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Abstract
Hyperglycaemia during pregnancy is the main reason for developing diabetes mediated vascular complications. Advanced 
glycation end products (AGEs) are formed due to non-enzymatic glycation of proteins, lipids and nucleic acids during 
hyperglycaemia. It has the potential to damage vasculature by modifying the substrate or by means of AGEs and receptor 
of AGE (RAGE) interaction. It has been linked with the pathogenesis of various vascular diseases including coronary heart 
disease, atherosclerosis, restenosis etc. This study was carried out to investigate the role of AGEs-EGR-1 pathway in ges-
tational diabetes mellitus (GDM) vascular inflammation. Human umbilical vein endothelial cells (HuVECs) isolated from 
normal glucose tolerant mothers were subjected to various treatments including high glucose, silencing of early growth 
response (EGR)-1, blockade of protein kinase C (PKC) β, blocking extracellular signal-regulated protein kinases 1 and 2 
(ERK1/2), and treatment with AGEs and assayed for EGR-1, tissue factor (TF) and soluble intercellular adhesion molecule 
(sICAM)-1. Similarly, umbilical vein endothelial cells isolated from normal and GDM mothers were assayed for EGR-1, TF, 
and sICAM-1. There was a significant increase in EGR-1 and TF levels in HuVECs isolated form GDM mother’s umbilical 
cord and normal HuVECs treated with high glucose condition. This was accompanied by elevated levels of sICAM-1 in 
high glucose treated cells. Our results revealed AGE-mediated activation of EGR-1 and its downstream genes via PKC βII 
and ERK1/2 signaling pathway. The present study demonstrated a novel mechanism of AGEs/ PKC βII/ ERK1/2/EGR-1 
pathway in inducing vascular inflammation in GDM.

Keywords  EGR-1 · Advanced glycation end products (AGEs) · Gestational diabetes mellitus (GDM) · Vascular 
inflammation

Introduction

GDM is characterized by hyperglycaemia and insulin resist-
ance that affects 14% of pregnancies worldwide [1, 2]. The 
occurrence of Gestational diabetes [3] and childhood obe-
sity [4] has increased dramatically in the last few decades 
in India. Many studies have been carried out to explain the 
role of fetal nutrition and its effect on diabetes and cardio-
vascular complications [5]. A proper intra-uterine environ-
ment is necessary for the normal growth and development 
of the fetus. There are evidence demonstrating that adverse 
intra-uterine environment (both less and high nutrient condi-
tions) affects the fetus pancreatic vascular development and 
response to insulin leading to adult-onset of type 2 diabetes 
mellitus (T2DM) and/or GDM. An altered inflammatory 
state was reported to be seen in GDM [6–10].
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One of the predominant factors which affect the vascu-
lar integrity is the increased concentration of AGEs. AGEs 
stem from a non-enzymatic reaction of reducing sugars with 
free amino groups of proteins, lipids, and nucleic acids [11]. 
For several years, the research in diabetes is mainly focused 
on establishing the physiological function of AGEs and 
their effects. AGEs are known to be involved in the patho-
physiology of ischemia/reperfusion injury, inflammation, 
and cardiovascular dysfunctions by activation of various 
transcription factors. Among the various AGEs studied, N 
ε-Carboxymethyl Lysine (CML) is regarded as one of the 
major form of AGEs formed during various pathological 
conditions including diabetes [12, 13]. CML is a product of 
glycoxidation and lipoxidation due to irreversible binding of 
carbohydrates or lipids with proteins. Increased concentra-
tion of CML is observed during atheroma and microvascular 
complications of diabetes [14–16]. AGEs exert its cellular 
effects via binding to its receptor the RAGE [17, 18]. EGR-1 
is a major transcription factor reported to a play critical role 
in vascular complications of type 2 diabetes [19, 20]. EGR-1 
exerts its role in various disease conditions via activation 
of various inflammatory genes like tumor necrosis factor 
(TNF)-α, ICAM-1, interleukin (IL)-13, IL-6, TF, monocyte 
chemoattractant protein (MCP)-1, and plasminogen activator 
inhibitor (PAI) -1 [21–30]. Researchers have demonstrated 
a link between EGR-1 and both acute and chronic vascu-
lar stress, such as hypoxia, ischemia/reperfusion, mechani-
cal stress, shear stress, emphysema, atherosclerosis, and 
acute vascular injury [31–34]. EGR-1 activation has been 
observed in microvascular endothelial cells of placental villi 
when vascular disease is present [35].

However, the role of AGEs (CML), RAGE, and EGR-1 
on vascular inflammation in GDM is not known. The present 
study was aimed at investigating the role of the AGE-EGR-1 
pathway in causing vascular inflammation in umbilical vein 
tissues procured from normal glucose tolerant and GDM 
mothers and primary HuVECs isolated from these tissues 
were subjected to hyperglycaemia treatment.

Materials and methods

Sample collection and GDM screening

Samples of umbilical cord were collected after delivery 
from participant enrolled in K.A.P. Viswanatham govern-
ment medical college, Trichy and Kovai Medical Center 
and Hospital (KMCH), Coimbatore. Institutional ethical 
committee approval was obtained prior to the sample col-
lection (MCRC.IEC#001, 2015 and EC/AP/432/12/2015). 
The pregnant mothers with polycystic ovary syndrome 
(PCOS), pre-diabetes, previous pregnancy diabetes, chronic 
diseases, and preeclampsia were excluded from the study. 

The pregnant mothers were considered to have GDM based 
on the IADPSG (International Association for Diabetes in 
Pregnancy Study Group) criteria, if they exceed 2 or more 
glucose values as follows: fasting blood glucose ≥ 92 mg/
dl, a 1-h blood glucose ≥ 180 mg/dl, and a 2-h blood glu-
cose ≥ 153 mg/dl after taking a 75 g oral glucose tolerance 
test. The patients eligible for this present study were identi-
fied during 32 weeks of pregnancy and their clinical param-
eters including age, body mass index, baby birth weight, 
blood pressure, blood glucose levels (OGTT values), were 
noted down for further investigation.

Isolation and culture of HuVECs from the umbilical 
vein

Primary HuVECs was cultured as described earlier [36]. 
Briefly, the two ends of the umbilical cord was cut neatly. 
After a wash with PBS, collagenase-II (0.2%) was injected 
through one end of the vein while the other end is tightly 
clamped with a clip. The cord was incubated in PBS for 
15 min at 37 °C. The cord was gently squeezed and flushed 
with sterile PBS after incubation. The cells were further cen-
trifuged at 1000 RPM for 10 min, and the supernatant was 
discarded, and cell pellet was suspended in EGM-2 medium 
(Lonza) with 10% fetal calf serum. The isolated cells were 
then plated in a T25 flask and incubated at 37 °C with 5% 
CO2 until it reaches confluence. The cells were then stored 
in liquid nitrogen until further use.

Treatment conditions

HuVECs passage between 5 to7 was used for this current 
study [36]. All the treatments were done in 6 well plates. The 
cells were seeded at a concentration of 0.2 × 106 cells. The 
treatments included in this study are as follows: (1) Normal 
glucose—5.5 mM glucose acts as control, (2) High glucose 
(HG)—25 mM glucose + 80 nM insulin [37].These treat-
ments were followed by EGR-1-siRNA transfection, PKC β 
and ERK1/2 inhibitors treatment, and AGEs treatment stud-
ies with and without EGR-1-siRNA and inhibitors.

For siRNA transfection studies, the HuVECs were treated 
with EGR-1-siRNA and scrambled siRNA at concentrations 
of 25 pmol and 0.5 µmol, respectively in the presence of 
Lipofectamine-3000 (Invitrogen) for 24 h followed by HG 
treatment as described above. The optimum EGR-1-siRNA 
concentration was measured in HuVECs (Supplementary 
Fig. 1). For inhibitor study, the cells were treated with PKC 
β and ERK1/2 inhibitors (Ruboxistaurin and FR180204) at 
concentrations of 6 nM/L and 0.3 µM/L respectively and 
incubated for 1 h followed by HG treatment for 24 h. For 
AGEs treatment, cells were treated with CML at a concen-
tration of 100 µmol for 1 h followed by HG treatment for 
24 h. In another set of transfection studies, the cells were 
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transfected with siEGR-1 and scrRNA for 24 h and then 
treated with CML and PKC β inhibitor separately for one 
hour, followed by HG treatment for 24 h.

Gene expression studies

HuVECs isolated from umbilical vein tissues and HuVECs 
post treatment was directly lysed in TRIzol reagent (TaKaRa, 
Germany) for isolation of RNA. Total RNA was quantified 
using Nanodrop 2000/20000 spectrophotometer instrument 
(Thermo Fisher Scientific, USA). 2000 ng of total RNA was 
used for the synthesis of complementary DNA (cDNA). 
cDNA was synthesized using Bio-Rad cDNA synthesis kit. 
Semi-quantitative real-time PCR was performed to quan-
tify the gene expressions of EGR-1, ICAM-1 and TF using 
Sybr green (Roche) in Master Cycler Realplex instrument 
(Eppendorf). The cycle condition includes 95 °C for 5 min, 
95 °C for 20 s, followed by 40 cycles of annealing tem-
perature (Tm) of respective primers (EGR-1 Tm-62 °C, TF 
Tm-61 °C, ICAM-1 Tm-62 °C, 18 s Tm-59 °C) and then 
76 °C for 30 s. All gene expression data were normalized 
against 18 s rRNA expression. The primer sequence specific 
for EGR-1, ICAM-1, and TF are given in Supplementary 
Table-1.

Western blotting

Total protein from HuVECs isolated from human umbili-
cal vein and HuVECs after treatments were separated using 
cell lysis buffer (V8571, Promega, USA) containing protease 
inhibitor cocktail purchased from Sigma, USA (P8340). The 
cells were incubated for 30 min as per the manufacturer’s 
instructions for cell lysis. The cells 50 µg of protein from 
all the cell lysates was loaded onto a 10% SDS gel and ran 
at a power of 110V. The protein in the gel was shifted to 
immune-blot polyvinylidene difluoride (PVDF) membrane 
(1620112, Bio-Rad) at 100V for 1 h using Trans-Blot Turbo 
Transfer System (Bio-Rad). The following antibodies were 
used for the detection of EGR-1, TF, PKC βII, ERK1/2, 
pERK1/2, and RAGE protein: anti- EGR-1 rabbit polyclonal 
antibody (sc-110, Santa Cruz, USA), anti-TF rabbit poly-
clonal antibody (sc-210, Santa Cruz, USA), rabbit polyclonal 
PKC βII antibody (sc-30201, Santa Cruz, USA), monoclonal 
anti-ERK1/2 antibody produced in mouse (SAB1305560, 
Sigma Aldrich),anti-phospho-ERK1/2 (pThr202/Tyr204) anti-
body produced in rabbit (SAB4301578, Sigma Aldrich), and 
anti-RAGE Antibody produced in mouse (sc-365154, Santa 
Cruz, USA). The protein levels were normalized to β-Actin. 
The monoclonal β-Actin antibody was purchased from Santa 
Cruz, USA. HRP conjugated mouse anti-rabbit IgG antibody 
(sc-2357, Santa Cruz, USA) and HRP conjugated anti-mouse 
IgG antibody (A9044, dilution Sigma Aldrich) were used 
as secondary antibodies. Chemiluminescence signals from 

the membrane after adding the substrate (#1705060-Clarity 
Western ECL Substrate, Bio-rad) was detected using Chemi 
Doc XRS system, Bio-Rad.

Enzyme‑linked immunosorbent assay (ELISA)

ICAM-1 levels in cell culture supernatant in all the treat-
ment conditions were measured by commercially available 
ELISA kit (K7161, BioVision, USA). ELISA was carried 
out according to the manufacturer’s protocol.

Statistical analysis

Statistical calculations were performed using SPSS software. 
Clinical data from umbilical cord samples and RT-PCR data 
of EGR-1 and its targeted pro-inflammatory genes were 
expressed as mean ± SD (standard deviation). Two-tailed 
student t-test was used for comparing two individual groups. 
One-way ANOVA was used to test the significant difference 
in ICAM-1 levels. p < 0.05 was significant.

Results

Clinical characteristics and anthropometric measures of the 
study participants are given in Table 1. No significant differ-
ence was observed in age, body mass index (BMI), systolic 
and diastolic blood pressure (BP), and baby birth weight 
between individuals. There was a significant difference in 
the fasting blood sugar (FBS) levels and post prandial blood 
sugar (PPBS) levels in the venous blood of GDM mothers 
when compared with normal glucose tolerant mothers.

Table 1   Clinical characteristics and anthropometric measures of the 
study subjects

*p < 0.05, significant for GDM when compared with normal glucose 
tolerant mothers

Status of the 
women

Normal glucose 
tolerant mothers
(n = 20) 
(Mean ± SD)

GDM
(n = 19)
(Mean ± SD)

p value

Age (years) 26.17 ± 0.6824 28.73 ± 1.471 0.0561
Baby birth weight 

(kg)
2.972 ± 0.1281 2.425 ± 0.1884 0.0933

BMI (kg/m2) 26.93 ± 1.029 30.68 ± 0.9738 0.585
Systolic BP (mm 

Hg)
122 ± 3.266 114.6 ± 3.125 0.1213

Diastolic BP (mm 
Hg)

78.8 ± 2.332 76.92 ± 1.748 0.5178

FBS (mg/dl) 80.42 ± 1.433 107.1 ± 3.661 0.0001*
PPBS (mg/dl) 136.3 ± 3.838 165.4 ± 7.343 0.023*
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EGR‑1 and its target gene TF was elevated in HuVECs 
isolated from human umbilical vein tissue

The mRNA and protein expressions of EGR-1 and TF in 
HuVECs isolated from normal glucose tolerant mothers and 
GDM mother’s umbilical cord and in HuVECs treated with 
normal glucose and HG are shown in Fig. 1. In the GDM 
study group, the EGR-1 mRNA expression was signifi-
cantly elevated (8.22-fold expression) when compared with 
normoglycemic mothers (2.06-fold expression) (Fig. 1a). 
The fold expressions were calculated via comparative CT 
(ΔΔCT) method and all the values were normalized against 
18 s mRNA expression. The TF mRNA levels were elevated 
in GDM study group (14.32-fold change) when compared 
with normal glucose tolerant mothers group (1.55-fold 
change) (Fig. 1b). Consistent with the mRNA expression, 
the EGR-1 as well as TF protein expression was increased 
in GDM study group when compared with normal study 
group (Fig. 1c, d).

To validate the above results in-vitro, HuVECs isolated 
from umbilical cord was treated with normal glucose and 
HG conditions for 24 h. EGR-1 and TF gene transcripts 
and protein expressions were preferentially elevated in 
HG treated HuVECs cells when compared with normal 
glucose treated cells (Fig. 2a, b, d, e). We observed that 

ICAM-1 mRNA levels in HG treated cells and sICAM-1 
levels in HG treated cell supernatant were increased when 
compared with normal glucose treated cells (Fig. 2c, f).

Silencing of EGR‑1 by siRNA decreases TF 
and ICAM‑1 expression

To ascertain whether EGR-1 regulates the expression of 
TF and ICAM-1 during hyperglycaemia, HuVECs was 
transfected with EGR-1 targeted siRNA and control scram-
bled siRNA. We observed a significant decrease in EGR-1 
gene as well as protein expression, confirming the knock-
down of EGR-1 (Fig. 3a, b). In addition, Q-PCR and west-
ern blotting revealed that the transcript levels of TF were 
decreased in EGR-1 silenced HuVECs when compared 
with scrambled siRNA as well as HG treated HuVECs 
(Fig.  3c, d). We also found a significant decrease in 
ICAM-1 mRNA levels in EGR-1 siRNA treated HuVECs. 
sICAM-1 levels in EGR-1-siRNA treated media was also 
decreased when compared with HG and scrambled siRNA 
treated HuVECs (Fig. 3e, f). Altogether, these findings 
suggest that TF and ICAM-1 are direct downstream targets 
of EGR-1 and knockdown of EGR-1 may prevent vascular 
inflammation.

Fig. 1   mRNA and protein 
expression of EGR-1 and TF 
in umbilical vein endothelial 
cells isolated from normal 
glucose tolerance (NGT, n = 19) 
and GDM mothers (n = 20) 
umbilical cord. a EGR-1 mRNA 
expression, b TF mRNA 
expression, c EGR-1 protein, 
d TF protein expression The 
data here represented are from 
three independent experiments. 
*p < 0.05 significant with 
HuVECs isolated from NGT 
mother’s umbilical vein
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Elevated EGR‑1 expression is mediated via PKC 
βII‑ERK1/2 activation

When HuVECs were treated with HG alone (Fig. 4a, b), we 
observed that there was a significant elevation in the PKC βII 
and ERK1/2 protein levels. Furthermore, in the cells treated 
with PKC β inhibitor, there was reduced expression of ERK1/2 
(Fig. 4b). Whereas in the cells treated with ERK1/2 inhibi-
tor, the protein expression of PKC βII remained unaltered 
while ERK1/2 protein expression was decreased (Fig. 4a). 
These results suggest that ERK1/2 lies downstream of PKC 
βII. We further examined the expression of EGR-1 when the 
HuVECs were treated with the PKC or ERK1/2 inhibitors. 

The experiment showed a predominant decrease in EGR-1 
protein levels in both PKC βII and ERK1/2 specific inhibitors 
treated conditions when compared with cells treated with HG 
alone (Fig. 4c). Reduction in EGR-1 expression was shown t 
o decrease the protein expression of TF and sICAM-1 in HG 
(Fig. 4d, e). These findings demonstrate that HG mediated rise 
in EGR-1 expression is mediated, in part, through PKC-βII/
ERK1/2 axis.
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Fig. 2   Protein and mRNA expression of EGR-1 and its downstream 
genes TF and ICAM-1 in primary HuVEC treated with high glucose 
insulin (HG) and normal glucose (NG). a EGR-1 mRNA expression, 
b TF mRNA expression, c ICAM-1 mRNA expression, d total pro-

tein expression of EGR-1 in HG treated cells, e immunoblot of TF, 
f sICAM-1 levels in cells treated supernatant. The data here repre-
sented are from three independent experiments. *p < 0.05 significant 
with NG treated HuVECs
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AGEs mediate hyperglycaemia induced EGR‑1 
expression

We investigated the activation of EGR-1 via PKC βII and 
ERK1/2 pathway in HuVECs treated with CML. We found 
that there was a significant increase in EGR-1 expression in 
CML and HG treated HuVECs when compared with normal 

glucose treated HuVECs (Fig. 5a). In addition, we assayed 
the protein levels of RAGE to further investigate AGE-
RAGE interaction in activating EGR-1 during HG condi-
tion. As shown in Fig. 5b, the HG and CML treated groups 
displayed significant increase in RAGE protein expression 
when compared with normal glucose treated group. To sup-
port this finding, we then performed RAGE western blotting 
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analysis in HuVECs isolated from GDM mothers and NGT 
mothers. We saw elevated levels of RAGE protein in GDM 
mothers HuVECs alone (Fig. 5c).

We also found that PKC βII and ERK1/2 was also ele-
vated in CML and HG treated cells (Fig. 5d, e). However, 
in PKC βII inhibitor treated cells there was a decrease in 
EGR-1 protein expression even in the presence of CML. 
These results demonstrates that CML mediates EGR-1 
expression via PKC βII mediated pathway during hyper-
glycaemic and hyperinsulinemia condition. Furthermore, 
we found that expression of TF and sICAM-1 was low in 
cells treated with CML + EGR-1 siRNA and CML + PKC 

β inhibitor (Fig. 5f, g). These results conclude that AGEs 
trigger increased expression of EGR-1 via RAGE-PKC βII/
ERK1/2 pathway.

Discussion

GDM pregnancy is a pathological state caused due to altered 
insulin sensitivity by placental hormones. Several studies 
have revealed vascular activation during GDM [38]. It is 
associated with increased oxidative stress and inflammatory 
cytokines, which might lead to endothelial dysfunction [39]. 

a b 

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

- a c t i n 4 2 k D a

8 0 k D a

G lu c o s e ( 2 5 m M )+ In s u l in ( 8 0 nM )
G lu c o s e ( 5 .5 m M )

E R K 1 /2 in h ib i to r - F R 1 8 0 2 0 4
P K C I I in h ib i t o r - R u b o x is ta u r in

- + + + +
+ - - - -
- - - + -
- - - - +

P K C II

P
K

C
II
/

-a
ct

in
a
rb

it
ra

ry
u
n
it
s

*

0 .0

0 .5

1 .0

1 .5

E R K 1 /2

p h o sp h o E R K 1 /2 4 4 & 4 2 k D a

G lu c o s e ( 5 .5 m M )
E R K 1 /2 in h ib i to r - F R 1 8 0 2 0 4

- + + + +
+ - - - -
- - - + -
- - - - +P K C in h ib i to r - R u b o x is t a u r in

G lu c o s e ( 2 5 m M )+ In s u l in ( 8 0 nM )

4 4 & 4 2 k D a

p
E
R
K

1
/2

/
E
R
K

1/
2

a
rb

it
ra

ry
u
n
it
s

*

c 

0 .0

0 .5

1 .0

1 .5

2 .0

- a c t i n 4 2 k D a

8 2 k D a

G lu c o s e ( 2 5 m M )+ In s u l in ( 8 0 nM )
G lu c o s e ( 5 .5 m M )

E R K 1 /2 in h ib i to r - F R 1 8 0 2 0 4
P K C I I in h ib i t o r - R u b o x is ta u r in

- + + + +
+ - - - -
- - - + -
- - - - +

E
g
r-

1
/

-a
ct

in
A
rb

it
ra

ry
u
n
it
s

E G R -1

*

d 

0 .0

0 .5

1 .0

1 .5

2 .0

- a c t i n 4 2 k D a

4 7 k D a

G lu c o s e ( 2 5 m M ) + I n s u l in ( 8 0 n M )
G lu c o s e ( 5 .5 m M )

E R K 1 /2 in h ib i to r - F R 1 8 0 2 0 4
P K C I I in h ib i t o r - R u b o x is ta u r in

- + + + +
+ - - - -
- - - + -
- - - - +

T
F

/
-a

ct
in

A
rb

it
ra

ry
u

n
it

s

T F

*

e 

0

20

40

60

sI
C

A
M

-1
co

nc
en

tr
at

io
n

(n
g/

m
l)

Glucose (25 mM)+ Insulin (80 nM)
Glucose (5.5 mM)

ERK1/2 inhibitor - FR180204
PKC II inhibitor - Ruboxistaurin

-            +             +            +             +
+            -              -             -              -
-             -              -             +             -
-             -              -             -             +

*

β
β

β

β

β

β

β

β

β

β

β

β

β
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Nevertheless, the exact pathological mechanism/factor caus-
ing vascular disease in GDM is not clearly understood. Our 
study unravels the mechanism behind vascular inflammation 
in GDM. We have demonstrated that EGR-1 up-regulation 
via AGEs mediates vascular changes that are seen in GDM 
pathophysiology. The study also unravels the molecular 
mechanisms associated with endothelial inflammation that 
is seen during GDM.

EGR-1 is a major transcription factor expressed in vari-
ous cell types including smooth muscle cells, fibroblast, and 
leukocytes and endothelial cells, and expressed significantly 
high in response to oxidative stress, growth factors, hypoxia, 
inflammation, and vascular injury [40]. There is evidence 
that EGR-1 overexpression during hyperglycaemic condi-
tion accelerates pro-inflammatory genes expressions, such as 
ICAM-1, TNF-α, TGF β, IL-6, TF [21–28]. Recent studies 
demonstrated that EGR-1 not only correlates with cell pro-
liferation and differentiation but also contributes to develop 
atherosclerotic lesions [41, 42]. In addition to this, Karthik-
keyan et al., proposed that hyperglycaemia induced EGR-1 
expression illustrates an early step in promoting diabetes 
mediated vascular complications [43]. We have showed a 
significant elevation of this transcription factor in HuVECs 
isolated from GDM mothers and in HuVECs when exposed 
to HG condition in-vitro.

In this study, the downstream targets of EGR-1 such as 
TF and ICAM-1 mRNA expression were significantly ele-
vated in the HuVECs treated with HG and HuVECs isolated 
from GDM patients alone. sICAM-1 which is pointed as a 
predictor for vascular dysfunction in type 2 diabetes [44, 
45], was found to be significantly increased in HG treated 
cells supernatant. We also saw an increase in sICAM-1 lev-
els the plasma isolated from GDM mothers (results under 
publication). These results suggest the presence of vascular 
dysfunction during hyperglycaemic condition in GDM. TF 
is a membrane-bound prothrombotic factor which triggers 
the extrinsic pathway for the coagulation of blood [46] was 
also elevated in hyperglycaemic condition in this study, 
indicates the presence of prothrombiotic environment dur-
ing hyperglycaemia. There is little evidence, about the role 
of TF and sICAM-1 in hyperglycaemia [47, 48]. Elżbieta 
et al., showed an increase in the concentration of sICAM-1 
in GDM which characterizes the activation of the endothelial 

cells [49]. Egr-1 modulates TF and ICAM-1 expressions, in 
different disease conditions [20, 23, 24, 31, 50].

There is increasing evidence that hyperglycaemia is 
associated with increased levels of pro-inflammatory mol-
ecules (C-reactive protein, TNF-α, IL-6), pro-coagulatory 
molecules and increased oxidative stress and decrease in 
anti-inflammatory molecules such as IL-10 and adiponectin, 
which might illustrate the link between GDM and vascular 
activation and these, might increase the risk for development 
of CVD [51–59].

It is a well-known fact that diabetes accelerates the for-
mation of AGEs [11, 60]. Our lab has found elevated levels 
of AGEs in the plasma of GDM mothers compared to the 
normal mothers during third trimester of pregnancy (data 
not shown). Hence, we treated the HuVECs cells with AGEs 
apart from HG condition to study their importance in acti-
vation of EGR-1. AGEs are capable of activating various 
cytokines, transcription factors and inflammation and oxi-
dative stress when it binds to its receptor RAGE [61–63]. 
For example, Lappas et al., in 2007 proposed that glycated 
bovine serum albumin (BSA) are capable of inducing pros-
taglandins and pro-inflammatory cytokines in tissue explants 
of the human placenta [64]. Serum levels of AGEs were 
found to be increased in pre-eclamptic women placenta [65]. 
Elevation of PKC isoforms and increased glycation of intra 
and extracellular proteins (formation of AGEs) are major 
mechanistic pathways included in the diabetic vascular 
pathogenesis [66].

AGEs have been reported to activate PKC βII and EGR-1 
in various disease models [67–69]. According to the study 
conducted by Chang and his colleagues, RAGE regulates 
expression of EGR-1 via PKC βII and c-Jun N-terminal 
kinase (JNK) signaling in murine aortic endothelial cells 
of RAGE knockout mice [70]. They have also shown that 
mDia-1 and RAGE interaction activates PKC βII, ERK1/2, 
and c-JUN signaling pathways which are necessary for 
hypoxia-mediated EGR-1 expression [71]. Zeng et al. iden-
tified that RAGE modifies EGR-1 expression in hepatic 
ischemia–reperfusion injury [72]. Our study is the first to 
demonstrate the role of AGEs-RAGE interaction mediated 
EGR-1 expression in hyperglycaemic similar to GDM.

Based on the cell type, cytokine, growth factor and dis-
ease, diverse signaling pathways activates Egr-1, which 
includes the MAPK/ERK1/2 pathway, PKC mediated 
ERK1/2 pathway, and ERK1/2 – JNK pathway [73–75]. 
Hasan et al., proposed that glucose-induced EGR-1 expres-
sion was intervened via PKC activation [76]. Amidst vari-
ous signaling molecules, MAPKs and PKC βII mediated 
pathways have surfaced as mediators of EGR-1 expression 
in endothelial cells. Hence, we checked the expression of 
PKC βII in our study. The present study demonstrated 
the elevated levels of PKC βII and ERK1/2 protein levels 
under hyperglycaemic condition. By inhibition of PKC β 

Fig. 5   Effects of CML on EGR-1, RAGE, TF and sICAM-1, PKC βII 
and ERK1/2 expression was analyzed by western blotting and ELISA 
in HuVECs. a EGR-1 immunoblot, b RAGE protein expression in 
CML treated HuVECs, c RAGE protein expression in HuVECs iso-
lated from umbilical vein tissue, d TF immunoblot, e PKC β II pro-
tein expression, f ERK1/2 protein expression, g sICAM-1 levels in 
cell grown media. Significant mRNA and protein results are repre-
sented as fold change and arbitrary units with regard to NG treated 
cells (*p < 0.05). All the data are representative of three individual 
experiments

◂
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using ruboxistaurin, we found that there was a decrease 
in ERK1/2 and EGR-1 expression. However, when we 
inhibited ERK1/2 instead of PKC βII using its inhibitor 
FR180204, there was no alteration in PKC βII expression 
but EGR-1 expression. From these results it is understood 
that PKC βII is an upstream regulator of ERK1/2 and 
EGR-1. These results authenticate the fact that EGR-1 is 
activated in endothelial cells of GDM vasculature via PKC 
βII-ERK1/2 pathway.

In conclusion, we have demonstrated the importance of 
AGE/EGR-1 axis in GDM pathophysiology. High glucose 
and/or AGEs mediated RAGE activation may cause changes 
in fetal endothelial EGR-1 gene expression, which leads to 
pro-inflammatory state and may have a profound effect on 
the developing fetus. Understanding of the significance of 
EGR-1 in GDM pathophysiology needs to be further inves-
tigated to understand its role in long-term impact of GDM 
in chronic diseases.
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