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Glycated serum albumin decreases connexin 43 phosphorylation
in the corpus cavernosum
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Background: Glycated serum albumin (GSA) is an early glycosylation product that participates in diabetic
vascular complications. This study examined the role of GSA in early damage to the corpus cavernosum and
the involved mechanisms.

Methods: Nine 8-week-old male Sprague-Dawley (SD) rats (250-300 g) were divided into the
control (saline vehicle, n=3) and GSA (200 pg/kg, n=6) groups. The corpus cavernosum tissues were
harvested. Phosphorylated and non-phosphorylated connexin 43 (Cx43), endothelial nitric oxide
synthase (eNOS), phosphatidylinositol 3-kinase (PI3K), and serine-threonine kinase (Akt) were tested
by immunohistochemistry and western blotting. Human umbilical vein endothelial cells (HUVECs)
overexpressing Cx43 were used to analyze the Cx43 phosphorylation sites (5368, S262, Y265, S255, and
$279/282) using western blotting.

Results: The expression of phosphorylated Cx43 in the penis was significantly lower in GSA-treated rats
than in controls. The expression levels of p-Cx43, p-eNOS, p-PI3K, and p-Akt were significantly decreased
in HUVECs exposed to GSA in dose- and time-dependent manners. The most significant impact on all
four proteins was observed with 1 pg/mL of GSA for 12 h. Phosphorylation at the S368, S262, Y265, S255,
and S279/282 sites of Cx43 was downregulated by GSA, and S368 was the most significantly suppressed
phosphorylation site compared with the other sites.

Conclusions: GSA decreases the expression of p-Cx43 in the corpus cavernosum of rats. This effect
might be also related to the decreased phosphorylation of p-eNOS, p-PI3K, and p-Akt, as well as by the
downregulation of phosphorylation at the S368 site.
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Introduction men older than 70 years (1). The causes of ED include

. . . . s . vascular, neurogenic, endocrinologic, and psychogenic
Erectile dysfunction (ED) is the persistent inability to attain ’ g ’ 81% psychog

or maintain an erection satisfactory for sexual performance
(1,2). ED most often affects men older than 40 years, and

disorders, congenital and acquired anatomic anomalies,

surgical complications, trauma, respiratory, liver, and renal

the prevalence increases with age. ED is reported in 2%
to 12% of men aged 40 to 49 years and 50% to 100% of
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diseases, medications, and recreational substances. ED

shares some risk factors (modifiable and non-modifiable)
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with cardiovascular disease (1,2). The potentially modifiable
risk factors include smoking, lack of exercise, diabetes,
hypertension, and obesity (2). Those risk factors are
associated with endothelial injury and dysfunction, which
are involved in ED (1,2).

Nitric oxide (NO) plays a central role in vascular
function and penile erection (3) and is produced by the
endothelial NO synthase (eNOS). The phosphorylation
of eNOS is one of the hallmarks of endothelial cell (EC)
bioactivity, and restoration of the serine-threonine kinase
(Akt)-eNOS signaling reduces diabetic cardiomyopathy
and myocardial dysfunction (4). Connexin 43 (Cx43) is
widely found in ECs and smooth muscle cells (SMCs).
Cx43 is a receptor essential for maintaining endothelial
continuity and integrity (5,6). Various kinases regulate the
phosphorylation of Cx43. For instance, PKA phosphorylates
the S368 site of Cx43 (7), while the S262 and S279/282 sites
are phosphorylated by PKC (8) and MAPK (9), respectively.
Cx43 phosphorylation can alter the conductivity and
permeability of vascular endothelial gap junction (GJ)
channels (5,10,11). The phosphorylation of eNOS and
Cx43 is regulated by the phosphatidylinositol 3-kinase
(PI3K)-Akt signaling pathway (12).

Glycated serum albumin (GSA) is an early glycosylation
product that mainly reflects the blood glucose control level
over the past 2-3 weeks and is considered a complementary
marker for evaluating glycemic control in type 1 and 2
diabetes (13-16). It is also involved in the damages associated
with diabetes mellitus, such as retinopathy, nephropathy,
neuropathy, and coronary artery disease (14,17,18).
GSA has been associated with diabetic nephropathy,
microangiopathy (19), and diabetic retinopathy (16). In
addition, GSA correlates with the generally recognized
plasma markers of endothelial or vascular dysfunction (20,21).
Microvascular damage due to elevated GSA can occur
in the early stages of abnormal glucose metabolism (22),
arteriosclerosis (23), and neurodegenerative diseases (24). In
a previous study by our group, glycosylated serum protein
(GSP) was positively correlated with the severity of ED
in patients without diabetes, and the patients with high
levels of GSP had a lower endothelial function (25). Hence,
elevated GSA levels and the associated damage to the corpus
cavernosum might be limited to not only diabetic patients but
also non-diabetic patients and even individuals with normal
glucose levels.

However, whether GSA can cause early endothelium
damage to the cardiovascular system is still unproven. In
addition, whether GSA injures the vascular endothelium
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by downregulating the phosphorylation of eNOS and
Cx43 through the PI3K/Akt pathway (Figure 1) is unclear.
Therefore, this study aimed to examine the role of GSA
in early damage to the corpus cavernosum and identify the
pathways involved in GSA-induced endothelium damage.
We present the following article in accordance with the
ARRIVE reporting checklist (available at https://tau.
amegroups.com/article/view/10.21037/tau-22-317/rc).

Methods
Experimental animals

Male Sprague-Dawley (SD) rats were acquired from the
animal center of Shanghai Jiao Tong University School of
Medicine. This study was approved by the Institutional
Animal Care and Use Committee of Shanghai Jiao
Tong University of Medicine (No. HKDL[2016]149).
All procedures were conducted in accordance with the
institutional guidelines for animal care and use. A protocol
was prepared with registration before the start of the study.
All efforts were made to minimize the suffering and the
number of animals used. The rats were housed under a 12-h
light/dark cycle with free access to food and water for 10 days
prior to the experiments. A total of nine male 8-week-old
SD rats weighing 250-300 g were divided into two groups:
the control (n=3) and GSA (n=6) groups. The rats in the
control and GSA groups were injected daily with saline
vehicle or GSA 200 pg/kg through the tail vein for 4 weeks
respectively (26). After treatment, the rats were anesthetized
using an intraperitoneal injection of phenobarbital sodium
(40 mg/kg), and the tissue specimens were taken.

Cell culture

Human umbilical vein ECs (HUVECs) were isolated
from human umbilical cords, which were purchased from
American Type Culture Collection (AT'CC, Manassas, VA,
USA). The HUVECs were cultured in Dulbecco’s Modified
Eagle Medium containing 10% fetal bovine serum (GIBCO,
Invitrogen Inc., Carlsbad, CA, USA), supplemented with
penicillin 100 U/mL and streptomycin 100 mg/mL. The
cells were incubated at 37 °C in a humidified atmosphere
with 5% CO,. The HUVECs were treated with GSA at
different concentrations and durations. In the concentration
groups, the cells were treated for 12 h with GSA at 0, 0.5, 1,
or 2 pg/mL. In the duration groups, the cells were treated

with 1 pg/mL GSA for 0, 6, 12, or 24 h (27,28).
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Figure 1 The schematic hypothesis that GSA injures the vascular endothelium by down-regulating the phosphorylation of eNOS and Cx43

through the PI3K/Akt pathway. GSA, glycated serum albumin; ROS, reactive oxygen species; PI3K, phosphatidylinositol 3-kinase; Ak,

serine-threonine kinase; eNOS, endothelial nitric oxide synthase; Cx43, connexin 43; PTEN, phosphatase and tensin homolog.

Immunobistochemistry

The corpus cavernosum, heart, and brain stem tissues
were harvested, fixed in 4% paraformaldehyde solution,
and paraffin-embedded for histological studies. Sections
were cut at 5 pm for analysis. For immunohistochemistry,
the sections were detected with primary antibodies
against p-Cx43 (5262) (1:100; sc-17219-R; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), p-eNOS (1:100;
sc-376542; Santa Cruz Biotechnology), p-PI3K (1:100;
#17366; Cell Signaling Technology, Inc., Danvers,
MA, USA), and p-Akt (1:100; #4691; Cell Signaling
Technology, Inc.) overnight at 4 °C. After incubation with
the appropriate secondary antibodies, the sections were
developed with diaminobenzidine and counterstained with
hematoxylin. Quantitative image analysis was done at x40
magnification. Histological images were captured using
a Zeiss Axio Imager 2 microscope (Zeiss, Thornwood,
NY, USA).
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Western blot

Tissues or cultured cells were lysed using the
radioimmunoprecipitation assay (RIPA) lysis buffer
(Beyotime, Nantong, China). The bicinchoninic acid assay
(Thermo Fisher Scientific, Inc., Waltham, MA, USA)
was used to determine the protein concentrations. Total
protein extract (20 pg) was separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride membranes
(Millipore, Bedford, MA, USA). The protein binding sites
on the membranes were blocked with 5% bovine serum
albumin (BSA) (Biosharp, Hefei, China). The membranes
were gently agitated and incubated with antibodies against
Cx43 (1:1,000; ab11370; Abcam, Cambridge, UK), p-Cx43
(1:1,000; ab30559; Abcam), eNOS (1:1,000; #32027; Cell
Signaling Technology, Inc.), p-eNOS (1:1,000; sc-376542;
Cell Signaling Technology, Inc.), Akt (1:1,000; #4691; Cell
Signaling Technology, Inc.), p-Akt (1:1,000; #4060; Cell

Transl Androl Urol 2022;11(11):1486-1494 | https://dx.doi.org/10.21037/tau-22-317



Translational Andrology and Urology, Vol 11, No 11 November 2022

Signaling Technology, Inc.), PI3K (1:1,000; #4249; Cell
Signaling Technology, Inc.), p-PI3K (1:1,000; #17366;
Cell Signaling Technology, Inc.), p-Cx43 (S368) (1:1,000;
ab194928; Abcam), p-Cx43 (S262) (1:1,000; sc-17219-R;
Santa Cruz Biotechnology), p-Cx43 (Y265) (1:1,000;
ab193373; Abcam), p-Cx43 (5255) (1:1,000; sc-12899; Santa
Cruz Biotechnology), and p-Cx43 (5279/282) (1:1,000; sc-
13621; Santa Cruz Biotechnology) at 4 °C overnight. After
incubation with the appropriate secondary antibodies,
the sections were developed with diaminobenzidine. The
results were quantified by densitometry and normalized
to glycolytic enzyme glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) expression. Immunoreactive
bands were quantitatively analyzed with Image J software
version 1.4.3.67 (National Institutes of Health, Bethesda,
MD, USA).

Cx43 overexpression

The pCDNA3-Cx43 plasmid was generated by cloning the
coding sequence of the constitutively active Cx43 into the
pCDNA3 expression vector according to the manufacturer’s
protocol (Invitrogen Inc.). For Cx43 overexpression,
the HUVECs were transfected using Lipofectamine
2000 (Invitrogen Inc.), according to the manufacturer’s
instructions.

Statistical analysis

All variables were presented as means * standard deviation.
The differences among groups were analyzed with Student’s
t-test and Mann-Whitney U-test or Kruskal-Wallis
test (nonparametric data). P value <0.05 was considered
statistically significant. All the statistics were conducted
using Statistical Package for Social Sciences (SPSS) (version
22.0 for Windows).

Results

Expression of phosphorylated PI3K/Akt, Cx43, and eNOS
in the penis, heart, and brain stem of control and GSA rats

The expression levels of p-Cx43, p-eNOS, p-PI3K, and
p-Akt were measured in the penis, heart, and brain of the
rats after treatment with GSA to determine the impact of
GSA on those proteins involved in endothelial function. In
the penis (Figure 2) and heart (Figure S1), the expression
levels of p-Cx43, p-eNOS, p-PI3K, and p-Akt were
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significantly lower in GSA-treated rats than in control rats.
In the brain (Figure S2), the expression levels of p-Cx43
and p-Akt were lower in the GSA group than in the vehicle
group, but the expression of p-eNOS and p-PI3K showed
no significant differences between the two groups. Of note,
the expression of p-Cx43 was lower in the three organs of
the GSA rats than in controls. Compared with the heart
and brain, penile tissue showed a more significant decrease
in the phosphorylation expression of EC function proteins
after GSA treatment (Figure I and Figures S1,S2).

Decreased phosphorylation of PI3K/Akt, Cx43, and eNOS
in HUVECs treated with GSA

HUVECs were treated with GSA at different
concentrations and for different durations. The expression
levels of p-Cx43, p-eNOS, p-PI3K, and p-Akt (all proteins
involved in endothelial function) were examined. p-Cx43,
p-eNOS, p-PI3K, and p-Akt were decreased in HUVECs
exposed to GSA in dose- and time-dependent manners
(Figure 3). Higher doses and longer durations inhibited the
expression of all four proteins. The most significant impact
was observed with 1 pg/mL of GSA for 12 h.

Phosphorylation sites of Cx43 in HUVECs treated
with GSA

The phosphorylation of Cx43 at different sites is regulated
by various kinases (7-9). Since the function of Cx43
depends on the phosphorylation position, overexpression
experiments of Cx43 were performed to investigate which
phosphorylation sites were regulated by GSA. The results
showed that the phosphorylation of the S368, S262, Y265,
§255, and S279/282 sites was downregulated by GSA.
Among them, the suppressive effects of GSA were more
important on the S368 phosphorylation site than on other
sites (Figure 4).

Discussion

GSA is an early glycosylation product that participates
in diabetic vascular complications (13,14,16,19). This
study examined the role of GSA in early damage to the
corpus cavernosum and the involved mechanisms. The
results showed that GSA decreased the expression of
phosphorylated Cx43 in the corpus cavernosum of rats. This
effect might be related to the decreased phosphorylation
of p-eNOS, p-PI3K, and p-Akt, as well as by the
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Figure 2 Decreased phosphorylation of EC function proteins in the penile corpus cavernosum tissue of GSA-treated rats. (A)

Immunohistochemistry (positive staining is brown, 1:40, 2.5 pm per scale bar). (B) Western blot (control: n=3; GSA 200 pg/kg: n=6). (C)

The density of each protein normalized to GAPDH relative to the control group (set as 1.0). The bars indicate the means = standard

deviation of the rats in the control group and six rats in the GSA group. **P<0.01 vs. control; ***P<0.001 vs. control. GSA, glycated serum

albumin; Cx43, connexin 43; eNOS, endothelial nitric oxide synthase; Akt, serine-threonine kinase; PI3K, phosphatidylinositol 3-kinase;

GAPDH, glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase; EC, endothelial cell.

downregulation of the phosphorylation at the Cx43 S368
site in the corpus cavernosum. Similar results were also
observed in the heart and brain. Taken together, endothelial
dysfunction could play a role in ED since the risk factors for
ED are the same as for cardiovascular diseases.

GSA can induce vascular damage in patients with diabetes
(17,18) and in individuals with pre-diabetes and normal
glucose levels (22). GSA-induced damage is involved in
arteriosclerosis (23), neurodegenerative diseases (24),
ED (25), and retinopathy (29). In the present study, GSA
induced damage to the penis, heart, and brain, as supported
by previous studies (17,18,25). Moreover, the phosphorylated
levels of endothelial function markers in the penis (especially

© Translational Andrology and Urology. All rights reserved.

Cx43 and eNOS) were more decreased than in the brain,
which might suggest that the microvascular system of the
penis is more susceptible to being damaged by GSA than the
brain.

The role of GSA in endothelial damage still needs to
be clarified. Some in vivo studies demonstrated that the
endothelium damage induced by high concentrations of
GSA was related to the excessive production of reactive
oxygen species (ROS) mediated by the upregulation
of the NADPH oxidase (Nox), particularly the main
subunit of Nox4 (28), and by NF-«B activation and eNOS
uncoupling (20). In vitro, GSA can cause retinal pigment
epithelium (RPE) function breakdown, which is mediated
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Figure 3 Reduced expression of HUVECs function proteins by GSA, as detected by western blot. (A) p-Cx43. (B) p-eNOS. (C) p-Akt.
(D) p-PI3K. A dose-dependent reduction in all four proteins was seen in cells treated with GSA for 12 h. A time-dependent reduction

in all four proteins was seen in cells treated with 1 pg/mL of GSA for different durations. The relative expression levels of the different

EC function proteins of GSA-treated cells were significantly decreased by 1 and 2 pg/mL and for 12 and 24 h. The histograms show the

relative phosphorylation levels, with 0 pg/mL and 0 h being set as 1.0. **P<0.01 vs. control; ***P<0.001 vs. control. HUVECs, human

umbilical vein endothelial cells; GSA, glycated serum albumin; Cx43, connexin 43; GAPDH, glycolytic enzyme glyceraldehyde 3-phosphate

dehydrogenase; eNOS, endothelial nitric oxide synthase; Akt, serine-threonine kinase; PI3K, phosphatidylinositol 3-kinase; HUVECs,

human umbilical vein endothelial cells.

by specific receptor for advanced glycation end-products
(RAGE) and vascular endothelial growth factor receptor
2 (VEGFR?2) signaling (30). Amore et a/. (31) also found
that GSA at concentrations similar to those in diabetic
patients induces the NO-dependent apoptosis in ECs. The
present study showed that the GSA-induced endothelial
dysfunction might be due to a downregulation of eNOS
and Cx43 phosphorylation. These findings might support
the clarification of the mechanisms of vascular EC injury
induced by GSA.

Cx43 has been identified to be important for cardiac

© Translational Andrology and Urology. All rights reserved.

and brain ischemia/reperfusion injuries and is affected
by age and sex as well as by several pathophysiological
alterations such as hypertension, hypertrophy, diabetes,
hypercholesterolemia, and ischemia (32). This i vive study
also showed that Cx43 is the most significant injury marker
for vascular damage induced by GSA in the penis. Cx43
can be modified by nitros(yl)ation and phosphorylation/
de-phosphorylation, modulating the channel activity of the
GJ (5). Cx43 is a phosphoprotein with clear evidence for
phosphorylation at more than 12 serine (S) and tyrosine (Y)
sites in the C-terminal tails (CT) region of the protein via
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Figure 4 The expression of different phosphorylation sites of Cx43 in HUVECs treated with GSA. (A) The expression of Cx43 was
increased significantly in pCDNA3-Cx43-transfected HUVECs. (B) The phosphorylation levels of different phosphorylation sites (S368,
S262, Y265, S255, and S279/282) were detected by western blot in HUVEC:s after incubation with GSA (1 pg/mL) for 12 h. *P<0.05
vs. control; **P<0.01 vs. control; ***P<0.001 vs. control. Cx43, connexin 43; GAPDH, glycolytic enzyme glyceraldehyde 3-phosphate

dehydrogenase; N'T, negative treatment; GSA, glycated serum albumin; HUVECs, human umbilical vein endothelial cells.

at least six kinases (33,34). The present study demonstrated
that GSA downregulated the phosphorylation at the S368,
§262, Y265, S255, and S279/282 sites at various degrees. In
particular, S368 was the most remarkable phosphorylation
site in the suppressive effects of GSA. Cx43 phosphorylation
plays a key role in the modulation of the response to injury
in the endothelium, and these findings might translate into
therapeutic applications in the future.

In conclusion, the early glycosylation product GSA can
injure the vascular endothelium in the penis by decreasing

© Translational Andrology and Urology. All rights reserved.

the phosphorylated levels of Cx43. The S368 and Y265
of Cx43 were the main suppressive phosphorylation sites
in GSA-damaged ECs. Those results might suggest the
importance of Cx43 as a therapeutic target in cardiovascular
and corpus cavernosum protection.
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