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Background: Organochlorine pesticides (OCPs) have been long linked to type 2 diabetes
mellitus (T2DM); however, this relation at the molecular level has not been explored yet.
Endoplasmic reticulum (ER) stress and pro-inflammatory pathways are considered vital
ones in the pathogenesis of T2DM. We aimed to investigate the existence of any
association between OCPs, ER stress, and pro-inflammatory pathways in subjects with
known T2DM.

Methods: Seventy subjects each with T2DM and normal glucose tolerance were
recruited from the surgery department. Their visceral adipose tissue was collected
intraoperatively. OCP concentration, ER stress, and pro-inflammatory markers were
analyzed and compared between two study groups.

Results: We found 18 OCPs and their metabolites in visceral adipose tissue samples of
study participants. The levels of 8-HCH, heptachlor, endrin, and p,p’'DDT were
significantly higher in the T2DM group and were also positively correlated with fasting
and postprandial plasma glucose levels (p < 0.01). We observed a positive association of
8-HCH (p < 0.01), heptachlor (p < 0.05), and endrin (p < 0.05) with central adiposity and
ER stress markers. However, we failed to establish the correlation of OCPs with any of the
pro-inflammatory markers.

Conclusion: The existence and simultaneous complex correlation of OCPs with ER
stress may explain their role in the pathogenesis of T2DM, revealing the persistence of the
gene—environment interaction in the etiology of T2DM.

Keywords: OCP, T2DM, normal glucose tolerance, inflammation, ER stress, visceral adipose tissue
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INTRODUCTION

Exposure to environmental toxicants such as organochlorine
pesticides (OCPs) has been strongly associated with type 2
diabetes mellitus (T2DM) (1-6). Their property of persistence
and bioaccumulation in the environment has generated a surge
of global interest (7). Due to their lipophilic nature, they remain
stored in the adipose tissue without disintegration for a long time
(8); in consequence, even a minimal continuous exposure over
time can still lead to potential health hazards (9). OCPs are the
most investigated insecticides linked with obesity in humans
(10). India is among one of the top producers and consumers of
OCPs (11, 12), and their exposure might be a possible risk factor
for higher vulnerability for developing T2DM (3).

Adipose tissue, which is considered an energy storage site, has
also been associated with several adverse metabolic consequences,
providing visceral adipose tissue more physiological relevance, as
it is a leading determinant of insulin resistance and excessive
inflammatory state (13). With the development of obesity, the
adipose tissue undergoes some molecular and cellular adaptations
with a significant generation of pro-inflammatory molecules such
as tumor necrosis factor oo (TNFa) and interleukin 6 (IL-6) (14).
Chronic inflammation may be a consequence of endoplasmic
reticulum (ER) stress and/or trigger the same (15), which ensures a
self-perpetuating cycle. Chronic ER stress, which is considered to
be a vital one in diabetes pathogenesis (16, 17), leads to a self-
protective mechanism to maintain cellular viability and function
by reducing misfolded and unfolded protein load by unfolded
protein response (UPR) (18). Upregulated ER stress has been
observed in the adipose tissue of various obese and lean insulin-
resistant animals and humans (19-21).

In spite of major advancements in the acknowledgement of
the pathophysiology of T2DM, the mechanisms are still
incompletely understood and its susceptibility might be
explained by the complex gene-environment interaction (22).
Although the previous literature supports the evidence for the
complex interplay of ER stress and inflammation in chronic
metabolic disorders, there is a dearth of studies showing the
interconnectivity of these environmental contaminants with
such cellular stress mechanisms. Hence, the present study was
conducted in order to evaluate the possible synergy of OCP
compounds with pro-survival and pro-apoptotic ER stress and
inflammatory pathways at the molecular level in human subjects
with T2DM.

METHODOLOGY

This was a case—control study carried out in the Department of
Surgery and Biochemistry, University College of Medical Sciences
(UCMS), and Guru Teg Bahadur (GTB) Hospital, Delhi. Ethical
clearance (certificate no. IHEC-UCMS 08112015) was obtained
from the Institutional Ethics Committee for Human Research,
UCMS, and GTB Hospital, Delhi, before initiating the study. The
patient information sheet was explained to each subject, and their
written consent was obtained. The study was conducted between
the periods of January 2016 to January 2020.

Study Subjects

The study included 70 subjects each with known T2DM and
normal glucose tolerance (NGT) subjects attending the OPD of
the surgery department for their elective abdominal surgeries for
clinical conditions such as cholecystectomy, appendectomy, and
hernia. Subjects with life-threatening cardiovascular disease,
known pancreatic disease, and Cushing syndrome as well as
females with pregnancy and known polycystic ovarian syndrome
were excluded from the study.

The T2DM subjects were categorized based on clinical
guidelines set by the American Diabetes Association (ADA)
(23), while a standardized 75-g oral glucose tolerance test was
performed for identifying subjects with NGT (23). Both the
groups were matched based on their gender, age, and BML

Anthropometric Measurements

A detailed questionnaire was used to record the demographical and
clinical characteristics of the recruited subjects. Demographical
characteristics including age, gender, body mass index (weight
(kg)/height (m?)), pulse rate, blood pressure, diet pattern,
socioeconomic status (24), and any other medical history were
documented for each subject.

Sample Collection and Storage

The visceral adipose tissue sample weighing about 5 g was collected
intraoperatively in a sterile container and cryopreserved in liquid
nitrogen followed by their storage at -80°C for estimation of OCP
levels and gene expression levels. Also, blood samples were collected
for the estimation of fasting and postprandial plasma glucose.

Organochlorine Pesticide Analysis

Pesticide extraction for each sample was done in triplicates by using
the method given by Bush et al. (25). Briefly, 1 g of finely chopped
visceral adipose tissue was shaken in a flask with 1:2 parts of acetone
(Merck, Kenilworth, NJ, USA) and n-hexane (Merck, USA) at 100-
120 rpm at room temperature for 4 to 5 h on a mechanical shaker.
The solvent was collected and the extraction procedure was
repeated twice using the same process, and the fractions were
added to the previous solvent fractions. The cleanup of the
collected solvent fraction was done by adsorption column
chromatography using heat-activated Florisil (SRL, Mumbai,
India) and anhydrous sodium sulfate (SRL, India). The collected
n-hexane was evaporated by a vacuum rotary evaporator and
reconstituted in n-hexane to 1-ml quantity. Quantification of
organochlorine residue levels was done using a gas
chromatograph (PerkinElmer Clarus 500) equipped with a Ni63
electron capture detector. The sample (1 pl) was automated injected
at 170°C with a hold of 1 min. The temperature was raised at the rate
of 5°C/min to 225°C and the time for the hold was 5 min, and then to
275°Cat the rate of 6°C/min with a 15-min hold. Nitrogen gas with a
flow rate of 35 ml/min was used as a carrier. The limit of detection
for each pesticide was 4 pg/ml. The adipose tissue samples were
analyzed for the following organochlorine residues: o.-
hexachlorocyclohexane (o-HCH), B-HCH, y-HCH, 3-HCH,
heptachlor, aldrin, heptachlor epoxide B (HTEB), heptachlor
epoxide A (HTEA), endosulfan I, endosulfan 1II, dieldrin, endrin,
methoxychlor, 0,p’-dichlorodiphenyldichloroethylene (o,p’-DDE),
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p,p’-DDE, p,p’-dichlorodiphenyldichloroethane (p,p’-DDD), o,p
'-dichlorodiphenyltrichloroethane (o,p’-DDT), and p,p’-DDT. A
quantitative analysis of pesticide residues in each sample was done
by comparing the peak area with those obtained from a
chromatogram of a mixed OCP standard (AccuStandard, New
Haven, CT, USA) of known concentrations. The concentration of
OCPs in samples has been presented in ng/gm (ppb) wet weight.

Gene Expression Analysis at the
Transcriptional Level

The mRNA expression of protein kinase R-like ER kinase
(PERK), activating transcription factor (ATF-4), C/EBP
homologous protein (CHOP), inositol-requiring enzyme-1la
(IRE-10)), X box-binding protein (spliced) (XBP-1s), glucose-
regulated protein-78 (GRP-78), TNFo, and IL-6 were analyzed
by quantitative real-time PCR (qPCR) in triplicates along with
negative control.

Total RNA extraction from visceral adipose tissue was done
by using the TRIzol reagent (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) standard method as per the
manufacturer’s protocol. The quality and concentration of total
RNA were measured spectrophotometrically on a NanoDrop
spectrophotometer (ND2000, Thermo Fisher Scientific, USA).
Total RNA (1 pg) was used for complementary DNA synthesis
using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA,
USA) as per the manufacturer’s protocol. The NCBI tool, Primer
BLAST, was used to design the primers of genes of interest. The
Sso EvaGreen Supermix (Bio-Rad, USA) (dNTPs, Sso7d fusion
polymerase, MgCl,, EvaGreen dye, stabilizers) was used for the
reaction mixture of gPCR. The concentration of 10 pmol of
primer was used for each qPCR reaction (primer sequences
presented in Table 1). The PCR amplification was performed
on a CFX Connect Real-Time PCR Detection System (Bio-Rad,
USA). The amplification cycle included initial denaturation at
95°C for 1 min followed by 40 cycles of denaturation at 95°C for
30 s and annealing at 60°C for 45 s and lastly extension at 72°C
for 30 s. B-Actin was used as the gene normalizer. The gene
expression was determined by the 2-AACt method (26).

Gene Expression Analysis at the
Translational Level

The total proteins from 100 mg visceral adipose tissue samples
were isolated by radioimmunoprecipitation buffer (G-Biosciences,
St. Louis, MO, USA) followed by their quantification using a
bicinchoninic acid protein assay kit (G-Biosciences, USA). In brief,
30 pg denatured protein was resolved on 10% Tris—glycine gel and
transferred to a polyvinylidene fluoride membrane (Bio-Rad,
USA). The non-specific binding sites on the membrane were
blocked with 5% skimmed milk. The membrane was incubated
with corresponding primary antibodies (Abbkine, USA) at 1:700
dilutions overnight at 4°C, and after washing the membrane was
treated with an HRP-conjugated secondary antibody (Abbkine,
USA) for 2 h. The detection of signals was recorded by the use of
an ECL Reagent Kit (Thermo Fisher Scientific, USA) in the gel
imaging system (Thermo Fisher Scientific ECL Imager).
The protein band density was measured and compared using
the Image]J software.

TABLE 1 | Primer sequences of specific genes.

Genes Primer sequence
PERK Forward 5" TGTCGCCAATGGGATAGTGACGA 3
Reverse 5" AATCCGGCTCTCGTTTCCATGTCT 3’
ATF-4 Forward 5" GGGAGTTGGCTTCTGATTCTCA &'
Reverse 5" ATCAAGTCCCCCACCAACAC 3’
CHOP Forward 5" AAACAGGCATCAGACCAGCTT &
Reverse 5 CTGCCATCTCTGCAGTTGGA 3’
IRE-10. Forward 5" ACACCATCACCATGTACGACACCA 3’
Reverse 5" ATTCACTGTCCACAGTCACCACCA 3’
XBP-1s Forward 5" TGCTGAGTCCGCAGCAGGTG 3’
Reverse 5 GCTGGCAGGCTCTGGGGAAG 3’
GRP-78 Forward 5" CATCACGCCGTCCTATGTCG 3

Reverse 5" CGTCAAAGACCGTGTTCTCG 3’
IL-6 Forward 5" AAAGATGTAGCCGCCCCAC 3’
Reverse 5" AGGCAAGTCTCCTCATTGAATCC 3’

TNF o Forward 5° CCCAGGCAGTCAGATCAT 3’
Reverse 5" TCAGCTCCACGCCATT 3’
-Actin orward 5’ !
B-Actil F d 5" GTCTTCCCCTCCATCGT 3

Reverse 5" CGTCGCCCACATAGGAAT 3’

Statistical Analysis

The data for continuous variables were expressed as mean *
standard deviation. Different variables between cases and
controls were compared by the independent t-test. The Mann-
Whitney U test was used to compare the pesticide level between
cases and controls. The adjusted odds ratio (OR) with 95%
confidence interval was calculated for defining the risk of
T2DM by OCPs. The Spearman correlation matrix was used to
analyze data for biochemical variables with pesticides, and gene-
environment interaction. p values <0.05 were considered
statistically significant. Collected data were analyzed using IBM
SPSS software (version 21).

RESULTS

Demographic Characteristics of

Study Groups

The demographic characteristics of the study subjects are
presented in Table 2. The study subjects in both T2DM and
NGT groups shared similar anthropometric characteristics with
a comparable proportion of males and females (p = 0.856). The
two groups did not share a significant age difference (p = 0.409).
There were no significant differences in BMI (p = 0.291) between
the study groups; however, their waist circumference differs
significantly (p < 0.001). There was no significant difference
observed in blood pressure between the groups (p = 0.102). The
case group shared a higher history of familial diabetes (p = 0.003)
as compared to controls. The socioeconomic status also differed
significantly between the two groups (0.018); the subjects with
T2DM belonged to a higher socioeconomic group compared to
subjects of the control group.

Organochlorine Pesticide Analysis

The analysis of visceral adipose tissue samples disclosed the
presence of various OCPs and their metabolites. By comparing
the OCP levels, we found that every pesticide concentration was
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TABLE 2 | Demographic characteristics of the T2DM and NGT groups.

Parameters NGT (N = 70)
Gender (male/female) 23/47

Age (years) 43.65 + 9.22
BMI (kg/m?) 243 + 3.3
Waist circumference (cm) 88+7.2

BP diastolic/systolic (nmHg) 80.4 + 6.2/123.5 + 8.1
Positive family history of T2DM 16
Socioeconomic status (I/1I/1Il/IV/V) 0/0/4/16/50

T2DM (N = 70) p-value
21/49 0.856
449 + 8.61 0.409
24.9+33 0.291
953 + 10 0.000%**
815+ 6.1/126.1 + 10.9 0.102
34 0.003**
0/8/7/14/41 0.018*

Values presented as mean + SD; *p < 0.05; **p < 0.07; **p < 0.001.

higher in the T2DM group as compared to the NGT group
(Table 3); however, 3-HCH (p < 0.001), heptachlor (p < 0.001),
endrin (p < 0.001), and p,p’-DDT (p = 0.002) levels were
significantly higher in T2DM patients (Figure 1). Multivariable
binary logistic regression, adjusted for confounding factors such
as age, gender, BMI, and family history of T2DM, revealed that of
these four pesticides, 8-HCH (p = 0.003) and endrin (p < 0.001)
were positively associated with the risk of T2DM (Table 4).

The Correlation of Glycemic and
Anthropometric Markers With OCP Levels
The correlation analysis also revealed the significant positive
correlation of fasting and postprandial plasma glucose with 3-
HCH, heptachlor, endrin, and p,p’-DDT (Figure 2). The waist
circumference was also found to be positively correlated with 3-
HCH (r = 0.242, p = 0.004), heptachlor (r = 0.207, p = 0.014), and
endrin (r = 0.211, p = 0.012).

ER Stress and Pro-Inflammatory Marker
Gene Expression

The parallel transcriptional and translational gene expression
analysis revealed that all the ER stress markers except PERK were
upregulated in visceral adipose tissue of T2DM patients as

compared to NGT. A higher expression of both the pro-
inflammatory markers was also observed in the T2DM group.
The mRNA expressions of ATF-4, CHOP, IRE-1c, XBP-1s, and
GRP-78 were 2.6-, 2.4-, 5.5-, 3.8-, 2.3-fold upregulated
respectively in the T2DM group compared with the NGT
group, whereas PERK was found to be 3.5-fold downregulated.
Similarly, the mRNA expression of IL-6 and TNFo was found to
be 4.6- and 1.9-fold significantly higher in T2DM subjects
compared to NGT subjects, respectively. The protein
expression of the respective genes was found to be in
synchronization with their transcriptional expression (Figure 3).

The Gene-Gene Interaction

Interestingly, the mRNA expression of all the ER stress markers
significantly and positively correlated among themselves and
with both the pro-inflammatory markers (Table 5).

The Correlation of Glycemic and
Anthropometric Markers With ER Stress
and Pro-Inflammatory Gene Expression

By correlating the studied genes with fasting and postprandial
plasma glucose, all genes except PERK and TNFo were found to
be significantly positively correlated with plasma glucose indices.

TABLE 3 | Comparison of visceral adipose tissue OCP levels between the T2DM and NGT groups.

Organochlorine pesticides (ng/gm) Controls (mean = SD) N = 70 Cases (mean + SD) N =70 p-value
a-HCH 0.41 +1.07 0.90 +2.45 0.131
B-HCH 0.89 £ 2.54 1.25 + 5.56 0.624
v-HCH 0.86 + 1.88 1.17 +2.88 0.451
8-HCH 0.79 £ 0.50 270 +2.73 0.000***
Heptachlor 122 +1.17 4.20 £ 3.74 0.000***
Aldrin 0.57 +1.77 0.65 +2.34 0.830
HTEB 0.12 £ 0.45 0.36 + 0.93 0.053
HTEA 1.81 +2.99 1.81 +4.70 0.244
o,p’-DDE 1.07 £ 2.71 1.82 +6.48 0.378
Endosulfan | 116+ 4.23 1.77 £ 4.25 0.391
Dieldrin 0.09 + 0.64 0.38 + 1.09 0.062
p,p’-DDE 0.53 +2.19 1.11 £ 4.80 0.368
Endrin 0.60 + 0.56 6.01 +5.08 0.000***
Endosulfan Il 0.37 £ 1.89 0.61+2.20 0.062
p,p’-DDD 1.74 + 3.21 2.53 + 3.80 0.193
o,p’-DDT 0.35 + 0.99 0.72 + 1.48 0.121
Methoxychlor 0.23+1.22 0.62 + 1.46 0.105
p,p’-DDT 1.13+0.94 2.09 +1.77 0.000***

SD, standard deviation.
**p < 0.001.
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FIGURE 1 | Comparison of OCP levels (ng/gm) in the T2DM (N = 70) and NGT (N = 70) groups. **p < 0.01; **p < 0.001.

TABLE 4 | The risk of development of T2DM with visceral adipose tissue accumulation of OCPs.

Organochlorine pesticides Adjusted odds ratio 95% CI p-value
8-HCH 3.835 1.581-9.302 0.003**
Endrin 4127 1.905-8.838 0.000***
Heptachlor 1.309 0.928-1.846 0.125
p,p’-DDT 1.149 0.610-2.165 0.666

Adjusted for age, gender, BMI, and family history of T2DM.
Cl, confidence interval.
*p <0.01; *p < 0.001.

Interestingly, the weight of the study subjects was found to be
positively correlated with mRNA expressions of CHOP and
GRP-78. Waist circumference showed a significant positive
correlation with ATF-4, CHOP and GRP-78, and BP (systolic
and diastolic) with IRE-10, and XBP-1s (Table 6).

The Gene-Environment Interaction

A significant positive correlation between transcriptional ER
stress expression and OCPs was observed in this study. §-HCH
was positively correlated with the expression of ATF-4 (p =
0.010), IRE-1a (p = 0.030), and XBP-1s (p = 0.038) genes.
Heptachlor was found to be positively correlated with IRE-1o.
(p = 0.044) and XBP-1s (p = 0.006) genes, whereas endrin was
positively correlated with ATF-4 (p = 0.025), CHOP (p = 0.017),
IRE-1a (p = 0.039), XBP-1s (p = 0.003), and GRP-78 (p = 0.020)
genes (Table 7). However, a significant correlation of genes with
p,p’-DDT was not observed in our study.

DISCUSSION

Our study demonstrated the presence of several OCPs and their
metabolites in the visceral adipose tissue, of which 8-HCH,
heptachlor, endrin, and p,p’-DDT were found to be significantly
higher in the T2DM group as compared to the NGT group. These
pesticides were positively associated with central adiposity, linking
their obesogenic role in the etiology of T2DM. Nevertheless, the
odds ratios of 3-HCH and endrin were significantly associated with
the occurrence of T2DM. Our study is the first to show the interplay
of ER stress with OCP compounds in T2DM and establish the
possible cross talk between genetics and the environment. We

found endrin to be correlated with all ER stress genetic markers
except the PERK gene; however, we failed to establish the synergistic
relation between pro-inflammatory markers and OCPs.
Upregulation of ER stress and pro-inflammatory markers in
the visceral adipose tissue and their significant positive
correlation with fasting and postprandial plasma glucose have
been found in our study, which indicates that both of these
pathways might be considered as an attractive target for T2DM.
Discussing the part of OCPs in diabetes, numerous
epidemiological studies have associated OCP exposure with
increased risks of obesity and/or T2DM (27-30). Due to their
lipophilic nature, many pesticides tend to get accumulated in
adipose tissue depots and therefore may interrupt the function of
adipose tissue and promote obesity and T2DM (30, 31). The role
of OCPs as endocrine-disrupting chemicals is also well known
(32). In this study, we detected various OCP compounds in the
visceral adipose tissue, but only four pesticides, 6-HCH,
heptachlor, endrin, and p,p’-DDT, had a mean concentration
significantly higher in T2DM subjects as compared to the NGT
group. Of these four OCPs, 8-HCH and endrin were found to
have a significantly higher relative risk associated with T2DM.
These results have never been reported previously in an
epidemiological study. However, as per the previous literature,
B-HCH was strongly associated with T2DM (2), but 8-HCH has
not been linked to T2DM yet, to the best of our knowledge.
Heptachlor has been reported to increase the gluconeogenic
enzymatic activity in the liver, which in turn upregulates the
glucose synthesis from glycogen (33). Kamel et al. uncovered the
cumulative effect of heptachlor in the pathogenesis of diabetes
(34, 35). Higher serum endrin levels were observed in children
with type 1 diabetes (36). Endrin was also found to stimulate
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genes. (B) Relative change in translational expression of the genes. (C) Western blot images of the genes. *p < 0.05; *p < 0.01; **p < 0.001.

lipid accumulation in adipocytes in an in vitro study (37). DDT
and its metabolites being ubiquitous in the environment have
long been linked to endocrine disruption; however, the actual
mechanism remains unclear (38). A significant association of

visceral adipose tissue levels of DDT with T2DM has also been
reported (39). In vitro and in vivo studies have shown the
inhibition of insulin-dependent glucose uptake when treated
with an OCP mixture (40).
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TABLE 5 | Correlation matrix showing the gene—gene interaction among ER stress and pro-inflammatory markers in visceral adipose tissue.

Gene PERK ATF-4 CHOP IRE-1a XBP-1s GRP-78 IL-6 TNFa
r r r r r r r r
PERK 1 0.000 0.274* 0.091 0.249* 0.272* 0.409*** 0.480***
ATF-4 0.000 1 0.404** 0.188 0.279* 0.458*** 0.176 0.245*
CHOP 0.274* 0.404** 1 0.379** 0.471*** 0.571** 0.600*** 0.417***
IRE-10. 0.091 0.188 0.379** 1 0.637*** 0.212 0.443*** 0.250*
XBP-1s 0.249* 0.279* 0.471*** 0.637*** 1 0.279* 0.420*** 0.398**
GRP-78 0.272* 0.458*** 0.571*** 0.212 0.279* 1 0.283* 0.390**
IL-6 0.409*** 0.176 0.600*** 0.443*** 0.420*** 0.283* 1 0.580***
TNF o 0.480*** 0.245* 0.417** 0.250* 0.398** 0.390** 0.580*** 1
r, correlation coefficient.
0 <0.05; **p < 0.01; **p < 0.001.
TABLE 6 | Correlation matrix showing the association of mRNA expression of ER stress and pro-inflammatory genes with anthropometric and clinical variables.
Variables A Ct PERK A Ct ATF-4 A Ct CHOP A CtIRE-1a A Ct XBP-1s A Ct GRP-78 ACtIL-6 A Ct TNFa
r r r r r r r r
Height 0.11 0.14 0.4 0.24 0.15 0.4 0.32 0.2
Weight 0.08 0.32 0.5* 0.31 0.15 0.53* 0.27 0.32
BMI 0.02 0.31 0.31 0.19 0.05 0.38 0.07 0.28
Waist circumference 0.02 0.49* 0.64** 0.38 0.26 0.66*** 0.37 0.43
BP systolic 0.06 0.59** 0.42 0.64** 0.66** 0.36 0.42 0.3
BP diastolic 0.02 0.44 0.23 0.61* 0.58** 0.14 0.28 0.21
Fasting plasma glucose -0.29 0.40*** 0.41*** 0.43*** 0.46*** 0.32** 0.35*** 0.15
Postprandial plasma glucose -0.23 0.44*** 0.42*** 0.40*** 0.50*** 0.37*** 0.29* 017

r, correlation coefficient.
*p < 0.05; *p < 0.01; **p < 0.001.

TABLE 7 | Correlation matrix showing gene—environment interaction between
ER stress markers and OCPs.

the markers of the IRE-10.-XBP1-GRP-78 pathway, an early
trigger of UPR, were overexpressed in the visceral adipose tissue
of T2DM subjects. IRE-1c, a proximal ER stress sensor and

Genes/OCPs 5-HCH Heptachlor Endrin  central mediator of UPR, upregulates the expression of genes for
r r r GRP-78, an ER chaperon via splicing of a transcription activator,

ATE-4 0,084 0,039 0047+ XBP-1, that ultimately facilitate cellular re?overy..GRP-7§ also

CHOP 0175 0.219 0.086* acts as a central regulator for ER stress owing to its role in the

IRE-1a0 0.261* 0.243 0.250* induction of stress via three transmembrane ER stress sensors

XBP-1s 0.250 0.328™ 0.353"  through a binding-release mechanism (46).

GRP-78 0.167 0.145 0.280*

r, correlation coefficient.
*p <0.05; **p < 0.01.

By the correlation matrix findings, we brought to light the
positive correlation of 8-HCH, heptachlor, endrin, and p,p’-DDT
with fasting and postprandial plasma glucose. The levels of
serum p,p’-DDE were reported to be positively correlated with
fasting and postprandial plasma glucose and glycated
hemoglobin as well (41). Al-Othman also reported the strong
correlation of HCH with homeostatic model assessment for
insulin resistance (HOMA-IR) (42); likewise, B-HCH serum
levels were found to be elevated in patients with high serum
glucose levels (5). Discussing the molecular axis in T2DM,
accruing evidence revealed the increased unfolded protein
response (UPR)-initiating molecules, PERK and IRElq, in the
adipose tissue of obese humans (19, 20, 43), and human islet cells
from T2DM subjects as well (44). Nakatani et al. also showed
that ER stress plays a crucial role in the insulin resistance found
in diabetes and thus could be a potential therapeutic target for
diabetes (45). Our results were consistent with the literature as

Considering the PERK-ATF-4-GRP-78 pathway, PERK was
found to be downregulated in T2DM subjects in our study, which
might be explained by the fact that, during acute or chronic
gluco-lipotoxic stresses in secretory cells, pancreatic B cells, and
adipocytes, in particular, excessive demand of protein synthesis
arises (47). The increased frequency of transcription and
translation was observed for the pathway’s downstream
markers, ATF-4, mainly responsible for the induction of a pro-
apoptotic molecule, CHOP, indicating their activation in the
visceral adipose tissue of T2DM subjects. CHOP usually remains
expressed at lower levels in unstressed cells; however, under
irredeemable ER stress, its expression raises significantly (48) but
at the same time its pro-apoptotic effect may be dependent on the
corresponding expression of other components of the UPR (49).

ER stress has been positively associated with chronic
inflammation in humans as shown in many studies. A study
by Lenin et al. in PBMC of T2DM patients as a surrogate cell
model demonstrated the elevated ER stress markers and
association of these stress molecules with pro-inflammatory
markers, TNFa and IL-6 (50). Our results were consistent with
previous results as gene expression levels of these two pro-

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 841463


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Tawar et al.

OCP and ER Stress in Diabetes

inflammatory markers in the visceral adipose tissue of T2DM
subjects were significantly positively correlated with all ER
stress markers.

Focusing on the gene expression correlation with blood glucose
indices, our study results were consistent with the previously
existing data as significant positive correlations between fasting
and postprandial plasma glucose and ER stress markers (ATF-4,
CHOP, IRE-10, XBP-1, and GRP-78) and IL-6 were observed.
Lenin etal. reported the positive correlations of ATF-4, CHOP, IRE-
Lo, XBP-1, and GRP-78 with glycated hemoglobin; also later, three
markers were closely linked to fasting plasma sugar (50). The serum
IL-6 levels have been associated with T2DM by many authors (51,
52), and elevation of this cytokine caused a direct influence on
insulin signal intensity (53). However, any considerable association
of PERK and TNFo. was not found with plasma glucose levels. Being
a well-recognized molecular link between obesity, declining insulin
action, and eventually the development of T2DM, ER stress enacts
in a complex way (54). Early experiments using cell culture and
mouse models have demonstrated that excessive adiposity results in
chronic ER stress, particularly in the liver and adipose tissue (21).
The present study demonstrated the strong correlation of CHOP
and GRP-78 with the body weight and waist circumference of the
study subjects. Besides, ATF-4 was also significantly correlated with
waist circumference. Recent studies have provided evidence that
moderate weight loss promotes the amelioration of ER stress in the
adipose tissue (20, 55).

Addressing the gene-environment interaction, only a few
studies have reported the correlation between several types of
insecticides and ER stress. An in-vitro study reported the GRP-78
upregulation by endosulfan treatment (56). The existence of a
correlation between transcriptional ER stress markers and OCPs
in our study suggests some interplay between the two. The results
indicate that upregulation of these genes may occur in the presence
of a higher concentration of OCP levels in the adipose tissue or its
reverse may also be true. Our results demonstrated a positive
correlation of 8-HCH with ATF-4, IRE-1o, and XBP-1s,
heptachlor with IRE-1c, and XBP-1s, whereas endrin correlated
with all ER stress markers except PERK. We did not observe any
significant association of OCPs with any of the pro-inflammatory
markers. Taken together, these data demonstrate that there might
be considerable cross talk between the environmental signaling and
cellular pathways. Obesogenic effects of OCPs may contribute to the
development of cellular stress which in the long run may be
responsible for the pathogenesis of T2DM.

Although there are inadequate data on the underlying
mechanisms of OCP toxicity in relation to disease etiology,
multiple factors for pollutant exposure and physiological
responses also cause some limitations to the study. Concurrently,

REFERENCES

1. Tyagi S, Siddarth M, Mishra BK, Banerjee BD, Urfi A], Madhu SV. High
Levels of Organochlorine Pesticides in Drinking Water as a Risk Factor

because of the cross-sectional nature of our work, the study could
not reveal any causal relationship between ER stress and T2DM,
and for this, we need prospective follow-up studies. In addition,
further studies using a larger sample size are needed to identify the
association between ER stress and other toxic compounds and
confirm their role in the etiology of T2DM.

CONCLUSION

The existence of the correlation between OCPs and ER stress
markers suggests some interplay between genetics and the
environmental factors. The upregulation of genes involved in
ER stress may occur in the presence of higher concentration of
OCPs levels in the visceral adipose tissue. The study shows the
potential role of OCPs in the development of T2DM via
disrupting the ER stress pathway.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The study involving human participants were reviewed and
approved by the Institutional Ethics Committee-Human
Research, University College of Medical Sciences. The patients/
participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

NT: conceptualization, methodology, data curation, writing—
original draft preparation. BD: conceptualization, supervision,
visualization. SM: supervision, visualization. VA: supervision,
visualization, sample collection. SG: supervision, visualization,
sample collection. All authors contributed to the article and
approved the submitted version.

FUNDING

This study was supported by a Junior Research Fellowship
provided by the University Grant Commission (no. 132003443).

for Type 2 Diabetes: A Study in North India. Environ Pollut (2021)
271:116287. doi: 10.1016/j.envpol.2020.116287

2. Daniels SI, Chambers JC, Sanchez SS, Merrill MA, Hubbard AE, Macherone
A, et al. Elevated Levels of Organochlorine Pesticides in South Asian

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 841463


https://doi.org/10.1016/j.envpol.2020.116287
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Tawar et al.

OCP and ER Stress in Diabetes

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Immigrants Are Associated With an Increased Risk of Diabetes. ] Endocr Soc
(2018) 2(8):832-41. doi: 10.1210/js.2017-00480

. Taylor KW, Novak RF, Anderson HA, Birnbaum LS, Blystone C, Devito M,

et al. Evaluation of the Association Between Persistent Organic Pollutants
(POPs) and Diabetes in Epidemiological Studies: A National Toxicology
Program Workshop Review. Environ Health Perspect (2013) 121(7):774-83.
doi: 10.1289/ehp.1205502

. Lee DH, Lind PM, Jacobs DR, Salihovic S, Van Bavel B, Lind L.

Polychlorinated Biphenyls and Organochlorine Pesticides in Plasma Predict
Development of Type 2 Diabetes in the Elderly: The Prospective Investigation
of the Vasculature in Uppsala Seniors (PIVUS) Study. Diabetes Care (2011)
34(8):1778-84. doi: 10.2337/dc10-2116

. Cox S, Niskar AS, Venkat Narayan KM, Marcus M. Prevalence of Self-

Reported Diabetes and Exposure to Organochlorine Pesticides Among
Mexican Americans: Hispanic Health and Nutrition Examination Survey,
1982-1984. Environ Health Perspect (2007) 115(12):1747-52. doi: 10.1289/
ehp.10258

. Tyagi S, Mishra BK, Sharma T, Tawar N, Urfi A, Banerjee B, et al. Level of

Organochlorine Pesticide in Prediabetic and Newly Diagnosed Diabetes
Mellitus Patients With Varying Degree of Glucose Intolerance and Insulin
Resistance Among North Indian Population. Diabetes Metab ] (2021) 45
(4):558-68. doi: 10.4093/DM].2020.0093

. Taiwo AM. A Review of Environmental and Health Effects of Organochlorine

Pesticide Residues in Africa. Chemosphere (2019) 220:1126-40. doi: 10.1016/
j.chemosphere.2019.01.001

. Jayaraj R, Megha P, Sreedev P. Review Article. Organochlorine Pesticides,

Their Toxic Effects on Living Organisms and Their Fate in the Environment.
Interdiscip Toxicol (2016) 9(3-4):90-100. doi: 10.1515/intox-2016-0012

. Kim KH, Kabir E, Jahan SA. Exposure to Pesticides and the Associated

Human Health Effects. Sci Total Environ (2017) 575:525-35. doi: 10.1016/
j.scitotenv.2016.09.009

Xiao X, Clark JM, Park Y. Potential Contribution of Insecticide Exposure and
Development of Obesity and Type 2 Diabetes. Food Chem Toxicol (2017)
105:456-74. doi: 10.1016/j.fct.2017.05.003

Ali U, Syed JH, Malik RN, Katsoyiannis A, Li ], Zhang G, et al. Organochlorine
Pesticides (OCPs) in South Asian Region: A Review. Sci Total Environ (2014)
476-477:705-17. doi: 10.1016/j.scitotenv.2013.12.107

Chakraborty P, Zhang G, Li J, Xu Y, Liu X, Tanabe S, et al. Selected
Organochlorine Pesticides in the Atmosphere of Major Indian Cities:
Levels, Regional Versus Local Variations, and Sources. Environ Sci Technol
(2010) 44(21):8038-43. doi: 10.1021/es102029t

Kumar KVSH, Sharma R, Manrai M, Sood AK. Visceral Adipose Tissue as a
Risk Factor for Diabetes Mellitus in Patients With Chronic Pancreatitis: A
Cross-Sectional, Observational Study. Diabetes Ther (2017) 8(5):1057-64.
doi: 10.1007/s13300-017-0304-1

Goyal R, Faizy AF, Siddiqui SS, Singhai M. Evaluation of TNF-o and IL-6
Levels in Obese and Non-Obese Diabetics: Pre- and Postinsulin Effects. N Am
J Med Sci (2012) 4(4):180-4. doi: 10.4103/1947-2714.94944

Hasnain SZ, Lourie R, Das I, Chen AC, Mcguckin MA. The Interplay Between
Endoplasmic Reticulum Stress and Inflammation. Immunol Cell Biol (2012)
:260-70. doi: 10.1038/icb.2011.112

Back SH, Kaufman RJ. Endoplasmic Reticulum Stress and Type 2 Diabetes.
Annu Rev Biochem (2012) 81:767-93. doi: 10.1146/annurev-biochem-072909-
095555

Eizirik DL, Cardozo AK, Cnop M. The Role for Endoplasmic Reticulum Stress
in Diabetes Mellitus. Endocr Rev (2008) 29(1):42-61. doi: 10.1210/er.2007-
0015

Hetz C. The Unfolded Protein Response: Controlling Cell Fate Decisions
Under ER Stress and Beyond. Nat Rev Mol Cell Biol (2012) 13(2):89-102.
doi: 10.1038/nrm3270

Boden G, Duan X, Homko C, Molina EJ, Song WW, Perez O, et al. Increase in
Endoplasmic Reticulum Stress-Related Proteins and Genes in Adipose Tissue
of Obese, Insulin-Resistant Individuals. Diabetes (2008) 57(9):2438-44.
doi: 10.2337/db08-0604

Gregor MF, Yang L, Fabbrini E, Mohammed BS, Eagon JC, Hotamisligil GS,
et al. Endoplasmic Reticulum Stress is Reduced in Tissues of Obese Subjects
After Weight Loss. Diabetes (2009) 58(3):693-700. doi: 10.2337/db08-1220

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Ozcan U, Cao Q, Yilmaz E, Lee A-H, Iwakoshi NN, Ozdelen E, et al.
Endoplasmic Reticulum Stress Links Obesity, Insulin Action, and Type 2
Diabetes. Sci (80-) (2004) 306(5695):457-61. doi: 10.1126/science.1103160
Jin W, Patti ME. Genetic Determinants and Molecular Pathways in the Pathogenesis
of Type 2 Diabetes. Clin Sci (2009) 116(2):99-111. doi: 10.1042/CS20080090
Association AD. Classification and Diagnosis of Diabetes: Standards of
Medical Care in Diabetes-2020. Diabetes Care (2020) 43(Supplement 1):
S14-31. doi: 10.2337/dc20-S002

Wani R. Socioeconomic Status Scales-Modified Kuppuswamy and Udai
Pareekh’s Scale Updated for 2019. J Fam Med Prim Care (2019) 8(6):1846.
doi: 10.4103/jfmpc.jfmpc_288_19

Bush B, Snow J, Koblintz R. Polychlorobiphenyl (PCB) Congeners, P,P’-DDE,
and Hexachlorobenzene in Maternal and Fetal Cord Blood From Mothers in
Upstate New York. Arch Environ Contam Toxicol (1984) 13(5):517-27.
doi: 10.1007/BF01056331

Livak KJ, Schmittgen TD. Analysis of Relative Gene Expression Data Using
Real-Time Quantitative PCR and the 2-AACT Method. Methods (2001) 25
(4):402-8. doi: 10.1006/meth.2001.1262

Meek EC, Jones DD, Crow JA, Wills RW, Cooke WH, Chambers JE.
Association of Serum Levels of P,P’- Dichlorodiphenyldichloroethylene
(DDE) With Type 2 Diabetes in African American and Caucasian Adult
Men From Agricultural (Delta) and non-Agricultural (Non-Delta) Regions of
Mississippi. ] Toxicol Environ Heal - Part A Curr Issues (2019) 82(6):387-400.
doi: 10.1080/15287394.2019.1610678

Tang M, Chen K, Yang F, Liu W. Exposure to Organochlorine Pollutants and
Type 2 Diabetes: A Systematic Review and Meta-Analysis. PloS One (2014) 9
(10). doi: 10.1371/journal.pone.0085556

Karami-Mohajeri S, Abdollahi M. Toxic Influence of Organophosphate,
Carbamate, and Organochlorine Pesticides on Cellular Metabolism of
Lipids, Proteins, and Carbohydrates: A Systematic Review. Hum Exp
Toxicol (2011) 30(9):1119-40. doi: 10.1177/0960327110388959

Tawar N, Banerjee B, Mishra BK, Sharma T, Tyagi S, Madhu SV, et al. Adipose
Tissue Levels of DDT as Risk Factor for Obesity and Type 2 Diabetes Mellitus.
Indian ] Endocrinol Metab (2021) 25(2):160-5. doi: 10.4103/JEM.JEM_198_21
Gutgesell RM, Tsakiridis EE, Jamshed S, Steinberg GR, Holloway AC. Impact
of Pesticide Exposure on Adipose Tissue Development and Function. Biochem
J (2020) 477(14):2639-53. doi: 10.1042/BCJ20200324

Kumar M, Sarma DK, Shubham S, Kumawat M, Verma V, Prakash A, et al.
Environmental Endocrine-Disrupting Chemical Exposure: Role in Non-
Communicable Diseases. Front Public Heal (2020) 8:553850/BIBTEX.
doi: 10.3389/FPUBH.2020.553850/BIBTEX

Komori M, Nishio K, Kitada M, Shiramatsu K, Muroya K, Soma M, et al.
Fetus-Specific Expression of a Form of Cytochrome P-450 in Human Livers.
Biochemistry (1990) 29(18):4430-3. doi: 10.1021/bi00470a024

Montgomery MP, Kamel F, Saldana TM, Alavanja MCR, Sandler DP. Incident
Diabetes and Pesticide Exposure Among Licensed Pesticide Applicators:
Agricultural Health Study, 1993-2003. Am ] Epidemiol (2008) 167
(10):1235-46. doi: 10.1093/aje/kwn028

Park SK, Son HK, Lee SK, Kang JH, Chang YS, Jacobs DR, et al. Relationship
Between Serum Concentrations of Organochlorine Pesticides and Metabolic
Syndrome Among Non-Diabetic Adults. ] Prev Med Public Heal (2010) 43
(1):1-18. doi: 10.3961/jpmph.2010.43.1.1

El-morsi DA, Rahman RHA, Abou-arab AAK. Pesticides Residues in
Egyptian Diabetic Children: A Preliminary Study Journal of Clinical
Toxicology. J Clinic Toxicol (2012) 2(6). doi: 10.4172/2161-0495.1000138
Sargis RM, Johnson DN, Choudhury RA, Brady MJ. Environmental
Endocrine Disruptors Promote Adipogenesis in the 3T3-L1 Cell Line
Through Glucocorticoid Receptor Activation. Obesity (2010) 18(7):1283-8.
doi: 10.1038/0by.2009.419

Zhuang S, Zhang ], Wen Y, Zhang C, Liu W. Distinct Mechanisms of
Endocrine Disruption of DDT-Related Pesticides Toward Estrogen
Receptor o. and Estrogen-Related Receptor 7. Environ Toxicol Chem (2012)
31(11):2597-605. doi: 10.1002/etc.1986

Kim K, Lee Y, Geol S, Lee I-K, Lee H-J, Kim J-H, et al. Chemosphere Associations
of Organochlorine Pesticides and Polychlorinated Biphenyls in Visceral vs.
Subcutaneous Adipose Tissue With Type 2 Diabetes and Insulin Resistance.
Chemosphere (2014) 94:151-7. doi: 10.1016/j.chemosphere.2013.09.066

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 841463


https://doi.org/10.1210/js.2017-00480
https://doi.org/10.1289/ehp.1205502
https://doi.org/10.2337/dc10-2116
https://doi.org/10.1289/ehp.10258
https://doi.org/10.1289/ehp.10258
https://doi.org/10.4093/DMJ.2020.0093
https://doi.org/10.1016/j.chemosphere.2019.01.001
https://doi.org/10.1016/j.chemosphere.2019.01.001
https://doi.org/10.1515/intox-2016-0012
https://doi.org/10.1016/j.scitotenv.2016.09.009
https://doi.org/10.1016/j.scitotenv.2016.09.009
https://doi.org/10.1016/j.fct.2017.05.003
https://doi.org/10.1016/j.scitotenv.2013.12.107
https://doi.org/10.1021/es102029t
https://doi.org/10.1007/s13300-017-0304-1
https://doi.org/10.4103/1947-2714.94944
https://doi.org/10.1038/icb.2011.112
https://doi.org/10.1146/annurev-biochem-072909-095555
https://doi.org/10.1146/annurev-biochem-072909-095555
https://doi.org/10.1210/er.2007-0015
https://doi.org/10.1210/er.2007-0015
https://doi.org/10.1038/nrm3270
https://doi.org/10.2337/db08-0604
https://doi.org/10.2337/db08-1220
https://doi.org/10.1126/science.1103160
https://doi.org/10.1042/CS20080090
https://doi.org/10.2337/dc20-S002
https://doi.org/10.4103/jfmpc.jfmpc_288_19
https://doi.org/10.1007/BF01056331
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1080/15287394.2019.1610678
https://doi.org/10.1371/journal.pone.0085556
https://doi.org/10.1177/0960327110388959
https://doi.org/10.4103/IJEM.IJEM_198_21
https://doi.org/10.1042/BCJ20200324
https://doi.org/10.3389/FPUBH.2020.553850/BIBTEX
https://doi.org/10.1021/bi00470a024
https://doi.org/10.1093/aje/kwn028
https://doi.org/10.3961/jpmph.2010.43.1.1
https://doi.org/10.4172/2161-0495.1000138
https://doi.org/10.1038/oby.2009.419
https://doi.org/10.1002/etc.1986
https://doi.org/10.1016/j.chemosphere.2013.09.066
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Tawar et al.

OCP and ER Stress in Diabetes

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Ruzzin ], Petersen R, Meugnier E, Madsen L, Lock E-J, Lillefosse H, et al.
Persistent Organic Pollutant Exposure Leads to Insulin Resistance Syndrome.
Environ Health Perspect (2010) 118(4):465-71. doi: 10.1289/ehp.0901321
Gupta S, Mishra BK, Banerjee BD, Jhamb R, Aslam M, Madhu SV. Effect of
Postprandial Triglycerides on DDT/ppDDE Levels in Subjects With Varying
Degree of Glucose Intolerance. Eur J Pharm Sci (2021) 157. doi: 10.1016/
J.EJPS.2020.105635

Al-Othman AA, Abd-Alrahman SH, Al-Daghri NM. DDT and its Metabolites
are Linked to Increased Risk of Type 2 Diabetes Among Saudi Adults: A
Cross-Sectional Study. Environ Sci Pollut Res (2014) 22(1):379-86.
doi: 10.1007/s11356-014-3371-0

Alhusaini S, McGee K, Schisano B, Harte A, McTernan P, Kumar §, et al.
Lipopolysaccharide, High Glucose and Saturated Fatty Acids Induce
Endoplasmic Reticulum Stress in Cultured Primary Human Adipocytes:
Salicylate Alleviates This Stress. Biochem Biophys Res Commun (2010) 397
(3):472-8. doi: 10.1016/j.bbrc.2010.05.138

Huang CJ, Lin CY, Haataja L, Gurlo T, Butler AE, Rizza RA, et al. High
Expression Rates of Human Islet Amyloid Polypeptide Induce Endoplasmic
Reticulum Stress-Mediated B-Cell Apoptosis, a Characteristic of Humans
With Type 2 But Not Type 1 Diabetes. Diabetes (2007) 56(8):2016-27.
doi: 10.2337/db07-0197

Nakatani Y, Kaneto H, Kawamori D, Yoshiuchi K, Hatazaki M, Matsuoka T-
A, et al. Involvement of Endoplasmic Reticulum Stress in Insulin Resistance
and Diabetes. ] Biol Chem (2005) 280: (1):847-51. doi: 10.1074/jbc.
M411860200

Lee AS. The ER Chaperone and Signaling Regulator GRP78/BiP as a Monitor
of Endoplasmic Reticulum Stress. Methods (2005) 35(4):373-81. doi: 10.1016/
j.ymeth.2004.10.010

Komura T, Sakai Y, Honda M, Takamura T, Matsushima K, Kaneko S. CD14+
Monocytes Are Vulnerable and Functionally Impaired Under Endoplasmic
Reticulum Stress in Patients With Type 2 Diabetes. Diabetes (2010) 59
(3):634-43. doi: 10.2337/db09-0659

Oyadomari S, Mori M. Roles of CHOP/GADD153 in Endoplasmic Reticulum
Stress. Cell Death Differ (2004) 11(4):381-9. doi: 10.1038/sj.cdd.4401373
Williams BL, Lipkin WI. Endoplasmic Reticulum Stress and
Neurodegeneration in Rats Neonatally Infected With Borna Disease Virus.
J Virol (2006) 80(17):8613-26. doi: 10.1128/jvi.00836-06

Lenin R, Sankaramoorthy A, Mohan V, Balasubramanyam M. Altered
Immunometabolism at the Interface of Increased Endoplasmic Reticulum
(ER) Stress in Patients With Type 2 Diabetes. ] Leukoc Biol (2015) 98(4):615—
22. doi: 10.1189/jlb.3a1214-609r

Phosat C, Panprathip P, Chumpathat N, Prangthip P, Chantratita N,
Soonthornworasiri N, et al. Elevated C-Reactive Protein, Interleukin 6,

Tumor Necrosis Factor Alpha and Glycemic Load Associated With Type 2
Diabetes Mellitus in Rural Thais: A Cross-Sectional Study. BMC Endocr
Disord (2017) 17(1):44. doi: 10.1186/512902-017-0189-z

Belfki H, Ben Ali S, Bougatef S, Ahmed DB, Haddad N, Jmal A, et al
Association Between C-Reactive Protein and Type 2 Diabetes in a Tunisian
Population. Inflammation (2012) 35(2):684-9. doi: 10.1007/s10753-011-9361-1
Lainampetch ], Panprathip P, Phosat C, Chumpathat N, Prangthip P,
Soonthornworasiri N, et al. Association of Tumor Necrosis Factor Alpha,
Interleukin 6, and C-Reactive Protein With the Risk of Developing Type 2
Diabetes: A Retrospective Cohort Study of Rural Thais. ] Diabetes Res (2019)
2019. doi: 10.1155/2019/9051929

Wang M, Li Z, Li C, Liu Y, Jiang H, Jia L, et al. Endoplasmic Reticulum Stress
in Adipose Tissue at the Intersection of Childhood Obesity-Associated Type 2
Diabetes/Insulin Resistance and Atherosclerosis. Int | Clin Exp Med (2019) 12
(4):3095-106.

Lopez-Domenech S, Abad-Jiménez Z, Iannantuoni F, de Maranon AM,
Rovira-Llopis S, Morillas C, et al. Moderate Weight Loss Attenuates
Chronic Endoplasmic Reticulum Stress and Mitochondrial Dysfunction in
Human Obesity. Mol Metab (2019) 19:24-33. doi: 10.1016/
j.molmet.2018.10.005

Skandrani D, Gaubin Y, Vincent C, Beau B, Murat JC, Soleihavoup J-P, et al.
Relationship Between Toxicity of Selected Insecticides and Expression of
Stress Proteins (HSP, GRP) in Cultured Human Cells: Effects of Commercial
Formulations Versus Pure Active Molecules. Biochim Biophys Acta - Gen Subj
(2006) 1760(1):95-103. doi: 10.1016/j.bbagen.2005.09.015

52.

53.

54.

55.

56.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Tawar, Banerjee, Madhu, Agrawal and Gupta. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 841463


https://doi.org/10.1289/ehp.0901321
https://doi.org/10.1016/J.EJPS.2020.105635
https://doi.org/10.1016/J.EJPS.2020.105635
https://doi.org/10.1007/s11356-014-3371-0
https://doi.org/10.1016/j.bbrc.2010.05.138
https://doi.org/10.2337/db07-0197
https://doi.org/10.1074/jbc.M411860200
https://doi.org/10.1074/jbc.M411860200
https://doi.org/10.1016/j.ymeth.2004.10.010
https://doi.org/10.1016/j.ymeth.2004.10.010
https://doi.org/10.2337/db09-0659
https://doi.org/10.1038/sj.cdd.4401373
https://doi.org/10.1128/jvi.00836-06
https://doi.org/10.1189/jlb.3a1214-609r
https://doi.org/10.1186/s12902-017-0189-z
https://doi.org/10.1007/s10753-011-9361-1
https://doi.org/10.1155/2019/9051929
https://doi.org/10.1016/j.molmet.2018.10.005
https://doi.org/10.1016/j.molmet.2018.10.005
https://doi.org/10.1016/j.bbagen.2005.09.015
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Association of Organochlorine Pesticides With Genetic Markers of Endoplasmic Reticulum Stress in Type 2 Diabetes Mellitus: A Case–Control Study Among the North-Indian Population
	Introduction
	Methodology
	Study Subjects
	Anthropometric Measurements
	Sample Collection and Storage
	Organochlorine Pesticide Analysis
	Gene Expression Analysis at the Transcriptional Level
	Gene Expression Analysis at the Translational Level
	Statistical Analysis

	Results
	Demographic Characteristics of Study Groups
	Organochlorine Pesticide Analysis
	The Correlation of Glycemic and Anthropometric Markers With OCP Levels
	ER Stress and Pro-Inflammatory Marker Gene Expression
	The Gene–Gene Interaction
	The Correlation of Glycemic and Anthropometric Markers With ER Stress and Pro-Inflammatory Gene Expression
	The Gene–Environment Interaction

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


