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Abstract

Type 2 diabetes (T2D) and its secondary complications result from the complex
interplay of genetic and environmental factors. To understand the role of these fac-
tors on disease susceptibility, the present study was conducted to assess the asso-
ciation of eNOS and MCP-] variants with T2D and diabetic nephropathy (DN) in
two ethnically and geographically different cohorts from North India. A total of
1313 subjects from two cohorts were genotyped for eNOS (rs2070744, rs869109213
and rs1799983) and MCP-1 (rs1024611 and rs3917887) variants. Cohort-I (Pun-
jab) comprised 461 T2D cases (204 T2D with DN and 257 T2D without DN) and
315 healthy controls. Cohort-II (Jammu and Kashmir) included 337 T2D (150
T2D with DN and 187 T2D without DN) and 200 controls. Allele, genotype and
haplotype frequencies were compared among the studied participants, and pheno-
type—genotype interactions were determined. Meta-analysis was performed to inves-
tigate the association between the selected variants and disease susceptibility. All
three eNOS variants were associated with 1.5-4.0-fold risk of DN in both cohorts.
MCP-1 151024611 conferred twofold risk towards DN progression in cohort-II,
while rs3917887 provided twofold risk for both T2D and DN in both cohorts. eNOS
and MCP-1 haplotypes conferred risk for T2D and DN susceptibility. Phenotype—
genotype interactions showed significant associations between the studied variants
and anthropometric and biochemical parameters. In meta-analysis, all eNOS vari-
ants conferred risk towards DN progression, whereas no significant association was
observed for MCP-1 rs1024611. We show evidences for an association of eNOS and
MCP-1 variants with T2D and DN susceptibility.
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Introduction

Endothelial dysfunction and chemotaxis have been involved in the pathogenesis
of renal microvascular complications in patients with and without diabetes (Karal-
liedde and Gnudi 2011; Awad et al. 2015; Murkamilov et al. 2017)." Under normal
physiological conditions, there is a balanced release of endothelium-derived vasodi-
lator factors, but this balance is altered in diabetes mellitus which contributes to the
progression of vascular and organ damage (Dhananjayan et al. 2016). Chemotaxis
plays a pivotal role in the enrolment of leucocytes to inflammation and infection
sites (Jin et al. 2008). This accumulation of leucocytes in various tissues is a patho-
logic hallmark of both type 2 diabetes (T2D) and its related complication such as
diabetic nephropathy (DN), which results in altered production of cytokines, reac-
tive oxygen species and various proteases (Galkina and Ley 2006; Tesch 2010).

Nitric oxide (NO) is produced mainly by endothelial nitric oxide synthase
(eNOS) enzyme by converting L-arginine to L-citrulline (Komers and Anderson
2003; Forstermann and Miinzel 2006). Any impairment in the activity of eNOS
enzyme contributes to insulin resistance, diabetes and chronic renal failure (Kom-
ers and Anderson 2003; Rask-Madsen and King 2007; Dhananjayan et al. 2016).
The eNOS gene variants may influence eNOS expression, which may lead to
NO abnormalities (Ahluwalia et al. 2008; Li and Takahashi 2012; da Silva et al.
2018). Many studies have observed that the eNOS gene variants rs2070744 (-786
T>C, promoter polymorphism), rs869109213 (4a/b, 27 bp repeat in intron 4) and
rs1799983 (894 G>T, exon 7: 298Asp to Glu substitution) were associated with
different stages of DN (Noiri et al. 2002; Mehrab-Mohseni et al. 2011; Dellamea
et al. 2014; Huo et al. 2015). The functional effect of these variants is to reduce
mRNA expression or alter eNOS functions, which leads to reduction in NO pro-
duction (Tsukada et al. 1998; Nakayama et al. 1999; Tesauro et al. 2000).

Monocyte chemoattractant protein-1 (MCP-1) is one of the first discovered and
most widely studied chemokine (Van Coillie et al. 1999; Panee 2012). MCP-1 is
secreted by endothelial cells, monocytes, fibroblasts, vascular smooth muscle cells
and T cells (Conti and DiGioacchino 2001; Deshmane et al. 2009). MCP-1 acti-
vates monocytes chemotaxis and transendothelial migration to inflammation sites
by interacting with the C—C chemokine receptor 2 (CCR2) in monocytes (Mackay
1996; O’Hayre et al. 2008). Hyperglycemia stimulates MCP-1 secretion from kid-
ney cells, which results in tubular macrophage and myofibroblast accumulation,
and finally causes tubular injury and renal fibrosis (Morii et al. 2003; Tesch 2008;
Jing et al. 2011). In diabetic and nephropathy patients, the MCP-1 serum levels
have been shown to be influenced by genetic variants of MCP-1 gene. Specifically,
rs1024611 (Promoter, —2518 A>G) and rs3917887 (Intron 1, 14 bp insertion/dele-
tion, intldel554-567) polymorphisms have been shown to affect MCP-1 expression
(Rovin and Saxena 1999; Fenoglio et al. 2004; Del Guerra et al. 2010). Several pre-
vious studies have reported a positive association of rs1024611 with T2D and DN
susceptibility (Simeoni et al. 2004; Ahluwalia et al. 2009; Jing et al. 2011; Raina
et al. 2015a). However, in the case of MCP-1 rs3917887, only one study (Ahluwalia
et al. 2009) has reported significant association with T2D and DN susceptibility.
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The genetic architecture and environment factors can significantly influence the
resulting disease phenotype. Due to ethnic and genetic differences, the same variant
can have a heterogeneous effect in two groups (Lin et al. 2007). Individual genetic
variant may not directly show association with disease manifestation but under the
influence of other disease associated variants found within a same gene or in related
genes can demonstrate disease association, emphasizing the combined effect of
genetic variants on the disease manifestation (Liu et al. 2008). Genetic variations
in eNOS and MCP-1 genes play a pivotal role in endothelial dysfunction, chemo-
taxis and inflammation (Ahluwalia et al. 2009). Previous studies from India have
investigated the role of these variants among T2D and DN (Ahluwalia et al. 2008,
2009; Tiwari et al. 2009; Cheema et al. 2013) but so far, no study has been con-
ducted in India to elucidate the role of these variants among the end-stage renal dis-
ease (ESRD) evolved from T2D. In addition, most of these previous studies have
only compared T2D cases with DN rather than healthy controls, which can provide
inconclusive associations. Furthermore, DN patients enrolled were from differ-
ent stages of nephropathy (Joo et al. 2007; Ahluwalia et al. 2008, 2009; Jafari et al.
2011; Santos et al. 2011; Shoukry et al. 2012; Narne et al. 2014; Huo et al. 2015).
Therefore, the present study recruited only last-stage nephropathy cases with ESRD
and compared them with T2D cases (without any other microvascular and macro-
vascular complications) as well as with healthy controls to obtain reliable results.
Our study also aimed to fill the gap in the number of genetic association studies of
MCP-1 and eNOS genes among the selected two North Indian populations, which
have different dietary habits, climatic conditions and ethnical origins.

Material and Methods
Study Population

This case—control study enrolled 1313 subjects from two ethnically and geographi-
cally different cohorts from North India. From the population of Punjab (Cohort-I),
776 samples were collected comprising 204 T2D with DN cases, 257 T2D without
DN cases and 315 healthy controls. A total of 537 samples were collected from the
population of Jammu and Kashmir (Cohort-II) involving 150 T2D with DN, 187
T2D without DN and 200 healthy controls. A prior written informed consent was
obtained as per the Indian Council of Medical Research guidelines from each par-
ticipant recruited in the study. The study was approved by the Ethics Committee of
Guru Nanak Dev University, Punjab, India.

Subject Inclusion and Exclusion Criteria
T2D Without DN Group

T2D cases were recruited according to criterion given by American Diabetic Asso-
ciation (2011). This group included T2D cases without any microvascular or
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macrovascular complications and this inclusion criterion was achieved by perform-
ing the biochemical tests, obtaining the clinical information of the enrolled cases from
the clinicians and collaborated hospitals, and by extracting the information from the
proforma filled by the patients. Cases with Type 1 diabetes, gestational diabetes mel-
litus, and any other type of diabetes were excluded from the study. Enrolled T2D cases
had median age of 56 years [Interquartile range (IQR), 48-63 years] in cohort-I, and
52 years (IQR, 47-60 years) in cohort-II. A total of 115 (45%) males and 142 (55%)
females were recruited in cohort-I, while cohort-II comprised 110 males (59%) and 77
(41%) females.

T2D with DN Group

All T2D with DN patients were with ESRD and were undergoing haemodialysis. These
ESRD cases had T2D as a primary cause of kidney damage, and patients with hyper-
tension, acute kidney injury, nephrotic syndrome, glomerulonephritis and systemic
lupus erythematosus were excluded from the study. The minimum duration of T2D in
these patients at the time of sample collection was 5 years. ESRD cases enrolled in this
study were referred by the nephrologists of the collaborating hospitals according to the
criterion given by Levey et al. (2011). These patients had less than 10% kidney func-
tion,>300 mg/g albumin-to-creatinine ratio,<15 ml/min/1.73m2 glomerular filtra-
tion rate and uremia. Cases with other microvascular and macrovascular complications
such as diabetic retinopathy, neuropathy and cardiovascular diseases were excluded
from the study. The median age of DN cases enrolled in cohort-I was 60 years (IQR,
55-65 years), and 61 years (56-65 years) in cohort-II. In addition, cohort-I comprised
136 (67%) males and 68 (33%) females, while cohort-II comprised 106 (71%) males
and 44 (29%) females.

Control group

The controls enrolled were healthy individuals with no medical history of T2D. Con-
trols were gender and ethnicity matched, and above 40 years of age. Subjects with fam-
ily history of T2D among first-degree relatives were excluded. The controls recruited
had a median age of 44 years (IQR, 45-62 years) in cohort-I, and 52 years (IQR,

46-60 years) in cohort-II. In addition, cohort-I comprised 124 (39%) males and 191
(61%) females, while cohort-II comprised 113 (56%) males and 87 (44%) females.

Clinical Data Analysis

The protocols used for anthropometric measurements and biochemical analyses have
been explained previously (Raina et al. 2015b).

Genetic Analysis

The salting out method was used for genomic DNA extraction from blood lym-
phocytes (Miller et al. 1988). Five genetic variants of MCP-I (rs1024611 and
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rs3917887) and eNOS genes (rs2070744, rs1799983 and rs869109213) were
selected based on comprehensive literature review and information available in the
dbSNP database (Joo et al. 2007; Ahluwalia et al. 2009; Tiwari et al. 2009; Shoukry
et al. 2012; Narne et al. 2014; Huo et al. 2015). Moreover, these five polymorphisms
were observed to influence the pathogenesis of T2D and its secondary complications
by a range of mechanisms (Rovin and Saxena 1999; Rask-Madsen and King 2007;
Ahluwalia et al. 2009; da Silva et al. 2018).

The primer sequences and PCR conditions used for MCP-1 (rs1024611) and
eNOS (1s1799983 and rs869109213) were based on the published literatures (Lit-
tle 2001; Colombo et al. 2003; Zhang et al. 2005; Bucova el al. 2009; Kincl et al.
2009). The primers for eNOS rs2070744 and MCP-1 rs3917887 were designed using
Primer3. Restriction fragment length polymorphism (RFLP) and amplification-
refractory mutation system (ARMS) PCR assays were used for genotyping. Details
of the PCR and restriction enzyme assays are given in Supplementary Table 1.

Statistical Analysis

SPSS version 20.0 (SPSS Inc., Chicago, IL, USA) was used for data analysis.

Genetic Data Analysis

The minor allele frequency and Hardy—Weinberg Equilibrium (HWE) of the studied
variants were determined using the Haploview software (Version 4.2). Four genetic
models (the allelic, the recessive, the dominant and the codominant) were used to
evaluate the risk of the selected genetic variants on disease susceptibility. These
genetic models were assessed using the chi-squared test and Odds ratios (OR) along
with a 95% confidence interval (CI). The p values were corrected for the effect of
confounding factors such as age, gender, body mass index (BMI) and waist-to-hip
ratio (WHR) by applying logistic regression models. The p value < 0.05 was consid-
ered significant. CaTS power calculator was used to calculate the post hoc power of
study (Skol et al. 2006).

Haplotype Analysis

HaploView software (Version 4.2) was used to determine pair-wise linkage disequi-
librium (LD), and haplotype frequencies with the lowest frequency threshold of 0.05
(Barrett et al. 2005). The LD-plot function of the software was used to measure LD
based on the D’ (Lewontin’s coefficient) value.

Genotype-Phenotype Interactions
The Kruskal-Wallis test was used to assess the association of BMI, triglycerides,

cholesterol, low-density lipoprotein, high-density lipoprotein, very low-density lipo-
protein, random blood sugar, urea, creatinine, systolic blood pressure and diastolic
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blood pressure levels with the studied genetic variants in all samples (cohort-I plus
cohort-II). The graphs were generated using GraphPad Prism (Version 8.0.1).

Meta-Analysis

The meta-analysis was performed using the web tool MetaGenyo (Martorell-Maru-
gan et al. 2017). Forest plots were prepared for the allele contrast model to iden-
tify the individual and pooled effect of the studies included in the meta-analysis.
Publication bias was assessed by Egger’s test (significance level at p <0.05). The />
(inconsistency) value was used to assess the heterogeneity in different studies. The
pooled OR was combined using the fixed effect and random effect models.

Results

Distribution of demographic, anthropometric, clinical and biochemical parameters
of cohort-I and cohort-II for the majority of parameters have been reported earlier
(Raina et al. 2015b)-and remaining variables for T2D with and without DN cases
are given in Table 1. In both cohorts, comparison between T2D patients with and
without DN revealed a significant difference in male-to-female ratio, smoking and
obesity parameters. Interestingly, when patients from cohort-I were compared to
patients from cohort-II, a male-to-female ratio, religion status, diet, alcohol intake,
smoking, obesity, education, occupation economic and habitat statuses were found
significantly different for T2D without DN cases (Table 1). Overall, patients with
Hindu and Muslim religions, non-vegetarian diet, non-obese, educated (graduate or
above), salaried job and living in urban areas were significantly more in cohort-1I
than cohort-I (Table 1).

Genotype frequencies of all eNOS and MCP-1 variants in control participants
were in agreement with HWE. The power of the study was more than 80% for all the
studied variants in two cohorts.

Association of eNOS variants in T2D with DN

The minor allele frequency of all the three eNOS variants was higher in T2D
with DN cases compared to controls in both cohorts (Table 2 and Table 3). The
152070744 TC + CC genotypes conferred 1.7-2.0-fold risk for DN in both the stud-
ied cohorts. The rs1799983 GT+TT and GT genotypes were significantly associ-
ated with the risk of DN (1.5-1.7-fold) in both cohorts. For rs869109213, genotypes
aa and ba conferred 4.2 and 1.8-fold risk towards DN in cohort-I and cohort-II,
respectively (Table 3).

Association of eNOS Variants in T2D Without DN

Among T2D cases except for 1s869109213, minor allele frequency of rs1799983
and rs2070744 was higher in cases as compared to controls (Tables 2 and 3). In
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Table 3 Comparison of eNOS gene variants among the two studied cohorts

Cohort-1
T2D with DN vs controls T2D without DN vs T2D with DN vs
controls T2D without DN
eNOS 152070744
Genotypes
P 0.010%* 0.087 0.654
Alleles
)4 0.005%* 0.038* 0.426
OR (95% CI) 1.56 (1.14-2.13) 1.37 (1.02-1.85) 1.14 (0.83-1.56)
Dominant model
(TC+CCvsTT)
p 0.012%* 0.027%* 0.359
OR (95% CI) 1.75 (1.12-2.57) 1.50 (1.04-2.16) 1.19 (0.82-1.72)
Recessive model (CC vs
TT+TC)
p 0.484 0.517 0.935
OR (95% CI) 1.56 (0.44-5.56) 1.49 (0.45-5.0) 1.05 (0.32-3.45)
Codominant model (TC vs
TT+CC)
P 0.015%%* 0.028%%* 0.367
OR (95% CI) 1.70 (1.11-2.56) 1.5 (1.05-2.17) 1.19 (0.82-1.73)
eNOS rs1799983
Genotypes
p 0.068 0.739 0.289
Alleles
p 0.027* 0.517 0.130
OR (95% CI) 1.43 (1.04-1.92) 1.11 (0.81-1.49) 1.28 (0.93-1.79)
Dominant model
(GT+TT vs GG)
P 0.042%* 0.582 0.126
OR (95% CI) 1.53 (1.02-2.31) 1.1 (0.78-1.56) 1.35 (0.92-1.96)
Recessive model (TT vs
GG+GT)
p 0.172 0.517 0.480
OR (95% CI) 2.22 (0.69-7.14) 1.49 (0.45-5.0) 1.49 (0.49-4.55)
Codominant model (GT vs
GG+TT)
p 0.086 0.713 0.190
OR (95% CI) 1.38 (0.95-2.0) 1.07 (0.75-1.53) 1.29 (0.88-1.90)
eNOS 1869109213
Genotypes
p 0.022%* 0.784 0.041*
Alleles
P 0.044* 0.692 0.022%*
OR (95% CI) 1.37 (1.0-1.89) 0.93 (0.68-1.28) 1.47 (1.05-2.04)
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Table 3 (continued)
Cohort-1
T2D with DN vs controls T2D without DN vs T2D with DN vs
controls T2D without DN
Dominant model (ba+aa
vs bb)
P 0.183 0.589 0.079

OR (95% CI)

Recessive model (aa vs
bb +ba)

1.28 (0.88-1.85)

0.91 (0.63-1.30)

1.41 (0.96-2.08)

p 0.011%%* 0.745 0.071
OR (95% CI) 4.20 (1.38-12.7) 1.23 (0.35-4.35) 2.90 (0.9-8.9)
Codominant model (ba vs
bb+aa)
P 0.739 0.520 0.369
OR (95% CI) 1.07 (0.73-1.56) 0.89 (0.62-1.28) 1.20 (0.80-1.79)
Cohort-I11
T2D with DN vs T2D without DN vs T2D with DN vs T2D
controls controls without DN
eNOS 152070744
Genotypes
P 0.025%* 0.293 0.429
Alleles
p 0.009* 0.167 0.207

OR (95% CI)

Dominant model
(TC+CCvsTT)

P

OR (95% CI)
Recessive model

(CCvs TT+TC)

/4

OR (95% CI)

Codominant model
(TC vs TT+CC)

p
OR (95% CI)
eNOS 151799983
Genotypes
p
Alleles

p
OR (95% CI)

1.67 (1.14-2.44)

0.012%%*
2.0(1.2-3.3)

0.426
1.85(1.19-2.94)

0.014%*

2.0(1.15-3.4)

0.055

0.022+
1.54 (1.06-2.22)

1.30 (0.89-1.89)

0.123
1.41 (0.91-2.13)

0.914
1.08 (0.30-3.70)

0.123

1.42 (0.91-2.21)

0.090

0.045%
1.43 (1.01-2.04)

1.27 (0.88-1.85)

0.216
1.32 (0.85-2.04)

0.496
1.52 (0.45-5.0)

0.314

1.26 (0.80-1.98)

0.900

0.698
0.93 (0.65-1.33)
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Table 3 (continued)

Cohort-I1
T2D with DN vs T2D without DN vs T2D with DN vs T2D
controls controls without DN
Dominant model
(GT+TT vs GG)
P 0.016%* 0.028%* 0.747

OR (95% CI)
Recessive model

(TT vs GG+ GT)

p

OR (95% CI)
Codominant model

(GT vs GG+TT)

P

OR (95% CI)

eNOS rs869109213

Genotypes

P
Alleles

P

OR (95% CI)
Dominant model

(ba+aa vs bb)

p

OR (95% CI)
Recessive model

(aa vs bb+ba)

p

OR (95% CI)
Codominant model

(ba vs bb +aa)

p

OR (95% CI)

1.71 (1.0-2.65)

0.426
1.61 (0.49-5.43)

0.031%%*

1.64 (1.04-2.56)

0.023*

0.007*
1.69 (1.15-2.5)

0.035%*
1.73 (1.04-2.9)

0.270
1.92 (0.60-6.25)

0.030%*
1.79 (1.06-3.0)

1.60 (1.05-2.43)

0.675
1.30 (0.39-4.35)

0.036%*

1.58 (1.03-2.42)

0.608

0.368
1.19 (0.81-1.75)

0.325
1.25 (0.81-1.92)

0.914
1.08 (0.30-3.70)

0.324
1.25 (0.81-1.92)

0.93 (0.60-1.44)

0.697
0.80 (0.25-2.52)

0.857
1.04 (0.67-1.62)

0.184

0.069
1.43 (0.97-2.08)

1.49 (0.95-2.33)

0.327
1.79 (0.55-5.88)

1.39 (0.88-2.20)

Bold indicates the statistically significant values

DN diabetic nephropathy, 72D Type 2 diabetes, Cohort-I Punjab population, Cohort-II Jammu and Kash-
mir population

*p value < 0.05 is considered significant; OR odds ratio, CI confidence interval
**p value corrected for age, gender, BMI and WHR

cohort-I, rs2070744 TC +CC and TC genotypes were significantly associated with
1.5-fold T2D risk. No significant association of rs2070744 genotypes was observed
in cohort-II. The rs1799983 GT+TT and GT genotypes were significantly asso-
ciated with T2D (1.6-fold) risk in cohort-II, while in cohort-I no association was
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observed. For rs869109213, no significant association was observed with T2D in
both cohorts (Table 3).

Association of MCP-1 Variants in T2D with DN

Frequency of rs1024611 G allele was higher in T2D with DN cases from both
cohorts compared to T2D without DN and controls (Tables 2 and 4). MCP-
1 rs1024611 G allele provided a risk towards DN in both cohorts. In cohort-I,
rs1024611 genotypes AG+ GG and GG conferred approximately 1.5-2.6-fold risk
for DN. In cohort-II, rs1024611 AG+ GG genotypes provided 1.7-fold risk towards
DN. For rs3917887, ID + DD genotypes conferred 1.8-2.0-fold risk for DN in both
cohorts (Table 4).

Association of MCP-1 Variants in T2D Without DN

MCP-1 151024611 G allele provided a protection for T2D development in cohort-I.
However, no significant association was observed in cohort-II. In the case of MCP-
1 rs3917887, ID+DD and ID genotypes provided 1.5-1.7-fold risk towards T2D
development in both cohorts (Table 4).

Association of eNOS Haplotypes

The frequency of haplotype T-b-G was significantly higher in controls in compari-
son to DN cases and provided 1.6-fold protection towards DN in both cohorts. In
cohort-I, C-b-T haplotype gave 2.9-fold risk for DN progression. In cohort-II, hap-
lotype C-a-T (with all variant alleles) conferred 3.3-3.9-fold risk towards T2D and
DN (Table 5). Based on the measure of LD, no significant results were observed
between the eNOS variants in both cohorts (D’ <0.5).

Association of MCP-1 Haplotypes

In MCP-1 haplotype distribution, the frequency of haplotype G-D (containing vari-
ant alleles) was significantly higher in DN group compared to other groups. G-D
haplotype provided 2.0-3.8-fold risk for DN and 1.6-2.7-fold risk for T2D progres-
sion in both cohorts. Haplotype A-I conferred a protection against DN in cohort-
I, while haplotype G-I provided a protection towards T2D development in cohort-I
(Table 5). The selected variants of MCP-1 were not in LD in both cohorts (D' <0.5).

Genotype-Phenotype Interactions

The phenotype—genotype interaction was carried out to understand the effect of
observed genotypes of eNOS and MCP-1 genetic variants on the different covariates
presented previously (Raina et al. 2015b) and in this paper. Among all the variants
tested in this study, the eNOS rs1799983 (TT) genotype was associated with lower
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Table 4 Comparison of MCP-1 gene variants among the two studied cohorts

Cohort-1

T2D with DN vs controls

T2D without DN vs

T2D with DN vs

controls T2D without DN
MCP-1 151024611
Genotypes 0.429 0.094 0.006*
p
Alleles
P 0.225 0.042* 0.003*
OR (95% CI) 1.18 (0.90-1.54) 0.76 (0.59-0.99) 1.54 (1.16-2.04)
Dominant model (AG + GG
vs AA)
p 0.290 0.059 0.041%*
OR (95% CI) 1.20 (0.85-1.72) 0.73 (0.52-1.01) 1.54 (1.02-2.32)
Recessive model (GG vs
AA+AG)
P 0312 0.128 0.026%*
OR (95% CI) 1.39 (0.74-2.56) 0.57 (0.27-1.19) 2.55(1.12-5.82)
Codominant model (AG vs
AA+GG)
p 0.623 0.242 0.129
OR (95% CI) 1.09 (0.77-1.55) 0.82 (0.59-1.14) 1.33 (0.92-1.93)
MCP-1 153917887
Genotypes
p 0.001* 0.08 0.100
Alleles
p 0.072 0.044* 0.933
OR (95% CI) 1.32 (0.98-1.75) 1.33 (1.01-1.75) 0.99 (0.73-1.33)
Dominant model (ID + DD
vs 1)
p 0.004%* 0.0287%#* 0.495
OR (95% CI) 1.80 (1.20-2.70) 1.48 (1.04-2.09) 1.14 (0.79-1.64)
Recessive model (DD vs
I+1D)
p 0.142 0.655 0.072
OR (95% CI) 0.50 (0.19-1.28) 1.16 (0.59-2.33) 0.43 (0.17-1.11)
Codominant model (ID vs
1I1+DD)
p 0.001%* 0.055 0.136
OR (95% CI) 1.97 (1.30-2.98) 1.42 (0.99-2.04) 1.33(0.91-1.93)
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Table 4 (continued)

Cohort-I1
T2D with DN vs controls T2D without DN vs T2D with DN vs T2D
controls without DN
MCP-1 11024611
Genotypes
P 0.036* 0.243 0.211
Alleles
P 0.011* 0.155 0.237

OR (95% CI)

Dominant model
(AG+GGvs AA)

p
OR (95% CI)

Recessive model (GG

vs AA+AG)

P

OR (95% CI)
Codominant model

(AG vs AA+GG)

p

OR (95% CI)

MCP-11rs3917887

Genotypes

p
Alleles

P

OR (95% CI)
Dominant model

(ID+DD vs II)

p
OR (95% CI)

Recessive model (DD

vs I[1+1D)

p
OR (95% CI)

Codominant model (ID

vs II+DD)

P
OR (95% CI)

1.49 (1.10-2.04)

0.029%%*
1.75 (1.06-2.87)

0.089
1.93 (0.91-4.09)

0.556

1.14 (0.74-1.74)

0.001*

0.0002*
1.96 (1.37-2.78)

0.006%*
2.03(1.23-3.33)

0.069
2.27 (0.92-5.56)

0.032%*
1.75 (1.05-2.92)

1.25 (0.92-1.67)

0.093
1.41 (0.94-2.13)

0.698
1.15 (0.58-2.27)

0.150

1.34 (0.90-2.0)

0.041*

0.012*
1.56 (1.10-2.17)

0.013%*
1.69 (1.12-2.56)

0.283
1.64 (0.66-4.17)

0.038:
1.57 (1.03-2.41)

1.20 (0.88-1.64)

0.656
1.11 (0.71-1.72)

0.078
1.75 (0.93-3.33)

0.450

0.85 (0.55-1.30)

0.408

0.184
1.27 (0.89-1.75)

0.204
1.32 (0.86-2.04)

0.434
1.39 (0.61-3.13)

0.382
1.22 (0.78-1.88)

Bold indicates the statistically significant values

DN diabetic nephropathy, 72D Type 2 diabetes, Cohort-1 Punjab population, Cohort-II Jammu and Kash-
mir population

*p value < 0.05 is considered significant; OR odds ratio, CI confidence interval

**p value corrected for age, gender, BMI and WHR
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Table 5 Haplotype frequency distribution of eNOS and MCP-1 gene variants

Cohort-I
Haplotype* T2D T2D Controls T2D with DN vs Controls T2D without DN vs
with DN without DN (n=315) Controls
(n=204) (n=257)
p OR (95% CI) p OR (95% CI)
eNOS
T-b-G 0.50 0.59 0.61 0.0004* 0.63 (0.49—  0.340 0.89 (0.70-
0.81) 1.13)
T-b-T 0.11 0.10 0.10 0.639 1.10 (0.74-  0.920 0.98 (0.67—
1.65) 1.44)
T-a-G 0.12 0.08 0.10 0.170 1.3 (0.88- 0.532 0.88 (0.58-
1.94) 1.32)
C-b-G 0.11 0.13 0.10 0.386 1.19 (0.79-  0.156 1.31 (0.90-
1.78) 1.89)
C-b-T 0.06 0.03 0.02 0.002* 2.87 (1.44- 0.141 1.88 (0.80-
5.73) 4.42)
MCP-1
A-1 0.52 0.58 0.55 0.460 0.91 (0.71-  0.231 0.86 (0.68—
1.17) 1.10)
G-1 0.23 0.16 0.25 0.376 0.88 (0.65—  0.0004* 0.59 (0.44—
1.17) 0.79)
A-D 0.13 0.16 0.14 0.649 0.92 (0.64- 0.366 0.82 (0.55—
1.32) 1.17)
G-D 0.12 0.10 0.06 0.001* 2.05(1.32—  0.044*  1.64 (1.08-
3.18) 2.49)
Cohort-II
Haplotype® T2D T2D Controls  T2D with DN vs Controls T2D without DN vs
with DN without DN (n=200) Controls
(n=150) (n=187)
p OR (95% CI) p OR (95% CI)
eNOS
T-b-G 0.51 0.57 0.62 0.002* 0.62 (0.46— 0.170 0.82 (0.61—
0.84) 1.09)
T-b-T 0.13 0.12 0.11 0.620 1.12 (0.71-  0.671 1.11 (0.71-
1.77) 1.72)
T-a-G 0.12 0.09 0.09 0.196 1.38 (0.85- 0.794 0.95 (0.58—
2.24) 1.55)
C-b-G 0.11 0.11 0.10 0.924 1.01 (0.62-  0.960 1.02 (0.65-
1.65) 1.61)
C-b-T 0.05 0.04 0.01 0.006* 3.87(1.38-  0.023* 3.30 (1.19-
10.86) 9.17)
MCP-1
A-1 0.48 0.51 0.57 0.021%* 0.70(0.52—-  0.189 0.83 (0.62—
0.95) 1.10)
G-1 0.22 0.23 0.25 0.329 0.84(0.59-  0.382 0.87 (0.63—
1.19) 1.21)
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Table 5 (continued)

Cohort-II
Haplotype® T2D T2D Controls T2D with DN vs Controls T2D without DN vs
with DN without DN (n=200) Controls
(n=150) (n=187)
p OR (95% CI) p OR (95% CI)
A-D 0.12 0.13 0.12 0.864 0.95(0.60—  0.964 1.00 (0.66—
1.51) 1.53)
G-D 0.18 0.13 0.06 1.55x107 3.77(2.24-  0.0002% 2.65 (1.55-
6.35) 4.52)

Bold indicates the statistically significant values

Order of SNPs-eNOS haplotype: rs2070744, rs869109213, rs1799983 and MCP-1 haplotype: rs1024611
and rs3917887

DN diabetic nephropathy, 72D Type 2 diabetes, Cohort-1 Punjab population, Cohort-II Jammu and Kash-
mir population

Haplotypes with > 5% frequency in at least one of the three groups are presented

*p <0.05 is considered significant; OR odds ratio, CI confidence interval

and higher median of BMI and creatinine levels, respectively, compared to GG and
GT genotypes of rs1799983 variant (Fig. 1). eNOS rs2070744 (CC) genotype was
associated with higher median of urea levels than TT and TC genotypes (Fig. 1).
However, in the case of MCP-1 rs3917887, 11 genotype was significantly associated
with lower median of random sugar levels compared to DD and ID genotypes of the
rs3917887 variant (Fig. 1).

Meta-Analysis

The results of the meta-analysis for the associations of eNOS and MCP-1 variants
with T2D and DN susceptibility are depicted in Fig. 2. Due to the fact that MCP-1
rs3917887 had a limited number of studies, it was excluded from the meta-analysis.
In T2D with DN cases, all eNOS variants conferred risk towards DN progression
under the allele contrast model (Fig. 2, Table 6). In T2D without DN cases, eNOS
152070744 and rs869109213 increased risk for T2D (Fig. 3, Table 6). For MCP-1
rs1024611 variant, no significant association was observed for both T2D and DN.
The significant heterogeneity was observed only in the case of MCP-1 rs1024611,
which could be due to less number of studies included in the meta-analysis. No pub-
lication bias was observed for any variant in the allele contrast model. The studies
included in the meta-analysis are given in Supplementary Table 2.

Discussion
To our knowledge, this is the first study to decipher the association of eNOS

(rs2070744, rs1799983 and rs869109213) and MCP-1 (rs3917887 and rs1024611)
variants with DN (ESRD) in T2D patients from both the studied cohorts.
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Fig. 1 Genotype—phenotype interaction analysis. Body mass index (BMI), urea, creatinine and random
sugar levels were compared between different genotypes of eNOS and MCP-1 gene variants. T bars rep-
resent median (in red) and Interquartile Ranges [Data not available for samples: BMI (cohort-I=15),
urea (cohort-I=181; cohort-II=1), creatinine (cohort-I=202; cohort-Il=2) and random sugar (cohort-
1=191; cohort-II=150)]

Dysfunctional eNOS and MCP-1 plays an essential role in the pathways involved
in the pathogenesis of diabetes and its vascular complications (Noiri et al. 2002;
Tesch 2008; da Silva et al. 2018). Genetic variants in eNOS and MCP-1 genes are
shown to affect their activity and may also promote DN progression in diabetic
patients (Ahluwalia et al. 2009; Bagci et al. 2015; Elsisy et al. 2016). Here, we
report the association of eNOS and MCP-1 genetic variants with T2D and DN
susceptibility in two geographically and ethnically diverse cohorts. Some genetic
variants were associated with T2D susceptibility but not with the risk of DN,
while some variants were not associated with T2D but in diabetic milieu increased
the risk of having nephropathy. The two selected cohorts showed a significant dif-
ference in the distribution of their demographic, socioeconomic and epidemio-
logical parameters among cases, which confirmed the fact that the two selected
cohorts were different in terms of participant’s characteristics. This observation
was further supported by the phenotype—genotype interactions where a significant
difference in the effect of the studied variants on anthropometric and biochemical
parameters-related phenotype was observed. The differences observed in terms
of association of these genetic variations among the two cohorts lay emphasis on
the effect of geographical variation, environmental factors and ethnicity on these
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eNOS rs2070744
Experimental Control Odds Ratio
Study Events Total Events Total OR 95%-Cl W(fixed) W(random)
Raina et al_Cohort-I 93 408 100 630 —F——  1.56 [1.14;2.14] 17.7% 18.5%
Raina et al_Cohort-II 68 300 60 400 —*—— 1.66 [1.13;2.44] 11.8% 12.6%
Ezzidi et al. 283 1020 336 1472 —a 1.30 [1.08;1.56] 52.2% 49.9%
Cheema et al. 172 638 71 400 ——*—— 1.71 [1.25;2.33] 18.2% 19.0%
Fixed effect model 2366 2902 = 1.45 [1.27; 1.66] 100% -
Random effects model ‘0 1.46 [1.27;1.68] - 100%
1

. 8%, ¢

0013, p=0.3639

0.5 1 2

eNOS rs1799983

Experimental Control Odds Ratio
Study Events Total Events Total . OR 95%-Cl W(fixed) W(random)
i
¢
Raina et al_Cohort-| 91 408 106 630 —‘:— 1.42 [1.04;1.94] 13.5% 16.5%
Raina et al_Cohort-II 72 300 68 400 —F— 1.54 [1.06;2.24] 9.5% 12.7%
Shin Shin et al. 23 236 13 258 —i—~— 2.04 [1.01;4.12] 2.7% 4.2%
Ezzidi et al. 409 1026 472 1476 = 1.41 [1.19;1.66] 47.8% 33.5%
El-Din Bessa and Hamdy 42 80 9 40 {———— 3.81 [1.61;9.02] 1.8% 2.9%
Cheemaetal. 252 638 116 400 —— 1.60 [1.22;2.09] 18.4% 20.3%
Mackawy et al. 46 100 35 80 1.10 [0.61;1.98] 3.8% 5.8%
Elsisy et al. 19 84 20 80 0.88 [0.43;1.80] 2.6% 41%
Fixed effect model 2872 3364 < 1.46 [1.31;1.64] 100% -
Random effects model <‘> 1.48 [1.27;1.72] - 100%
I-squared=23.5%, tau-squared=0.0105, p=0.2416 ¢
I e e
02 05 1 2 5
eNOS rs869109213
Experimental Control Odds Ratio
Study Events Total Events Total . OR 95%-Cl W(fixed) W(random)
H
H
Raina et al_Cohort-| 89 408 106 630 = 1.38 [1.01;1.89] 19.0% 20.3%
Raina et al_Cohort-Il 69 300 60 400 —— 1.69 [1.15;2.49] 12.7% 15.0%
Neugebauer et al. 15 78 22 310 ——— 3.12 [1.53;6.34] 3.7% 5.1%
Bellini et al. 27 74 39 188 —_—— 2.19 [1.22;3.96] 5.4% 7.2%
Ezzidi et al. 220 1010 257 1496 - 1.34 [1.10;1.64] 46.6% 35.7%
Mehrab-Mohseni et al. 4 40 16 192 1.22 [0.39;3.87] 1.4% 2.0%
Rahimi et al. 38 242 28 202 1.16 [0.68;1.96] 6.7% 8.7%
Elsisy et al. 31 80 25 80 1.39 [0.72;2.67] 4.4% 6.0%
Fixed effect model 2232 3498 <> 1.46 [1.27;1.67] 100% -
Random effects model <‘> 1.49 [1.26;1.76] - 100%
Heterogeneity: I-squared=16.9%, tau-squared=0.0097, p=0.2966 ¢
| S m—
0.2 05 1 2 5

MCP-1rs1024611

Experimental Control Odds Ratio
Study Events Total Events Total OR 95%-Cl W(fixed) W(random)
Raina et al_Cohort-| 141 408 195 630 : 1.18 [0.90;1.54] 32.8% 22.9%
Raina et al_Cohort-II 120 300 123 400 | — 1.50 [1.10;2.05] 23.4% 21.5%
Karadeniz et al. 36 172 68 210 —— i 0.55 [0.35;0.88] 10.5% 17.0%
Moon et al. 131 224 276 460 —— 0.94 [0.68;1.30] 21.8% 21.1%
Bagci et al. 35 116 144 388 0.73 [0.47;1.14] 11.5% 17.6%
Fixed effect model 1220 2088 1.04 [0.89;1.21] 100% -
Random effects model 0.96 [0.70; 1.31] - 100%

Heterogeneity: I-squared=74.8%, tau-squared=0.0929, p=0.0032

Fig.2 Forest plot depicting association of eNOS (rs2070744, rs1799983, rs8691092123) and MCP-1
(rs1024611) polymorphisms with DN susceptibility. The area of the square is proportional to the study’s
weight. The horizontal line represents a 95% CI. The overall effect is illustrated as diamonds with the
lateral points showing CI. Experimental: DN cases; Control: Healthy controls; Events: Allele contrast
model (A vs a); W: Weight; CI: Confidence interval. Raina et al_Cohort-I represents Punjab population
and Raina et al_Cohort-II represents Jammu and Kashmir population

@ Springer



986 Biochemical Genetics (2021) 59:966-996

Table 6 Meta-analysis of eNOS and MCP-1 variants based on subgroup analysis

No. of stud-  Test of association Test of heteroge-  Publication
ies neity bias
OR (95% Pt Model  p° e p (Egger’s
CID test)
T2D with DN
eNOS 4 1.45(1.27- 331E7%# Fixed 03639  0.0583 0.0589
152070744 1.66)
eNOS 8 1.46 (1.31- 1E~10* Fixed 02416 02355 0.5859
51799983 1.64)
eNOS 8 146 (1.27-  0.00001* Fixed  0.29667 0.1691 0.2621
s869109213 1.67)
MCP-1 5 0.96 (0.70-  0.7826 Random 0.0032%" 0.7482 0.0929
51024611 1.31)
T2D without DN
eNOS 4 1.19 (1.04-  0.011* Fixed 05293 0 0.7408
152070744 1.37)
eNOS 8 1.13 0.0498 Fixed  0.6479 0 0.9148
181799983 (1.0-1.27)
eNOS 7 129 (1.11-  0.0006*  Fixed  0.1404 0378 0.8045
18869109213 1.48)
MCP-1 4 0.95 (0.65- 0.804 Random 0.002*"  0.7966 0.7294
181024611 1.40)

DN diabetic nephropathy, 72D Type 2 diabetes

In the case of heterogeneity p value (p?)<0.1, Random effect model is used, otherwise, fixed effect
model will be used instead

*p value <0.05 is considered significant; OR odds ratio, CI confidence interval

p*=Test of association p value; pb=heter0geneity p value

selected variants, and this may lead to a difference towards the disease progres-
sion in the two cohorts (Tiwari et al. 2009; Raina et al. 2015b).

The eNOS promoter variant rs2070744 C allele is associated with reduced
eNOS activity because DNA binding protein (replication protein Al) can bind
only to the eNOS 152070744 C allele isoform, and this results in approximately
50% reduction in eNOS gene transcription, which decreases eNOS protein
expression and serum NO levels (Taverna et al. 2005). In cohort-I, rs2070744
was observed to be associated with T2D and DN risk. However, in cohort-
II, rs2070744 conferred a risk only towards DN and no significant differences
were observed for T2D without DN cases. Despite having known evidences of
endothelial dysfunction and reduced NO production among T2D and DN patients
with eNOS gene variants, a few limited studies have examined the relationship of
eNOS 152070744 with DN in populations such as Egyptian (Shoukry et al. 2012),
Tunisian (Ezzidi et al. 2008) and Indian (Ahluwalia et al. 2008; Cheema et al.
2013), and they also observed that rs2070744 C allele is associated with DN risk.
In contrast, some studies revealed no association of rs2070744 with DN (Tiwari
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Experimental

Control

Study Events Total Events Total
Raina et al_Cohort-| 106 514 100 630
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Ezzidi et al. 203 790 336 1472
Cheema et al. 176 980 71 400
Fixed effect model 2658 2902

Random effects model

Heterogeneity: I-squared=0%, tau-squared=0, p=0.5293
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Raina et al_Cohort- 94
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Study
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Karadeniz et al. 17
Moon et al. 152

Fixed effect model
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Fig. 3 Forest plot depicting association of eNOS (rs2070744, rs1799983, rs8691092123) and MCP-1
(rs1024611) polymorphisms with T2D susceptibility. The area of the square is proportional to the study’s
weight. The horizontal line represents a 95% CI. The overall effect is illustrated as diamonds with the
lateral points showing CI. Experimental: DN cases; Control: Healthy controls; Events: Allele contrast
model (A vs a); W: Weight; CI: Confidence interval. Raina et al_Cohort-I represents Punjab population
and Raina et al_Cohort-II represents Jammu and Kashmir population
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et al. 2009; Santos et al. 2011; Narne et al. 2014; Huo et al. 2015) (Supplemen-
tary Table 3).

The rs1799983 polymorphism is believed to change the eNOS protein sequence,
which leads to defective enzyme activity and degradation (Brouet et al. 2001; Cos-
tacou et al. 2006). This variant is also believed to control the intracellular distribu-
tion of eNOS and its interaction with proteins that facilitate its degradation (Brouet
et al. 2001). In our study, rs1799983 T allele was significantly associated with DN
in cohort-I and both T2D and DN in cohort-II. Similar results were observed in
Japanese (Noiri et al. 2002), Korean (Shin Shin et al. 2004), Tunisian (Ezzidi et al
2008), Egyptian (El-Din Bessa and Hamdy 2011; Shoukry et al. 2012) and Indian
populations (Ahluwalia et al. 2008; Cheema et al. 2013; Naren et al. 2014). How-
ever, in the Chinese population (Huo et al. 2015), rs1799983 G allele was conferring
a risk towards DN. The Brazilian (Santos et al. 2011), Iranian (Jafari et al. 2011),
Saudi Arabian (Mackawy et al. 2014) and Egyptian populations (Elsisy et al 2016)
reported no significant associations (Supplementary Table 3).

Intron 4 variant of eNOS (rs869109213) based on a 27 base pair tandem repeat
consists of two alleles: allele 4a (with four repeats) and allele 4b (with five repeats).
This variant is believed to affect the eNOS gene transcription and processing rate.
Individuals with carriers of the 4a allele were found to exhibit lower NO levels than
4b/4b homozygous (Zanchi et al. 2000; Mamoulakis et al. 2009; Zintzaras et al.
2009). In this study, rs869109213 was found to be associated with only DN develop-
ment in both cohorts and no risk could be attributed towards T2D. A similar obser-
vation was made by other studies where eNOS rs869109213 was found to be signifi-
cantly associated with DN (Neugebauer et al. 2000; Buraczynska et al. 2004; Bellini
et al. 2007; Ahluwalia et al. 2008; Ezzidi et al. 2008; Mehrab-Mohseni et al. 2011).
No significant association of rs869109213 with DN was documented in the Brazil-
ian (Santos et al. 2011), Egyptian (Elsisy et al. 2016), Iranian (Rahimi et al. 2013),
Chinese (Dong et al. 2007) and German (Degen et al. 2001) populations (Supple-
mentary Table 3).

The MCP-1rs1024611 promoter variant is believed to regulate the MCP-1 protein
levels. The cells with the homozygous AA genotype produce relatively less amount
of MCP-1 compared to the cells with AG or GG genotypes (Rovin and Saxena
1999). 151024611 G allele compared to the A allele is associated with an increased
production of both MCP-1 transcript and protein (Rovin and Saxena 1999; Fenoglio
et al. 2004). MCP-1 rs1024611 G allele provided a risk towards DN progression in
both cohorts. In patients of T2D without DN, rs1024611 G allele conferred a pro-
tection for T2D development in cohort-I, whereas, in cohort-II, no association was
found. Our results aligned with a previous study in the Asian Indian population,
where 11024611 G allele conferred a risk towards DN progression (Ahluwalia et al.
2009). However, studies on Korean (Moon et al. 2007) and Turkish populations
(Karadeniz et al. 2010; Bagci et al. 2015) reported that rs1024611 A allele rather
than G allele conferred a risk for nephropathy. In cohort-I, rs1024611 G allele con-
ferred a risk for DN but protection towards T2D development. Reports from Chinese
(Jing et al. 2011) and German (Simeoni et al. 2004) populations also revealed that
rs1024611 G allele conferred a protection against T2D development. However, some
studies also reported no association of rs1024611 with T2D in Japanese (Kouyama
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et al. 2008) and with DN in the Korean (Joo et al. 2007) populations (Supplemen-
tary Table 3).

Intronic variants are capable of affecting mRNA alternative splicing and may
also provide a platform to act as enhancers to increase gene expression (Chorev and
Carmel 2012). MCP-1 rs3917887 (14 bp insertion/deletion) present in intron 1 is
considered to disturb the MCP-1 gene transcriptional activity (Chinoy et al. 2007).
MCP-1 1s3917887 conferred a risk towards both DN and T2D in both cohorts. A
study by Ahluwalia et al. (2009) demonstrated the association between MCP-1
rs3917887 1 allele and DN risk. However, observations in the present study were
different as in our analysis 153917887 D allele instead of I allele gave a risk for both
T2D and DN development. These differing results may be due to the “flip-flop”
phenomenon, which indicates the heterogeneous effect of the same variant due to
changes in genetic background or environment (Lin et al. 2007).

Haplotypes provide important information about human evolution and the iden-
tification of genetic polymorphisms causing various human traits through LD (Liu
et al. 2008). Haplotype combination with risk alleles increased the disease suscep-
tibility in two cohorts. The eNOS haplotypes C-a-T and C-b-T provided risk for DN
development in both cohorts, however, the risk for T2D was observed only in cohort-
II. In MCP-1, the G-D haplotype provided a risk for both T2D and DN progression
in two populations. While in cohort-I, haplotype G-I gave a protection towards T2D.

Socioeconomic factors have been associated with higher prevalence of diabetes
and diabetes-related complications (Connolly et al. 2000; Rabi et al. 2006; Suwan-
naphant et al. 2017). In this study, both cohorts had uneducated subjects, had lower
economic status, smoked and consumed non-vegetarian diet and alcohol. All these
factors made the majority of participants susceptible to diabetes and its complica-
tions. Previous studies have also demonstrated the association of low education
(Suwannaphant et al. 2017) and low income (Rabi et al. 2006; Bird et al. 2015) with
diabetes. Therefore, it may be possible that the disease progression in these cohorts
may relate to physical inactivity, lifestyle and environmental risk factors for T2D
(Connolly et al. 2000; Bird et al. 2015).

DN is a complex disorder attributed to the interaction between multiple genes
and environmental factors (Galkina and Ley 2006; Tesch 2010; Dhananjayan et al.
2016). Along with the genetic factors, environmental factors also play a crucial role
in disease pathogenesis (Dellamea et al. 2014). It is assumed that the mutual effect
of genotype—phenotype interactions is a major component of the predisposition to
the disease. In this study, a significant association of eNOS and MCP-1 genotypes
with BMI, urea, creatinine and random blood sugar levels was observed. Experi-
mental evidences have suggested that levels of urea, creatinine and glucose levels are
involved in increased insulin resistance and promote the progression of renal disease
in T2D patients (Neumiller and Hirsch 2015; Kashima et al. 2017; Li et al. 2018;
Osman et al. 2018; Xie et al. 2018; Zaman et al. 2018; Davies et al. 2018). Although
there are few studies available on the association of eNOS and MCP-1 genotypes
with T2D and DN phenotypes, these studies have not deciphered the association of
these genotypes with BMI, urea, creatinine and random blood sugar levels (Joo et al.
2007; Hassan et al. 2010; Moguib et al. 2017; Sadati et al. 2018).
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Meta-analysis is an important method for summarizing research findings, for
increasing statistical power and for enabling the identification of reliable associa-
tions between genetic variants and disease phenotype (Martorell-Marugan et al.
2017). In this study, the meta-analysis revealed that all three eNOS variants were
associated with DN risk. However, eNOS rs869109213 was associated with T2D
progression. These differences observed for the two disease groups could be due
to the fact that same gene variant can have varied effect on different disease phe-
notypes (Raina et al. 2015b). This study demonstrated a few noted limitations
such as in the era of next-generation sequencing, we used RFLP and ARMS-
based PCRs for genotyping due to limited funding. However, RFLP and ARMS
PCR assays are found to be quick, cost effective, easy, reliable and with repro-
ducible results (Little 2001; Zhang et al. 2005; Chen et al. 2007; Ota et al. 2009;
Tabit 2016). Moreover, the present study did not validate the functional role of
the studied genes and also the role of long non-coding RNAs (IncRNAs) and
microRNAs (miRNAs) involved in the regulation of expression of these genes.
The deeper functional understanding of these genes will help to identify the risk
assessment model for these variants and proteins that are associated with T2D
and DN aetiology.

Conclusion

Our study is the first systematic study that assessed two ethnically and geographi-
cally distinct cohorts from North India with three different groups for a better
understanding of eNOS and MCP-1 variants in T2D and nephropathy susceptibil-
ity. Our results revealed that all the studied allelic variants are associated with
DN risk in both cohorts. Individuals with wild-type allele of these variants may
have better probabilities of surviving diabetes-related secondary complications
and these alleles may have the nephroprotective effect. However, no association
was observed for rs1799983 (in cohort-I), rs2070744 (in cohort-II), rs869109213
(in both cohorts) and rs1024611 (in cohort-II) with T2D cases without DN. These
results indicate that probably these gene variants may not directly affect the T2D
susceptibility, but in the presence of diabetic milieu these variants increase the
risk of progression to DN. These variants may also serve as a valuable genetic
markers to identify the diabetic patients who have a high risk of developing
nephropathy. The diversity between the two cohorts was confirmed by significant
differences in the distribution of demographic and epidemiological parameters,
and variation in the effect of the genotypes on the disease susceptibility. How-
ever, prospective studies with larger sample size are required for validating the
functional role of these identified variants.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10528-021-10041-2.

Acknowledgements The authors would like to thank all the study participants, lab mates and everyone
who supported this study directly or indirectly. The assistance of Dr Mohit Nagpal (Nephrologist, Fortis

@ Springer


https://doi.org/10.1007/s10528-021-10041-2
https://doi.org/10.1007/s10528-021-10041-2

Biochemical Genetics (2021) 59:966-996 991

Escorts Hospital, Amritsar) and Dr P.S Mokha (Head, Mokha Hospital, Amritsar) in sample collection
is also humbly acknowledged. The financial assistance to Priyanka Raina by DST-INSPIRE programme
is acknowledged. The financial assistance under the scheme of “Centre with Potential for Excellence
in Particular Area” through Grant No. F.8-2/2008 (NS/PE) (UGC, India) and “University with Poten-
tial for Excellence” Grant No. F.14-2/2008 (NS/PE) to Guru Nanak Dev University, Amritsar is humbly
acknowledged.

Compliance with Ethical Standards

Conflict of interest The authors report no conflicts of interest. The authors alone are responsible for the
content and writing of this article.

Ethical Approval All the procedures performed in studies involving human participants were in accord-
ance with the ethical standards of the institutional and/or national research committee and with the 1964
Helsinki declaration and its later amendments or comparable ethical standards.

Informed Consent Informed consent was obtained from all individual participants included in the study.

References

Ahluwalia TS, Ahuja M, Rai TS, Kohli HS, Sud K, Bhansali A, Khullar M (2008) Endothelial nitric
oxide synthase gene haplotypes and diabetic nephropathy among Asian Indians. Mol Cell Biochem
314:9-17

Ahluwalia TS, Khullar M, Ahuja M, Kohli HS, Bhansali A, Mohan V, Venkatesan R, Rai TS, Sud K,
Singal PK (2009) Common variants of inflammatory cytokine genes are associated with risk of
nephropathy in type 2 diabetes among Asian Indians. PLoS ONE 4:e5168. https://doi.org/10.1371/
journal.pone.0005168

American Diabetes Association (2011) Standards of Medical Care in Diabetes-2011. Diabetes Care
34:511-s61

Awad AS, You H, Gao T, Cooper TK, Nedospasov SA, Vacher J, Wilkinson PF, Farrell FX, Brian Reeves
W (2015) Macrophage-derived tumor necrosis factor-a mediates diabetic renal injury. Kidney Int
88:722-733

Bagci B, Bagci G, Candan F, Ozdemir O, Sezgin I (2015) The protective effect of MCP-1 -2518 A>G
promoter polymorphism in Turkish chronic renal failure patients requiring long-term hemodialysis.
Int Urol Nephrol 47:551-556

Barrett JC, Fry B, Maller J, Daly MJ (2005) Haploview: analysis and visualization of LD and haplotype
maps. Bioinformatics 21:263-265

Bellini MH, Figueira MN, Piccoli MF, Marumo JT, Cendoroglo MS, Neto MC, Dalboni MA, Batista
MC, Goes MA, Schor N (2007) Association of endothelial nitric oxide synthase gene intron 4 poly-
morphism with end-stage renal disease. Nephrology 12:289-293

Bird Y, Lemstra M, Rogers M, Moraros J (2015) The relationship between socioeconomic status/income
and prevalence of diabetes and associated conditions: A cross-sectional population-based study in
Saskatchewan. Canada Int J Equity Health 14:93. https://doi.org/10.1186/s12939-015-0237-0

Brouet A, Sonveaux P, Dessy C, Balligand JL, Feron O (2001) Hsp90 ensures the transition from the
early Ca** dependent to the late phosphorylation-dependent activation of the endothelial nitric-
oxide synthase in vascular endothelial growth factor-exposed endothelial cells. J Biol Chem
276:32663-32669

Bucova M, Lietava J, Penz P, Mrazek F, Petrkova J, Bernadic M, Petrek M (2009) Association of
MCP-1 -2518 A/G single nucleotide polymorphism with the serum level of CRP in Slovak patients
with ischemic heart disease, angina pectoris, and hypertension. Mediators Inflamm. https://doi.
org/10.1155/2009/390951

@ Springer


https://doi.org/10.1371/journal.pone.0005168
https://doi.org/10.1371/journal.pone.0005168
https://doi.org/10.1186/s12939-015-0237-0
https://doi.org/10.1155/2009/390951
https://doi.org/10.1155/2009/390951

992 Biochemical Genetics (2021) 59:966-996

Buraczynska M, Ksiazek P, Zaluska W, Nowicka T, Ksiazek A (2004) Endothelial nitric oxide synthase
gene intron 4 polymorphism in patients with end-stage renal disease. Nephrol Dial Transplant
19:2302-2306

Cheema BS, Kohli HS, Sharma R, Bhansali A, Khullar M (2013) Endothelial nitric oxide synthase gene
polymorphisms and renal responsiveness to RAS inhibition therapy in type 2 diabetic Asian Indians.
Diabetes Res Clin Pract 99:335-342

Chen Q, Lu P, Jones AV, Cross NC, Silver RT, Wang YL (2007) Amplification refractory mutation
system, a highly sensitive and simple polymerase chain reaction assay, for the detection of JAK2
V617F mutation in chronic myeloproliferative disorders. ] Mol Diagn 9:272-276

Chinoy H, Salway F, Fertig N, Tait BD, Oddis CV, Ollier WE, Cooper RG (2007) Monocyte chemotactic
protein-1 single nucleotide polymorphisms do not confer susceptibility for the development of adult
onset polymyositis/dermatomyositis in UK Caucasians. Rheumatology 46:604—-607

Chorev M, Carmel L (2012) The function of introns. Front Genet 3:55. https://doi.org/10.3389/fgene
.2012.00055

Colombo MG, Paradossi U, Andreassi MG, Botto N, Manfredi S, Masetti S, Biagini A, Clerico A (2003)
Endothelial nitric oxide synthase gene polymorphisms and risk of coronary artery disease. Clin
Chem 49:389-395

Connolly V, Unwin N, Sherriff P, Bilous R, Kelly W (2000) Diabetes prevalence and socioeconomic sta-
tus: a population based study showing increased prevalence of type 2 diabetes mellitus in deprived
areas. J Epidemiol Community Health 54:173-177

Conti P, DiGioacchino M (2001) MCP-1 and RANTES are mediators of acute and chronic inflammation.
Allergy Asthma Proc 22:133-137

Costacou T, Chang Y, Ferrell RE, Orchard TJ (2006) Identifying genetic susceptibilities to diabetes-
related complications among individuals at low risk of complications: an application of tree-struc-
tured survival analysis. Am J Epidemiol 164:862-872

da Silva RF, Trapé AA, Reia TA, Lacchini R, Oliveira-Paula GH, Pinheiro LC, Tanus-Santos JE, Jac-
omini AM, Bueno Jinior CR, Zago AS (2018) Association of endothelial nitric oxide synthase
(eNOS) gene polymorphisms and physicalfitness levels with plasma nitrite concentrations and arte-
rial blood pressure values in older adults. PLoS ONE 13:e0206254. https://doi.org/10.1371/journ
al.pone.0206254

Davies MJ, D’Alessio DA, Fradkin J, Kernan WN, Mathieu C, Mingrone G, Rossing P, Tsapas A, Wex-
ler DJ, Buse JB (2018) Management of hyperglycemia in Type 2 Diabetes A Consensus Report by
the American Diabetes Association (ADA) and the European Association for the Study of Diabetes
(EASD). Diabetes Care 41:2669-2701

Degen B, Schmidt S, Ritz E (2001) A polymorphism in the gene for the endothelial nitric oxide synthase
and diabetic nephropathy. Nephrol Dial Transplant 16:185. https://doi.org/10.1093/ndt/16.1.185

Del Guerra S, D’Aleo V, Gualtierotti G, Filipponi F, Boggi U, De Simone P, Vistoli F, Del Prato S, Mar-
chetti P, Lupi R (2010) A common polymorphism in the monocyte chemoattractant protein-1 (MCP-
1) gene regulatory region influences MCP-1 expression and function of isolated human pancreatic
islets. Transplant Proc 42:2247-2259

Dellamea BS, Pinto LC, Leitao CB, Santos KG, Canani LH (2014) Endothelial nitric oxide synthase gene
polymorphisms and risk of diabetic nephropathy: a systematic review and meta-analysis. BMC Med
Genet 15:9. https://doi.org/10.1186/1471-2350-15-9

Deshmane SL, Kremlev S, Amini S, Sawaya BE (2009) Monocyte Chemoattractant Protein-1 (MCP-1):
An Overview. Int J Interferon Cytokine Mediat Res 29:313-326

Dhananjayan R, Koundinya KS, Malati T, Kutala VK (2016) Endothelial dysfunction in Type 2 diabetes
mellitus. Indian J Clin Biochem 31:372-379

Dong JJ, Zhao JJ, Lee KO, Lir MC, Chan SW, Liao L (2007) Distribution of polymorphism in endothe-
lial nitric oxide synthase gene in Singapore Chinese and its association with diabetic nephropathy.
Zhonghua Yi Xue Za Zhi 87:3415-3417 (PMID: 18476541)

El-Din Bessa SS, Hamdy SM (2011) Impact of nitric oxide synthase Glu298 Asp polymorphism on the
development of end-stage renal disease in type 2 diabetic Egyptian patients. Ren Fail 33:878-884

Elsisy OA, Morgan MFI, Salaam RA, Rabie WA, Sayed GH, Abo-Elnor RMM (2016) The Role of
Endothelial Nitric Oxide Synthase Gene 4a/b Polymorphism and its Interaction with enosG894T
Variants in Egyptian Type 2 Diabetes Mellitus as a Risk Factor to nephropathy. Med J Cairo Univ
84:1283-1291

@ Springer


https://doi.org/10.3389/fgene.2012.00055
https://doi.org/10.3389/fgene.2012.00055
https://doi.org/10.1371/journal.pone.0206254
https://doi.org/10.1371/journal.pone.0206254
https://doi.org/10.1093/ndt/16.1.185
https://doi.org/10.1186/1471-2350-15-9

Biochemical Genetics (2021) 59:966-996 993

Ezzidi I, Mtiraoui N, Mohamed MB, Mahjoub T, Kacem M, Almawi WY (2008) Association of endothe-
lial nitric oxide synthase Glu298Asp, 4b/a, and -786T>C gene variants with diabetic nephropathy. J
Diabetes Complications 22:331-338

Fenoglio C, Galimberti D, Lovati C, Guidi I, Gatti A, Fogliarino S, Tiriticco M, Mariani C, Forloni
G, Pettenati C, Baron P, Conti G, Bresolin N, Scarpini E (2004) MCP-1 in Alzheimer’s disease
patients: A-2518G polymorphism and serum levels. Neurobiol Aging 25:1169-1173

Forstermann U, Miinzel T (2006) Endothelial nitric oxide synthase in vascular disease: from marvel to
menace. Circulation 113:1708-1714

Galkina E, Ley K (2006) Leukocyte recruitment and vascular injury in diabetic nephropathy. J] Am Soc
Nephrol 17:368-377

Hassan AM, Nagy H, Mohamed WWS (2010) Circulating MCP-1 level and 2518 gene polymorphism as
a marker of nephropathy development in Egyptian patients. Egyp J Med Hum Genet 11:159-166

Huo P, Zhang D, Guan X, Mei Y, Zheng H, Feng X (2015) Association between genetic polymorphisms
of ACE and eNOS and diabetic nephropathy. Mol Biol Rep 42:27-33

Jafari Y, Rahimi Z, Vaisi-Raygani A, Rezaei M (2011) Interaction of eNOS polymorphism with MTHFR
variants increase the risk of diabetic nephropathy and its progression in type 2 diabetes mellitus
patients. Mol Cell Biochem 353:23-34

Jin T, Xu X, Hereld D (2008) Chemotaxis, chemokine receptors and human disease. Cytokine 44:1-8

Jing Y, Zhu D, Bi Y, Yang D, Hu Y, Shen S (2011) Monocyte chemoattractant protein 1-2518 A/G
polymorphism and susceptibility to type 2 diabetes in a Chinese population. Clin Chim Acta
412:466-469

Joo KW, Hwang YH, Kim JH, Oh KH, Kim H, Shin HD, Chung WK, Yang J, Park KS, Ahn C (2007)
MCP-1 and RANTES polymorphisms in Korean diabetic end-stage renal disease. J Korean Med Sci
22:611-615

Karadeniz M, Erdogan M, Cetinkalp S, Berdeli A, Eroglu Z, Ozgen AG (2010) Monocyte chemoat-
tractant protein-1 (MCP-1) 2518G/A gene polymorphism in Turkish type 2 diabetes patients with
nephropathy. Endocrine 37:513-517

Karalliedde J, Gnudi L (2011) Endothelial factors and diabetic nephropathy. Diabetes Care 34:S291-S296

Kashima S, Inoue K, Matsumoto M, Akimoto K (2017) Low serum creatinine is a type 2 diabetes
risk factor in men and women: the Yuport Health Checkup Center cohort study. Diabetes Metab
43:460-464

Kincl V, Vaski A, Meluzin J, Panovsky R, Seménka J, Groch L (2009) Association of the eNOS 4a/b and
—786T/C polymormphisms with coronary artery disease, obesity and diabetes mellitus. Folia Biol
(Praha) 55:187-191

Komers R, Anderson S (2003) Paradoxes of nitric oxide in the diabetic kidney. Am J Physiol Renal Phys-
iol 284:F1121-F1137

Kouyama K, Miyake K, Zenibayashi M, Hirota Y, Teranishi T, Tamori Y, Kanda H, Sakaguchi K, Ohara
T, Kasuga M (2008) Association of serum MCP-1 concentration and MCP-1 polymorphism with
insulin resistance in Japanese individuals with obese type 2 diabetes. Kobe J Med Sci 53:345-354

Levey AS, De Jong PE, Coresh J, El Nahas M, Astor BC, Matsushita K, Gansevoort RT, Kasiske BL,
Eckardt KU (2011) The definition, classification, and prognosis of chronic kidney disease: a KDIGO
Controversies Conference report. Kidney Int 80:17-28

Li F, Takahashi N (2012) eNOS and Diabetic Nephropathy. J Nephrol Therapeutic S 2:004. https://doi.
org/10.4172/2161-0959.52-004

Li GX, Jiao XH, Cheng XB (2018) Correlations between blood uric acid and the incidence and pro-
gression of type 2 diabetes nephropathy. Eur Rev Med Pharmacol Sci 22:506-511. https://doi.
org/10.26355/eurrev_201801_14202

Lin PI, Vance JM, Pericak-Vance MA, Martin ER (2007) No gene is an Island: the flip-flop phenomenon.
Am J Hum Genet 80:531-538

Little S (2001) Amplification-refractory mutation system (ARMS) analysis of point mutations. Curr Pro-
toc Hum Genet. https://doi.org/10.1002/0471142905.hg0908s07

Liu N, Zhang K, Zhao H (2008) Haplotype-association analysis. Adv Genet 60:335-405

Mackawy AM, Khan AA, Mel-S B (2014) Association of the endothelial nitric oxide synthase gene
G894T polymorphism with the risk of diabetic nephropathy in Qassim region, Saudi Arabia-A pilot
study. Meta Gene 2:392-402

Mackay CR (1996) Chemokine receptors and T cell chemotaxis. J Exp Med 184:799-802

@ Springer


https://doi.org/10.4172/2161-0959.S2-004
https://doi.org/10.4172/2161-0959.S2-004
https://doi.org/10.26355/eurrev_201801_14202
https://doi.org/10.26355/eurrev_201801_14202
https://doi.org/10.1002/0471142905.hg0908s07

994 Biochemical Genetics (2021) 59:966-996

Mamoulakis D, Bitsori M, Galanakis E, Vazgiourakis V, Panierakis C, Goulielmos GN (2009) Intron 4
polymorphism of the endothelial nitric oxide synthase eNOS gene and early microangiopathy in
type 1 diabetes. Int J Immunogenet 36:153-157

Martorell-Marugan J, Toro-Dominguez D, Alarcon-Riquelme ME, Carmona-Saez P (2017) MetaGenyo:
a web tool for meta-analysis of genetic association studies. BMC Bioinformatics 18:563-569

Mehrab-Mohseni M, Tabatabaei-Malazy O, Hasani-Ranjbar S, Amiri P, Kouroshnia A, Bazzaz JT, Far-
ahani-Shrhabi M, Larijani B, Amoli MM (2011) Endothelial nitric oxide synthase VNTR (intron
4 a/b) polymorphism association with type 2 diabetes and its chronic complications. Diabetes Res
Clin Pract 91:348-352

Miller SA, Dykes DD, Polesky HF (1988) A simple salting out procedure for extracting DNA from
human nucleated cells. Nucleic Acids Res 16:1215. https://doi.org/10.1093/nar/16.3.1215

Moguib O, Raslan HM, Abdel Rasheed I, Effat L, Mohamed N, El Serougy S, Hussein G, Tawfeek S,
AbdelRahman AH, Omar K (2017) Endothelial nitric oxide synthase gene (T786C and G894T) pol-
ymorphisms in Egyptian patients with type 2 diabetes. J Genet Eng Biotechnol 15:431-436

Moon JY, Jeong L, Lee S, Jeong K, Lee T, Ihm CG, Suh J, Kim J, Jung YY, Chung JH (2007) Associa-
tion of polymorphisms in monocyte chemoattractant protein-1 promoter with diabetic kidney failure
in Korean patients with type 2 diabetes mellitus. J Korean Med Sci 22:810-814

Morii T, Fujita H, Narita T, Shimotomai T, Fujishima H, Yoshioka N, Imai H, Kakei M, Ito S (2003)
Association of monocyte chemoattractant protein-1 with renal tubular damage in diabetic nephropa-
thy. J Diabetes Complications 17:11-15

Murkamilov IT, Sabirov IS, Fomin VV, Yusupov FA (2017) Endothelial dysfunction and arterial wall
stiffness: new targets in diabetic nephropathy. Ter Arkh 89:87-94

Nakayama M, Yasue H, Yoshimura M (1999) T-786 C mutation in the 5’-flanking region of the endothe-
lial nitric oxide synthase gene is associated with coronary spasm. Circulation 99:2864-2870

Narne P, Ponnaluri KC, Siraj M, Ishaq M (2014) Polymorphisms in oxidative stress pathway genes and
risk of diabetic nephropathy in South Indian type 2 diabetic patients. Nephrology 19:623-629

Neugebauer S, Baba T, Watanabe T (2000) Association of the nitric oxide synthase gene polymor-
phism with an increased risk for progression to diabetic nephropathy in Type 2 diabetes. Diabetes
49:500-503

Neumiller JJ, Hirsch IB (2015) Management of hyperglycemia in diabetic kidney disease. Diabetes Spectr
28:214-219

Noiri E, Satoh H, Taguchi J, Brodsky SV, Nakao A, Ogawa Y, Nishijima S, Yokomizo T, Tokunaga
K, Fujita T (2002) Association of eNOS Glu298Asp polymorphism with end-stage renal disease.
Hypertension 40:535-540

O’Hayre M, Salanga CL, Handel TM, Allen SJ (2008) Chemokines and cancer: migration, intracellular
signalling and intercellular communication in the microenvironment. Biochem J 409:635-649

Osman WM, Jelinek HF, Tay GK, Khandoker AH, Khalaf K, Almahmeed W, Hassan MH, Alsafar
HS (2018) Clinical and genetic associations of renal function and diabetic kidney disease in the
United Arab Emirates: a cross-sectional study. BMJ Open 8:020759. https://doi.org/10.1136/bmjop
en-2017-020759

Ota M, Asamura H, Oki T, Sada M (2009) Restriction enzyme analysis of PCR products. Methods Mol
Biol 578:405-414

Panee J (2012) Monocyte Chemoattractant Protein 1 (MCP-1) in obesity and diabetes. Cytokine 60:1-12

Rabi DM, Edwards AL, Southern DA, Svenson LW, Sargious PM, Norton P, Larsen ET, Ghali WA
(2006) Association of socio-economic status with diabetes prevalence and utilization of diabetes
care services. BMC Health Serv Res 6:124. https://doi.org/10.1186/1472-6963-6-124

Rahimi Z, Rahimi Z, Shahvaisi-Zadeh F, Sadeghei S, Vessal M, Yavari N (2013) eNOS 4a/b polymor-
phism and its interaction with eNOS G894T variants in type 2 diabetes mellitus: modifying the risk
of diabetic nephropathy. Dis Markers 34:437-443

Raina P, Matharoo K, Bhanwer AJS (2015a) Monocyte chemoattractant protein-1 (MCP-1) g.-2518A >G
polymorphism and susceptibility to type 2 diabetes (T2D) and end stage renal disease (DN) in the
North-West Indian population of Punjab. Ann Hum Biol 42:278-284

Raina P, Sikka R, Kaur R, Sokhi J, Matharoo K, Singh V, Bhanwer AJ (2015b) Association of Trans-
forming Growth Factor Beta-1 (TGF-p1) genetic variation with Type 2 diabetes and end stage renal
disease in two large population samples from North India. OMICS 19:306-317

Rask-Madsen C, King GL (2007) Mechanisms of disease: endothelial dysfunction in insulin resistance
and diabetes. Nat Clin Pract Endocrinol Metab 3:46-56

@ Springer


https://doi.org/10.1093/nar/16.3.1215
https://doi.org/10.1136/bmjopen-2017-020759
https://doi.org/10.1136/bmjopen-2017-020759
https://doi.org/10.1186/1472-6963-6-124

Biochemical Genetics (2021) 59:966-996 995

Rovin BH, Lu L, Saxena R (1999) A novel polymorphism in the MCP-1 gene regulatory region that influ-
ences MCP-1 expression. Biochem Biophys Res Commun 259:344-348

Sadati SM, Radfar M, Hamidi AK, Abdollahi M, Qorbani M, Esfahani EN, Amoli MM (2018) Associa-
tion between the polymorphism of Glu298Asp in Exon 7 of the eNOS gene with foot ulcer and oxi-
dative stress in adult patients with type 2 diabetes. Can J Diabetes 42:18-22

Santos KG, Crispim D, Canani LH, Ferrugem PT, Gross JL, Roisenberg I (2011) Association of eNOS
gene polymorphisms with renal disease in Caucasians with type 2 diabetes. Diabetes Res Clin Pract
91:353-362

Shin Shin Y, Baek SH, Chang KY, Park CW, Yang CW, Jin DC, Kim YS, Chang YS, Bang BK (2004)
Relations between eNOS Glu298Asp polymorphism and progression of diabetic nephropathy. Dia-
betes Res Clin Pract 65:257-265

Shoukry A, Shalaby SM, Abdelazim S, Abdelazim M, Ramadan A, Ismail MI, Fouad M (2012) Endothe-
lial nitric oxide synthase gene polymorphisms and the risk of diabetic nephropathy in type 2 diabe-
tes mellitus. Genet Test Mol Biomarkers 16:574-579

Simeoni E, Hoffmann MM, Winkelmann BR, Ruiz J, Fleury S, Boehm BO, Mirz W, Vassalli G (2004)
Association between the A-2518G polymorphism in the monocyte chemoattractant protein-1 gene
and insulin resistance and Type 2 diabetes mellitus. Diabetologia 47:1574-1580

Skol AD, Scott LJ, Abecasis GR, Boehnke M (2006) Joint analysis is more efficient than replication-
based analysis for two-stage genome-wide association studies. Nat Genet 38:209-213

Suwannaphant K, Laohasiriwong W, Puttanapong N, Saengsuwan J, Phajan T (2017) Association
between socioeconomic status and diabetes mellitus: the National Socioeconomics Survey, 2010
and 2012. J Clin Diagn Res 11:18-22

Tabit FT (2016) Advantages and limitations of potential methods for the analysis of bacteria in milk: a
review. J Food Sci Technol 53:42-49

Taverna MJ, Elgrably F, Selmi H, Selam JL, Slama G (2005) The T-786C and C774T endothelial nitric
oxide synthase gene polymorphisms independently affect the onset pattern of severe diabetic retin-
opathy. Nitric Oxide 13:88-92

Tesauro M, Thompson WC, Rogliani P, Qi L, Chaudhary PP, Moss J (2000) Intracellular processing of
endothelial nitric oxide synthase isoforms associated with differences in severity of cardiopulmo-
nary diseases: cleavage of proteins with aspartate vs. glutamate at position 298. Proc Natl Acad Sci
USA 97:2832-2835

Tesch GH (2008) MCP-1/CCL2: a new diagnostic marker and therapeutic target for progressive renal
injury in diabetic nephropathy. Am J Physiol Renal Physiol 294:F697-F701

Tesch GH (2010) Macrophages and diabetic nephropathy. Sem Nephrol 30:290-301

Tiwari AK, Prasad P, Thelma BK, Kumar KM, Ammini AC, Gupta A, Gupta R (2009) Oxidative stress
pathway genes and chronic renal insufficiency in Asian Indians with type 2 diabetes. J Diabetes
Complications 23:102-111

Tsukada T, Yokoyama K, Arai T, Takemoto F, Hara S, Yamada A, Kawaguchi Y, Hosoya T, Igari J
(1998) Evidence of association of the ecNOS gene polymorphism with plasma NO metabolite levels
in humans. Biochem Biophys Res Commun 245:190-193

Van Coillie E, Van Damme J, Opdenakker G (1999) The MCP/eotaxin subfamily of CC chemokines.
Cytokine Growth Factor Rev 10:61-86

Xie Y, Bowe B, Li T, Xian H, Yan Y, Al-Aly Z (2018) Higher blood urea nitrogen is associated with
increased risk of incident diabetes mellitus. Kidney Int 93:741-752

Zaman SB, Hossain N, Rahman M (2018) Association between the polymorphism of Glu298Asp in Exon
7 of the eNOS gene with foot ulcer and oxidative stress in adult patients with Type 2 diabetes. Dia-
betes Metab J 42:330-337

Zanchi A, Moczulski DK, Hanna LS, Wantman M, Warram J, Krolewski AS (2000) Risk of advanced
diabetic nephropathy in type 1 diabetes is associated with endothelial nitric oxide synthase gene
polymorphism. Kidney Int 57:405—413

Zhang R, Zhu Z, Zhu H, Nguyen T, Yao F, Xia K, Liang D, Liu C (2005) SNP Cutter: a comprehensive
tool for SNP PCR-RFLP assay design. Nucleic Acids Res 33:W489-W492

Zintzaras E, Papathanasiou AA, Stefanidis I (2009) Endothelial nitric oxide synthase gene polymor-
phisms and diabetic nephropathy: a HuGE review and meta-analysis. Genet Med 11:695-706

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

@ Springer



996 Biochemical Genetics (2021) 59:966-996

Authors and Affiliations

Priyanka Raina'® - Ruhi Sikka' - Himanshu Gupta? - Kawaljit Matharoo' -
Surinder Kumar Bali® - Virinder Singh* - AJS Bhanwer!

P< AJS Bhanwer
ajsbhanwer @ gmail.com

1 Department of Human Genetics, Guru Nanak Dev University, Amritsar, Punjab 143005, India

Department of Infection Biology, Faculty of Infectious and Tropical Diseases, London School
of Hygiene and Tropical Medicine, London, UK

Department of General Medicine, Government Medical College, Jammu, India

4 Dr Virinder Singh Kidney Clinic and Dialysis Centre, Amritsar, Punjab, India

@ Springer


http://orcid.org/0000-0002-4552-1294

	Association of eNOS and MCP-1 Genetic Variants with Type 2 Diabetes and Diabetic Nephropathy Susceptibility: A Case–Control and Meta-Analysis Study
	Abstract
	Introduction
	Material and Methods
	Study Population
	Subject Inclusion and Exclusion Criteria
	T2D Without DN Group
	T2D with DN Group
	Control group

	Clinical Data Analysis
	Genetic Analysis
	Statistical Analysis
	Genetic Data Analysis
	Haplotype Analysis
	Genotype–Phenotype Interactions
	Meta-Analysis

	Results
	Association of eNOS variants in T2D with DN
	Association of eNOS Variants in T2D Without DN
	Association of MCP-1 Variants in T2D with DN
	Association of MCP-1 Variants in T2D Without DN
	Association of eNOS Haplotypes
	Association of MCP-1 Haplotypes
	Genotype–Phenotype Interactions
	Meta-Analysis

	Discussion
	Conclusion
	Acknowledgements 
	References




