, and
blood insulin level in Adipoq–/–mice compared to WT [110]. Additionally, adiponectin
could exert antioxidative and anti-inflammatory effects by reducing inducible nitric oxide
synthase (iNOS) as well as promoting macrophage tolerance to interleukin 6 (IL-6) and
tumor necrosis factor-alpha (TNF-α) stimulation in the vascular endothelium [111,112].
Adiponectin could play a significant role in alleviating atherosclerosis by decreasing LDL
oxidation, improving cholesterol efflux from macrophages, and enhancing endothelial
functions [113–115]. Monocytic migration and smooth muscle cell proliferation in the
intimal layer of the artery are also prevented by adiponectin [116,117].

Concerning its anti-atherosclerotic effects, a low level of adiponectin had been reported
to have a strong association with an increased CHD risk, which could also be influenced by
the ADIPOQ gene polymorphism [118–120]. A prior study reported that the GG genotype
of the ADIPOQ G276T variant (rs1501299) was associated with lower serum adiponectin
compared to the 276TT genotype [121]. This variant was also related to an increased CHD
risk in T2D, especially in obese individuals. Katakami et al. (2012) reported that among 2637
adult Japanese T2D patients, the risk of CHD was increased by 1.49 times for each number
of the 276G allele, while those having 276GG genotype had 1.66 times higher CHD risk
compared to 276GT + TT genotypes [56]. They also found that the recessive 276GG genotype
associated with a slightly higher DBP measurement (G/G: 79.0 ± 10.0 mmHg; G/T + T/T:
78.5 ± 10.5 mmHg, p = 0.0218), while the presence of the 276G risk allele corresponded to
lower serum adiponectin levels (G/G: 6.11 ± 3.69 µg/mL; G/T: 6.74 ± 4.92 µg/mL; T/T:
9.56 ± 9.21 µg/mL, p > 0.05) [56].
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In line with that, Esteghamati et al. (2012) observed that the 276T risk allele provided a
protective effect against CHD in North Iranian T2D patients with an OR of 0.39 despite the
allele having no impact on the serum adiponectin levels (p = 0.48) [13]. However, in another
study among the Southwest Iranian T2D population, individuals with the 276TT genotype
had a 5.16-fold increased CHD risk compared to the 276GG homozygotes [65], suggesting
that other contributing factors could interact with the genetic polymorphism in different
ancestries. Even though baseline characteristics of CHD patients showed significantly
lower serum adiponectin, an abnormal lipid profile, and elevated BP compared to healthy
controls, a comparison of clinical parameters for each genotype was not performed [65].
Meanwhile, a study of 11 common variants for the ADIPOQ gene in a T2D Chinese
population found that –11377C/G polymorphism (rs266729) was associated with both
CHD status and coronary atherosclerosis severity on angiography [58]. The risk for CHD
was 2.18 times, 1.53 times, and 1.49 times for the recessive (–11377GG), co-dominant
(–11377CG), and allelic models (–11377G), respectively [58]. Similar to 276G, the –11377G
variant had a significant negative association with serum adiponectin levels (β = –0.101) in
this study [58]. The CHD risk among T2D was also increased when there was ADIPOQ
45T/G polymorphism (rs2241766). Among 224 Iranian T2D patients undergoing coronary
angiography, the odds of having CHD were 7.21 in the 45GG compared to 45TT, although
analysis of the differences in clinical parameters among genotypes were not performed in
this study population [64]. In contrast, a separate study that was also conducted among
T2D Iranians reported no association of the ADIPOQ 45G variant with CHD risk nor the
serum adiponectin level [13], indicating the possibility of genetic effect modification by
environmental factors. Concerning Caucasians, ADIPOQ 276T functioned as a CHD risk
allele for non-diabetic, but a protective allele against CHD for diabetic patients [122,123].
Unlike Asians, ADIPOQ 45G was not associated with CHD risk at all [122,123]. As for
ADIPOQ –11377G, positive associations could only be seen with unstable angina and CHD,
but not with T2D among Russian Caucasians [124], suggesting that –11377G is a risk allele
for CHD in T2D subjects in Asians but not Caucasians.

Adiponectin binds to the adiponectin receptors, AdipoR1 and AdipoR2, and trig-
gers signaling cascades such as the 5′ adenosine monophosphate-activated protein kinase
(AMPK) and the peroxisome proliferation-activated receptor (PPAR) in the target cells [125].
The ADIPOR1 gene encodes AdipoR1. It is ubiquitously expressed but can be found more
in muscle cells, including cardiomyocytes [126]. In contrast, the AdipoR2 expression is
restricted to the liver [103]. The action of adiponectin is highly dependent on its receptors.
Decreased AdipoR1 and AdipoR2 expression in the liver of db/db mice, an animal model of
human obesity, exhibited diminished adiponectin-induced AMPK and PPAR activation
resulting in glucose intolerance as well as reduced insulin sensitivity [127]. Apart from
that, diabetic status caused deregulation of the AdipoR1 gene in the animal model. Strepto-
zotocin (STZ)-induced DM in mice was associated with a significant increase of AdipoR1
mRNA expression in the skeletal muscle, which reverted to normal levels upon insulin
treatment [128]. Similarly, AdipoR1 mRNA was also increased in the skeletal muscle of T2D
db/db obese and Lepr–/–mice, in which the overexpression of AdipoR1 prevented diabetes
by improving insulin sensitivity [127,128]. On the other hand, AdipoR1 deficiency in mice
impaired normal cardiac physiology in which there was reduced myocardial mitochon-
drial function and cardiac inefficiencies, which were inapparent in mice deficient with
AdipoR2 [129].

In this regard, common ADIPOR1 gene variants have been implicated with CHD in
non-diabetic Asian subjects [63,67]. Likewise, the gene also has a significant association
with CHD in T2D. Among the Northeast Chinese population, three out of six ADIPOR1
variants were markedly associated with a higher CHD risk. They include rs3737884*G
(OR: 2.69), rs16850797*C (OR: 1.44), and rs7514221*C (OR: 1.75) [67]. However, there was
no assessment of the genotypic impact on clinical variables performed in the study [67].
In a separate study among a North Chinese population, T2D individuals with ADIPOR1
variants rs3737884*G (OR: 2.42) and rs16850797*C (OR: 1.71) had a significantly higher
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CHD risk as well [63]. Both variants highly significantly correlated with increased BMI,
SBP, DBP, fasting blood glucose (FBG), TG, and TC, as well as decreased HDL levels [63].
Like Asians, past publications indicated that the ADIPOR1 gene was significantly asso-
ciated with T2D and CHD among Caucasians, although the variants involved differed.
ADIPOR1 variants relevant to elevated T2D risk in Caucasians include rs2275737*T and
rs1342387*G [130], whereas rs7539542*G and rs10920531*A conferred an increased CHD
risk among Caucasians with T2D comorbidity [131]. The latter two variants were associated
with decreased ADIPOR1 mRNA expression in the study populations as well [131].

The activation of AdipoR by adiponectin activates the AMPK signaling pathway
that regulates carbohydrate and lipid metabolism [109]. Adiponectin could also prevent
atherogenesis and endothelial dysfunction via the AMPK pathway [132]. The AMPK is a
heterotrimeric protein complex comprised of a catalytic α-subunit, and regulatory β- and
γ-subunits [133]. Previous studies reported that the α1 isomer of the catalytic α-subunit
exerted protective effects against diabetes, endothelial dysfunction, and atherosclerosis.
Overexpression of AMPK-α1 in the liver ameliorated hepatic steatosis in hyperlipidemic
T2D rats [134], while Prkaa1-specific deletion in the mAMPKα1-KO mice muscle resulted
in T2D characteristics including hyperglycemia, hyperlipidemia, and increased muscle TG
contents when they were fed a high-fat diet [135]. Conversely, selective deletion of the
protein kinase AMP-activated catalytic subunit α1 (Prkaa1) gene that encodes for AMPK-α1
in endothelial cells resulted in reduced endothelial cell proliferation as well as enhanced
atherosclerotic formation in mice with hyperlipidemia [136]. Meanwhile, a study on T2D pa-
tients of Northern China reported a negative association between the PRKAA1 rs3805489*C
variant with CHD. Among 404 participants with T2D, the rs3805489*C allele carriers had
0.67 times less CHD risk compared to the A allele carriers [60]. Additionally, the dominant
rs3805489*AC + CC genotype also had protective effects against CHD in this study popula-
tion (OR: 0.65) [60]. However, they did not assess the impact of the rs3805489*C risk allele
on clinical parameters in the study population [60]. At present, there is no study regarding
PRKAA1 polymorphism association with CHD and T2D in Caucasians.

The AP2A2 gene encodes the adaptor-related protein complex 2 (AP-2) α2 subunit.
The AP-2α2 protein has a functional role in the clathrin-mediated endocytosis, where it
is localized to the clathrin-coated pit plasma membrane [137]. It mediates endocytosis of
various proteins on the cell surface, including glucose transporter-4 (GLUT-4), the insulin
receptor, and the β-adrenergic receptor, in which the endocytosis process is required for ac-
tive signaling intracellularly [138]. AP2A2 is also one of the target genes for PPAR-α whose
activity promotes fat mass loss and whole-body fat oxidation. Mice with adipocyte-specific
Ap2a2 deficiency exhibited impaired endocytosis of the β2- and β3-adrenergic receptors,
as well as reduced cyclic adenosine monophosphate and protein kinase A (cAMP/PKA)
signaling, resulting in larger fat mass and decreased whole-body fat catabolism when
they were fed with a high-fat diet [138]. However, the impact of Ap2a2 deficiency on
glycemic control was minimal with no overt T2D phenotype developed in the mice [138].
The AP-2 protein had been shown to interact with several genes such as NUMB in the
mouse intestine, resulting in decreased dietary cholesterol uptake; as well as with DAB2
and LDLRAP1 associated with pronounced hypercholesterolemia [139], indicating its es-
sential role in lipid metabolism. Meanwhile, the T allele of rs7396366, whose closest gene
is AP2A2, had an association with increased plasma C-reactive protein (CRP), which is
a biomarker in acute CHD and endothelial dysfunction [140,141]. Therefore, individuals
with AP2A2 genetic variation might be susceptible to T2D and CHD, although the mecha-
nism on how it influences disease development apart from altering lipid metabolism and
promoting obesity is unknown. Indeed, among T2D Chinese patients, AP2A2 rs7396366*T
carriers had a 2.33-fold raised CHD risk for rs7396366*GT + TT genotypes compared to
rs7396366*GG homozygotes [73]. Furthermore, the AP2A2 rs7396366 polymorphism is
associated with more severe CHD, although its association with other clinical parameters
was not determined [73]. T2D patients with rs7396366*TT had 2.37 times and 2.48 times
higher probability for two-vessel and three-vessel diseases, respectively, compared to the
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rs7396366*GG genotype [73]. There is no evidence regarding the association of the AP2A2
gene, specifically the rs7396366 polymorphism, with T2D and CHD among Caucasians
since studies are yet to be performed in this population.

2.2. Genes Related to Vascular and Endothelial Pathology

The human eotaxin is encoded by the SCYA11 gene, also known as CCL11 [142]. Eo-
taxin is expressed by smooth muscle cells as well as immune cells such as macrophages
and lymphocytes [143]. It was proposed that eotaxin promoted and sustained vascular
inflammation by triggering oxidative stress along with proliferation and calcification of vas-
cular smooth muscle cells (VSMCs), which was implicated in atherogenesis (Figure 2) [144].
The atheromatous plaque contains an abundant amount of human eotaxin that functions
as a chemoattractant, inducing VSMCs migration [145]. Hessner et al., (2004) reported
increased SCYA11 gene expression in the pancreatic islets and lymph nodes of autoimmune
insulin-dependent DRlyp/lyp rats, the animal model of human type 1 diabetes mellitus [146].
These changes were associated with β-cell damage and insulitis compared to the WT con-
trol [146]. Similarly, feeding C57BL/6N mice a high-fat diet induced obesity [147], which is
a strong risk factor for T2D. Although the effects of insulin resistance and glycemic control
were not examined, the study observed a significant increase in adipose eotaxin mRNA
and serum eotaxin concentration [147]. Nevertheless, no animal model can justify T2D
development by the SCYA11 mutation at present. A genetic study among a 1386 Hong
Kong Chinese T2D cohort observed that the Ala allele carriers of the SCYA11 Ala23Thr
variant were associated with a higher incidence of CHD in both the additive (hazard ratio,
HR: 1.49) and recessive models (HR: 1.70) [21]. However, no assessment of the risk allele
association with other clinical variables was conducted in this population. The 23Ala risk
allele appeared to be causative only in the Asian populations. Studies conducted among
American and Czech subjects found that the opposite 23Thr allele was associated with
higher odds and incident CHD; however, these studies were performed on general CHD
patients and not specifically among T2D subjects [142,148]. Nevertheless, Caucasian CHD
patients with the Ala/Thr + Ala/Ala genotype were older and exhibited higher propor-
tions of hyperlipidemia as well as diabetes compared to CHD patients with the Thr/Thr
genotype, although these were statistically insignificant [148].

The endothelial nitric oxide synthase, encoded by the eNOS/NOS3 gene, is expressed
constitutively by the endothelium. It generates nitric oxide (NO) that promotes vasodi-
latation, inhibits leukocytic infiltration, and prevents smooth muscle cell migration and
proliferation [149]. Mice with permanent left anterior descending (LAD) coronary artery
ligation had a reduced ejection fraction of 40–46% when implanted with vascularized car-
diac spheroids (VCS) generated from co-culturing eNOS gene knocked-out cardiomyocytes
and endothelial cells [150]. Conversely, the ejection fraction was higher (61%) when im-
planted with VCS generated from WT cardiomyocytes and endothelial cells co-culture [150].
Furthermore, the administration of an NO donor, molsidomine, resulted in atherosclerotic
plaque stabilization, cardiac function improvement, and MI reduction in the MI mice model
compared to the control, which demonstrated the cardioprotective effects of NO [151].
Meanwhile, rats that spontaneously developed T2D had changes in the expression level
of islet eNOS mRNA associated with oxidative stress and inflammation [152]. Besides,
mice with eNOS deficiency developed overt T2D when fed a high-fat diet, while those who
received standard chow had hyperinsulinemia and limited insulin resistance with a normo-
glycemic background [153]. These changes associated with disturbed insulin signaling in
the coronary endothelial cells resulted in coronary vascular dysfunction [153].
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Figure 2. Proposed mechanisms of genes related to vascular and endothelial pathology associated
with CHD in the T2D Asian population. * Significant association with CHD exclusive in T2D Asians
but not T2D Caucasians. Abbreviations: eNOS (endothelial nitric oxide synthase), VSMCs (vascular
smooth muscle cells).

Observations from animal models displayed the eNOS association with cardiac pathol-
ogy and T2D. In fact, the association could also be observed in a human epidemiological
study. The eNOS –786T/C gene polymorphism was associated with a higher risk of T2D
among Korean subjects, with –786C being the risk allele [52]. The same study also reported
that the variant was markedly associated with a 4.39-times-higher CHD risk among T2D in-
dividuals harboring –786TC + CC compared to –786TT genotypes [52]. However, the study
lacked further analysis of the genotypic effect on other clinical parameters [52]. Consistent
with this result, Narne et al. (2013) observed that South Indian T2D patients carrying the
–786C risk allele had 1.81-fold increased CHD risk in a dominant inheritance model [59].
Besides, the dominant model also significantly correlated with increasing CHD severity
especially the triple vessel disease (OR: 2.99) [59]. When assessing the variant association
with other parameters, the study reported that subjects with eNOS –786C were more likely
to have BMI more than 25 kg/m2 (OR: 2.00), positive family history of T2D (OR: 1.99),
hypertension (OR: 1.90), and being an active smoker (OR: 2.81) [59]. A similar result was
also reported for the eNOS 4a/4b variant. The 4a/4b + 4a/4a is significantly associated with
4.20-fold higher CHD risk in T2D Asians compared to 4b/4b genotypes [52], despite having
no association with other clinical variables [59]. Another eNOS gene G894T variant did
not appear to have an association with CHD when tested among T2D patients of both the
Northern and Southern Indian regions [57,59]. Nonetheless, non-diabetic (but not diabetic)
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CHD patients with the 894T-containing genotype had a correspondingly lower serum NO
level than those with the 894T-non-containing genotype, measured at 5.44 ± 3.24 mmol/L
and 12.13 ± 7.21 mmol/L, respectively [57].

By comparison, a case-control study involving 1197 Australian Caucasians did not
find any differences in terms of allelic and genotypic frequencies of eNOS –786T/C, 4a/4b,
or G894T between CHD and healthy community controls, either in both or separate gen-
ders [154]. The lack of association between the three eNOS gene polymorphisms was also
evident in a prospective cohort among Caucasians in the United Kingdom [155]. The risk
of a CHD event after 8.1 years of follow-up failed to show any association with –786T, 4a,
or 894T alleles, additionally with no effect on plasma NO regardless of cigarette smoking
status [155]. However, both studies reported their findings from general CHD subjects but
did not perform subgroup analysis for CHD with a T2D background. Evidence also showed
that the eNOS gene variant only had a significant association with clinical parameters, such
as increased SBP and mean arterial pressure in Finnish Caucasians, particularly when they
had CHD and T2D comorbidity, but there was no direct association between eNOS and the
individual diseases [156].

2.3. Genes Related to Antioxidation

Paraoxonase (PON) is an esterase enzyme comprising three variants, namely PON-1,
PON-2, and PON-3 [157]. PON-1 and PON-3 are present on HDL particles and enter general
circulation, whereas PON-2 is ubiquitously present within many cell types. Nevertheless,
they share almost similar antioxidant properties, protecting cells, and preventing LDL
particles against oxidative damage [157]. The association of the PON1 gene with oxidative
stress and diabetes had been reported in a T2D animal model. In a study by Koren-Gluzer
et al. (2013), PON1-knockout (KO) mice that received a high-fat diet developed increased
oxidative stress and abnormal insulin signaling causing marked impairment on a glucose
and insulin tolerance test as well as impaired whole-body glucose uptake, which was
contributed by decreased muscle GLUT-4 protein expression [158]. The administration of
exogenous PON-1 to mice before STZ-injection conferred beneficial effects. It prevented the
formation of diabetes characteristics by attenuating STZ-induced serum glucose elevation
and serum insulin reduction [159]. The mechanism through which PON-1 protected against
diabetes was promoting β-cell viability, increasing β-cell’s insulin content, and promoting
insulin release from β-cell [159]. On the other hand, the Q192R polymorphism of the
PON1 gene resulted in the mutation of arginine for glutamine on the 192nd position of
the PON-1 protein. In the South Indian population with T2D, this resulted in a 1.49-fold
increased risk for CHD among the 192R risk allele carriers [22]. Asian diabetic patients
with CHD who also had the 192RR genotype were also shown to have decreased PON-1
enzyme activity, suggesting that the enzyme function was negatively affected by the Q192R
polymorphism causing the disease [54]. Since LDL oxidation is one of the earliest steps in
atherogenesis, the Q192R PON-1 protein variant would have lost its antioxidant activity
and failed to protect LDL from being oxidized, promoting plaque formation (Figure 3).
Another PON1 gene polymorphism, L55M, triggered the replacement of methionine in
place of leucine at position 55. However, the 55L risk variant did not appear to significantly
affect the PON-1 enzyme functions in T2D Asian populations as it was not associated with
increased CHD risk, disease severity, or alter the FBG level [49]. Unlike Asians, where
192RR was associated with decreased PON-1 activity, the 192RR genotype was linked to
increased PON-1 activity in T2D Czech Caucasians [160]. It was also significantly associated
with better diabetic control in T2D patients as well as lower blood glucose level in CHD
patients [160,161]. Regardless, Caucasians who carried the PON1 192R allele still had a
higher risk of CHD and CHD severity, measured at 1.78-fold for CHD and 1.92-fold for the
three-vessel disease [162].
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Figure 3. Proposed mechanisms of genes related to antioxidation mechanisms associated with CHD
in the T2D Asian population. * Significant association with CHD exclusive in T2D Asians but not T2D
Caucasians. Abbreviations: CoQ10 (coenzymeQ10 or ubiquinone), ETC (electron transport chain).

One of the sources of reactive oxygen species (ROS) in CHD comes from mitochondria.
Myocardial hypoxia following coronary blockage would cause electron leakages due to
reduced function of the electron transport chain (ETC) complexes, particularly complexes I
and III, which would result in ROS, such as superoxide anions (O2

•–) [163–165]. A prior
study had shown that PON-2 localized in the inner mitochondrial membrane, associated
with complex III, and interacted with coenzyme Q10 (ubiquinone), a mobile electron
carrier in the ETC [166]. PON2-deficient mice developed significant atherosclerotic lesions
in the aorta, which was associated with decreased complex I and III activities, reduced
ATP levels, and increased superoxides in the hepatic mitochondria [166]. Meanwhile,
functional analyses using HeLa cells found that overexpression of the human PON2 gene
protected the cells against mitochondrial dysfunction by improving ATP production as well
as lowering mitochondrial superoxide levels [166]. Similar to PON1, the PON2 gene could
also contribute to the T2D phenotype in the animal model. When fed an obesogenic diet,
PON2-KO mice were reported to have adipocyte hypertrophy resulting in increased fat
mass and body weight [167]. Correspondingly, these mice also had elevated fasting insulin
and impaired tolerance to glucose, but the plasma lipid profile remained unchanged [167].

Point mutation of the PON2 gene, in which amino acid cysteine substitutes serine
at position 311 (Ser311Cys), decreases total serum PON levels in human subjects [168].
Reduced serum PON may affect its antioxidant properties, promoting disease development.
Certainly, the Ser311Cys variant of the PON2 gene was related to increased CHD incidence
in Asians with diabetes. Among 1386 T2D Hong Kong Chinese, the mutated 311Cys allele
conferred an elevated risk for CHD in both the additive (HR: 1.42) and dominant models
(HR: 1.55) [21]. Nevertheless, the study did not measure the 311Cys risk allele effect on
serum PON or oxidative stress levels in this population [21]. These results replicated the
findings among Caucasians. Like Asians, the role of 311Cys on CHD development is
particularly more important in diabetic than non-diabetic individuals. Italian Caucasians
with a dominant PON2 311Cys genotype with a past history of acute MI were associated
with T2D, lower HDL, and higher troponin T levels [169].
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Another endogenous antioxidant present in the human body is the thioredoxin (TRX)
system comprising the TRX protein, TRX reductase (TRXR), and NADPH as its core com-
ponents [170]. Reduced TRX molecules could scavenge free radicals by donating electrons
in the form of hydrogen molecules while being oxidized during the process [170]. Subse-
quently, the oxidized TRX would be transformed back into a reduced state by the action of
TRXR. A binding protein called the TRX-interacting protein (TXNIP) regulates the TRX sys-
tem by inhibiting the antioxidation properties of a reduced TRX rendering it inactive [171].
In a disease state, mutation of the TXNIP gene could aggravate the TXNIP inhibitory activity
on the reduced TRX, delay free radical scavenging, and increase oxidative stress. Txnip-KO
mice had improved insulin sensitivity, in which insulin-dependent glucose uptake was im-
proved by 36% and 40% in the skeletal muscle and white adipose tissue, respectively [172].
Additionally, Txnip-deficient mice were also resistant to diabetes induction by STZ injection.
Upon STZ administration by the standard protocol, Hcb-19/Txnip–/–mice had preserved
plasma insulin and pancreatic insulin content, as well as a lower plasma blood glucose
concentration compared to the control group [173]. These findings were correlated with
higher β-cell mass, higher pancreatic islet count and size, as well as a lower degree of β-cell
apoptosis [173]. Meanwhile, the administration of a high-fat diet in Txnip-KO mice, which
mimics human T2D pathogenesis more, did not prevent increased adiposity or increased
plasma TG and FFA [172]. However, these mice were protected against T2D phenotypes
of hyperglycemia and hyperinsulinemia due to improved insulin sensitivity and glucose
absorption in the skeletal muscle and adipose tissues [172]. In the endothelial cells, Txnip
could promote vascular inflammation by inhibiting the expression of Krupple-like factor 2,
an anti-inflammatory transcription factor [174]. Using human umbilical vein endothelial
cells (HUVEC) and a flow apparatus, regions with turbulent flow showed a significant in-
crease of pro-inflammatory mRNA expression including vascular cell adhesion molecule-1
(VCAM1) and intercellular adhesion molecule-1 (ICAM1), which were reversed by Txnip
gene deletion [174].

In parallel to that, a previous human study reported that Asian CHD subjects carrying
the TXNIP rs7212*G variant had elevated malondialdehyde (MDA) levels, a marker of
lipid peroxidation [68], confirming its role in oxidative stress. Evidence showed that
TXNIP polymorphism also correlated with increased CHD surrogate markers, including
arterial stiffness and abnormal glucose metabolism, as well as increased CHD risk. T2D
Chinese patients with the CG + GG genotype of rs7212 had a 1.53-times higher chance of
developing CHD compared to the CC homozygotes in a dominant model [68]. Moreover,
both dominant (CG + GG) and recessive models (GG) of rs7212 are associated with elevated
TXNIP mRNA expression and plasma MDA levels [68], confirming the occurrence of
oxidative damage by the gene polymorphism. Other TXNIP variants, such as rs7211 and
rs9245, did not seem to be associated with CHD status in a diabetic background, although
the former did show a significant association with higher CHD risk in a general non-
diabetic Chinese population but not for the latter [68]. At present, no study has examined
the association between the TXNIP gene, particularly rs7212, and CHD in Caucasians.
Nonetheless, Connelly et al., (2014) observed an increase of the TXNIP gene and protein
expression from the right atrial tissue obtained from T2D Americans undergoing cardiac
surgery [175]. The level of right atrial TXNIP mRNA was elevated more than 30-fold, while
TXNIP protein was increased by 17%, which was associated with a 21% reduction of TRX
protein activity compared to the non-diabetic group [175]. These findings serve as evidence
regarding a plausible TXNIP role for future CHD complications in T2D Caucasians.

Ubiquitination is a four-step process that transfers a ubiquitin group to a target protein
for proteasomal degradation. Ubiquitin-conjugating enzyme E2 Z (UBE2Z) mainly plays a
role in the second step of ubiquitination [176]. An in vitro study demonstrated that hydro-
gen peroxide (H2O2)-induced oxidative stress in HeLa cells triggered gene transcription
of various ubiquitin-conjugating enzymes, including Ube2z to tag misfolded proteins and
form protein aggregates for autophagic clearance [177]. The possible role of the Ube2z gene
in T2D pathogenesis is strengthened further by Dreja et al. (2009) [178]. In this study, New
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Zealand mice fed a high-fat diet developed signs of T2D characterized by hyperglycemia
and hyperinsulinemia [178]. A genome-wide scan revealed more than 2109 differentially
expressed genes in the diabetic mice pancreas, including Ube2z [178]. Recent human studies
also showed that the UBE2Z might play a role in the development of hyperglycemia and
hyperlipidemia, both of which are strongly associated with oxidative stress. The UBE2Z
gene expression was increased in the pancreatic samples of T2D subjects, in addition to
a strong positive correlation with increased TG and LDL concentrations [179–181]. These
three parameters are known risk factors for CHD. As of now, no animal model could justify
Ube2z mutation leading to CHD. Despite the lack of evidence, transcriptome analysis re-
vealed that Ube2z mRNA transcripts were present within the cardiac endothelial cells [182],
which might serve some function in the pathogenesis of CHD.

Considering its molecular role in oxidative stress, mutation of UBE2Z may also impact
CHD development, especially with diabetes as a background in Asian individuals. Indeed,
Lu et al., (2017) reported that UBE2Z rs46522*T polymorphism increased CHD risk among
North Chinese T2D patients, in which the association could be seen in the additive (OR:
1.67) and recessive models (OR: 1.28) [70]. Nonetheless, the gene’s effects on other clinical
parameters or its detailed functional role in the disease process are still yet to be elucidated.
Findings in the Asians replicated what has been observed in a large genome-wide associa-
tion (GWA) study of more than 140,000 European descents [183]. The rs46522*T mapped
to UBE2Z was associated with 1.06-fold increased CHD risk that reached genome-wide
significance, with a p-value of 1.81 × 10−8 [183]. Despite positive findings between UBE2Z
and CHD, evidence linking the gene to T2D in Caucasians is not supportive. In an Icelandic
population, rs46522*T failed to show any correlation with T2D status [184]. It also did not
correlate with blood pressure, lipid profile, plasma HbA1c, glucose, and insulin levels, as
well as central obesity measured by fat mass percentage [184].

2.4. Genes Related to Cell Cycle Regulation

The cyclin-dependent kinase 2A (CDKN2A), CDKN2B, and MTAP genes are located
at 9p21 [185]. The CDKN2A encodes p14ARF and p16INK4a, whereas CDKN2B codes for
p15INK4b, all of which take part in cell-cycle regulation. Meanwhile, the MTAP gene
encodes the methylthioadenosine phosphorylase enzyme that plays a role in polyamine
biosynthesis [186]. The role of 9p21 in T2D development had been shown in animal
models. For instance, mice with Cdkn2a gene deficiency were protected against high-fat
diet-induced obesity, had higher energy expenditure, and had better insulin sensitivity
compared to Cdkn2a-normal mice [187]. Human T2D is closely related to the aging process.
Apart from causing insulin resistance, evidence showed that Cdkn2a (or more specifically
p16INK4a) also protected against age-related pancreatic function decline [188]. Deficiency
of the gene in p16–/– mice promoted β-cell survival, which was associated with higher
pancreatic islet proliferation in old mice compared to the WT group [188]. p16INK4a is
also an endothelial progenitor cellular senescent marker, whereas polyamines have multi-
functionalities including oxidative stress scavengers, regulators of DNA expression and
amino acid synthesis, as well as promoters for cellular growth and proliferation [189,190].
Thus, these proteins might contribute to CHD by enhancing cellular senescence along with
reduced smooth muscle cell proliferation leading to plaque instability. Additionally, a long
non-coding RNA, ANRIL, is also encoded by the CDKN2A/2B gene cluster in the antisense
direction [191]. ANRIL had been shown to increase inflammatory cytokine levels (e.g., IL-6,
IL-8, vascular endothelial growth factor, and TNF-α) associated with an endothelial injury
that supported atherogenesis [192,193].

Single nucleotide polymorphisms of the 9p21 locus showed significant correlations
with CHD in T2D Asian populations. In a study by Cheng et al. (2011), two 9p21 SNPs
responsible for T2D and CHD were rs10811661 and rs10757283 [53]. The T allele carriers of
rs10811661 had 1.23- and 1.19-times higher risk for T2D and CHD, respectively, than healthy
controls [53]. For the C allele carriers of rs10757283, the risk was 1.30 times for T2D and
1.18 times for CHD compared to the control group, with an additional positive association
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with CHD severity (β = 0.267, p = 0.002) [53]. Correspondingly, other separate studies
among T2D Chinese reported that the rs944801*C risk allele and rs10757274*AG + GG
genotypes conferred 1.10 times and 4.38 times significantly higher risk for MI, respec-
tively [62,194]. However, the risk alleles’ impact on other clinical variables was not explored
in all of these studies. From the four 9p21 SNPs mentioned previously, only rs944801*C
and rs10811661*T had a positive association with CHD and T2D among Caucasians, similar
to findings in T2D Asians [72,195–197]. On the other hand, rs10757274*G had a positive
association with CHD in general Caucasians but lacked association with T2D markers
such as fasting glucose, insulin, and HbA1c [198,199]. Meanwhile, a previous publication
reported that rs10757283*T conferred a 1.10-times increased T2D risk in a large GWA study
of 898,130 European ancestries [200]. Despite this strong positive association, no evidence
could link either the T or C allele of rs10757283 with CHD in Caucasians.

The 9p21 locus could also be useful as a marker for CHD severity. Wang et al. (2010)
reported that carriers of the rs1333049*C risk allele had a more severe atherosclerotic
plaque progression in a dose-dependent manner, which was measured as changes in the
minimum luminal diameter, changes in the diameter of stenosis, coronary artery score,
and cumulative coronary obstruction [50]. In this study, statistical significance was seen
only among non-T2D + CHD patients, but a similar pattern could also be observed among
T2D + CHD subjects [50]. The extent of stenosis indicating disease severity could also be
calculated using the Gensini score upon coronary angiography [201]. Individuals in the
fourth quartile of the Gensini score carrying a mutated C allele of 9p21 rs10757283 had a
two-fold higher CHD risk compared to those in the first quartile [53].

2.5. Genes Related to DNA Damage Repair

Poly(ADP-ribose) polymerase 1 (PARP-1) is involved during the first process of DNA
damage detection in the base excision repair (BER) process for single-strand breaks (SSB).
They bind to the damaged site and undergo autoribosylation to generate poly(ADP-ribose)
on themselves as well as on other proteins (e.g., histones) in the SSB vicinity. The poly(ADP-
ribose) would serve as a marker in initiating the next steps of the BER process [202]. Despite
its importance in preserving DNA integrity, an in vitro study showed that hyperactivation
of PARP-1 in the HUVECs led to nicotinamide dinucleotide (NAD+) and ATP depletion
with subsequent cell death and apoptosis [203]. Inhibition of the PARP-1 significantly
improved the ischemia-reperfusion injury in rat cardiomyocytes as well as preventing car-
diac complications in the diabetic rat model [204,205]. Besides, mice with Parp1-deficiency
were protected against the perturbation of glucose metabolism such as hyperglycemia
and hyperinsulinemia following STZ-induced DM [206]. On the other hand, Devalaraja-
Narashimha et al., (2010) observed that Parp1-KO mice were metabolically less active and
more susceptible to T2D characteristics including obesity, fatty tissue accumulation, insulin
resistance, hyperleptinemia, and glucose intolerance following high-fat diet consumption
compared to the WT group [207]. Findings from the latter study could be explained by
PARP-1’s important role in supporting initial adipocyte differentiation from stem cells to
preadipocytes and adipocyte lineages, as well as during terminal differentiation into mature
adipocytes [208]. Less-differentiated adipocytes display marked lipodystrophy [209]. Thus,
PARP-1 deficiency might partly contribute to T2D by causing glucose and lipid homeostasis
impairment in the adipose tissue.

Meanwhile, human epidemiological studies particularly among Asians noted signifi-
cant associations of PARP1 gene polymorphism with T2D and CHD. For example, Wang
et al. (2017) reported that PARP-1 activity was not only elevated in Chinese CHD patients
compared to healthy controls; it also positively correlated with the CHD severity [71]. In
this population, PARP-1 protein activity was influenced by the PARP1 rs1136410 polymor-
phism, with the lowest levels seen in the GG genotype and the highest levels observed
among AA genotypes [71]. As such, CHD risk among the G allele carriers of rs1136410
was lower compared to non-carriers in a recessive model (OR: 0.73) that corresponded
to decreasing PARP activities with an increasing number of rs1136410*G allele [71]. In
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terms of the lipid profile, rs1136410*G allele had a marginal negative correlation with
serum TC (β = −0.096, p = 0.081) and a significant positive correlation with serum HDL
(β = 0.026, p = 0.002) [71]. Contrarily, the opposite result was obtained when sub-analysis
was performed among T2D Chinese subjects, whereby the GG genotype of rs1136410
had a significant increase of CHD risk by 1.02-fold compared to the AG + GG genotype
(p = 0.01) [71]. This finding marked a significant gene–environment interaction leading to
the modification of the PARP1 gene effect on CHD. Conversely, the association between
PARP1 rs1136410 with CHD in T2D Caucasians could not be established since the study in
this population is lacking.

2.6. Genes Related to Hormonal Regulation of Glucose Metabolism

Proprotein convertase 1, also known as prohormone convertase 3 (PC 1/3), encoded
by the proprotein convertase subtilisin/Kexin type 1 (PCSK1) gene, plays an essential role
in the initial step of insulin and glucagon-like peptide 1 (GLP-1) synthesis. It converts
pro-insulin in the pancreatic β-cell and pro-glucagon in the intestinal L-cell into insulin
and GLP-1, respectively. GLP-1 exerts incretin effects via GLP-1 receptor stimulation that
triggers downstream signaling cascades in the pancreas [210]. In contrast to the hyper-
glycemic actions of the pancreatic glucagon, intestinal GLP-1 promotes glucose-stimulated
insulin secretion by β-cells while decreasing glucagon release by α-cells [210]. Apart from
regulating glucose metabolism, insulin may exert atheroprotection by suppressing oxida-
tive stress, inflammatory signaling, and leukocytic infiltration, as well as improving the
lipid profile [211]. Complimentarily to insulin activity, GLP-1 could prevent atherosclerosis
by preserving the endothelial function while reducing small dense LDL, oxidized LDL,
and foam cell formation [212]. Previous studies in animal models confirmed the PCSK1
gene’s plausible role in T2D development. Neonatal mice with homozygous null Pc1/3
exhibited decreased hepatic IGF1 mRNA and protein expression, as well as growth retarda-
tion, whereas prolonged glycemic response was only observed in heterozygous mice [213].
Another study by Lloyd et al. (2006) discovered that Pc1 N222D polymorphism in mice
was associated with impaired processing of proinsulin, in which there was reduced mature
insulin production despite normal proinsulin synthesis, suggesting abnormal Pc1 protein
activity [214]. The Pc1N222D/N222D mice also exhibited adipocyte hypertrophy, increased
fat content with elevated total body weight, and impaired glucose tolerance test scores
compared to Pc1+/+ [214]. These changes signified T2D risk, although the mutant mice did
not develop overt hyperglycemia in this study [214].

Genetic variants involving PCSK1 in humans might lead to decreased PC 1/3 protein
synthesis and activity, with additional association with impaired fasting glucose, obesity, as
well as a deranged lipid profile, including TG and HDL [215]. These effects might explain
how the PCSK1 variants could lead to CHD in T2D Asian populations. Among 683 Chinese
with T2D, the rs156019*T variant was associated with an increased CHD risk under additive
(AT vs. TT, OR: 1.92) and dominant inheritance models (OR: 1.76) [61]. In contrast,
protection against CHD in T2D might be conferred by the rs3811951*G allele, which
showed reduced odds of having CHD at 0.75 times, 0.64 times, and 0.43 times compared to
the rs3811951*A allele in the respective allelic, additive, and recessive manners [61]. Other
PCSK1 gene variants, including rs6230, rs6233, and rs6234, did not appear to influence
CHD development among T2D subjects in this population [61]. Apart from these findings,
the influence on other clinical data by rs156019 and rs3811951 polymorphisms was not
explored in this study [61]. At present, no study assessed PCSK1 rs156019, rs3811951,
rs6230, rs6233, and rs6234 variants’ impact on CHD risk among T2D or non-diabetic
Caucasians. Nevertheless, rs6234 was reportedly in linkage disequilibrium with rs6235,
which was shown to be associated with a 1.02 elevated risk for T2D [216]. The variant was
also positively correlated with 2-h plasma glucose, 2-h plasma insulin, HbA1c levels, and
BMI among subjects with European ancestry [216].

The binding of insulin to the insulin receptor triggers conformational changes, au-
tophosphorylation of its β-domain, and activation of insulin signaling cascades. One of the
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various effects of insulin signaling is the translocation of GLUT-4 to the plasma membrane
that mediates glucose entry into the cells [217]. The ENPP1 gene encodes a protein regulator
of insulin signaling called the ectonucleotide pyrophosphatase/phosphodiesterase-1 pro-
tein. The binding of ENPP-1 to the α-domain of the insulin receptor prevents the activation
of insulin signaling with subsequent GLUT-4 storage resulting in insulin resistance and
hyperglycemia that could result in DM [217]. The effects could be observed in an animal
model as reported by Pan et al. (2011) [218]. Targeted ENPP1 overexpression in mice
adipocytes when they were exposed to high-fat food caused changes that were relevant
and similar to human T2D [218]. These include decreased insulin receptor phosphorylation
rendering them inactive, with subsequent development of fatty liver, increased hepatic
TG content, an impaired plasma lipid profile, hyperglycemia, hyperinsulinemia, as well
as impaired glucose and insulin tolerance test scores [218]. The ENPP1 might also have
a direct role in neointimal progression. Silencing of the gene with small interfering RNA
(siRNA) exhibited a 90% reduction of ENPP-1 protein levels associated with 1–3-fold and
3–5-fold enhanced proliferation of human VSMCs and human induced pluripotent stem
cells (iPSC)-derived VSMCs, respectively [219].

In human studies, the presence of ENPP1 rs1044498*C polymorphism in Caucasian
populations is associated with insulin resistance when assessed by the homeostasis model
assessment (HOMA-IR), accompanied by elevated HbA1c, fasting insulin, and fasting
plasma glucose levels [220]. At the same time, a meta-analysis of nine case-control studies
involving Caucasians discovered that the ENPP1 rs1044498*C variant was significantly
associated with increased CHD in allelic (OR: 1.25) and dominant models (OR: 1.16) [221].
Similarly, a Taiwanese population harboring ENPP1 rs1044498*C was related to central
obesity, high fasting glucose, and T2D [222]. Correspondingly, T2D South Indian patients
who harbored the polymorphic AC + CC genotypes of rs1044498 had a significantly en-
hanced risk for CHD compared to AA homozygotes (OR: 12.8) [69]. This mutation causes a
single amino acid change from lysine to glutamine at the 121st position of ENPP-1 protein
(K121Q), leading to a gain-of-function mutation. The mutation could lead to a higher
degree of insulin resistance, T2D, as well as diabetic vascular complications such as CHD,
as seen in these epidemiological studies. However, the effects of the rs1044498*C risk allele
on ENPP-1 protein activity as well as metabolic and clinical parameters remained unclear
as it was not assessed in this population [69].

2.7. Genes Related to Cytoskeletal Function and Intracellular Transport

The KIF6 gene encodes kinesin-like protein 6, a member of the kinesin-9 family under
the kinesin superfamily. It is considered as the molecular motor, taking part in intracellular
microtubular-dependent transport of organelles, mRNAs, and proteins [223]. One of the
few KIF6 variants widely studied is 719Arg (rs20455). Not only is the variant associated
with decreased HDL and increased TG, but it has also been shown to be significantly
associated with the risk of developing non-fatal MI [224,225]. Although KIF-6 is not directly
involved in the regulation of lipid metabolism, prior studies reported that carriers of the
KIF6 719Arg variant benefited more from statin therapy than non-carriers [226,227]. Due to
its significant association with lipid levels, the response to lipid-lowering medication, and
non-fatal MI, the 719Arg might also be linked to CHD development in T2D individuals. Wu
et al., (2014) identified that the same variant was associated with a 5-fold higher CHD risk in
T2D in a dominant model of 719Trp/Arg + Arg/Arg compared to the 719Trp/Trp genotype
(OR: 5.21) [17]. In line with previous reports, higher serum TG and lower serum HDL were
noted in the T2D and T2D + CHD carriers of the 719Arg risk allele [17]. Comparatively,
KIF6 719Arg was significantly associated with increased CHD and MI risk as well as future
coronary events among general Caucasians [228,229]. Apart from that, we could not find
any studies that examined the association between 719Arg with T2D or T2D + CHD in
this population.

The association of KIF6 with lipid parameters and CHD risk in T2D was only reported
in human epidemiological studies. In a previous animal study by Hameed et al. (2013),
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Kif6 ∆E3 mutant mice, which mimic 719Arg in humans, had increasing serum TC and
TG levels for every ∆E3 allele, but the differences were statistically insignificant [230].
Serial cardiac function tests also appeared similar in both homozygous Kif6∆E3/∆E3 and
heterozygous Kif6∆E3/+ mice compared to WT Kif6+/+ [230]. On the same note, no animal
model can justify T2D development following KIF6 gene mutation at present. KIF6 mRNA
and proteins are highly expressed in the brain, lungs, and reproductive tissues according
to the Human Protein Atlas database [231]. Meanwhile, the gastrointestinal tract, hepatic,
cardiac, adipose, as well as pancreatic tissues express a lower amount of KIF6 mRNA but
lack KIF-6 protein expression [231]. Thus, the mechanism on how the KIF6 gene variant
causes CHD in T2D subjects may require further exploration.

Histone deacetylase 9 (HDAC9) has a role in the histone deacetylation process with a
subsequent influence on gene transcription. Shroff et al., (2019) reported that subjects carry-
ing the HDAC9 rs2107595 risk allele had 155 differentially expressed genes involved in the
regulation of β-cellular gene expression, the diabetes pathway, IL-6 signaling, cholesterol
efflux, and platelet aggregation that might have an impact on T2D development and its
CHD complication [232]. Together with HDAC4 and HDAC5, HDAC9 has been observed
to regulate pancreatic growth and development [233]. As reported by Lenoir et al. (2011),
mice lacking the Hdac9 gene (Hdac9–/–) exhibited increased insulin-producing β-cell mass
in the pancreas compared to WT [233]. In parallel to this finding, chronic high-fat diet con-
sumption led to impaired adipocyte differentiation to a mature state, which was associated
with increased Hdac9 gene expression [234]. The mice also displayed T2D characteristics of
increased weight gain, insulin resistance, glucose intolerance, and hepatosteatosis, which
were ameliorated in Hdac9-KO mice [234].

Increased HDAC9 gene expression could also result in increased calcification and
decreased contractility of the human aortic smooth muscle cells, while HDAC9 deficiency in
mice resulted in 40% less aortic calcification and a better survival rate than wildtype [235].
The gene also appeared to take part in the atherosclerotic process wherein systemic and bone
marrow cell-specific HDAC9 deletion in LDLr-deficient mice led to depressed cholesterol
efflux and macrophage activation, the upregulation of genes involved in lipid homeostasis,
as well as the downregulation of inflammatory genes [236]. A previous study reported that
HDAC9 deficiency in mice prevented neointimal formation induced by arterial ligation,
providing further evidence of the gene’s contribution toward atherosclerosis and CHD [237].
Nurnberg et al. (2020) found that HDAC9 co-localized with TWIST1, a gene that has a
functional role in modulating the phenotypes of smooth muscle cells, in the human aorta
samples [238]. TWIST1 knock-down in the human coronary artery smooth muscle cells
produced less-differentiated cells with a more proliferative nature [238]. Therefore, the
mechanism through which HDAC9 might cause atherosclerosis and CHD may be by
influencing the TWIST1 gene activity.

In regard to the strong association of the gene with atherosclerosis, the HDAC9
rs2107595*A variant also showed increased CHD risk by 1.61-fold in a T2D Chinese popu-
lation for AG + AA compared to GG genotypes [66]. In a dominant model, the variant was
strongly correlated with higher HDAC9 mRNA and protein expression in the MI subgroup,
as well as associated with more severe coronary atherosclerosis as determined by the
Gensini score [66]. Moreover, overweight/obese, diabetic, and hyperlipidemic patients of
this population also had significantly higher Gensini scores when they dominantly carried
the rs2107595*A risk allele [66]. In Caucasians, the same HDAC9 rs2107595*A variant had a
positive association with CHD status as reported in two large European-based GWA stud-
ies [239,240]. However, these studies did not examine the HDAC9 rs2107595*A association
with CHD in the T2D subgroup. Moreover, despite strong evidence of HDAC9’s role in
the development of T2D in animal models, the association between HDAC9, particularly
rs2107595 polymorphism, with T2D in both Asian and Caucasian subjects has not been
reported so far.
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3. Genetic Interaction Associated with CHD Risk in T2D Asians Populations
3.1. Gene-Gene Interaction

Gene-gene interaction, or epistasis, is a phenomenon where the effect of one gene
could modify the effect of another gene or several genes on a disease phenotype [241].
Gene-gene interaction might modify the patient’s phenotype by enhancing or reducing
the risk to develop complex diseases such as CHD and T2D. Methods to assess gene–
gene interaction include regression and generalized multifactor dimensionality reduction
(GMDR). Regression analysis is relatively simple and commonly used, but it tends to have
an overfitting problem especially in high-order interaction, elevated type I and II errors,
as well as decreased robustness due to sparse data in the multifactorial model [242,243].
Meanwhile, GMDR employs a machine-learning strategy with enhanced capability to test
for high-order interactions and handle large-scale data as seen in GWA studies [243]. In this
review, most of the gene-gene interactions reported in Asian populations were analyzed
using regression techniques.

The BCHE-K and APOE genes, which are related to energy and lipoprotein metabolisms,
could influence CHD development in T2D by altering lipid parameters [42,102], as well as
promoting obesity, as shown in previous studies [102,244]. Individually, both genes exerted
a similar two-fold increased CHD risk in Iranian T2D patients. The presence of risk variants
for both genes was associated with markedly higher serum LDL, TG, and TC, as well as
lower serum HDL levels. These altered lipid profiles accompanied a significant doubling
of CHD risk in this population (OR: 4.50, p = 0.011) when both genetic risk variants were
present (Table 2) [41].

In CHD pathogenesis, the roles of ADRB3, SCYA11, and PON2 gene variants, which
are related to energy and lipoprotein metabolisms, vascular and endothelial pathology,
and antioxidant mechanisms, respectively, appeared to be complementary. The ADRB3
variant may increase CHD-modifiable risk factors as it correlates with central obesity and
dyslipidemia [85]. On the other hand, the SCYA11 variant may support atherogenesis,
while polymorphism of PON2 may reduce its antioxidation capability leading to oxidative
stress [144,157]. By using recessive models for SCYA11 Ala23Thr and ADRB3 Trp64Arg, as
well as an additive model for PON2 Ser311Cys, Wang et al. (2010) analyzed their association
with cardiac endpoints within an 8-year follow-up period. Considering individuals that
carry ≤1 risk allele as a reference, the hazard for developing cardiac endpoints (defined
as the occurrence of CHD or heart failure) increased steadily to 2-fold for two risk alleles
carriers (HR: 1.99, p = 0.026), almost 3-fold for three risk alleles (HR: 2.74, p = 0.003), and
4-fold for four risk alleles carriers (HR: 4.11, p = 0.002) [21].

Oxidative stress is a common observation in CHD. Mechanisms that promote oxidative
stress include an imbalance in the antioxidant and pro-oxidant enzyme activities. The
GCLM and SOD2 are both parts of the antioxidation machinery. While GCLM encodes
the modifier subunit of glutamate-cysteine ligase, an enzyme involved in the glutathione-
producing pathway, SOD2, encodes information for manganese superoxide dismutase
(MnSOD) that neutralizes reactive superoxides. On the other hand, MPO, CYBA, and NOS3
are part of pro-oxidant enzymes. They encode myeloperoxidase, the p22phox subunit of
the NADPH oxidase (NOX), and endothelial nitric oxide synthase (eNOS), respectively.
Myeloperoxidase released from leukocytes could oxidize LDL particles; the NOX enzyme
is the major superoxide generator in the endothelial cells and VSMCs, whereas eNOS pro-
duces NO, a potential source for reactive nitrogen species. Polymorphisms involving these
genes may be associated with CHD development in T2D. Initially, a study by Katakami
et al., (2010) among 3819 T2D Japanese patients did not find significant differences in the
allelic nor genotypic frequencies of these genes individually that associated with CHD [51].
However, subjects harboring several of the gene variants had a significant increase in CHD
risk, indicating that their effects, although small, could act synergistically and influence
disease development. In this population, the lowest MI prevalence was seen among subjects
carrying ≤3 risk alleles (2%), while the highest prevalence was observed in those carrying
8–10 risk alleles (8.5%) (ptrend = 0.018) [51]. Apart from that, the study also reported that
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CHD risk in this population correspondingly rose with an increasing number of risk alleles.
By taking ≤4 risk alleles as a reference, a combination of 5–7 risk alleles marginally raised
CHD risk by 1.70 times (p = 0.081), while a mixture of≥8 risk alleles substantially increased
CHD risk by 2.43 times (p = 0.029) [51].

The apo-A5 and PON-1 proteins, encoded by respective genes of the same name, are
present on the HDL surface. They appear to take part in promoting LDL metabolism and
protecting it against oxidation, as they are related to energy and lipoprotein metabolisms
as well as antioxidant mechanisms, respectively [74,157]. Among T2D Indian participants,
the –1131T/C variant of APOA5 and the Q192R variant of PON1 increased CHD risk by
1.5 times separately, with both effects having a similar strength of association (ORAPOA5:
1.50, p = 0.034; ORPON1: 1.49, p = 0.023). The interaction between these genes markedly
enhanced CHD risk to more than 4-fold compared to their original effect sizes, indicating a
synergistic effect (OR: 4.38, p = 0.038). However, only the TC heterozygotes of –1131T/C
and the RR homozygotes of Q192R exhibited significant interactions in this population [22].

3.2. SNP-SNP Interaction in a Single Gene

Single nucleotide polymorphisms (SNP) of a particular gene may or may not alter the
function of its protein product. However, carrying several different SNPs for that particular
gene may eventually affect protein activity. An SNP–SNP interaction refers to the collabora-
tive influences of having several SNPs of a gene that may influence disease development.

Several studies reported the SNPs interaction involving the adiponectin gene, ADIPOQ,
which is related to energy and lipoprotein metabolisms, and their effects on CHD develop-
ment, especially in diabetic patients. Among 241 T2D Iranian patients, Esteghamati et al.,
(2012) observed that the ADIPOQ 276T polymorphism was significantly associated with a
0.39-times decreased CHD risk (Table 3) [13].

Despite the T45G variant not exhibiting any impact on CHD (effect size not reported),
its haplotypic combination with G276T slightly decreased the strength of association
(i.e., the p-values) for the protective effect of 276T against CHD [13]. Individuals carrying
45T/276T and 45G/276T haplotypes had 0.47 times (p = 0.03) and 0.33 times (p = 0.02)
decreased CHD risk, respectively, compared to the original individual effect of 276T (OR:
0.39, p = 0.001) [13]. Correspondingly, Mohammadzadeh et al. (2016) also found significant
SNPs interaction involving the same ADIPOQ G276T and T45G polymorphisms in a
separate study. The individual assessment of 45G and 276G allelic distribution did not yield
a significant association with CHD among Iranian T2D individuals, with their respective
ORs at 0.59 (p = 0.185) and 0.58 (p = 0.086) [65]. Meanwhile, the SNP–SNP interaction
of 45G and 276G substantially reduced the risk for CHD by 0.37 times (p = 0.022) [65].
On the other hand, Tong et al. (2013) reported that one out of eleven ADIPOQ SNPs
(rs266729*C/G) had a significant association with CHD in T2D Chinese patients for its G
risk allele (OR: 1.64, p = 0.00095) [58]. Analysis of SNP–SNP interactions using a haplotypes
combination of three ADIPOQ SNPs (rs266729*C/G, rs182052*G/A, and rs1501299*G/T)
showed significantly higher CHD risk for CGG/GAG (OR: 2.13, p = 0.001) and CAG/GAG
(OR: 2.26, p = 0.005) [58]. However, the GGG/GAG combination recorded the highest CHD
risk of more than 3-fold (OR: 3.39, p = 0.0001). The selection of these SNPs was based on
their significant association with serum adiponectin levels in this study population [58].

The adiponectin receptor gene (ADIPOR1), also related to energy and lipoprotein
metabolisms, had significant SNP interactions that modified the gene influence towards
CHD development among T2D. As demonstrated by Jin et al., 2014, the individual effect
of rs3737884*G and rs16850797*C conferred heightened CHD risk in Han Chinese T2D
patients by 2.42- and 1.71-times, respectively, in additive models [63]. Combinations of
two risk alleles from either one of the two SNPs produced a similar effect with an OR of
2.44 (p = 0.002), while the presence of three and more risk alleles further increased the risk
to 3.38 times (p = 1.14 × 10−5) [63]. Meanwhile, in a study by Wang et al. (2016), three
individual polymorphisms markedly associated with increased CHD risk were reported at
1.84 times (p = 6.54 × 10−6) for rs3737884*A/G, 1.57 times (p = 0.001) for rs16850797*G/C,



Int. J. Environ. Res. Public Health 2022, 19, 647 25 of 44

as well as 1.70 times (p = 0.002) for rs7514221*T/C in a T2D Chinese population [67]. A
commonly occurring haplotype with a combination of GCT alleles from the respective
polymorphisms did not result in a higher CHD risk than their individual effects (OR: 1.61,
p = 8.74 × 10−4) [67]. However, the SNP interaction in other commonly occurring haplo-
types (AGT) appeared to confer protection against CHD (OR: 0.49, p = 1.10 × 10−6) [67].

The SNP interaction involving the NOS3 gene, which is related to vascular and en-
dothelial pathology, also had been reported in T2D Asians with CHD. Among three NOS3
gene polymorphisms tested by Narne et al. (2013) in Indian T2D patients, only the C allele
carriers of –786T/C had significantly increased CHD risk (OR: 1.84, p = 0.004), but not for
the NOS3 4b carriers of the intron 4a/b variant (OR: 0.98, p = 1.00) nor T allele carriers of
G894T variants (OR: 1.35, p = 0.19) [59]. Interaction among the three SNPs revealed that
the TbG haplotype had the highest frequency in T2D in this population. The combined
TbG SNP also showed a protective effect against CHD in T2D patients, with odds of 0.68
(p = 0.03), compared to non-TbG haplotypes [59].

Analysis of the allelic frequencies of four variants in the PCSK1 gene, which is related
to hormonal regulation of glucose metabolism by the GLP-1 incretin, did not yield a
significant association of CHD in T2D Chinese patients except for one, the rs3811951. The
odds of having CHD were 0.85 (p = 0.17) for rs6234*C/G, 1.11 (p = 0.44) for rs6233*T/C,
1.21 (p = 0.09) for rs156019*T/A, and 0.75 (p = 0.01) for rs3811951*A/G [61]. Conversely,
genotypes for the last two polymorphisms had a significant association with CHD, wherein
the additive and dominant models for rs156019 increased the risk, while the recessive
model for rs3811951 decreased CHD risk. Meanwhile, analysis of the SNP interaction
showed that the CTAG combination from each of the four polymorphisms was the second
most common haplotype after GTTA present in this population. GTTA did not have any
association with CHD, but CTAG was associated with a significantly decreased CHD risk,
with odds of 0.69 (p = 0.02) [61].

3.3. Gene-Environment Interaction

Gene-environment interaction is a condition where the effect of environmental expo-
sure modifies the genetic effect on the risk of a disease [246]. Gene-environment interaction
may also influence the disease’s phenotype. Although the term usually refers to the differ-
ence in temperature, exposure to pollutants, and sociodemographic characteristics, other
factors such as age, gender, smoking habits, and biophysical parameters have been included
and regarded as environmental factors as well. In cardiometabolic and nutrigenic research,
environmental factors are also comprised of physical inactivity, dietary and sleep patterns,
as well as other lifestyle choices [247].

The effects on CHD among T2D Chinese subjects brought by a member of the kinesin-9
superfamily, KIF6 gene, that is related to cytoskeletal function and intracellular transport
appeared to be modified by gender. Although KIF6 719Trp/Arg + Arg/Arg heterozygotes
had almost 2-fold higher CHD risk, this association was not significant statistically (OR:
1.70, p = 0.4083) (Table 4) [17]. A subgroup analysis among female T2D subjects obtained a
similar result, with the odds of having CHD slightly less than one (OR: 0.99, p = 0.9582).
On the other hand, male gender interacted with the KIF6 gene, whereby male carriers of
719Trp/Arg + Arg/Arg had a 5-fold increased CHD risk compared to their 719Trp/Trp
counterparts (OR: 5.21, p < 0.01). Likewise, higher serum TG levels in CHD + T2D were
observed only among men with the risk genotype but not among females or overall
patients [17].
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Table 2. Gene-gene interactions and their associations with CHD in T2D Asians.

Source Population/
Sample Size

Country/
Region Genes/Loci

Gene-Gene
Interaction CHD Risk,

OR or HR (95% CI) p-Value Other Information
Yes No

Vaisi-Raygani et al., 2010 [41]
118 T2D, 162 CHD, 172
T2D + CHD, and 179

healthy controls
Iran

BCHE-K G1615A
(likely rs1803274)

APOE4 (rs7412 and rs429358)
X

BCHE-K only: OR: 2.10
(1.30–3.60) 0.003 * The presence of both BCHE-K

and APOE4 variants was
significantly associated with a
higher LDL, TG, and TC, and

lower HDL.

APOE4 only: OR: 2.10
(1.21–4.45) 0.022 *

BCHE-K and APOE4: OR: 4.50
(1.40–14.50) 0.011 *

Wang Y. et al., 2010 [21] 1297 T2D China
SCYA11 Ala23Thr (rs1129844)

PON2 Ser311Cys (rs7493)
ADRB3 Trp64Arg (rs4994)

X

≤1 risk allele: Ref. -
2 risk alleles: HR: 1.99

(1.09–3.66) 0.026 *

3 risk alleles: HR: 2.74
(1.42–5.26) 0.003 *

4 risk alleles: HR: 4.11
(1.65–10.23) 0.002 *

Katakami et al., 2010 [51] 3819 T2D Japan

GCLM –588C/T (rs17883901)
SOD2 Val16Ala (rs4880)
NOS3 G894T (rs1799983)

CYBA C242T (rs4673)
MPO–463G/A (rs2333227)

X

Individual polymorphism did
not associate with higher

CHD prevalence. Prevalence of MI:
≤3 risk alleles (2.0%),

8–10 risk alleles (8.5%);
(ptrend = 0.018).

≤4 combined risk alleles: Ref. -
5–7 combined risk alleles: OR:

1.70 (0.94–3.07) 0.081

≥8 combined risk alleles: OR:
2.43 (1.10–5.37) 0.029 *

Bhaskar et al., 2011 [22]
250 CAD (160 T2D), 150

T2D, and 120
healthy controls

India PON1 Q192R (rs662)
APOA5 –1131T/C (rs662799) X

rs662 only: OR: 1.49 (1.04–2.12) 0.023 *
The only significant

interaction was between
rs662*RR homozygote and
rs662799*TC heterozygote.

rs662799 only: OR: 1.50
(1.01–2.22) 0.034 *

rs662 and rs662799: OR: 4.38
(1.08–17.71) 0.038 *

Lei et al., 2012 [24] 538 T2D China ACE I/D (rs4646994)
AT2R G1675A (rs1403543) X

Ho et al., 2012 [55] 1417 T2D Hong Kong
PPARG (rs1801282*G/C)

ADIPOQ (rs1063539*C/G)
HNF4A (rs1884614*T/C)

X

* Indicates significant p-value. Symbol: (X) Gene–gene interaction in T2D + CHD. Abbreviations: CHD (coronary heart disease), CI (confidence interval), HDL (high-density lipoprotein),
HR (hazard ratio), LDL (low-density lipoprotein), MI (myocardial infarction), OR (odds ratio), Ref. (reference), T2D (type 2 diabetes mellitus), TC (total cholesterol), TG (triglyceride).
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Table 3. SNP–SNP interactions in a single gene and their associations with CHD in T2D Asians.

Source Population
/Sample Size

Country/
Region Genes/Loci

SNP-SNP
Interaction CHD Risk,

OR or HR (95% CI) p-Value Other
Information

Yes No

Esteghamati et al., 2012 [13] 114 T2D + CHD and
127 T2D Iran ADIPOQ T45G (rs2241766)

ADIPOQ G276T (rs1501299) X

45G: OR and 95% CI not reported NS
276T: OR: 0.39 (0.22–0.68) 0.001 *

TT haplotype: OR: 0.47 (0.32–0.94) 0.03 *
GT haplotype: OR: 0.33 (0.13–0.83) 0.02 *

Tong et al., 2013 [58] 560 T2D + CHD and
550 T2D China

ADIPOQ C/G (rs266729)
ADIPOQ G/A (rs182052)
ADIPOQ G/T (rs1501299)

X

rs266729*G: OR: 1.64 (1.35–2.01) 9.5 × 10−4 *

Each polymorphism
was also associated

with lower
adiponectin levels.

rs182052*A: OR: 1.18 (0.98–1.52) 0.113
rs1501299*T: OR: 0.83 (0.67–1.03) 0.102
CGG/GAG diplotype: OR: 2.13

(1.40–3.60) 0.001 *

CAG/GAG diplotype: OR: 2.26
(1.40–4.10) 0.005 *

GGG/GAG diplotype: OR: 3.39
(1.75–6.50) 1 × 10−4 *

Narne et al., 2013 [59] 160 T2D + CHD and
121 T2D India

eNOS –786T/C (rs2070744)
eNOS intron 4a/b (rs61722009)

eNOS G894T (rs1799983)
X

–786C: OR: 1.84 (1.22–2.76) 0.004 *
intron 4b: OR: 0.98 (0.63–1.54) 1.00

894T: OR: 1.35 (0.86–2.14) 0.19
TbG haplotype: OR: 0.68 (0.49–0.96) 0.03 *

Wei et al., 2014 [61] 425 T2D + CHD and 258
T2D controls China

PCSK1 (rs6234*C/G)
PCSK1 (rs6233*T/C)

PCSK1 (rs156019*T/A)
PCSK1 (rs3811951*A/G)

X

rs6234G: OR: 0.85 (0.67–1.07) 0.17
rs6233C: OR: 1.11 (0.86–1.42) 0.44

rs156019A: OR: 1.21 (0.97–1.52) 0.09
rs3811951G: OR: 0.75 (0.59–0.94) 0.01 *

CTAG haplotype: OR: 0.69 (0.54–0.88) 0.02 *

Jin et al., 2014 [63]
165 T2D, 173 CHD, 174
T2D + CHD, and 145

healthy controls
China ADIPOR1 (rs3737884)

ADIPOR1 (rs16850797) X
≤1 risk allele: Ref. - These effects were

reported for
T2D + CHD.

2 risk alleles: OR: 2.44 (1.38–4.31) 0.002 *
≥3 risk alleles: OR: 3.38 (1.95–5.87) 1.14 × 10−5 *

Mohammadzadeh et al., 2016 [65] 100 T2D + CHD and 100
T2D controls Iran ADIPOQ T45G (rs2241766)

ADIPOQ G276T (rs1501299)
X

45G: OR: 0.59 (0.28–1.28) 0.1852
276G: OR: 0.58 (0.31–1.08) 0.0864

GG haplotype: OR: 0.37 (0.16–0.86) 0.022 *

Wang F. et al., 2016 [67]
295 T2D, 316 CHD, 302 T2D

+ CHD, and 268
healthy controls

China
ADIPOR1 (rs3737884)

ADIPOR1 (rs16850797)
ADIPOR1 (rs7514221)

X

rs3737884*G: OR: 1.84 (1.41–2.41) 6.54 × 10−6 *
rs16850797*C: OR: 1.57 (1.22–2.03) 0.001 *
rs7514221*C: OR: 1.70 (1.22–2.38) 0.002 *

AGT haplotype: OR: 0.49 (0.37–0.65) 1.10 × 10−6 *
GCT haplotype: OR: 1.61 (1.21–2.13) 8.74 × 10−4 *

Ma et al., 2017 [245] 159 T2D and 288
T2D + CHD China

STK11 (rs35369365)
STK11 (rs9282860)

STK11 (rs12977689)
X

* Indicates significant p-value. Symbol: (X) SNP-to-SNP interaction in T2D + CHD. Abbreviations: CHD (coronary heart disease), CI (confidence interval), HR (hazard ratio), NS (not
significant), OR (odds ratio), SNP (single nucleotide polymorphism), T2D (type 2 diabetes mellitus).
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Table 4. Gene-environment interactions and their associations with CHD in T2D Asians.

Source Population/
Sample Size Country/Region Genes/Loci Environment

Gene-Environment
Interaction CHD Risk,

OR or HR (95% CI) p-Value Other Information
Yes No

Chaudhary et al., 2012 [18]
147 T2D + CHD, 155
T2D, and 149 healthy

controls
Thailand APOE

Smoking X
E3/E3 only: Ref. -

E3/E3 + smoking/obesity: OR:
2.24 (1.15–4.35) 0.018 *

Obesity X
E3/E4 only: OR: 1.02 (0.34–3.06) 0.970
E3/E4 + smoking/obesity: OR:

10.48 (3.56–30.79) <0.0001 *

Esteghamati et al., 2012 [13] 114 T2D + CHD and
127 T2D Iran ADIPOQ G276T

(rs1501299)
Age X

Gender X

Katakami et al., 2012 [56] 2637 T2D Japan ADIPOQ G276T
(rs1501299)

Obesity X

Gender X 276GG only: OR: 1.66 (1.13–2.43) 0.0098 *

Age X 276GT/TT + obesity: OR: 1.17
(0.73–1.89) NS

Smoking X
276GG + obesity: OR: 1.67

(1.14–2.44) 0.0090 *

T2D years X 276GG + HTN: OR: 1.25 (0.80–1.93) NS

HbA1c X 276GT/TT + HTN: OR: 2.33
(1.23–4.41) 0.0095 *

HTN X
Dyslipidemia X

Ma et al., 2014 [60] 260 T2D + CHD and
144 T2D China PRKAA1 (rs3805489) Smoking X

AC/CC + never smoked: Ref. -
AA + never smoked: OR: 0.96 (95%

CI not reported) 0.895

AC/CC + ever smoked: OR: 1.18
(95% CI not reported) 0.664

AA + ever smoked: OR: 3.02
(1.39–6.57) 0.005 *

Wu et al., 2014 [17]
288 T2D + CHD, 312
T2D, and 346 healthy

controls
China

KIF6 Trp719Arg
(rs20455) Gender X

719Trp/Arg + Arg/Arg: OR: 1.70
(0.71–7.30) 0.4083 Trp/Arg +

Arg/Arg in male T2D +
CHD is also associated

with lower TG than
healthy controls.

719Trp/Arg + Arg/Arg in male:
OR: 5.21 (1.01–27.01) <0.01 *

719Trp/Arg + Arg/Arg
in female: OR: 0.99 (0.56–1.72) 0.9582

Zhang et al., 2014 [62]
502 MI and 308

angiographic normal
controls

China 9p21 (rs10757274) T2D X

AA: Ref. -
GG/GA: OR: 1.60 (1.04–2.46) 0.0329 *

AA + T2D: OR: 1.68 (0.92–3.08) 0.0943
GG/GA + T2D: OR: 4.38

(2.56–7.47) 0.0001 *
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Table 4. Cont.

Source Population/
Sample Size Country/Region Genes/Loci Environment

Gene-Environment
Interaction CHD Risk,

OR or HR (95% CI) p-Value Other Information
Yes No

Wang et al., 2016 [66] 2317 CAD and 2404
healthy controls China HDAC9 (rs2107595

*G/A)

T2D X

- -

Using MDR: rs2107595
only (0.30%), T2D only

(0.58%), BMI only
(0.36%), hyperlipidemia
only (0.31%), rs2107595 +
T2D (3.66%), rs2107595 +
hyperlipidemia (0.81%),

and rs2107595 + BMI
(1.10%).

BMI X

Hyperlipidemia X

Wang X. et al., 2016 [68] 1818 CHD and 1963
healthy controls China TXNIP (rs7212)

Smoking (1): OR: 1.37 (1.14–1.64) <0.05 *
Alcohol (2): OR: 1.33 (1.10–1.61) <0.05 *

Smoking T2D (3): OR: 1.10 (0.89–1.35) NS
Alcohol intake X CG + GG (4): OR: 1.26 (1.10–1.46) 0.001 *

T2D (1) + (2): OR: 1.64 (1.22–2.18) <0.05 *
(1) + (2) + (3): OR: 1.83 (1.04–3.23) <0.05 *

(1) + (2) + (3) + (4): OR: 3.70
(2.29–5.60) <0.05 *

Sumi et al., 2017 [69] 198 CHD, 284 T2D +
CHD, 160 T2D, and 271

healthy controls
India ENPP1 K121Q

(rs1044498) T2D X
AC + CC: OR: 4.15 (2.61–6.73) <0.01 *
AC + CC with T2D: OR: 12.81

(4.97–37.18) <0.01 *

Lu et al., 2017 [70] 390 T2D + CHD and
275 T2D China UBE2Z (rs46522) BMI X

TT only: OR: 1.28 (1.04–1.57) 0.020 * rs46522 with
overweight/obesity
increased CHD risk

(β = 0.012,
pinteraction = 0.028).

TT + overweight/obesity: OR: 1.54
(1.08–2.19) 0.018 *

Lu et al., 2017 [70] 390 T2D + CHD and
275 T2D China UBE2Z (rs46522) Smoking X

TC/CC + non-smoker: Ref. -
TT + non-smoker: OR: 0.89

(0.59–1.35) 0.611

TC/CC + smoker: OR: 1.67
(1.09–2.56) 0.019 *

TT + smoker: OR: 3.00 (1.88–4.79) <0.001 *

Wang et al., 2017 [71] 2803 CAD and 2840
healthy controls China PARP1 (rs1136410)

Smoking X GG only: OR: 0.73 (0.63–0.85) 6.45 × 10−5 *

Hyperlipidemia X GG + smoking: OR: 0.94 (0.71–1.22) 0.031 *

T2D X
GG + hyperlipidemia: OR: 0.96

(0.72–1.28) 0.025 *

GG + T2D: OR: 1.02 (0.76–1.35) 0.01 *

Wang et al., 2018 [73] 335 CHD and 372
non-CHD China AP2A2 (rs7396366) T2D X

GG only: OR: 0.68 (0.46–0.99) 0.042 *

GG + T2D: OR: 0.91 (0.50–1.64) 0.748

GT/TT only: OR: 1.13 (0.77–1.65) 0.545

GT/TT + T2D: OR: 2.33 (1.24–4.38) 0.009 *

* Indicates significant p-value. Symbol: (X) Gene-environment interaction in T2D + CHD. Abbreviations: Arg (arginine), BMI (body mass index), CAD (coronary artery disease),
CI (confidence interval), CHD (coronary heart disease), HR (hazard ratio), HTN (hypertension), HbA1c (glycated haemoglobin), MDR (multifactor dimensionality reduction), MI
(myocardial infarction), NS (not significant), OR (odds ratio), Ref. (reference), T2D (type 2 diabetes mellitus), TG (triglyceride), Trp (tryptophan).
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Several genes could interact with T2D in causing CHD among Asians, including the
ENPP1, AP2A2, and 9p21 locus. These genes are related to the hormonal regulation of
glucose metabolism, energy and lipoprotein metabolisms, as well as cell cycle regulation,
respectively. As discussed earlier, the ENPP-1 protein is a regulator of the insulin signal-
ing pathway. While Chinese patients with AC + CC genotypes of the ENPP1 rs1044498
polymorphism suffered a 4-fold higher CHD risk (OR: 4.15, p < 0.01), those with T2D co-
morbidity had a staggering 12-fold higher risk compared to the AA genotypes (OR: 12.81,
p < 0.01), suggesting an ENPP1–T2D interaction [69]. For the AP2A2 gene, the risk for CHD
was conferred by the T allele of the rs7396366 polymorphism, while the G allele provided
a protective effect. As such, the rs7396366*GG homozygotes had a significantly reduced
risk for CHD (OR: 0.68, p = 0.042) that did not become modified even with a positive T2D
status (OR: 0.91, p = 0.748). Individuals with the GT + TT risk genotypes of the AP2A2
rs7396366 variant alone did not have increased CHD risk (OR: 1.13, p = 0.545). In contrast,
the rs7396366 risk genotypes and T2D interaction significantly elevated CHD risk by more
than 2-fold (OR: 2.33, p = 0.009) [73]. In North American populations, the interaction
between the 9p21 locus and T2D associated with a CHD outcome was well-documented.
In a prospective cohort study, T2D patients carrying the 9p21 locus risk allele with poor
glycemic control at baseline had a stronger association with future CHD development [248],
while in a case-control study, the 9p21 locus was associated with increased CHD sever-
ity [249]. A study among the Asian Chinese reported similar findings. The G allele of
9p21 locus rs10757274 polymorphism was a risk allele in this population. Considering
the rs10757274*AA genotype as a reference, the CHD risk in non-diabetics was 1.60 times
higher among AG + GG genotypes. The concurrent presence of T2D substantially tripled
the CHD risk in rs10757274*AG + GG genotypes from 1.60 times (p = 0.0329) to 4.38 times
(p = 0.0001) [62]. However, T2D status did not appear to mediate any change of CHD risk
among the rs10757274*AA genotypes (OR: 1.68, p = 0.0943) [62].

The PRKAA1 gene stores the instruction for AMPK-α1 protein synthesis. As discussed
earlier, AMPK carries the adiponectin signal, resulting in the prevention of endothelial
dysfunction and atherosclerosis, apart from its function in energy metabolism [109,136].
Ma et al., (2014) observed that T2D Chinese patients harboring the C allele of PRKAA1
rs3805489 had decreased CHD risk in allelic and dominant inheritance models [60]. They
also observed a significant gene–environment interaction between PRKAA1 and smoking.
A positive history of cigarette smoking, either as a current or ever smoker, did not affect the
protective effects of the rs3805489*C allele but modified the effect of the A risk allele. Consid-
ering “never smoked + AC/CC” individuals as the reference, the “ever smoked + AC/CC”
did not have a significant association with CHD risk (OR: 1.18, p = 0.664) [60]. Although the
“never smoked + AA” subjects did not have a strong association with increased CHD risk
despite carrying the A risk allele (OR: 0.96, p = 0.895), the interaction between the PRKAA1
risk variant and smoking history in the “ever smoked + AA” group substantially enhanced
the risk by 3-fold (OR: 3.02, p = 0.005) [60].

Another gene–environment interaction linked to increased CHD risk has been reported
for the APOE gene, which is related to energy and lipoprotein metabolisms. As mentioned
in the previous section, the E3 allele of APOE conferred protection against CHD due to its
association with higher antioxidant proteins, higher HDL, and lower LDL levels. Although
the E4 allele increased CHD risk in an Asian population, the absence of other environmental
factors caused the risk to be negligible. Considering APOE E3/E3 as a reference, the CHD
risk for E3/E4 carriers was only 1.02 times non-significantly higher (p = 0.970). With the
presence of either smoking or overweight/obesity, the CHD risk among E3/E3 carriers
markedly increased by 2-fold (OR: 2.24, p = 0.018). Genetic interaction with either smoking
or overweight/obesity among the E3/E4 carriers was more pronounced compared to
E3/E3, with a staggering 10-fold higher CHD risk (OR: 10.48, p < 0.0001) compared to
1.02 times in those without the environmental risk factors [18].

For the UBE2Z gene related to antioxidant mechanisms, the rs46522*TT genotype was
associated with higher CHD risk among T2D Chinese patients, as previously mentioned
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(OR: 1.28, p = 0.020). When analyzed as a continuous variable, there was a positive in-
teraction between BMI and UBE2Z rs46522 polymorphism, wherein, with every 1-unit of
BMI, CHD risk increased by 0.012 (β = 0.012, p = 0.028) [70]. As a categorical variable, sub-
group analysis among overweight/obese Chinese T2D patients harboring the rs46522*TT
genotype increased CHD risk from 1.28 times to 1.54 times (p = 0.018) [70]. Like APOE,
the UBE2Z also interacts with smoking and raises the probability of CHD in T2D. Taking
the rs46522*CT + CC genotype as a reference, non-smoker TT homozygotes did not have
increased CHD risk (OR: 0.89, p = 0.611). In contrast, being a smoker substantially elevated
the risk of having CHD in both rs46522CT + CC and TT genotypes by 1.67 times (p = 0.019)
and 3.00 times (p < 0.001), respectively [70].

Concurrent overweight/obesity and hypertension could modify the activity of the
adiponectin gene, ADIPOQ, a gene that is related to energy and lipoprotein metabolism,
and influence disease development. In a Japanese T2D population, the G risk allele of the
ADIPOQ G276T variant heightened CHD risk. As mentioned before, the odds of having
CHD were 1.66 times among T2D 276GG homozygotes (p = 0.0098). Notably, the over-
weight/obesity status barely but significantly modified the CHD risk (OR: 1.67, p = 0.0090),
while concurrent hypertension did not produce any effects (OR: 1.25, p > 0.05) [56]. In
comparison, T2D subjects carrying the heterozygous protective 276T allele did not have
heightened CHD risk even when they were obese (OR: 1.17, p > 0.05). However, high
blood pressure appeared to modify the 276T protective allele effects, whereby hypertensive
subjects with 276GT + TT genotypes had 2.33-times increased risk for CHD (p = 0.0095) [56].

The CHD risk conferred by HDAC9, a gene related to the regulation of gene expres-
sion and cell signaling, could be modified by environmental risk factors, including T2D,
hyperlipidemia, and overweight/obesity. In a Chinese population, the gene rs2107595*A
polymorphism had a significant association with CHD in both the general population
and the T2D sub-population. Using the multifactor dimensionality reduction approach,
Wang et al., (2016) reported a significant gene–environment interaction concerning HDAC9.
Individually, the rs2107595 variant, T2D status, overweight/obese BMI category, as well as
hyperlipidemia exerted respective 0.30%, 0.58%, 0.36%, and 0.31% impacts on CHD, inde-
pendently [66]. However, these effects were particularly higher when rs2107595 interacted
with T2D (3.66%) and BMI (1.10%). The interaction between rs2107595 and hyperlipidemia
did not produce an impact on CHD additional to hyperlipidemia alone (0.31%) [66].

As described earlier, smoking, alcohol intake, and T2D are modifiable non-genetic risk
factors for CHD in the Asian populations. In a study among 3781 Chinese participants, they
are associated with higher CHD risk with statistical significance achieved for smoking (OR:
1.37, p < 0.05) and alcohol intake (OR: 1.33, p < 0.05), but not for T2D (OR: 1.10, p > 0.05).
However, a combination of smoking and alcohol intake slightly but significantly raised the
CHD risk 1.64-fold (p < 0.05), while the addition of T2D further increased the risk 1.83-fold
(p < 0.05). Meanwhile, a general Asian population with TXNIP rs7212*CG + GG genotypes
had 1.26 times higher CHD risk. The antioxidant function of the TXNIP gene has been
described in an earlier section. Interactions between rs7212*CG + GG risk genotypes with
smoking, alcohol intake, and T2D markedly tripled CHD risk in this population (OR: 3.70,
p < 0.05) compared to the genetic and environmental factors and individual effects [68].

Environmental interaction could also change the effect direction of a gene in disease
development. For instance, the G allele of the PARP1 rs1136410, which is related to
DNA damage repair, exerted a significant protective effect against CHD among Chinese
subjects, with the GG genotypes having 0.73 times lesser risk compared to non-carriers [71].
The genetic interaction of PARP1 with smoking and hyperlipidemia status significantly
increased the odds of having CHD, although these were still within the protective range
(ORsmoking+GG: 0.94, p = 0.031; ORhyperlipidemia+GG: 0.96, p = 0.025). On the contrary, PARP1
interaction with T2D pushed the odds towards the non-protective side, although the risk
was minimal (OR: 1.02, p = 0.01) [71].
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4. Perspectives and Concluding Remarks

The genes included in this manuscript were collected by electronically searching
for papers that assessed the genes’ associations with CHD in T2D Asians in order to
address our main objectives. These include (i) reviewing the current evidence of genetic
risk factors for CHD, (ii) summarizing the proposed mechanisms of these genes and how
they may be associated with increased CHD risk, and (iii) reviewing the gene–gene and
gene–environment interactions in CHD patients among T2D Asian populations. We used
the PubMed database as our main search strategy using relaxed keyword combinations
of “type 2 diabetes”, “coronary heart disease”, “coronary artery disease”, “myocardial
infarction”, “ischemic heart disease”, “acute coronary syndrome”, “mutation”, “variant”,
and “polymorphism”, with a similar search performed in Google Scholar. The reference
sections of selected articles were also screened for potential papers. Article types were
restricted to meta-analysis and original research on human subjects. We broadly defined
Asian populations as the local people residing within the Asian continent or those with an
Asian ancestry background. Additionally, papers describing the molecular mechanisms
of each gene were sought. For this purpose, we did not restrict article types that included
in vitro and in vivo studies in order to provide sufficient depth of information.

The majority of these papers used the candidate gene while others utilized GWA study
designs. Some of the genetic variations were only examined in terms of their associations
with CHD in the general population without further analysis among T2D individuals.
Since T2D is a significant risk for CHD, its severity, as well as CHD-death, and genetic
variations have been shown to interact with T2D status, duration, and HbA1c levels, it
is particularly important to include this secondary analysis among the T2D subset when
performing genetic association studies of CHD. Overall, eight SNPs showed significant
associations with CHD exclusively in T2D Asians but not T2D Caucasians (i.e., APOE
E4, APOA5 –1131C, ADRB3 64Arg, BChE-K variant, ADIPOQ –11377G, ADIPOQ 45G,
UBE2Z rs46522*T, and 9p21 rs10757274*G), five SNPs showed a similar association in both
populations (i.e., PON1 192R, PON2 311Cys, 9p21 rs10811661*T, 9p21 rs944801*C, and
ENPP1 rs1044498*C), one SNP had a reversed association with CHD in T2D Caucasians
(i.e., ADIPOQ 276T), twelve SNPs had not been tested for CHD among T2D Caucasians (i.e.,
PRKAA1 rs3805489*A, AP2A2 rs7396366*T, SCYA11 23Ala, NOS3 –786C, NOS3 4b, TXNIP
rs7212*G, 9p21 rs10757283*C, PARP1 rs1136410*G, PCSK1 rs156019*T, PCSK1 rs3811951*A,
KIF6 719Arg, and HDAC9 rs2107595*A), while different SNPs of the ADIPOR1 gene were
associated with CHD in T2D Asians (i.e., rs3737884*G, rs16850797*C, and rs7514221*C) and
T2D Caucasians (i.e., rs7539542*G and rs10920531*A).

One of the utilities of genetic risk identification of CHD is in personalized medicine, in
which a genetic risk score can be calculated to predict the likelihood of future CHD events.
Previous studies that aimed at predicting T2D and CHD using various genetic variants
constructed their polygenic risk score (PRS) using different approaches. For instance,
Reisberg et al. (2017) used 49,310 SNPs to predict CHD and 7502 SNPs to predict T2D
that were derived from the European populations [250]. The study team tested the PRS
on different ethnic groups who participated in the 1000 Genomes Project, including East
Asians, South Asians, Europeans, Americans, and Africans [250]. The study concluded
that a PRS built from one population could not readily be applied to other populations
due to differences in their genetic makeup, predisposing one to the systematic error of
risk estimates [250]. A recently published systematic review by Padilla-Martínez et al.
(2020) [251] shed further light on this matter. Between 2006 and 2018, fourteen published
papers that attempted to predict T2D constructed their PRS from as little as three to as many
as seven million SNPs [251]. Therefore, at present, we do not know how many mutations
are required to develop T2D in Asians compared to Western populations. There is no T2D
animal model that concurrently has all the genetic alterations as depicted in this paper that
can be used to justify CHD development reflecting Asian populations as well.

The list of genetic and environmental factors in this paper is non-exhaustive and
restricted only to those with evidence of gene–gene and gene–environment interactions
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that could modify CHD risk in the T2D Asian populations. Many of the genes’ mechanisms
contributing to the disease are still not well-elucidated, serving as potential prospects
for future research, either to further enhance the molecular understanding of CHD in
T2D or as novel therapeutic targets. These genetic factors, along with gene–gene and
gene–environment interactions, exemplify the complexity of CHD, particularly in the T2D
Asian populations.
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142. Kincl, V.; Máchal, J.; Drozdová, A.; Panovský, R.; Vašků, A. The Relation between ENOS-786 C/T, 4 a/b, MMP-13 Rs640198 G/T,
Eotaxin 426 C/T, -384 A/G, and 67 G/A Polymorphisms and Long-Term Outcome in Patients with Coronary Artery Disease. Dis.
Markers 2015, 2015, 232048. [CrossRef]

143. Amerio, P.; Frezzolini, A.; Feliciani, C.; Verdolini, R.; Teofoli, P.; de Pità, O.; Puddu, P. Eotaxins and CCR3 Receptor in Inflammatory
and Allergic Skin Diseases: Therapeutical Implications. Curr. Drug Targets. Inflamm. Allergy 2003, 2, 81–94. [CrossRef]

144. Raghuraman, G.; Hsiung, J.; Zuniga, M.C.; Baughman, B.D.; Hitchner, E.; Guzman, R.J.; Zhou, W. Eotaxin Augments Calcification
in Vascular Smooth Muscle Cells. J. Cell. Biochem. 2017, 118, 647–654. [CrossRef]

145. Kodali, R.B.; Kim, W.J.H.; Galaria, I.I.; Miller, C.; Schecter, A.D.; Lira, S.A.; Taubman, M.B. CCL11 (Eotaxin) Induces CCR3-
Dependent Smooth Muscle Cell Migration. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 1211–1216. [CrossRef]

146. Hessner, M.J.; Wang, X.; Meyer, L.; Geoffrey, R.; Jia, S.; Fuller, J.; Lernmark, A.; Ghosh, S. Involvement of Eotaxin, Eosinophils, and
Pancreatic Predisposition in Development of Type 1 Diabetes Mellitus in the BioBreeding Rat. J. Immunol. 2004, 173, 6993–7002.
[CrossRef]

147. Vasudevan, A.R.; Wu, H.; Xydakis, A.M.; Jones, P.H.; Smith, E.O.; Sweeney, J.F.; Corry, D.B.; Ballantyne, C.M. Eotaxin and Obesity.
J. Clin. Endocrinol. Metab. 2006, 91, 256–261. [CrossRef]

148. Zee, R.Y.L.; Cook, N.R.; Cheng, S.; Erlich, H.A.; Lindpaintner, K.; Lee, R.T.; Ridker, P.M. Threonine for Alanine Substitution in the
Eotaxin (CCL11) Gene and the Risk of Incident Myocardial Infarction. Atherosclerosis 2004, 175, 91–94. [CrossRef]

149. Siragusa, M.; Fleming, I. The ENOS Signalosome and Its Link to Endothelial Dysfunction. Pflügers Arch. Eur. J. Physiol. 2016, 468,
1125–1137. [CrossRef]

150. Gentile, C.; Kesteven, S.; Wu, J.; Bursill, C.; Davies, M.; Feneley, M.; Figtree, G. Endothelial Nitric Oxide Synthase Plays a
Protective Role against Myocardial Infarction. Free. Radic. Biol. Med. 2018, 128, S26. [CrossRef]

151. Roth, L.; van der Donckt, C.; Emini Veseli, B.; van Dam, D.; de Deyn, P.P.; Martinet, W.; Herman, A.G.; de Meyer, G.R.Y. Nitric
Oxide Donor Molsidomine Favors Features of Atherosclerotic Plaque Stability and Reduces Myocardial Infarction in Mice. Vasc.
Pharmacol. 2019, 118–119, 106561. [CrossRef]

http://doi.org/10.1038/nm1557
http://doi.org/10.1152/ajpendo.00118.2004
http://www.ncbi.nlm.nih.gov/pubmed/15613685
http://doi.org/10.1007/s00395-015-0495-4
http://www.ncbi.nlm.nih.gov/pubmed/25982881
http://doi.org/10.2337/diabetes.54.7.2245
http://www.ncbi.nlm.nih.gov/pubmed/15983228
http://doi.org/10.2337/db06-0613
http://www.ncbi.nlm.nih.gov/pubmed/17003341
http://doi.org/10.1155/2015/648239
http://doi.org/10.1038/emm.2016.16
http://doi.org/10.4196/kjpp.2009.13.6.449
http://doi.org/10.1007/s13105-017-0604-y
http://doi.org/10.1038/s41467-018-07132-x
http://doi.org/10.1016/S0378-1119(02)00422-5
http://doi.org/10.1096/fj.201900909RR
http://doi.org/10.3390/cells8111345
http://doi.org/10.1161/CIRCULATIONAHA.115.015489
http://doi.org/10.1016/j.ijcard.2011.05.062
http://doi.org/10.1155/2015/232048
http://doi.org/10.2174/1568010033344480
http://doi.org/10.1002/jcb.25752
http://doi.org/10.1161/01.ATV.0000131654.90788.f5
http://doi.org/10.4049/jimmunol.173.11.6993
http://doi.org/10.1210/jc.2005-1280
http://doi.org/10.1016/j.atherosclerosis.2004.01.042
http://doi.org/10.1007/s00424-016-1839-0
http://doi.org/10.1016/j.freeradbiomed.2018.10.018
http://doi.org/10.1016/j.vph.2019.05.001


Int. J. Environ. Res. Public Health 2022, 19, 647 40 of 44

152. Lacraz, G.; Giroix, M.-H.; Kassis, N.; Coulaud, J.; Galinier, A.; Noll, C.; Cornut, M.; Schmidlin, F.; Paul, J.-L.; Janel, N.; et al. Islet
Endothelial Activation and Oxidative Stress Gene Expression Is Reduced by IL-1Ra Treatment in the Type 2 Diabetic GK Rat.
PLoS ONE 2009, 4, e6963. [CrossRef] [PubMed]

153. Vecoli, C.; Novelli, M.; Pippa, A.; Giacopelli, D.; Beffy, P.; Masiello, P.; L’Abbate, A.; Neglia, D. Partial Deletion of ENOS Gene
Causes Hyperinsulinemic State, Unbalance of Cardiac Insulin Signaling Pathways and Coronary Dysfunction Independently of
High Fat Diet. PLoS ONE 2014, 9, e104156. [CrossRef] [PubMed]

154. Granath, B.; Taylor, R.R.; van Bockxmeer, F.M.; Mamotte, C.D. Lack of Evidence for Association between Endothelial Nitric Oxide
Synthase Gene Polymorphisms and Coronary Artery Disease in the Australian Caucasian Population. J. Cardiovasc. Risk 2001, 8,
235–241. [CrossRef] [PubMed]

155. Jeerooburkhan, N.; Jones, L.C.; Bujac, S.; Cooper, J.A.; Miller, G.J.; Vallance, P.; Humphries, S.E.; Hingorani, A.D. Genetic and
Environmental Determinants of Plasma Nitrogen Oxides and Risk of Ischemic Heart Disease. Hypertension 2001, 38, 1054–1061.
[CrossRef]

156. Pulkkinen, A.; Viitanen, L.; Kareinen, A.; Lehto, S.; Vauhkonen, I.; Laakso, M. Intron 4 Polymorphism of the Endothelial Nitric
Oxide Synthase Gene Is Associated with Elevated Blood Pressure in Type 2 Diabetic Patients with Coronary Heart Disease. J. Mol.
Med. 2000, 78, 372–379. [CrossRef]

157. Furlong, C.E.; Marsillach, J.; Jarvik, G.P.; Costa, L.G. Paraoxonases-1, -2 and -3: What Are Their Functions? Chem.-Biol. Interact.
2016, 259, 51–62. [CrossRef]

158. Koren-Gluzer, M.; Aviram, M.; Hayek, T. Paraoxonase1 (PON1) Reduces Insulin Resistance in Mice Fed a High-Fat Diet, and
Promotes GLUT4 Overexpression in Myocytes, via the IRS-1/Akt Pathway. Atherosclerosis 2013, 229, 71–78. [CrossRef]

159. Koren-Gluzer, M.; Aviram, M.; Meilin, E.; Hayek, T. The Antioxidant HDL-Associated Paraoxonase-1 (PON1) Attenuates Diabetes
Development and Stimulates β-Cell Insulin Release. Atherosclerosis 2011, 219, 510–518. [CrossRef]

160. Flekac, M.; Skrha, J.; Zídková, K.; Lacinová, Z.; Hilgertová, J. Paraoxonase 1 Gene Polymorphisms and Enzyme Activities in
Diabetes Mellitus. Physiol. Res. 2008, 57, 717–726. [CrossRef]

161. Fridman, O.; Gariglio, L.; Riviere, S.; Porcile, R.; Fuchs, A.; Potenzoni, M. Paraoxonase 1 Gene Polymorphisms and Enzyme
Activities in Coronary Artery Disease and Its Relationship to Serum Lipids and Glycemia. Arch. Cardiol. Mex. 2016, 86, 350–357.
[CrossRef]

162. Pfohl, M.; Koch, M.; Enderle, M.D.; Kühn, R.; Füllhase, J.; Karsch, K.R.; Häring, H.U. Paraoxonase 192 Gln/Arg Gene Polymor-
phism, Coronary Artery Disease, and Myocardial Infarction in Type 2 Diabetes. Diabetes 1999, 48, 623–627. [CrossRef]

163. Kussmaul, L.; Hirst, J. The Mechanism of Superoxide Production by NADH:Ubiquinone Oxidoreductase (Complex I) from Bovine
Heart Mitochondria. Proc. Natl. Acad. Sci. USA 2006, 103, 7607–7612. [CrossRef]

164. Heather, L.C.; Carr, C.A.; Stuckey, D.J.; Pope, S.; Morten, K.J.; Carter, E.E.; Edwards, L.M.; Clarke, K. Critical Role of Complex III
in the Early Metabolic Changes Following Myocardial Infarction. Cardiovasc. Res. 2010, 85, 127–136. [CrossRef]

165. Zarkasi, K.A.; Jen-Kit, T.; Jubri, Z. Molecular Understanding of the Cardiomodulation in Myocardial Infarction and the Mechanism
of Vitamin E Protections. Mini Rev. Med. Chem. 2019, 19, 1407–1426. [CrossRef]

166. Devarajan, A.; Bourquard, N.; Hama, S.; Navab, M.; Grijalva, V.R.; Morvardi, S.; Clarke, C.F.; Vergnes, L.; Reue, K.; Teiber, J.F.;
et al. Paraoxonase 2 Deficiency Alters Mitochondrial Function and Exacerbates the Development of Atherosclerosis. Antioxid.
Redox Signal. 2011, 14, 341–351. [CrossRef]

167. Shih, D.M.; Meng, Y.; Sallam, T.; Vergnes, L.; Shu, M.L.; Reue, K.; Tontonoz, P.; Fogelman, A.M.; Lusis, A.J.; Reddy, S.T. PON2
Deficiency Leads to Increased Susceptibility to Diet-Induced Obesity. Antioxidants 2019, 8, 19. [CrossRef]

168. Dasgupta, S.; Demirci, F.Y.; Dressen, A.S.; Kao, A.H.; Rhew, E.Y.; Ramsey-Goldman, R.; Manzi, S.; Kammerer, C.M.; Kamboh, M.I.
Association Analysis of PON2 Genetic Variants with Serum Paraoxonase Activity and Systemic Lupus Erythematosus. BMC Med.
Genet. 2011, 12, 7. [CrossRef]

169. Marchegiani, F.; Spazzafumo, L.; Provinciali, M.; Cardelli, M.; Olivieri, F.; Franceschi, C.; Lattanzio, F.; Antonicelli, R. Paraoxonase2
C311S Polymorphism and Low Levels of HDL Contribute to a Higher Mortality Risk after Acute Myocardial Infarction in Elderly
Patients. Mol. Genet. Metab. 2009, 98, 314–318. [CrossRef]

170. Kuntz, A.N.; Davioud-Charvet, E.; Sayed, A.A.; Califf, L.L.; Dessolin, J.; Arnér, E.S.J.; Williams, D.L. Thioredoxin Glutathione
Reductase from Schistosoma Mansoni: An Essential Parasite Enzyme and a Key Drug Target. PLoS Med. 2007, 4, e206.

171. Mao, Z.; Huang, Y.; Zhang, Z.; Yang, X.; Zhang, X.; Huang, Y.; Sawada, N.; Mitsui, T.; Takeda, M.; Yao, J. Pharmacological Levels
of Hydrogen Sulfide Inhibit Oxidative Cell Injury through Regulating the Redox State of Thioredoxin. Free Radic. Biol. Med. 2019,
134, 190–199. [CrossRef]

172. Chutkow, W.A.; Birkenfeld, A.L.; Brown, J.D.; Lee, H.-Y.; Frederick, D.W.; Yoshioka, J.; Patwari, P.; Kursawe, R.; Cushman, S.W.;
Plutzky, J.; et al. Deletion of the Alpha-Arrestin Protein Txnip in Mice Promotes Adiposity and Adipogenesis While Preserving
Insulin Sensitivity. Diabetes 2010, 59, 1424–1434. [CrossRef] [PubMed]

173. Masson, E.; Koren, S.; Razik, F.; Goldberg, H.; Kwan, E.P.; Sheu, L.; Gaisano, H.Y.; Fantus, I.G. High β-Cell Mass Prevents
Streptozotocin-Induced Diabetes in Thioredoxin-Interacting Protein-Deficient Mice. Am. J. Physiol.-Endocrinol. Metab. 2009, 296,
E1251–E1261. [CrossRef] [PubMed]

174. Xiao-Qun, W.; Patrizia, N.; Cameron, W.; Keigi, F.; Chen, Y.; Berk, B.C. Thioredoxin Interacting Protein Promotes Endothelial Cell
Inflammation in Response to Disturbed Flow by Increasing Leukocyte Adhesion and Repressing Kruppel-Like Factor 2. Circ. Res.
2012, 110, 560–568. [CrossRef]

http://doi.org/10.1371/journal.pone.0006963
http://www.ncbi.nlm.nih.gov/pubmed/19742300
http://doi.org/10.1371/journal.pone.0104156
http://www.ncbi.nlm.nih.gov/pubmed/25093405
http://doi.org/10.1177/174182670100800408
http://www.ncbi.nlm.nih.gov/pubmed/11551002
http://doi.org/10.1161/hy1101.092967
http://doi.org/10.1007/s001090000124
http://doi.org/10.1016/j.cbi.2016.05.036
http://doi.org/10.1016/j.atherosclerosis.2013.03.028
http://doi.org/10.1016/j.atherosclerosis.2011.07.119
http://doi.org/10.33549/physiolres.931285
http://doi.org/10.1016/j.acmx.2016.08.001
http://doi.org/10.2337/diabetes.48.3.623
http://doi.org/10.1073/pnas.0510977103
http://doi.org/10.1093/cvr/cvp276
http://doi.org/10.2174/1389557519666190130164334
http://doi.org/10.1089/ars.2010.3430
http://doi.org/10.3390/antiox8010019
http://doi.org/10.1186/1471-2350-12-7
http://doi.org/10.1016/j.ymgme.2009.05.008
http://doi.org/10.1016/j.freeradbiomed.2019.01.009
http://doi.org/10.2337/db09-1212
http://www.ncbi.nlm.nih.gov/pubmed/20299477
http://doi.org/10.1152/ajpendo.90619.2008
http://www.ncbi.nlm.nih.gov/pubmed/19223654
http://doi.org/10.1161/CIRCRESAHA.111.256362


Int. J. Environ. Res. Public Health 2022, 19, 647 41 of 44

175. Connelly, K.A.; Advani, A.; Advani, S.L.; Zhang, Y.; Kim, Y.M.; Shen, V.; Thai, K.; Kelly, D.J.; Gilbert, R.E. Impaired Cardiac
Anti-Oxidant Activity in Diabetes: Human and Correlative Experimental Studies. Acta Diabetol. 2014, 51, 771–782. [CrossRef]

176. Michard, C.; Doublet, P. Post-Translational Modifications Are Key Players of the Legionella Pneumophila Infection Strategy. Front.
Microbiol. 2015, 6, 87. [CrossRef]

177. Jena, K.K.; Kolapalli, S.P.; Mehto, S.; Nath, P.; Das, B.; Sahoo, P.K.; Ahad, A.; Syed, G.H.; Raghav, S.K.; Senapati, S.; et al. TRIM16
Controls Assembly and Degradation of Protein Aggregates by Modulating the P62-NRF2 Axis and Autophagy. EMBO J. 2018,
37, e98358. [CrossRef]

178. Dreja, T.; Jovanovic, Z.; Rasche, A.; Kluge, R.; Herwig, R.; Tung, Y.C.L.; Joost, H.G.; Yeo, G.S.H.; Al-Hasani, H. Diet-Induced Gene
Expression of Isolated Pancreatic Islets from a Polygenic Mouse Model of the Metabolic Syndrome. Diabetologia 2010, 53, 309–320.
[CrossRef]

179. Khamis, A.; Canouil, M.; Siddiq, A.; Crouch, H.; Falchi, M.; von Bulow, M.; Ehehalt, F.; Marselli, L.; Distler, M.; Richter, D.; et al.
Laser Capture Microdissection of Human Pancreatic Islets Reveals Novel EQTLs Associated with Type 2 Diabetes. Mol. Metab.
2019, 24, 98–107. [CrossRef]

180. Abe, S.; Tokoro, F.; Matsuoka, R.; Arai, M.; Noda, T.; Watanabe, S.; Horibe, H.; Fujimaki, T.; Oguri, M.; Kato, K.; et al. Association
of Genetic Variants with Dyslipidemia. Mol. Med. Rep. 2015, 12, 5429–5436. [CrossRef]

181. Rodríguez-Pérez, J.M.; Posadas-Sánchez, R.; Vargas-Alarcón, G.; Blachman-Braun, R.; García-Flores, E.; Cazarín-Santos, B.G.;
Castillo-Avila, R.G.; Borgonio-Cuadra, V.M.; Tovilla-Zárate, C.A.; González-Castro, T.B.; et al. The Rs46522 Polymorphism of
the Ubiquitin-Conjugating Enzyme E2Z (UBE2Z) Gene Is Associated with Abnormal Metabolic Parameters in Patients with
Myocardial Infarction: The Genetics of Atherosclerosis Disease Mexican Study. DNA Cell Biol. 2020, 39, 1155–1161. [CrossRef]

182. Cleuren, A.C.A.; van der Ent, M.A.; Jiang, H.; Hunker, K.L.; Yee, A.; Siemieniak, D.R.; Molema, G.; Aird, W.C.; Ganesh, S.K.;
Ginsburg, D. The In Vivo Endothelial Cell Translatome Is Highly Heterogeneous across Vascular Beds. Proc. Natl. Acad. Sci. USA
2019, 116, 23618–23624. [CrossRef]

183. Schunkert, H.; König, I.R.; Kathiresan, S.; Reilly, M.P.; Assimes, T.L.; Holm, H.; Preuss, M.; Stewart, A.F.R.; Barbalic, M.; Gieger, C.;
et al. Large-Scale Association Analysis Identifies 13 New Susceptibility Loci for Coronary Artery Disease. Nat. Genet. 2011, 43,
333–338. [CrossRef]

184. Rodriguez, S.; Eiriksdottir, G.; Gaunt, T.R.; Harris, T.B.; Launer, L.J.; Gudnason, V.; Day, I.N.M. IGF2BP1, IGF2BP2 and IGF2BP3
Genotype, Haplotype and Genetic Model Studies in Metabolic Syndrome Traits and Diabetes. Growth Horm. IGF Res. 2010, 20,
310–318. [CrossRef]

185. Samani, N.J.; Schunkert, H. Chromosome 9p21 and Cardiovascular Disease: The Story Unfolds. Circ. Cardiovasc. Genet. 2008, 1,
81–84. [CrossRef]

186. Bistulfi, G.; Affronti, H.C.; Foster, B.A.; Karasik, E.; Gillard, B.; Morrison, C.; Mohler, J.; Phillips, J.G.; Smiraglia, D.J. The Essential
Role of Methylthioadenosine Phosphorylase in Prostate Cancer. Oncotarget 2016, 7, 14380–14393. [CrossRef]

187. Rabhi, N.; Hannou, S.A.; Gromada, X.; Salas, E.; Yao, X.; Oger, F.; Carney, C.; Lopez-Mejia, I.C.; Durand, E.; Rabearivelo, I.; et al.
Cdkn2a Deficiency Promotes Adipose Tissue Browning. Mol. Metab. 2018, 8, 65–76. [CrossRef]

188. Krishnamurthy, J.; Ramsey, M.R.; Ligon, K.L.; Torrice, C.; Koh, A.; Bonner-Weir, S.; Sharpless, N.E. P16INK4a Induces an
Age-Dependent Decline in Islet Regenerative Potential. Nature 2006, 443, 453–457. [CrossRef]

189. Zhang, Y.; Herbert, B.-S.; Rajashekhar, G.; Ingram, D.A.; Yoder, M.C.; Clauss, M.; Rehman, J. Premature Senescence of Highly
Proliferative Endothelial Progenitor Cells Is Induced by Tumor Necrosis Factor-α via the P38 Mitogen-Activated Protein Kinase
Pathway. FASEB J. 2009, 23, 1358–1365. [CrossRef]

190. Lenis, Y.Y.; Elmetwally, M.A.; Maldonado-Estrada, J.G.; Bazer, F.W. Physiological Importance of Polyamines. Zygote 2017, 25,
244–255. [CrossRef]

191. Hu, Y.; Hu, J. Diagnostic Value of Circulating LncRNA ANRIL and Its Correlation with Coronary Artery Disease Parameters.
Braz. J. Med. Biol. Res. 2019, 52, e8309. [CrossRef]

192. Holdt, L.M.; Sass, K.; Gäbel, G.; Bergert, H.; Thiery, J.; Teupser, D. Expression of Chr9p21 Genes CDKN2B (P15INK4b), CDKN2A
(P16INK4a, P14ARF) and MTAP in Human Atherosclerotic Plaque. Atherosclerosis 2011, 214, 264–270. [CrossRef]

193. Chen, L.; Qu, H.; Guo, M.; Zhang, Y.; Cui, Y.; Yang, Q.; Bai, R.; Shi, D. ANRIL and Atherosclerosis. J. Clin. Pharm. Ther. 2020, 45,
240–248. [CrossRef]

194. Gan, W.; Bragg, F.; Walters, R.G.; Millwood, I.Y.; Lin, K.; Chen, Y.; Guo, Y.; Vaucher, J.; Bian, Z.; Bennett, D.; et al. Genetic
Predisposition to Type 2 Diabetes and Risk of Subclinical Atherosclerosis and Cardiovascular Diseases among 160,000 Chinese
Adults. Diabetes 2019, 68, 2155–2164. [CrossRef]

195. Vargas, J.D.; Manichaikul, A.; Wang, X.-Q.; Rich, S.S.; Rotter, J.I.; Post, W.S.; Polak, J.F.; Budoff, M.J.; Bluemke, D.A. Detailed
Analysis of Association between Common Single Nucleotide Polymorphisms and Subclinical Atherosclerosis: The Multi-Ethnic
Study of Atherosclerosis. Data Brief 2016, 7, 229–242. [CrossRef] [PubMed]

196. O’Donnell, C.J.; Kavousi, M.; Smith, A.V.; Kardia, S.L.R.; Feitosa, M.F.; Hwang, S.-J.; Sun, Y.V.; Province, M.A.; Aspelund, T.;
Dehghan, A.; et al. Genome-Wide Association Study for Coronary Artery Calcification with Follow-up in Myocardial Infarction.
Circulation 2011, 124, 2855–2864. [CrossRef] [PubMed]

197. Broadbent, H.M.; Peden, J.F.; Lorkowski, S.; Goel, A.; Ongen, H.; Green, F.; Clarke, R.; Collins, R.; Franzosi, M.G.; Tognoni, G.;
et al. Susceptibility to Coronary Artery Disease and Diabetes Is Encoded by Distinct, Tightly Linked SNPs in the ANRIL Locus on
Chromosome 9p. Hum. Mol. Genet. 2008, 17, 806–814. [CrossRef] [PubMed]

http://doi.org/10.1007/s00592-014-0608-9
http://doi.org/10.3389/fmicb.2015.00087
http://doi.org/10.15252/embj.201798358
http://doi.org/10.1007/s00125-009-1576-4
http://doi.org/10.1016/j.molmet.2019.03.004
http://doi.org/10.3892/mmr.2015.4081
http://doi.org/10.1089/dna.2020.5477
http://doi.org/10.1073/pnas.1912409116
http://doi.org/10.1038/ng.784
http://doi.org/10.1016/j.ghir.2010.04.002
http://doi.org/10.1161/CIRCGENETICS.108.832527
http://doi.org/10.18632/oncotarget.7486
http://doi.org/10.1016/j.molmet.2017.11.012
http://doi.org/10.1038/nature05092
http://doi.org/10.1096/fj.08-110296
http://doi.org/10.1017/S0967199417000120
http://doi.org/10.1590/1414-431x20198309
http://doi.org/10.1016/j.atherosclerosis.2010.06.029
http://doi.org/10.1111/jcpt.13060
http://doi.org/10.2337/db19-0224
http://doi.org/10.1016/j.dib.2016.01.048
http://www.ncbi.nlm.nih.gov/pubmed/26958643
http://doi.org/10.1161/CIRCULATIONAHA.110.974899
http://www.ncbi.nlm.nih.gov/pubmed/22144573
http://doi.org/10.1093/hmg/ddm352
http://www.ncbi.nlm.nih.gov/pubmed/18048406


Int. J. Environ. Res. Public Health 2022, 19, 647 42 of 44

198. Shen, G.-Q.; Rao, S.; Martinelli, N.; Li, L.; Olivieri, O.; Corrocher, R.; Abdullah, K.G.; Hazen, S.L.; Smith, J.; Barnard, J.; et al.
Association between Four SNPs on Chromosome 9p21 and Myocardial Infarction Is Replicated in an Italian Population. J. Hum.
Genet. 2008, 53, 144–150. [CrossRef]

199. Angelakopoulou, A.; Shah, T.; Sofat, R.; Shah, S.; Berry, D.J.; Cooper, J.; Palmen, J.; Tzoulaki, I.; Wong, A.; Jefferis, B.J.;
et al. Comparative Analysis of Genome-Wide Association Studies Signals for Lipids, Diabetes, and Coronary Heart Disease:
Cardiovascular Biomarker Genetics Collaboration. Eur. Heart J. 2012, 33, 393–407. [CrossRef]

200. Mahajan, A.; Taliun, D.; Thurner, M.; Robertson, N.R.; Torres, J.M.; Rayner, N.W.; Payne, A.J.; Steinthorsdottir, V.; Scott,
R.A.; Grarup, N.; et al. Fine-Mapping Type 2 Diabetes Loci to Single-Variant Resolution Using High-Density Imputation and
Islet-Specific Epigenome Maps. Nat. Genet. 2018, 50, 1505–1513. [CrossRef]

201. Ma, X.; Lu, R.; Gu, N.; Wei, X.; Bai, G.; Zhang, J.; Deng, R.; Feng, N.; Li, J.; Guo, X. Polymorphisms in the Glucagon-like Peptide 1
Receptor (GLP-1R) Gene Are Associated with the Risk of Coronary Artery Disease in Chinese Han Patients with Type 2 Diabetes
Mellitus: A Case-Control Study. J. Diabetes Res. 2018, 2018, 1054192. [CrossRef]

202. Caldecott, K.W. XRCC1 Protein; Form and Function. DNA Repair 2019, 81, 102664. [CrossRef]
203. Mathews, M.T.; Berk, B.C. PARP-1 Inhibition Prevents Oxidative and Nitrosative Stress-Induced Endothelial Cell Death via

Transactivation of the VEGF Receptor 2. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 711–717. [CrossRef]
204. Tao, R.; Kim, S.H.; Honbo, N.; Karliner, J.S.; Alano, C.C. Minocycline Protects Cardiac Myocytes against Simulated Ischemia–

Reperfusion Injury by Inhibiting Poly(ADP-Ribose) Polymerase-1. J. Cardiovasc. Pharmacol. 2010, 56, 659–668. [CrossRef]
205. Zakaria, E.M.; El-Bassossy, H.M.; El-Maraghy, N.N.; Ahmed, A.F.; Ali, A.A. PARP-1 Inhibition Alleviates Diabetic Cardiac

Complications in Experimental Animals. Eur. J. Pharmacol. 2016, 791, 444–454. [CrossRef]
206. Li, B.; Luo, C.; Chowdhury, S.; Gao, Z.-H.; Liu, J.-L. Parp1 Deficient Mice Are Protected from Streptozotocin-Induced Diabetes but

Not Caerulein-Induced Pancreatitis, Independent of the Induction of Reg Family Genes. Regul. Pept. 2013, 186, 83–91. [CrossRef]
207. Devalaraja-Narashimha, K.; Padanilam, B.J. PARP1 Deficiency Exacerbates Diet-Induced Obesity in Mice. J. Endocrinol. 2010, 205,

243–252. [CrossRef]
208. Szántó, M.; Bai, P. The Role of ADP-Ribose Metabolism in Metabolic Regulation, Adipose Tissue Differentiation, and Metabolism.

Genes Dev. 2020, 34, 321–340. [CrossRef]
209. Arimochi, H.; Sasaki, Y.; Kitamura, A.; Yasutomo, K. Differentiation of Preadipocytes and Mature Adipocytes Requires PSMB8.

Sci. Rep. 2016, 6, 26791. [CrossRef]
210. Rowlands, J.; Heng, J.; Newsholme, P.; Carlessi, R. Pleiotropic Effects of GLP-1 and Analogs on Cell Signaling, Metabolism, and

Function. Front. Endocrinol. 2018, 9, 672. [CrossRef]
211. Monnier, L.; Hanefeld, M.; Schnell, O.; Colette, C.; Owens, D. Insulin and Atherosclerosis: How Are They Related? Diabetes Metab.

2013, 39, 111–117. [CrossRef]
212. Rizzo, M.; Nikolic, D.; Patti, A.M.; Mannina, C.; Montalto, G.; McAdams, B.S.; Rizvi, A.A.; Cosentino, F. GLP-1 Receptor Agonists

and Reduction of Cardiometabolic Risk: Potential Underlying Mechanisms. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864,
2814–2821. [CrossRef]

213. Zhu, X.; Zhou, A.; Dey, A.; Norrbom, C.; Carroll, R.; Zhang, C.; Laurent, V.; Lindberg, I.; Ugleholdt, R.; Holst, J.J.; et al. Disruption
of PC1/3 Expression in Mice Causes Dwarfism and Multiple Neuroendocrine Peptide Processing Defects. Proc. Natl. Acad. Sci.
USA 2002, 99, 10293–10298. [CrossRef]

214. Lloyd, D.J.; Bohan, S.; Gekakis, N. Obesity, Hyperphagia and Increased Metabolic Efficiency in Pc1 Mutant Mice. Hum. Mol.
Genet. 2006, 15, 1884–1893. [CrossRef]

215. Chang, Y.-C.; Chiu, Y.-F.; Shih, K.-C.; Lin, M.-W.; Sheu, W.H.-H.; Donlon, T.; Curb, J.D.; Jou, Y.-S.; Chang, T.-J.; Li, H.-Y.; et al.
Common PCSK1 Haplotypes Are Associated with Obesity in the Chinese Population. Obesity 2010, 18, 1404–1409. [CrossRef]

216. Strawbridge, R.J.; Dupuis, J.; Prokopenko, I.; Barker, A.; Ahlqvist, E.; Rybin, D.; Petrie, J.R.; Travers, M.E.; Bouatia-Naji, N.; Dimas,
A.S.; et al. Genome-Wide Association Identifies Nine Common Variants Associated with Fasting Proinsulin Levels and Provides
New Insights into the Pathophysiology of Type 2 Diabetes. Diabetes 2011, 60, 2624–2634. [CrossRef]

217. Roberts, F.; Zhu, D.; Farquharson, C.; Macrae, V.E. ENPP1 in the Regulation of Mineralization and Beyond. Trends Biochem. Sci.
2019, 44, 616–628. [CrossRef] [PubMed]

218. Pan, W.; Ciociola, E.; Saraf, M.; Tumurbaatar, B.; Tuvdendorj, D.; Prasad, S.; Chandalia, M.; Abate, N. Metabolic Consequences of
ENPP1 Overexpression in Adipose Tissue. Am. J. Physiol. Endocrinol. Metab. 2011, 301, E901–E911. [CrossRef] [PubMed]

219. Yan, Y.; Anumeha, S.; Ashmita, S.; Susan, F.; Zhiliang, C.; Kim, A.; Andre, M. Abstract P292: ENPP1-Fc Protein Inhibits
Proliferation of Human Vascular Smooth Muscle Cells. Hypertension 2016, 68, AP292. [CrossRef]

220. Stolerman, E.S.; Manning, A.K.; McAteer, J.B.; Dupuis, J.; Fox, C.S.; Cupples, L.A.; Meigs, J.B.; Florez, J.C. Haplotype Structure of
the ENPP1 Gene and Nominal Association of the K121Q Missense Single Nucleotide Polymorphism with Glycemic Traits in the
Framingham Heart Study. Diabetes 2008, 57, 1971–1977. [CrossRef]

221. Di, J.-Y.; Dai, M.-L.; Zhang, Z.-X. ENPP1 K121Q (Rs1044498 C > A) Genetic Polymorphism Confers a High Risk of Susceptibility
to Coronary Heart Disease: A PRISMA-Compliant Article. Medicine 2018, 97, e11236. [CrossRef]

222. Hsiao, T.-J.; Lin, E. The ENPP1 K121Q Polymorphism Is Associated with Type 2 Diabetes and Related Metabolic Phenotypes in a
Taiwanese Population. Mol. Cell. Endocrinol. 2016, 433, 20–25. [CrossRef]

223. Miki, H.; Okada, Y.; Hirokawa, N. Analysis of the Kinesin Superfamily: Insights into Structure and Function. Trends Cell Biol.
2005, 15, 467–476. [CrossRef]

http://doi.org/10.1007/s10038-007-0230-6
http://doi.org/10.1093/eurheartj/ehr225
http://doi.org/10.1038/s41588-018-0241-6
http://doi.org/10.1155/2018/1054192
http://doi.org/10.1016/j.dnarep.2019.102664
http://doi.org/10.1161/ATVBAHA.107.156406
http://doi.org/10.1097/FJC.0b013e3181faeaf0
http://doi.org/10.1016/j.ejphar.2016.09.008
http://doi.org/10.1016/j.regpep.2013.07.005
http://doi.org/10.1677/JOE-09-0402
http://doi.org/10.1101/gad.334284.119
http://doi.org/10.1038/srep26791
http://doi.org/10.3389/fendo.2018.00672
http://doi.org/10.1016/j.diabet.2013.02.001
http://doi.org/10.1016/j.bbadis.2018.05.012
http://doi.org/10.1073/pnas.162352599
http://doi.org/10.1093/hmg/ddl111
http://doi.org/10.1038/oby.2009.390
http://doi.org/10.2337/db11-0415
http://doi.org/10.1016/j.tibs.2019.01.010
http://www.ncbi.nlm.nih.gov/pubmed/30799235
http://doi.org/10.1152/ajpendo.00087.2011
http://www.ncbi.nlm.nih.gov/pubmed/21810932
http://doi.org/10.1161/hyp.68.suppl_1.p292
http://doi.org/10.2337/db08-0266
http://doi.org/10.1097/MD.0000000000011236
http://doi.org/10.1016/j.mce.2016.05.020
http://doi.org/10.1016/j.tcb.2005.07.006


Int. J. Environ. Res. Public Health 2022, 19, 647 43 of 44

224. Angelini, S.; Rosticci, M.; Massimo, G.; Musti, M.; Ravegnini, G.; Consolini, N.; Sammarini, G.; D’Addato, S.; Rizzoli, E.; Botbayev,
D.; et al. Relationship between Lipid Phenotypes, Overweight, Lipid Lowering Drug Response and KIF6 and HMG-CoA
Genotypes in a Subset of the Brisighella Heart Study Population. Int. J. Mol. Sci. 2017, 19, 49. [CrossRef]

225. Wu, G.; Li, G.-B.; Dai, B. Association of KIF6 Variant with Lipid Level and Angiographic Coronary Artery Disease Events Risk in
the Han Chinese Population. Molecules 2012, 17, 11269–11280. [CrossRef]

226. Li, Y.; Sabatine, M.S.; Tong, C.H.; Ford, I.; Kirchgessner, T.G.; Packard, C.J.; Robertson, M.; Rowland, C.M.; Bare, L.A.; Shepherd, J.;
et al. Genetic Variants in the KIF6 Region and Coronary Event Reduction from Statin Therapy. Hum. Genet. 2011, 129, 17–23.
[CrossRef]

227. Shiffman, D.; Sabatine, M.S.; Louie, J.Z.; Kirchgessner, T.G.; Iakoubova, O.A.; Campos, H.; Devlin, J.J.; Sacks, F.M. Effect of
Pravastatin Therapy on Coronary Events in Carriers of the KIF6 719Arg Allele from the Cholesterol and Recurrent Events Trial.
Am. J. Cardiol. 2010, 105, 1300–1305. [CrossRef]

228. Shiffman, D.; Chasman, D.I.; Zee, R.Y.L.; Iakoubova, O.A.; Louie, J.Z.; Devlin, J.J.; Ridker, P.M. A Kinesin Family Member 6 Variant
Is Associated with Coronary Heart Disease in the Women’s Health Study. J. Am. Coll. Cardiol. 2008, 51, 444–448. [CrossRef]

229. Iakoubova, O.A.; Tong, C.H.; Rowland, C.M.; Kirchgessner, T.G.; Young, B.A.; Arellano, A.R.; Shiffman, D.; Sabatine, M.S.;
Campos, H.; Packard, C.J.; et al. Association of the Trp719Arg Polymorphism in Kinesin-like Protein 6 with Myocardial Infarction
and Coronary Heart Disease in 2 Prospective Trials: The CARE and WOSCOPS Trials. J. Am. Coll. Cardiol. 2008, 51, 435–443.
[CrossRef]

230. Hameed, A.; Bennett, E.; Ciani, B.; Hoebers, L.P.C.; Milner, R.; Lawrie, A.; Francis, S.E.; Grierson, A.J. No Evidence for Cardiac
Dysfunction in Kif6 Mutant Mice. PLoS ONE 2013, 8, e54636. [CrossRef]

231. The Human Protein Atlas KIF6. Available online: https://www.proteinatlas.org/ENSG00000164627-KIF6/tissue (accessed on 8
March 2021).

232. Shroff, N.; Ander, B.P.; Zhan, X.; Stamova, B.; Liu, D.; Hull, H.; Hamade, F.R.; Dykstra-Aiello, C.; Ng, K.; Sharp, F.R.; et al. HDAC9
Polymorphism Alters Blood Gene Expression in Patients with Large Vessel Atherosclerotic Stroke. Transl. Stroke Res. 2019, 10,
19–25. [CrossRef]

233. Lenoir, O.; Flosseau, K.; Ma, F.X.; Blondeau, B.; Mai, A.; Bassel-Duby, R.; Ravassard, P.; Olson, E.N.; Haumaitre, C.; Scharfmann, R.
Specific Control of Pancreatic Endocrine β- and δ-Cell Mass by Class IIa Histone Deacetylases HDAC4, HDAC5, and HDAC9.
Diabetes 2011, 60, 2861–2871. [CrossRef]

234. Chatterjee, T.K.; Basford, J.E.; Knoll, E.; Tong, W.S.; Blanco, V.; Blomkalns, A.L.; Rudich, S.; Lentsch, A.B.; Hui, D.Y.; Weintraub,
N.L. HDAC9 Knockout Mice Are Protected From Adipose Tissue Dysfunction and Systemic Metabolic Disease During High-Fat
Feeding. Diabetes 2014, 63, 176–187. [CrossRef]

235. Malhotra, R.; Mauer, A.C.; Lino Cardenas, C.L.; Guo, X.; Yao, J.; Zhang, X.; Wunderer, F.; Smith, A.V.; Wong, Q.; Pechlivanis, S.;
et al. HDAC9 Is Implicated in Atherosclerotic Aortic Calcification and Affects Vascular Smooth Muscle Cell Phenotype. Nat.
Genet. 2019, 51, 1580–1587. [CrossRef]

236. Cao, Q.; Rong, S.; Repa, J.J.; St Clair, R.; Parks, J.S.; Mishra, N. Histone Deacetylase 9 Represses Cholesterol Efflux and Alternatively
Activated Macrophages in Atherosclerosis Development. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 1871–1879. [CrossRef]

237. Lino Cardenas, C.L.; Kessinger, C.W.; Chou, E.L.; Ghoshhajra, B.; Yeri, A.S.; Das, S.; Weintraub, N.L.; Malhotra, R.; Jaffer, F.A.;
Lindsay, M.E. HDAC9 Complex Inhibition Improves Smooth Muscle-Dependent Stenotic Vascular Disease. JCI Insight 2019,
4, e124706. [CrossRef]

238. Nurnberg, S.T.; Guerraty, M.A.; Wirka, R.C.; Rao, H.S.; Pjanic, M.; Norton, S.; Serrano, F.; Perisic, L.; Elwyn, S.; Pluta, J.; et al.
Genomic Profiling of Human Vascular Cells Identifies TWIST1 as a Causal Gene for Common Vascular Diseases. PLoS Genet.
2020, 16, e1008538. [CrossRef]

239. Nelson, C.P.; Goel, A.; Butterworth, A.S.; Kanoni, S.; Webb, T.R.; Marouli, E.; Zeng, L.; Ntalla, I.; Lai, F.Y.; Hopewell, J.C.; et al.
Association Analyses Based on False Discovery Rate Implicate New Loci for Coronary Artery Disease. Nat. Genet. 2017, 49,
1385–1391. [CrossRef]

240. van der Harst, P.; Verweij, N. Identification of 64 Novel Genetic Loci Provides an Expanded View on the Genetic Architecture of
Coronary Artery Disease. Circ. Res. 2018, 122, 433–443. [CrossRef]

241. Jiang, R. Gene-gene interaction. In Encyclopedia of Behavioral Medicine; Gellman, M.D., Turner, J.R., Eds.; Springer: New York, NY,
USA, 2013; pp. 841–842. ISBN 978-1-4419-1005-9.

242. Choi, J.; Park, T. Multivariate Generalized Multifactor Dimensionality Reduction to Detect Gene-Gene Interactions. BMC Syst.
Biol. 2013, 7, S15. [CrossRef]

243. Xu, H.-M.; Xu, L.-F.; Hou, T.-T.; Luo, L.-F.; Chen, G.-B.; Sun, X.-W.; Lou, X.-Y. GMDR: Versatile Software for Detecting Gene-Gene
and Gene-Environ-Ment Interactions Underlying Complex Traits. Curr. Genom. 2016, 17, 396–402. [CrossRef]

244. Srivastava, A.; Mittal, B.; Prakash, J.; Srivastava, P.; Srivastava, N. Analysis of MC4R Rs17782313, POMC Rs1042571, APOE-Hha1
and AGRP Rs3412352 Genetic Variants with Susceptibility to Obesity Risk in North Indians. Ann. Hum. Biol. 2016, 43, 285–288.
[CrossRef]

245. Ma, X.; Bai, G.; Lu, D.; Huang, L.; Zhang, J.; Deng, R.; Ding, S.; Gu, N.; Guo, X. Association between STK11 Gene Polymorphisms
and Coronary Artery Disease in Type 2 Diabetes in Han Population in China. J. Diabetes Res. 2017, 2017, 6297087. [CrossRef]

246. Ottman, R. Gene–Environment Interaction: Definitions and Study Design. Prev. Med. 1996, 25, 764–770. [CrossRef]

http://doi.org/10.3390/ijms19010049
http://doi.org/10.3390/molecules170911269
http://doi.org/10.1007/s00439-010-0892-6
http://doi.org/10.1016/j.amjcard.2009.12.049
http://doi.org/10.1016/j.jacc.2007.09.044
http://doi.org/10.1016/j.jacc.2007.05.057
http://doi.org/10.1371/journal.pone.0054636
https://www.proteinatlas.org/ENSG00000164627-KIF6/tissue
http://doi.org/10.1007/s12975-018-0619-x
http://doi.org/10.2337/db11-0440
http://doi.org/10.2337/db13-1148
http://doi.org/10.1038/s41588-019-0514-8
http://doi.org/10.1161/ATVBAHA.114.303393
http://doi.org/10.1172/jci.insight.124706
http://doi.org/10.1371/journal.pgen.1008538
http://doi.org/10.1038/ng.3913
http://doi.org/10.1161/CIRCRESAHA.117.312086
http://doi.org/10.1186/1752-0509-7-S6-S15
http://doi.org/10.2174/1389202917666160513102612
http://doi.org/10.3109/03014460.2015.1061597
http://doi.org/10.1155/2017/6297087
http://doi.org/10.1006/pmed.1996.0117


Int. J. Environ. Res. Public Health 2022, 19, 647 44 of 44

247. Grimaldi, K.A.; van Ommen, B.; Ordovas, J.M.; Parnell, L.D.; Mathers, J.C.; Bendik, I.; Brennan, L.; Celis-Morales, C.; Cirillo, E.;
Daniel, H.; et al. Proposed Guidelines to Evaluate Scientific Validity and Evidence for Genotype-Based Dietary Advice. Genes
Nutr. 2017, 12, 35. [CrossRef] [PubMed]

248. Doria, A.; Wojcik, J.; Xu, R.; Gervino, E.V.; Hauser, T.H.; Johnstone, M.T.; Nolan, D.; Hu, F.B.; Warram, J.H. Interaction between
Poor Glycemic Control and 9p21 Locus on Risk of Coronary Artery Disease in Type 2 Diabetes. JAMA 2008, 300, 2389–2397.
[CrossRef] [PubMed]

249. Rivera, N.V.; Carreras-Torres, R.; Roncarati, R.; Viviani-Anselmi, C.; de Micco, F.; Mezzelani, A.; Koch, W.; Hoppmann, P.; Kastrati,
A.; Stewart, A.F.R.; et al. Assessment of the 9p21.3 Locus in Severity of Coronary Artery Disease in the Presence and Absence of
Type 2 Diabetes. BMC Med. Genet. 2013, 14, 11. [CrossRef] [PubMed]

250. Reisberg, S.; Iljasenko, T.; Läll, K.; Fischer, K.; Vilo, J. Comparing Distributions of Polygenic Risk Scores of Type 2 Diabetes and
Coronary Heart Disease within Different Populations. PLoS ONE 2017, 12, e0179238.

251. Padilla-Martínez, F.; Collin, F.; Kwasniewski, M.; Kretowski, A. Systematic Review of Polygenic Risk Scores for Type 1 and Type 2
Diabetes. Int. J. Mol. Sci. 2020, 21, 1703. [CrossRef] [PubMed]

http://doi.org/10.1186/s12263-017-0584-0
http://www.ncbi.nlm.nih.gov/pubmed/29270237
http://doi.org/10.1001/jama.2008.649
http://www.ncbi.nlm.nih.gov/pubmed/19033589
http://doi.org/10.1186/1471-2350-14-11
http://www.ncbi.nlm.nih.gov/pubmed/23343465
http://doi.org/10.3390/ijms21051703
http://www.ncbi.nlm.nih.gov/pubmed/32131491

	Introduction 
	Genetic Factors Associated with CHD Risk in T2D Asian Populations 
	Genes Related to Energy and Lipoprotein Metabolisms 
	Genes Related to Vascular and Endothelial Pathology 
	Genes Related to Antioxidation 
	Genes Related to Cell Cycle Regulation 
	Genes Related to DNA Damage Repair 
	Genes Related to Hormonal Regulation of Glucose Metabolism 
	Genes Related to Cytoskeletal Function and Intracellular Transport 

	Genetic Interaction Associated with CHD Risk in T2D Asians Populations 
	Gene-Gene Interaction 
	SNP-SNP Interaction in a Single Gene 
	Gene-Environment Interaction 

	Perspectives and Concluding Remarks 
	References

