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Abstract: Intercellular communication through gap junctions plays an essential role in maintaining the functional
integrity of vascular endothelium. Despite some emerging evidences suggesting that advanced glycation end products (AGEs) may impair endothelial function, however, its effect on connexin43 (Cx43) gap junction in endothelial
cells remains unexplored. Here we investigated the effect of AGE-bovine serum albumin (AGE-BSA) on Cx43 gap
junction in endothelial cells. The levels of Cx43 protein in human umbilical vein endothelial cells (HUVECs) was
significantly increased by AGE-BSA treatment, accompanied by receptor for advanced glycation endproducts (RAGE)
overexpression. This augmentation can be reversed by RAGE knockdown. In addition, AGE-BSA treatment activated
the expression of ERK, P38, and JNK mitogen-activated protein kinases (MAPKs), which are supposed to participate
in the regulation of Cx43. A MEK inhibitor PD98059, but not SB203580 (a p38 kinase inhibitor) or SP600125 (a
JNK kinase inhibitor), abolished the effects of AGE-BSA on Cx43 expression. Moreover, both Akt and PKC phosphorylation were time-dependently augmented by AGE-BSA and PI3K inhibitor LY294002 (but not GF109203X, a
PKC inhibitor) blocked the effects of AGE-BSA on Cx43 gap junctions. Taken together, AGE-BSA upregulated Cx43
expression via AGE-RAGE signaling, ERK MAPK and PI3K/Akt Signal transduction pathways appear to be involved
in these processes.
Keywords: Advanced glycation end products, RAGE, connexin43, gap junction, signal transduction pathways

Introduction
Gap junctions are intercellular-channels that
allow the exchange of small molecules such
as small metabolites, ions, and second messengers between adjacent cells [1, 2]. These
channels consist of two hemi-channels, called
connexons, which are located in the plasma
membrane of two adjacent cells. Each connexon is composed of six subunits of the protein
connexin. Gap junctions play important roles
in a variety of cellular processes including
homeostasis, morphogenesis, cell differentiation, and growth control [3]. It is widely believed that cellular gap junctions are associated
with the development of vascular diseases,
such as hypertension, atherosclerosis, or restenosis [2].
Three connexin subtypes are expressed in the
endothelium of the blood vessels: Cx37, Cx40,

and Cx43, which are predominant in cultured
vascular endothelial cells [4, 5]. Although the
development of atherosclerosis depends on
paracrine cell-to-cell interactions critically, direct intercellular communication via gap junctions may be another factor controlling atherogenesis [6]. An increasing number of studies
have demonstrated that Cx43 regulating in
endothelial cells is subjected to a large number
of risk factors for atherosclerosis, including
ageing [7], nicotine [4, 8], homocysteine [9],
diabetes [10, 11], and hypertension [12]. Kwak
et al [6] reported that reduced Cx43 expression inhibits atherosclerotic lesion formation in
low-density lipoprotein receptor-deficient mice,
indicating a critical role of Cx43-mediated gap
junctional communication in atherosclerotic
plaque formation. More recently, it has been
reported that down-expression of Cx43 limits
neointima formation after balloon distention
injury in hypercholesterolemic mice by decreas-
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ing the inflammatory response and reducing
SMC migration and proliferation [13]. These
findings identify Cx43-mediated intercellular
communication as a new potential therapeutic
target in atherosclerosis.
Increased formation of advanced glycation end
products (AGEs) is generally regarded as one of
the main mechanisms responsible for vascular
damage in patients with diabetes [14]. The
expression of AGEs was upregulated in aged
and diabetic patients, which is considered as a
process associated with endothelial dysfunction. But the effects of AGEs on vascular endothelial gap junction have not been fully clarified
until now. A recent study showed that AGEs
down-regulate gap junctions in human hepatoma SKHep1 cells via the activation of Srcdependent ERK1/2 and JNK/SAPK/AP1 signaling pathways [15]. In the present study, we
aimed to investigate the effect of AGE-bovine
serum albumin (AGE-BSA) on Cx43 gap junction
in endothelial cells and the implication of
MAPKs signaling as well as PI3K/Akt signal
transduction pathway.
Materials and methods
Cell culture and chemicals
As our previously reported, human umbilical
vein endothelial cells (HUVECs) were obtained
from ScienCell (Carlsbad, CA, USA) in RMPI
1640 supplemented with 10% fetal bovine
serum (Gibco, Grand Island, NY, USA). The process was performed in a humidified incubator maintained at 37°C with 5% CO2 and 95%
oxygen. 3-8 passages were used in all experiments [16].
Bovine serum albumin (BSA), D-glucose, and
Lucifer Yellow CH were obtained from Sigma
Chemical (St. Louis, MO, USA). LY294002,
GF109203X, PD98059, SB203580 and SP600125 were purchased from Calbiochem (La
Jolla, CA, USA).
Preparation of AGEs
The AGEs used in this study were prepared by
incubating 50 mg/ml of Bovine serum albumin (BSA) with 0.5 M D-glucose in 0.2 mol/L
phosphate buffered saline (PBS, pH 7.4) for 90
days according to previous studies [17, 18]. All
incubations were required for sterile, anaerobic
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conditions and performed in the dark at 37°C.
BSA incubated without glucose under the same
conditions was used as the negative control.
Before performing the experiments, we purified
and concentrated the AGE-BSA solution with
extensive dialysis. The identification of AGEs
was performed by fluorescence spectrophotometry (Data not shown).
Determination of gap-junctional intercellular
communic ation (GJIC) by scrape loading/dye
transfer technique
The scrape loading/dye transfer (SL/DT) technique was performed according to our previous
protocol. Cells (2×105) were incubated in 35
mm Petri dishes for 2 days before the experiment. Then we washed the confluent cell layer
with PBS twice followed by covering with a preheated (37°C) solution of 0.05% Lucifer Yellow
CH dissolved in PBS without Ca2+ and Mg2+
before scrape loading. 5~6 times cut with a
surgical scaple was required to performed in
each dish of cells. After 3.5 min scraping, the
dye was discarded and the dishes were rinsed
with PBS for three times before fixing the cells
with 4% paraformaldehyde. Finally, we measure
the distance traveled by the dye in a direction
perpendicular to the scrape with inverted fluorescent microscope (Olympus, Tokyo, Japan).
Quantitative RT-PCR
For the RNA studies, cells were lysed with the
TRIzol method (Invitrogen, Carlsbad, CA, USA)
to extracted the total RNA before converting into cDNA using murine leukemia virus
reverse transcriptase (Promega, Madison, WI,
USA). Specific primers matching the published
sequences were used to identify and amplify
Cx43 (216 bp, sense primer: 5’-AAT TCA GAC
AAG GCC CAC AG-3’; anti-sense primer: 5’-CAT
GGC TTG ATT CCC TGA CT-3’), and RAGE (128
bp, sense primer: 5’-ACG GCT GGT GTT CCC AAT
AA-3’; anti-sense primer: 5’-TGT TCC TTC ACA
GAT ACT CCC TTC-3’). Glyceraldehyde-3-dehydrogenase (GAPDH, 136 bp, sense primer:
5’-GGG TGT GAA CCA TGA GAA GT-3’; anti-sense
primer: 5’-GAC TGT GGT CAT GAG TCC T-3’) was
amplified as a reference. Relative quantitative
measurement of mRNA was performed on the
ABI 7500 cycler (Applied Biosystems, CA, USA)
with SYBR green PCR mix (Takara, Shiga,
Japan). Finally, fold change of relative mRNA
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Figure 1. Effect of AGE-BSA on RAGE expression in HUVECs as assessed by
western blotting. A. Cells were incubated with 0, 50, 100, 200, 400 μg/ml
AGE-BSA for 24 h. *P < 0.05 compared to control, #P < 0.05 compared to 50,
100, 400 μg/ml AGE-BSA. B. Time-dependent effects of AGE-BSA (200 μg/
ml) on RAGE protein expressions. *P < 0.05 compared to control, #P < 0.05
compared to 6, 12, 48 h. Control, cells without any treatment; BSA, cells
were treated with 200 μg/ml BSA for 24 h.

RAGE sense siRNA sequence
is 5’-GAATCCTCCCCAATGGTTCA-3’ and anti-sense siRNA
sequence is 5’-GCCCGACACCGGAAAGT-3’. Negative control is a non-silencing siRNA
(sense: 5’-UUC UCC GAA CGU
GUC ACG UdTT-3’; anti-sense:
5’-ACG UGA CAC GUU CGG
AGA AdTT-3’). Then we mixed
the siRNAs with Hiperfect
transfection reagent (Qiagen,
Hilden, Germany) and transfected them into the cells
incubating in the six-well.
Briefly, 100 pmol siRNA against Cx43 or control siRNA
was diluted in 500 μl nonserum culture medium, and
mixed with 12 μl Hiperfect
transfection reagent by vortexing for 10 s. one milliliter
culture medium with serum
was added into the cells after
3 h of incubating with the
transfection complexes under normal conditions. Verification of siRNA efficacy was
confirmed by real-time polymerase chain reaction and
Western blot test.
Western blot and antibody

Lysis buffer (50 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1%
Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, 1
mM EDTA) supplemented with
1 mM PMSF, 2 μg/ml aproFigure 2. Effects of AGE-BSA on Cx43 gene and protein expressions. A. Eftinin, 2 μg/ml pepstatin, 2 μg/
fects of AGE-BSA (200 μg/ml, 24 h) on Cx43 gene expressions. B. Effects of
ml leupeptin, 1 mM Na3VO4,
AGE-BSA (200 μg/ml, 24 h) on Cx43 protein expressions. *P < 0.05 comand 10 mM NaF was preparpared to control. C. Effect of EGCG on intercellular communication between
HUVECs as assessed by SL/DT technique. Cells were loaded for 3.5 minutes
ed for the protein extraction
with a 0.05% (w/v) Lucifer Yellow CH solution. Confluent cells were treated
from the cells. And then we
control (a), 200 μg/ml AGE-BSA 24 h (b). D. Quantification of dye transfer
determined the concentratdistance. Bar, 50 μm.
ion by using Bio-Rad DC protein assay reagents (Hercuexpression of Cx43 was statistically analyzed in
les, CA). Proteins (20~40 μg) were separated
by 10% SDS-polyacrylamide gels and electrothe 2-∆∆Ct method as described before [19].
transferred to polyvinylidene difluoride (PVDF)
Small interference RNA transfection
membranes (Bio-Rad, Hercules, CA). After blocking the membranes in 5% milk-TBST, we inThe transfection process was described in our
cubated them with primary antibody at the
previous studies [16]. The siRNA duplexes were
appropriate dilution at 4°C overnight, followsupported by GenePharma (Shanghai, China).
ed by with incubation for 1 h with a secondary
1547
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ous studies [17, 20], Western
blot analysis revealed that
AGE-BSA treatment to HUVECs resulted in significant
augmentation of RAGE in time
and dose-dependent manner,
reached a maximum at 24 h
and 200 μg/ml respectively
(Figure 1A, 1B).
AGE-BSA increases the expression of Cx43
As shown in Figure 2A, 2B,
mRNA and protein expression
of Cx43 in HUVECs, which
Figure 3. RAGE-specific siRNA abrogated the effect of AGE-BSA on Cx43 exwere determined by Real-time
pression. Uptake of RAGE siRNA reduces RAGE expression, as confirmed
RT-PCR and western blotting
using quantitative RT-PCR (A), and western blotting (B). (C) Representative
example and quantification of Cx43 protein expression in HUVECs exposed
respectively, were significantto AGE-BSA (0, 200 μg/ml) for 24 h after transfection with scrambled and
ly up-regulated by AGE-BSA
RAGE-specific siRNA. Data are expressed as a ratio of Cx43 to GAPDH. *P <
(200 μg/ml, 24 h) as com0.05 compared with control.
pared to control. To investigate the effect of AGE-BSA on
antibody conjugated to horseradish peroxidaGJIC in endothelial cells, the GJIC activity of
HUVECs was performed with SL/DT assay. No
se (1:10000). After reaction with enhanced
significant change of GJIC was observed after
chemiluminescence reagent (Amersham, HaAGE-BSA treatment as compared to control
emek, Isreal), the images were captured on the
(Figure 2C).
image reader LAS-4000 system (Fujifilm, Tokyo,
Japan).
RAGE mediates the augmentation of Cx43
induced by AGE-BSA
We purchased the Anti-Akt, anti-phospho-Akt,
Anti-PKC, anti-phospho-PKC, anti-ERK 1/2,
To evaluate the effect of RAGE knock-down
anti-phospho-ERK 1/2, anti-JNK 1/2, antimediated by siRNA on AGE-BSA induced upphospho-JNK 1/2, anti-p38 MAPK and antiregulation of Cx43 in HUVECs, siRNAs were
phospho-p38 MAPK from Cell Signaling Tetransfected into the cells. As shown in Figure
chnology (Beverly, MA, USA). Anti-Cx43 was
3A, 3B, we observed that RAGE expression was
from Sigma. Anti-GAPDH polyclonal antibody
decreased approximately 85% compared with
was obtained from Santa Cruz (CA, USA). Rabbit
the controls without silencing, which were conpolyclonal antibody against RAGE was from
firmed by real-time PCR and western blot tests
Millipore (Minneapolis, USA).
as well. The augmentation of Cx43 by AGE-BSA
treatment was completely abrogated by RAGE
Statistical analysis
silencing (Figure 3C).
All experiments were performed at least three
AGE-BSA mediated increase of Cx43 depends
times. Data were expressed as means ± SEM
on the activation of ERK/MAPK
and analyzed by unpaired Student’s t-test for
comparisons between two groups or NewmanWe examined the activation of several MAPKs
Keuls test was performed for further compari(ERK1/2, p38 and JNK) to identify the effect of
sons between each two individuals. P values <
AGE-BSA on the Cx43 in HUVECs. As shown in
0.05 were considered statistically significant.
Figure 4A, AGE-BSA could activate both ERK1
and ERK2. The phospho-ERK1/2 level reached
Results
a maximum 60 min after 200 μg/ml AGE-BSA
treatment. AGE-BSA treatment also induced
AGE-BSA upregulates the expression of RAGE
P38 (Figure 4B) and JNK (Figure 4C) activation
We observed the effect of AGE-BSA on the
with peaks at 30 min and 60 min respectively,
expression of RAGE. In accordance with previwhich were similar to ERK1/2 phosphorylation.
1548
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Figure 5A, 5B. 200 μg/ml
AGE-BSA treatment of HUVECs stimulated Akt phosphorylation in a time-dependent manner. The phosphoAkt-Ser473 level reached a
maximum 30 min. However,
the total Akt expression was
not observed any significant
changes over the course of
the experiments. The result of
the AGE-BSA induced PKC
phosphorylation was similar
with the Akt phosphorylation
while peaked at 15 min.
Pretreatment of HUVECs with
PI3K inhibitor LY294002 (10
μM), other than GF109203X
(a PKC inhibitor, 5 μM) for
30 min, drastically abolished
the augmentation of Cx43 by
AGE-BSA treatment (Figure
5C).
Discussion
Figure 4. ERK MAPK plays a role in the effects of AGE-BSA on Cx43 expression within HUVECs. A-C. Effects of EGCG on phosphorylated-ERK (p-ERK),
Phosphorylated-p38 (p-p38), and phosphorylated-JNK (p-JNK) MAPK pathways in HUVECs. *P < 0.05 compared to 0 min, Data are represented as
mean ± SEM. D. Representative example and quantification of the Western blot analysis of Cx43 protein expression in HUVECs exposed to AGE-BSA
treatment with or without pre-treatment with inhibitors (20 μM PD98059, 10
μM SB203580, 20 μM SP600125) for 30 min. Each bar represents mean ±
SEM. of three independent experiments. Each bar represents mean ± SEM.
(n=3). *P < 0.05 compared to control, #P < 0.05 compared to AGE-BSA (200
μg/ml, 24 h) treatment.

To further investigate whether MAPKs was
involved in the process of AGE-BSA mediated
increase of Cx43, 20 μM PD98059, a selective
inhibitor of MEK1/2, or 10 μM SB203580, a
specific inhibitor of p38 MAPK, or 10 μM
SP600125, a specific inhibitor of JNK were pretreated to the confluent cells. As shown in
Figure 4D, the pharmacological inhibitor of
MEK1/2 (PD98059) abolished the effect of
AGE-BSA on Cx43 in HUVECs completely. However, other two MAPK inhibitors (SB203580,
SP600125) failed to attenuate the effect of
AGE-BSA on Cx43.
PI3K/Akt pathway may also participate in the
up-regulation of Cx43 by AGE-BSA
We also investigated the effects of AGE-BSA on
Akt and PKC phosphorylation. As illustrated in
1549

Cx43 gene upregulation has
been previously found in several proatherosclerotic pathophysiological conditions [9,
21-24]. It has been reported
that high glucose induces
downregulation of Cx43 in
endothelial cells [10, 11].
However, coronary endothelial cells isolated from streptozotocin-induced diabetic mice exhibit low protein expression of Cx37 and Cx40, but not Cx43
[25]. In this report, we demonstrated that AGEBSA induced Cx43 over-expression, which was
not associated with an increase in gap junctional intercellular communication. The fact that
intercellular communication was not affected
despite the changes in expression of Cx43 is
not unique. Several precedents exist when
overexpression of Cx43 did not lead to the
increased intercellular communication [9, 26].
Our findings may indicate that Cx43 is not
exclusive for intercellular communication in
HUVEC in vitro. Alternatively, conformational
changes of Cx43, such as changes in phosphorylation and/or ability to form hemichannels, may result in changes of cell-to-cell communication. The functional consequences of
such an increase of Cx43 induced by AGE-BSA
Int J Clin Exp Med 2019;12(2):1545-1553
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Figure 5. PI3K/Akt signal transduction pathway is also involved in the effects of AGE-BSA on Cx43 within HUVECs.
A, B. Effects of AGE-BSA on phosphorylated-AKT (p-AKT) and phosphorylated-PKC (p-PKC) in HUVECs. Cells were
treated with 200 μg/ml AGE-BSA for 0, 7.5, 15, 30, 60, 120 min. *P < 0.05 compared to 0 min, Data are represented as mean ± SEM. C. After cells were treated with inhibitors (10 μM LY294002 or 5 μM GF109203X) alone or
in the present of AGE-BSA (200 μg/ml, 24 h), western blot analysis were performed to examine Cx43 protein expression. Representative example and quantification of the Western blot analysis of Cx43 protein expression. Each bar
represents mean ± SEM. of three independent experiments. Each bar represents mean ± SEM. (n=3). *P < 0.05
compared to control, #P < 0.05 compared to AGE-BSA (200 μg/ml, 24 h) treatment.

are unknown, have not been pursued in the
present work, and require further studies.
The mechanisms of AGEs linked to cellular
stress and tissue dysfunction include receptorindependent and receptor-dependent processes. The receptor-dependent action is mediated
by binding to specific cell surface molecules
such as RAGE and others [27]. AGEs bind to
RAGE, thereby leading to activation of a range
of inflammatory and fibrotic pathways causing tissue injury. There is increasing evidence
that RAGE overexpression was associated with
increased vascular injury, nephropathy, and
retinopathy [28]. Whether RAGE overexpression participates in the regulation of Cx43 gap
junction is unknown. Our data presented here
demonstrate that AGE-BSA treatment induced
RAGE overexpression in HUVECs. The augmentation of Cx43 expression induced by AGE-BSA
was completely abolished by RAGE knockdown,
indicating that RAGE overexpression plays a
critical role in the regulation of Cx43 gap junction within endothelial cells.
That MAPKs play essential roles in regulating
Cx43 expression is becoming consensus. Cho
et al [29] reported that mushroom Phellinus
linteus extract prevent inhibition of GJIC by
hydrogen peroxide via the ERK1/2 and p38
MAP kinases. The author believed that the loss
of Cx43 in WB-F344 cells with anisomycin
treatment was possibly owing to accelerated
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degradation. Moreover, the reduction in numbers of gap junctions and intercellular communication were contributed to the cellular losses
as well [30]. In addition, JNK, another stressactivated kinase, has been implicated in the
regulation of Cx43 in cardiomyocytes, which
indicates occuring through the down-regulation
of Cx43 protein. This decrease in GJIC may be a
contributing factor for cardiac dysfunction in
the failing heart [31]. In human hepatoma
SKHep 1 cells, AGE-BSA significantly down-regulates the Cx32 and Cx43 expression in a doseand time-dependent manner through the activation of Src-dependent ERK and JNK/SPAK/
AP1 signaling pathways play a key role in this
process [15]. In the present study, we showed
that AGE-BSA activates the time-dependent
phosphorylation of MAPK family proteins (ERK,
p38, JNK) in HUVECs. Inhibition of ERK by cotreatment of PD98059 is able to completely
abolish the augmentation of Cx43 by AGE-BSA
treatment in HUVECs. However, SB203580 (an
inhibitor of p38 MAPK) and sp600125 (an
inhibitor of JNK MAPK) failed to block the
effects of AGE-BSA on Cx43 gap junction. Taken
together, the data presented here suggest that
ERK MAPK is, at least partially, responsible for
the effects of AGE-BSA on Cx43 expression
within HUVECs.
Besides MAPKs signaling, other signal transduction pathways including PI3K/Akt and PKC
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signaling may also participate in the regulation
of Cx43 gap junction [32-35]. Tacheau et al
[35] demonstrated that TGF-beta1 induces the
expression of Cx43 in normal murine mammary
gland epithelial cells via activation of P38 and
PI3K/Akt signaling pathways. A recent study
showed that both PI3K/Akt and PKC signaling
pathways participate in the regulation of Cx43
induced by 5’-N-ethylcarboxamide in mouse
embryonic stem cells [34]. It has been reported
that treatment with AGE-BSA induces the endothelial-to-mesenchymal transition in cultured
human and monkey endothelial cells via Akt
signaling cascades [36]. In RAW 264.7 macrophages, AGE-BSA might activate PKC and subsequently induce iNOS expression and NO
release [37]. In accordance with previous studies [36, 38], the results of our study discovered
that treatment of AGE-BSA time-dependently
activates both PI3K/Akt and PKC signaling.
Inhibition of PI3K/Akt by pretreatment with
LY294002, drastically abrogates the effects of
AGE-BSA on Cx43, suggesting that the activation of Akt by AGE-BSA treatment may participate in the regulation of Cx43 gap junction as
well.
In conclusion, the present study demonstrated
for the first time that AGEs in vitro upregulate
Cx43 expression of endothelial cells via AGERAGE signaling, ERK MAPK and PI3K/Akt signal
transduction pathways also participated in this
process.
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