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Abstract
Increasing evidence in substantiating the roles of endoplasmic reticulum stress, oxidative stress, and inflammatory responses and
their interplay is evident in various diseases. However, an in-depth mechanistic understanding of the crosstalk between the
intracellular stress signaling pathways and inflammatory responses and their participation in disease progression has not yet been
explored. Progress has been made in our understanding of the cross talk and integrated stress signaling network between
endoplasmic reticulum stress and oxidative stress towards the pathogenesis of diabetic nephropathy. In this present study, we
studied the crosstalk between the endoplasmic reticulum stress and oxidative stress by understanding the role of protein disulfide
isomerase and endoplasmic reticulum oxidase 1α, a key player in redox protein folding in the endoplasmic reticulum. We had
recruited a total of 90 subjects and divided into three groups (control (n = 30), type 2 diabetes mellitus (n = 30), and diabetic
nephropathy (n = 30)). We found that endoplasmic reticulum stress markers, activating transcription factor 6, inositol-requiring
enzyme 1α, protein kinase RNA-like endoplasmic reticulum kinase, C/EBP homologous protein, and glucose-regulated protein-
78; oxidative stress markers, thioredoxin-interacting protein and cytochrome b-245 light chain; and the crosstalk markers, protein
disulfide isomerase and endoplasmic reticulum oxidase-1α, were progressively elevated in type 2 diabetes mellitus and diabetic
nephropathy subjects. The association between the crosstalk markers showed a positive correlation with endoplasmic reticulum
stress and oxidative stress markers. Further, the interplay between endoplasmic reticulum stress and oxidative stress was
investigated in vitro using a human leukemic monocytic cell line under a hyperglycemic environment and examined the
expression of protein disulfide isomerase and endoplasmic reticulum oxidase-1α. DCFH-DA assay and flow cytometry were
performed to detect the production of free radicals. Further, phosphorylation of eIF2α in high glucose–exposed cells was studied
using western blot. In conclusion, our results shed light on the crosstalk between endoplasmic reticulum stress and oxidative
stress and significantly contribute to the onset and progression of diabetic nephropathy and therefore represent the major
therapeutic targets for alleviating micro- and macrovascular complications associated with this metabolic disturbance.
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Introduction

Diabetic nephropathy (DN), the most prevalent cause of end-
stage renal disease, constitutes to 20–30% of renal transplan-
tation worldwide (Hakim and Pflueger 2010). DN is charac-
terized by abnormal glomerular filtration rate and albuminuria
and the progression is described with five different stages:
g lomeru la r hype r f i l t r a t i on , ea r ly nephropa thy ,
microalbuminuria, evident proteinuria, and end-stage renal
disease (Mogensen et al. 1983). Chronic hyperglycemia is
the major cause of metabolic and vascular abnormalities in
DN and recent research has unraveled the combination of
genetic and epigenetic factors that, in turn, regulate diverse
cellular signaling networks and thereby manifest the patholo-
gy associated with DN. The elevated level of reactive oxygen
species was evident in diabetes and found to be a major caus-
ative factor towards the pathogenesis of diabetic complica-
tions. Oxidative stress (OS) causes podocyte injury, endothe-
lial cell dysfunction, mesangial cell injury, the elevated level
of transforming growth factor-β, microalbuminuria, and glo-
merular apoptosis and accelerates the progression of DN
which leads to end-stage renal disease (Singh et al. 2011).
Apart from oxidative stress–mediated diabetic complications,
endoplasmic reticulum stress (ERS) is also evident in diverse
renal diseases, including primary glomerulonephritis, diabetic
nephropathy, acute kidney injury, chronic kidney disease, and
renal fibrosis (Cybulsky 2017).The endoplasmic reticulum
(ER) is complex and well-orchestrated, and the principal or-
ganelle involved in folding of the nascent polypeptide chain
and subsequent protein trafficking (Liu and Li 2019). ER
stress inducers such as hyperglycemia, free fatty acids, and
lipoproteins disturb the proteostasis which leads to the accu-
mulation of unfolded/misfolded proteins in the ER lumen,
alters calcium homeostasis, and initiates the unfolded protein
response (UPR) (Iwawaki and Oikawa 2013). Under acute
stress, UPR is triggered by three ER transmembrane proteins
or ER-resident sensors, activating transcription factor 6
(ATF6), inositol-requiring enzyme 1α (IRE1α), and protein
kinase RNA-like endoplasmic reticulum kinase (PERK),
which in turn trigger activation of their downstream target
genes resulting in endoplasmic reticulum-associated degrada-
tion (Needham et al. 2019). In contrast, chronic ER stress
leads to the activation of pro-apoptotic genes and its down-
stream mediators and drives the cell towards apoptosis with
the help of ER-resident stress sensors. Mediators of apoptosis
include C/EBP homologous protein (CHOP) induced via
PERK and ATF4 (Wang et al. 2019). Alternatively, IRE1α
can induce apoptosis via activation of caspase 4 or caspase 12
(Cybulsky 2017). Since ER plays a pivotal role in protein
folding and maintaining a native stable conformational state
is paramount, two major enzymes, namely, protein disulfide
isomerase (PDI) and ER oxidase 1α (ERO1A) govern this
important function (Tu and Weissman 2004).

Recently, researchers shed light on the intracellular stress
signaling mechanism and suggest that crosstalk between ER
and oxidative stress is evidenced in many pathophysiological
conditions. The enzymes PDI and ERO1A are involved in
forming disulfide bridges between the cysteine residues of
the protein and ERO1 mediates the transfer of electrons from
PDI tomolecular oxygen, leading to the production of reactive
oxygen species in the ER lumen (Cuozzo and Kaiser 1999).
Under hyperglycemic condition, there is an increase in the
formation of non-native disulfide bridges, which results in
glutathione consumption as a defensive mechanism. Thus,
lowering cellular glutathione under constant hyperglycemia
fuels excessive reactive oxygen species generation and en-
hances oxidative stress (van der Vlies et al. 2003). In the face
of mounting oxidant damage, elevated CHOP, in turn, regu-
lates the expression of ERO1A, triggering inositol-1,4,5-tris-
phosphate receptor-mediated Ca2+ release from the ER. The
mitochondria are a prime target of elevated cytosolic Ca2+ that
is already grappling with hyperglycemia-induced elevated re-
active oxygen species (Gorlach et al. 2006). In this present
study, we examined the status of ERS and OS by studying
the levels of its markers in the progression of DN subjects and
compared with type 2 diabetes mellitus and healthy controls.
Further, the association of crosstalk markers with ERS and OS
has also been investigated. In addition, the role of crosstalk
markers (PDIA2 and ERO1A) in the activation of ERS and
OS in human monocytic cells has been studied under the
diabetic niche and put forth a promising approach towards
the molecular switch between ERS and OS.

Materials and methods

Study population

Ninety study subjects of 40–65 years were divided into three
groups: healthy control subjects (n = 30; M/F, 15/15), subjects
with type 2 diabetes mellitus (T2DM) (n = 30; M/F, 15/15),
and subjects with diabetic nephropathy (DN) (n = 30; M/F,
17/13). In brief, healthy control refers to subjects with no
history of diabetes, cardiovascular diseases, and renal diseases
and were randomly selected those having fasting plasma glu-
cose less than 5.6 mmol/l and 2 h postprandial plasma glucose
value less than 7.8 mmol/l (140 mg/dl) during an oral glucose
tolerance test, whereas T2DM subjects had fasting plasma
glucose level of more than 7.0 mmol/l (≥ 126 mg/dl) and post-
prandial plasma glucose level of more than 11.1 mmol/l (≥
200 mg/dl). All the study samples were collected from M.V.
Hospital for Diabetes, Royapuram, Chennai, India. This study
was approved by the institutional ethics committee (IEC/N-
003/02/2020) and all methods were performed in accordance
with the relevant guidelines and regulations of the institution.
This study was also explained in their native languages with
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the aid of both written instructions in their mother tongue and
also orally for easy understanding, after which they were giv-
en adequate time to consider their participation in this study.
The informed consent was collected from all study partici-
pants. The inclusion criteria for the recruitment of DN subjects
were of age between 30 and 60 years, glycated hemoglobin
level should be greater than 7 or 7.5, duration of diabetes
should be more than 10 years, and the estimated glomerular
filtration rate should be in the range of ≥ 90 to ≤ 15 (ml/min/
1.73 m2). The exclusion criteria included subjects with a his-
tory of inflammatory or infectious diseases, autoimmune and
rheumatic diseases, cancer, hematological diseases, and type 1
DM. Subjects who are under the administration of anti-
inflammatory drugs and pregnant or nursing mothers were
also excluded from the present study.

Anthropometric measurements and biochemical
parameters

Anthropometric parameters, including weight, height, and
body mass index, were verified using standard techniques.
The fasting blood samples were obtained from the study sub-
jects. The body mass index was calculated as the weight in
kilograms divided by the square of height in meters. Fasting
plasma glucose, serum cholesterol, serum triglycerides, high-
density lipoprotein cholesterol, and creatinine were measured
using commercially available standard kits by Hitachi-912
AutoAnalyzer (Hitachi, Mannheim, Germany). Glycated he-
moglobin A1c was estimated by high-pressure liquid chroma-
tography (Bio-Rad, Hercules, CA).

Isolation of PBMC from peripheral blood by the Ficoll-
Paque density gradient centrifugation

Peripheral blood mononuclear cells (PBMCs) were isolated
from fresh peripheral blood of study subjects. About 2 ml of
blood was drawn from the selected subjects and carefully
layered on 3 ml of Ficoll to a 15ml falcon tube. The contents
were centrifuged at 4200 rpm for 30 min at 25 °C. Four layers
were separated, which consisted of plasma, PBMCs, Ficoll,
and erythrocytes, respectively. Plasma was separated and
stored in a separate 2ml centrifuge tube. The PBMC (buffy
coat) layer was taken carefully and transferred to another cen-
trifuge tube. The layer was washed with 1x PBS and centri-
fuged at 2500 rpm for 10 min at 25 °C. A thick pellet was
observed at the bottom of the tube, which had PBMCs. The
pellet was then stored at − 80 °C and further used for mRNA
isolation.

Total RNA isolation and cDNA conversion

Total RNA was isolated using the manual extraction method.
About 300 μl of chloroform and TRIzol (RNAiso Plus,

Takara) was added to the PBMC pellet. The sample was then
incubated at 4 °C for about 10min, followed by centrifugation
for 20 min at 12,000 rpm at 4 °C. The upper aqueous layer
containing RNAwas transferred to a fresh centrifuge tube and
equal volume of isopropanol was added and incubated over-
night at − 20 °C. The mixture was centrifuged at 12,000 rpm
for 20 min at 4 °C to pellet down the RNA. The pellet was
then washed with 70% ethanol and air dried, and 20 μl
nuclease-free water was added and stored at − 80 °C. About
1 μg of RNA was reverse transcribed to cDNA using a com-
mercial kit as per the manufacturer’s instructions (Qiagen,
CA, USA). The resulting cDNAwas used for gene expression
studies using qRT-PCR (Bio-Rad CFX connect systems, Bio-
Rad, PA, USA). The primer sequences for the target genes are
given in Table S1.

Human monocytic cell line (THP-1) culture and high
glucose treatment

In order to understand the ER-OS-crosstalk mechanism, we
put forth a mechanistic approach to understand the intracellu-
lar stress signaling cascade in human leukemic monocytic cell
line (THP-1) cells. THP-1 cells were used because monocytes
are key players involved in inflammatory response and in-
flammation is evident in diabetes and its associated complica-
tions. THP-1 cells were purchased from the National Centre of
Cell Sciences, Pune, India, and cultured in the Roswell Park
Memorial Institute Medium-1640 (Invitrogen Life
Technologies, Carlsbad, CA, USA) medium supplemented
with fetal bovine serum (10%) (FBS; Invitrogen), 2 mM glu-
tamine (Sigma, USA), 1 mM sodium pyruvate, 2 g/l sodium
bicarbonate in 25-cm2 culture flask and incubated at 37 °C in
an atmosphere of 5% CO2. Once the cells reached confluence,
they were serum-starved overnight, followed by high glucose
treatment (33.3 mM) at varied time intervals (30 min to 24 h).
After each time points, the cells were harvested and washed
with 1x PBS and subjected to RNA isolation for subsequent
analysis of gene expression of ER, OS and crosstalk makers.

Western blotting

THP-1 cells were treated with high glucose (33.3 mM) for
different t ime intervals , the cel ls were lysed in
radioimmunoprecipitation assay (RIPA) buffer (Abcam,
USA), the whole-cell lysates were collected, and protein con-
centration was determined using the Bradford assay (Bio-Rad,
PA, USA). 30 μg of whole protein lysate was resolved using
SDS-PAGE and blotted to nitrocellulosemembrane (Bio-Rad,
PA, USA). Primary antibodies against eIF2α (C.No. 9722;
Cell Signaling Technology, USA), p-eIF2α (S51) (C.No.
9721; Cell Signaling Technology, USA), and β-actin (sc-
47,778; Santa Cruz, USA) were probed, followed by exposure
to secondary antibodies. Expression was detected by the
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enhanced chemiluminescence (ECL) kit (Bio-Rad, PA, USA)
and documented using the ChemiDoc system (GBOX,
Syngene, UK). The data was normalized to the housekeeping
gene, β-actin, and represented as relative fold change com-
pared to the control group.

Measurement of intracellular oxidative stress using
DCFDA (2′,7′-dichlorofluoresceindiacetate) dye

Reactive oxygen species was measured using the H2DCFDA
assay and detected using flow cytometry. H2DCFDA is de-
a ce t y l a t ed by in t r a c e l l u l a r e s t e r a s e s t o 2 ′ , 7 ′ -
dichlorodihydrofluorescein (H2DCF), which directly detects
free radicals, which then oxidizes non-fluorescent H2DCF to
fluorescent DCF (Karlsson et al. 2010). The DCF assay esti-
mates the total amount of intracellular reactive oxygen species
generated in the cells. THP-1 cells were treated with high
glucose (33.3 mM) at different time intervals. At the end of
the experimental period, the cells were washed with ice-cold
PBS twice and incubated with 10 μM DCFDA at 37 °C for
30 min in the dark. The fluorescent intensity was measured at
488 nm excitation/530 nm emission through flow cytometry
(BD FACSCalibur, USA).

Statistical analysis

Data analysis was performed using GraphPad Prism version
6.00 (GraphPad Software, La Jolla California USA). Data are
represented as mean ± SD. For a non-normal distribution, we
used the Kruskal-Wallis H test, followed by Dunn’s post hoc
test, among two or more groups. Spearman’s correlation anal-
ysis was performed to find out the association of crosstalk

markers with ERS and OS markers in the DN subjects (IBM
SPSS Statistics, version 20.0).

Results

Clinical and biochemical characteristics of the study
subjects

The clinical and biochemical characteristics of the study sub-
jects are presented in Table 1. Compared to control, T2DM
and DN subjects showed a significant increase in vital param-
eters such as fasting plasma glucose, glycated hemoglobin,
total serum cholesterol, and estimated glomerular filtration
rate. Also, DN subjects showed a significant increase in post-
prandial plasma glucose, HDL cholesterol, urea, and creati-
nine compared to the control group. However, there was no
significant change observed in body mass index, postprandial
plasma glucose, HDL cholesterol, urea, and creatinine in
T2DM subjects when compared to control groups.

Gene expression of endoplasmic reticulum stress
pathway markers as assessed by qRT-PCR

A progressive increase in the expression ER stress markers
such as PERK, ATF6, and IRE1α was observed in PBMCs
of DN subjects when compared to T2DM and control group
(Fig. 1). There was a 9.0- (p < 0.001, Dunn’s post hoc test),
5.8- (p < 0.01, Dunn’s post hoc test), and 4.0- (p < 0.01,
Dunn’s post hoc test) fold increase and statistically significant
in gene expression of PERK, IRE1α, and ATF6 respectively
in DN patients when compared to control group. ER

Table 1 Clinical and biochemical
characteristics of the study
subjects

Clinical parameters Control
(n = 30)

T2DM
(n = 30)

DN (n = 30)

Gender (M/F) 15/15 15/15 17/13

Age (years) 45.3 ± 6.9 52.7 ± 8.4 55.1 ± 11.4

Body mass index (kg/m2) 22.7 ± 1.4 27.1 ± 3.3 28.2 ± 4.1‡

Fasting plasma glucose (mg/dl) 95.6 ± 7.1 168.4 ± 68.7† 175.5 ± 53.6‡‡‡

Postprandial plasma glucose (mg/dl) 108.2 ± 15.9 212.6 ± 46.4 301.3 ± 98.9‡

Glycated hemoglobin (%) 5.5 ± 0.2 8.9 ± 2.5† 10.9 ± 2.2‡‡

Total serum cholesterol (mg/dl) 158.5 ± 31.1 180.4 ± 34.8† 187.5 ± 45.4‡‡‡

HDL cholesterol (mg/dl) 43.6 ± 8.4 44.2 ± 6.9 38.4 ± 12.4‡‡‡

Urea (mg/dl) 23.2 ± 4.0 24.5 ± 6.8 42.3 ± 15.3‡

Creatinine (mg/dl) 0.8 ± 0.1 0.9 ± 0.1 1.1 ± 0.5‡‡

Estimated glomerular filtration rate (ml/min per
1.73 m2)

129.9 ± 14.7 98.1 ± 12.5† 79.6 ± 20.1‡‡‡

p values were calculated using the Kruskal-Wallis H test on the GraphPad Prism software

*p < 0.05, **p < 0.01, ***p < 0.001. † indicates comparison was made between control and T2DM. ‡ indicates
comparison was made between control and DN
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chaperone protein GRP78 and pro-apoptotic protein CHOP
were also significantly increased up to 5.4- (p < 0.001,
Dunn’s post hoc test) and 6.9- (p < 0.01, Dunn’s post hoc test)
fold respectively in DN subjects compared to control subjects.
We also observed a significant increase in PERK expression,
IRE1α, and CHOP in DN subjects compared to T2DM
subjects.

Gene expression of oxidative stress markers as
assessed by qRT-PCR

As shown in Fig. 2, the expression levels of oxidative stress
markers in PBMCs isolated from DN subjects revealed a pro-
gressive increase in the oxidative stress markers thioredoxin-
interacting protein (TXNIP) and p22pHox by 4.0- (p < 0.05,
Dunn’s post hoc test) and 5.04- (p < 0.01, Dunn’s post hoc

test) fold respectively in DN subjects when compared to con-
trol samples. We also observed a significant increase in the
expression of p22pHox in DN subjects (p < 0.05, Dunn’s post
hoc test) compared to T2DM subjects.

Gene expression of crosstalk markers as assessed by
qRT-PCR

We performed the gene expression of crosstalk markers
PDIA2 and ERO1A in the PBMCs of study subjects to assess
their potential mediation in their contribution to overall oxi-
dative stress (Fig. 3). Interestingly, the gene expression of
PDIA2 and ERO1A were found to significantly increase; es-
pecially, the fold change between the DN and control subjects
of PDIA2 was found to be 9.31-fold (p < 0.001, Dunn’s post
hoc test) and 6.53-fold (p < 0.05, Dunn’s post hoc test) com-
pared to control and T2DM subjects. On the other hand, the

Fig. 1 The expression levels of ER stress markers such as PERK, IRE1,
ATF6, ER chaperone protein GRP78, and pro-apoptotic protein CHOP in
PBMCs of study subjects were measured using qRT-PCR. A total of
twenty-seven samples were analyzed for gene expression studies. Data

are expressed as fold change over control and presented as mean ± SD of
three independent experiments. Statistical analysis was performed by the
Kruskal-Wallis test. *p < 0.05, **p < 0.01, and ***p < 0.001

Fig. 2 The expression levels of selected oxidative stress markers TXNIP
and p22pHox in PBMCs of study subjects were measured using the qRT-
PCR analysis. A total of twenty-seven samples were analyzed for gene
expression studies. Data are expressed as fold change over control and
presented as mean ± SD of three independent experiments. Statistical
analysis was performed by the Kruskal-Wallis test. *p < 0.05,
**p < 0.01, and ***p < 0.001

Fig. 3 The levels of crosstalk genes such as PDIA2 and ERO1A in
PBMCs of study subjects were measured using qRT-PCR analysis. A
total of twenty-seven samples were analyzed for gene expression studies.
Data are expressed as fold change over control and presented as mean ±
SD of three independent experiments. Statistical analysis was performed
by the Kruskal-Wallis test. *p < 0.05, **p < 0.01, and ***p < 0.001
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PDI mediator, ERO1A, which governs the redox folding by
releasing reactive oxygen species, was also significantly in-
creased among DN subjects 3.5- (p < 0.01, Dunn’s post hoc
test) and 6.45- (p < 0.001, Dunn’s post hoc test) fold com-
pared to T2DM subjects and healthy control group respective-
ly. However, we had also observed a significant increase in
the expression of PDIA2 (p < 0.01, Dunn’s post hoc test) in
T2DM compared to control groups. This increased gene ex-
pression of PDIA2 and ERO1A among DN subjects affirms
the role of impaired redox folding and redox homeostasis by
the release of reactive oxygen species by ERO1A in DN
subjects.

Association between crosstalk markers with ER and
oxidative stress markers

We further evaluated the association between the crosstalk
markers and ER-OS markers in PBMCs of study subjects

(Table 2). The levels of crosstalk markers PDIA2 and
ERO1A individually correlated with the ER and OS sig-
natures in DN subjects. Spearman’s correlation results re-
vealed a fair/moderate degree of positive correlation of
PDIA2 with PERK and p22pHox (r = 0.414; p = 0.016)
and (r = 0.368; p = 0.021) respectively. In contrast, there
was a fair degree of positive correlation of ERO1A with
PERK (r = 0.432; p = 0.037) and a strong positive corre-
lation with p22pHox (r = 0.814; p = 0.005). This signifies
that the reactive oxygen species generated by ERO1A
plays a pivotal role in overall cellular stress towards the
pathogenesis of DN.

Effect of ER-OS-crosstalk markers in THP-1 cells under
hyperglycemic environment

We further explored the mechanism by which the enzymes
PDIA2 and ERO1A, mainly involved in redox protein fold-
ing, might involve in crosstalk between ERS and OS. In
order to understand the molecular switch between the ERS
and OS, we exposed THP-1 cells to hyperglycemic condi-
tions and assessed the gene expression of ERS, OS, and
crosstalk markers under different time points. Gene expres-
sion data revealed a progressive increase in the expression
of the ER-resident protein GRP78 in THP-1 cells exposed to
elevated glucose levels peaked around 6 h around 7.6-fold
post treatment (Fig. 4). Interestingly, a significant decrease
by about 3.1-fold in GRP78 was observed beyond 6 h high
glucose treatment, but that was still elevated compared to
control which was noticeable until the end period of the

Table 2 Spearman’s correlation coefficient of crosstalk markers
(PDIA2 and ERO1A) with ER stress markers (PERK) and oxidative
stress markers (p22pHox) among DN subjects

Variables PERK p22pHox

r value p value r value p value

PDIA2 0.41 0.01 0.36 0.02

ERO1A 0.43 0.03 0.81 0.005

r and p values were calculated using Spearman’s correlation test at 95%
confidence intervals

Fig. 4 a Effect of ER and
oxidative stress markers in high
glucose (33.3 mM) treated in
THP-1 cells under different time
points. b Effect of crosstalk
markers in high glucose stimulat-
ed THP-1 cells under different
time intervals and assessed the
gene expression using qRT-PCR.
Data are expressed as fold change
over control and presented as
mean ± SD of three separate ex-
periments. Statistical analysis was
performed using unpaired “t” test
with the Welch corrections.
*p < 0.05, **p < 0.01, and
***p < 0.001
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study. In contrast, though the level of the other OS marker
TRPC-6 also increased by about 7.6-fold at 6 h, this
remained relatively unchanged until 24 h after treatment.
Similarly, the gene expression levels of PDIA2 and
ERO1A were assessed and found to be elevated 3.0-fold at
3 h and remained constant from 9 to 24 h compared to the
control group (Fig. 4). These results show that the crosstalk
between ER and oxidative stress occurs at 3 h of glucose
exposure in THP-1 cells resulting in the molecular switch
between ER towards oxidative stress under hyperglycemic
conditions.

Effect of high glucose exposure on eIF2α
phosphorylation in THP-1 cells

To test the effect of high glucose exposure on eIF2α phos-
phorylation, we examined both total eIF2α and its

phosphorylation at Ser 51 by immunoblot analysis. The
eIF2α phosphorylation of the total cellular extract increased
in 1 h of glucose exposure when compared to control cells
(Fig. 5). At later time points, the reduction of eIF2α phosphor-
ylation was observed by almost 3 folds in 24 h of glucose
exposed cells.

Free radical generation in THP-1 cells under hyper-
glycemic conditions

Figure 6 demonstrates the reactive oxygen species levels in
the THP-1 cells treated with glucose (33.3 mM) for various
time intervals. Glucose exposure resulted in a time-dependent
increase in levels of free radicals, confirmed by the right shift
in comparison to untreated cells. We found that the mean
fluorescent intensity increased up to 60% in high glucose–
treated cells for 24 h.

Fig. 5 Effect of high glucose (33.3 mM) on eIF2α phosphorylation by western blotting in THP-1 cells. Data are expressed as p-eIF2α(S51)/eIF2α ratio
and presented as mean ± SD of three separate experiments. Statistical analysis was performed using by the Kruskal-Wallis test. *p < 0.05

Fig. 6 Determination of reactive oxygen species generation via detection
of DCFDA by flow cytometry. THP-1 cells were incubated with high
glucose for different time points and stained with DCFDA. The fluores-
cence intensity was measured by flow cytometry. A shift to the right

indicates increased reactive oxygen species levels (a). The mean fluores-
cence intensity (MIF) values are presented as means ± SD of three exper-
iments (b). Statistical analysis was performed using by the Kruskal-
Wallis test. *p < 0.05
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Discussion

Oxidative stress is a major contributor to the pathogenesis of
diabetes and its associated complications, and recent studies
have shed light on ER stress in the pathogenesis of diabetes,
insulin resistance, endothelial dysfunction, and inflammation
in blood vessels (Basha et al. 2012; Flamment et al. 2012;
Urano et al. 2000). Considering the importance of OS in me-
diating ERS in hyperglycemia and the development of DN,
we first sought to assess relative gene expression levels of OS
markers such as TXNIP and p22pHox in PBMCs of T2DM and
DN. The results revealed elevated levels of both mediators in
both T2DM and DN patients in comparison to healthy con-
trols that were statistically significant. There is an increase in
the level of oxidative stress markers such as TXNIP and
p22pHox in DN subjects in the present study. In diabetes,
NADPH oxidase 1-Nox1 and Nox2 are the major sources of
reactive oxygen species, contributing to oxidative stress, en-
dothelial dysfunction, and inflammation in blood vessels
(Drummond et al. 2011). Here, we observed the NADPH
oxidase subunit p22pHox to be significantly elevated in DN
and T2DM subjects when compared to control groups. A re-
cent finding from our laboratory reported that the level of
p22pHox was increased in the onset of diabetes subjects and
affirmed the pivotal role of oxidative stress in the pathogenesis
of diabetes and associated complications (Sireesh et al. 2018).
Thioredoxin-interacting protein is a protein that negatively
regulates the redox protein, thioredoxin, which leads to an
imbalance in cytoprotecting enzymes. The level of TXNIP
was found to be significantly increased in prediabetes when
compared to healthy control subjects (Gateva et al. 2019). Our
results are in line with the previous findings which revealed
the higher levels of oxidative stress in DN and T2DM subjects
when compared to control subjects.

To ascertain the development of OS-mediated induction of
ER stress, we also investigated gene expression analysis of
five ER stress markers across the three groups. Our results
on the gene expression of ER stress markers such as PERK,
ATF6, IRE1, and GRP78 showed a significant increase in DN
subjects compared to T2DM and control subjects. It has been
demonstrated that there was an elevated level of MDA,
GRP78, and CHOP in PBMCs of T2DM compared to control
groups (Mozzini et al. 2015). Studies from our laboratory have
shown that there were elevated levels of GRP78 and CHOP in
ER stress-induced endothelial cells (Suganya et al. 2018). Our
results are similar to the aforementioned reports and showed
that the elevated levels of ER stress markers are associated
with T2DM and DN subjects.

Since ER is the central organelle involved in protein fold-
ing, trafficking, and biogenesis, ER stress expectedly contrib-
utes towardsmany pathophysiological conditions arising from
metabolic disturbances in the cell. ER stress and oxidative
stress act in concert with many disease conditions, and

therefore, we put forth a facile methodology to understand
the crosstalk between ER-mediated reactive oxygen species
generation and overall contribution towards oxidative stress
via studying PDIA2 and ERO1A in PBMCs isolated fromDN
patients. Gene expression revealed that a progressive increase
in PDIA2 and ERO1A in T2DM (6.53-fold) and DN (9.31-
fold) was statistically significant compared to healthy control.

To the best of our knowledge, this is the first line of evi-
dence we present that attempts characterizing the association
between PDI and ERO1A in ongoing OS and ER cellular
stress in DN subjects. Under chronic ER stress, there is an
imbalance between protein folding and protein client load that
favors the formation of non-native disulfide bridges between
the cysteine residues by the PDI. This leads to protein aggre-
gation in the ER, which results to the generation of reactive
oxygen species by the ERO1A and depletes the level of glu-
tathione in the ER lumen. Dysfunctional PDI and ERO1A
imbalance the GSSG/GSH ratio in the ER lumen and contrib-
ute to enhanced oxidative stress. ER and mitochondria are
phys ica l ly and func t iona l ly connec ted th rough
mitochondrial-associated membranes (MAMs) (Missiroli
et al. 2018). ER stress also causes Ca2+ leak from the ER,
travels throughMAMs, and targets the complex III of electron
transport chain in mitochondria, thus causing electron leak to
molecular O2, thus aggravating the ongoing reactive oxygen
species production contributing to overall oxidative stress in
the cell (Pinton et al. 2008). However, under clinical settings,
to the best of our knowledge, this is the first line of evidence
we present that attempts characterizing the association be-
tween PDI and ERO1A in ongoing OS and ER cellular stress
in DN subjects.

Compelling evidence demonstrates both PDI and ERO1A
play a crucial role in many pathophysiological disease states,
including neurodegenerative diseases, cancer, diabetes, and
cardiovascular diseases (Parakh and Atkin 2015). In our pres-
ent study, we observed a progressive increase in the expres-
sion of PDI in DN subjects when compared to T2DM and
control subjects. This possibly suggests the accumulation of
mis/unfolded proteins in the ER lumen in DN subjects. Over-
expression of PDI was observed in a variety of cancers and
has been suggested as a diagnostic marker to detect glial and
breast cancers (Thongwatchara et al. 2011; Goplen et al.
2006). In the context of redox homeostasis, PDI is associated
with NADPH complex subunits and raises reactive oxygen
species levels in vascular smooth muscle cells. Only oxidized
PDI triggers the production of reactive oxygen species, where-
as reduced PDI ameliorates the production of reactive oxygen
species (de A Paes et al. 2011). Also, reduced PDI helps to
alleviate the misfolded protein load in the ER by stimulating
endoplasmic reticulum-associated degradation (Tsai et al.
2001). In addition, the expression of ERO1A was increased
in DN in comparison to T2DM and control subjects to suggest
the reactive oxygen species-mediated elevation of ERO1A
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under hyperglycemic conditions that bolster oxidative stress.
This has been evident that there were increased levels of ox-
idized ERO1 in microsomes of streptozotocin-induced diabet-
ic rats (Nardai et al. 2005). This confirms that the PDI and
ERO1 play a pivotal role in the crosstalk between ERS andOS
under a hyperglycemic environment and accelerate the pro-
gression of DN. To further investigate the molecular mecha-
nism behind the crosstalk, we put forth a mechanistic ap-
proach to understand the nexus between ER and the regulatory
effect of PDI and ERO1A. The association of crosstalk
markers with ERS and OS was evaluated using the
Spearman's correlation. Interestingly, we found a positive cor-
relation between PDIA2 and ERO1A with PERK and
p22pHox. Our results shed light on the association between
the PDIA2 and ERO1A with PERK and p22pHox towards
enhanced oxidative stress. Our results further prove the rela-
tionship between the crosstalk markers with ERS and OS
markers and provide a better understanding of the intracellular
stress signaling cascade between ER and the cytosol that con-
tributes to the progression of DN.

We exposed in vitro THP-1 cells under a hyperglycemic
environment and assessed the gene expression of GRP78,
TRPC6, PDIA2, and ERO1A at different time points.
Accumulating evidence affirms the over-expression of pro-
inflammatory cytokines (IL-1β and TNF-α) and oxidative
stress in THP-1 cells under diabetic microenvironment
(Aljada et al. 2002; Shanmugam et al. 2003). Interestingly,
the upregulation of PDI was observed at different time points
in azacytidine-induced THP-1 cells (Tang et al. 2013). In this
present study, we found the level of the ER chaperone protein,
GRP78, progressively increased and reached a peak at 6 h,
after which it declined until 24 h, probably due to the initiation
of the UPR. The oxidative stress marker was progressively
increasing till 6 h and maintained the same level till 24 h.
This is in agreement with the aforementioned report that oxi-
dized PDI might regulate the ongoing reactive oxygen species
production by targeting NADPH oxidase to maintain intracel-
lular stress. From our data, it is tempting to speculate that the
molecular switch between the ERS and OS appears to be
turned on at 3 h where an increase in PDIA2 and ERO1A
levels was observed at 3 h but which decreases after 3 h,
though a constant yet elevated level was maintained when
compared to untreated cells.

ER stress inducers such as hyperglycemia enhanced the
production of reactive oxygen species and eventually induces
cell damage by directly acting on lipid, protein, and DNA (Yu
et al. 2006). Stimulation with high glucose is one of the factors
that initiate diabetes development and its complications (Wu
et al. 2014). The free radicals serve as upstream signal mole-
cules of the high glucose–induced signaling pathway. Flow
cytometry data demonstrated increased reactive oxygen spe-
cies production in response to altered glucose levels in a time-
dependent manner. This finding was also confirmed by

another study where reactive oxygen species increased by
high glucose exposure in human tumor cells (KB31, KBV1,
A549, and DMS-53) (Seebacher et al. 2015).

ER stress induces the activation of unfolded protein response
(UPR) pathways via the induction of PERK, which leads to the
elevation of phosphorylated eIF2α, resulting in the promotion
of a pro-adaptive signaling pathway by the inhibition of global
protein synthesis and selective translation of ATF4 (Rozpedek
et al. 2016). In parallel, ATF4 activates CHOP thereby induces
expression of GADD34, which targets protein phosphatase 1
(PP1) to eIF2α for dephosphorylation and relief of translational
inhibition (Novoa et al. 2001). In the present study, exposure to
glucose for 1 h resulted in increased phosphorylation of eIF2α
compared to control cells, while the long duration of exposure
reduced the phosphorylation of eIF2α in a time-dependent
manner. Our results are in agreement with the findings that high
glucose exposure to renal proximal tubular cells induced the
phosphorylation of eIF2α (Bao et al. 2019). Few studies
underlined that eIF2α phosphorylation is necessary for regulat-
ing the expression of genes that maintain cellular function and
limit oxidative stress, thus preventing oxidative damage and
reducing ER stress (Back et al. 2009; Ju et al. 2017). The de-
phosphorylation of eIF2α was observed in 24 h exposure to
glucose, possibly due to the recovery of the cells from a period
of ER stress and to adapt to a higher level of ER folding charge.
Also, the dephosphorylation of eIF2α enhances glucose toler-
ance and diminished hepatosteatosis in animals fed a high-fat
diet (Oyadomari et al. 2008).Moreover, the ability of phosphor-
ylated eIF2α to control cell survival or death depends on the
type of stimuli and the specificity of the kinase that mediates the
phosphorylation of eIF2α (Rajesh et al. 2015). These findings,
together with our data, provide further evidence that eIF2α
phosphorylation plays an essential role in the regulation of glu-
cose metabolism.

To conclude, the ERS and OS markers were significantly
increased in PBMCs of DN subjects when compared with
T2DM and control subjects. The increase in crosstalk markers
that play a pivotal role in the ER lumen also in DN compared
to T2DM and control subjects symbolize protein misfolding
and aggregation in the ER and aberrant reactive oxygen spe-
cies generation due to ERO1 function. Correlation studies also
confirm the association between the ERS and OS markers in
diabetic complications. However, this is the first line of evi-
dence to provide an insight into the crosstalk between ER and
oxidative stress by clinical and mechanistic approach towards
the progression of diabetic nephropathy among the South
Indian population.
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