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Abstract
Background: Poor ovarian response (POR) is one of the most challenging issues in assisted reproductive
technology. Given the importance of androgens in follicle recruitment, growth and development, domestic
and foreign reproductive centers have added androgen as an adjuvant to in vitro fertilization protocols for
patients with POR to improve the ovarian response. The mechanism underlying the effects of androgens
is unclear. The aim of this research was to study the effects of testosterone on granulosa cells and the
underlying mechanisms.

Methods: The human ovarian granulosa cell line KGN was treated with testosterone at various
concentrations, an androgen receptor antagonist (�utamide) and a protein kinase C (PKC) inhibitor
(GF109203X). The protein levels of PKC and phosphorylated connexin 43 (p-Cx43) were measured using
Western blot analysis. The location and distribution of Cx43 and p-Cx43 were determined by
immuno�uorescence. Gap junction intercellular communication (GJIC) was monitored using the scrape
loading/dye transfer method.

Results: The results showed that treatment with testosterone at a physiological level signi�cantly
increased the PKC and p-Cx43 levels and GJIC activity in a concentration-dependent manner. However,
the expression of PKC, p-Cx43 levels and GJIC activity in the cells treated with testosterone above
physiological concentrations (10-5 M) decreased compared with those in the cells treated with 10-7 M
testosterone. Compared to the 10-7 M testosterone-treated cells, the KGN cells treated with �utamide had
much lower levels of PKC and p-Cx43. The levels of p-Cx43 and GJIC activity in the GF109203X-treated
group were decreased compared to those in the 10-7 M testosterone group. Immuno�uorescence showed
that testosterone treatment had no effect on the localization and distribution of gap junction proteins.

Conclusions: This study suggests that androgen can increase GJIC activity in granulosa cells by
phosphorylating Cx43 via the PKC signalling pathway to promote oocyte development. The results of this
study might provide a theoretical basis for androgen pretreatment of patients with POR.

Background
For controlled ovarian hyperstimulation (COH), acquisition of the correct number of high-quality oocytes
and production of multiple high-quality embryos are key steps to improving the clinical pregnancy rate.
However, approximately 5.6–35.1% of women experience poor ovarian response (POR)[1], which is
characterized by insensitivity to ovarian stimulation, fewer retrieved oocytes, an increased cycle
cancellation rate, and reduced clinical pregnancy rates. Several stimulatory regimens and interventions
have been proposed to improve POR. POR is common in patients with diminished ovarian reserve (DOR),
while the latter is closely related to age. Androgen concentration in ovary decreases sharply as age
advances, so we speculate that androgen level of POR patients is lower than normal level. In addition to
oestrogen and progesterone, androgens have been shown to play a crucial role in follicular recruitment,
growth and development in recent years. Given the importance of androgens, domestic and foreign
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reproductive centres have added androgen as an adjuvant to in vitro fertilization (IVF) protocols for
patients with POR to increase both the quantity and quality of oocytes and embryos and improve
pregnancy outcomes[2, 3]. Meta-analyses have also shown that pretreatment with androgens in patients
with POR can signi�cantly improve the clinical pregnancy rate and live birth rate[1, 4], but the speci�c
mechanism underlying the effect of androgens is still unclear.

Oocytes are in an avascular microenvironment, and the substances and regulatory signals needed for
growth rely on intercellular communication between oocytes and granulosa cells and between granulosa
cells and theca cells. Gap junctions play an important role in maintaining the oocyte microenvironment
and promoting the development of follicles[5]. Gap junctions formed by connexins (Cx) mediate cell–cell
communication by electrical and chemical coupling. Studies show that many kinds of gap junction
proteins are expressed in ovarian tissues, and Cx43 is the predominant connexin in granulosa cells.
Oocyte growth and development are known to correlate with e�cient gap junction intercellular
communication (GJIC) among granulosa cells. Therefore, the growth and development of oocytes will be
directly affected when the expression and function of gap junctions of granulosa cells are abnormal.
GJIC can be either chronically regulated by changing the expression of connexins or quickly regulated by
changing the conduction velocity of GJIC or the opening and closing of gap junctions. The
phosphorylation state at the carboxyl terminus of connexin is an important factor affecting GJIC. Various
protein kinases and protein phosphatases regulate GJIC by phosphorylation and dephosphorylation at
different amino acid sites. GJIC can be promoted by proper phosphorylation of Cx43, while GJIC can be
inhibited by improper phosphorylation or dephosphorylation. Protein kinase C (PKC) plays an important
role in the regulation of cell metabolism, growth, proliferation and differentiation and is widely distributed
in mammalian organs, tissues and cells. PKC affects GJIC by phosphorylating serine 262 and 368 of
Cx43[6].

Studies have shown that androgens can interact with androgen binding sites on the cell membrane
through nongenetic pathways and cause L-type voltage-gated calcium channels to open mediated by G
protein, sequentially causing extracellular calcium in�ux and thus leading to a rapid increase in the
intracellular calcium ion concentration[7]. Calcium ions are a ubiquitous second messenger in cells, and
increased intracellular calcium ion concentrations can activate calcium-sensitive molecules, including
PKC and calmodulin, thereby activating signal transduction pathways and regulating transcription
factors[8]. Therefore, we speculate that androgens can activate the PKC pathway, and then, PKC
phosphorylates Cx43 and further regulates GJIC, which �nally affects follicular growth and oocyte
quality. To verify this hypothesis, we designed this study. Through an in-depth discussion of the
mechanism by which androgen promotes follicular development, we not only elucidated the physiological
role of androgen but also clari�ed its target of action. The results of this study might provide a theoretical
basis for androgen pretreatment of patients with POR.

Ovarian granulosa cells play an important role in follicular development, maturation, and atresia[9].
Changes in the expression of connexin and GJIC in granulosa cells can affect oocyte growth and
development. Human granulosa cells are mainly obtained at the time of oocyte retrieval, while the
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granulosa cells at this time have been transformed into luteinized granulosa cells. These cells are unable
to passage and are thus di�cult to obtain and maintain in the basic culture system. The granulosa-like
tumour cell line KGN is considered a useful model for studying the regulation of steroidogenesis, cell
growth, and apoptosis of human granulosa cells[10, 11]. The choice of testosterone (T) concentration in
culture medium in vitro is mainly based on the physiological concentration of androgens in follicle �uid
and cytotoxicity tests of granulosa cells in vitro as previously described[12]. We treated granulosa cells
with T at a concentration equivalent to the physiological concentration in follicular �uid (10− 7 M), a low
concentration (10− 11 M), and a high concentration (10− 5 M). To assess whether the effect of androgen
on connexin was mediated through the androgen receptor (AR) pathway, we cultured cells with 10− 7 M T
and 10− 6 M �utamide (AR antagonist). To study the involvement of androgen in the promotion of GJIC
via the PKC signalling pathway, we used an inhibitor of PKC, GF109203X (bisindolylmaleimide 1), before
exposure to 10− 7 M T.

Methods
Cell culture

The human ovarian granulosa cell line KGN was obtained from the RIKEN BioResource Center. Cells were
cultured in DMEM/F12 medium (Gibco, USA) containing 10% foetal bovine serum (FBS) (HyClone, USA)
and 1.0% penicillin/streptomycin (PS) (Gibco, USA). KGN cells were seeded in 60-mm plates (1×106

cells/plates) and cultured at 37°C with 5% CO2 until the cells adhered to the wall. Cultured cells were
divided into six groups: (1) control group, in which granulosa cells were cultured in DMEM without any
treatment for 24 h; (2) 10− 11 M T group, in which granulosa cells were cultured in DMEM with 10− 11 M T
(Sigma, USA) for 24 h; (3) 10− 7 M T group, in which granulosa cells were cultured in DMEM with 10− 7 M
T for 24 h; (4) 10− 5 M T group, in which granulosa cells were cultured in DMEM with 10− 5 M T for 24 h;
(5) 10− 7 M T + �utamide group, in which granulosa cells were cultured in DMEM with 10− 7 M T for 24 h
after the 10− 6 M �utamide (Sigma, USA) treatment for 1 h; (6) 10− 7 M T + GF109203X group, in which
granulosa cells were cultured in DMEM with 10− 7 M T for 24 h after the 10− 6 M GF109203X (MCE, USA)
treatment for 1 h. The follow-up experiment was performed immediately following the culture.

Western blot

After the medium was discarded, the cells were washed twice with phosphate-buffered saline (PBS). Cells
were lysed for 20 min in RIPA buffer with protease inhibitors (100:1) and then centrifuged at 12000 r/min
at 4°C for 5 min. The supernatant was transferred to a new centrifuge tube for Western blot analysis.
After determination of the protein content by the bicinchoninic acid (BCA) protein assay, 25 µg proteins
were separated by 10% SDS-PAGE and transferred onto nitrocellulose membranes. After the membranes
were blocked with 5% skim milk for 1 h, they were incubated with Cx43 antibody (1:1000, CST, USA),
phosphorylated connexin 43 (p-Cx43) antibody (1:1000, CST, USA), and PKC antibody (1:1000, Abcam,
UK) for 1 h at room temperature and overnight at 4°C. After three washes in Tris-buffered saline
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(TBS)-0.1% Tween 20, the membranes were incubated with goat anti-rabbit IgG and goat anti-mouse IgG
conjugated with horseradish peroxidase (HRP) (1:5000, Proteintech Group, China) for 1 hour at room
temperature. The membranes were washed again as described above, and the immunoreactivity was
examined by an enhanced chemiluminescence (ECL) system. As a control for normalization, the
membranes were reprobed for the internal control GAPDH (1:5000, Atagenix, China). Films were scanned,
and the optical density of the bands was measured with AlphaEaseFC. The relative quantities of Cx43, p-
Cx43, and PKC were determined with reference to GAPDH. The �nal data are expressed as the mean of
the results of three independent experiments performed at different time points.

Immuno�uorescence

KGN cells were seeded on coverslips in 60-mm plates and cultured as described above. After three
washes with PBS, the cells were �xed in 4% paraformaldehyde for 15 min and blocked with goat serum
for 30 min at room temperature. After the supernatant was discarded, the cells were incubated overnight
with Cx43 antibody (1:1000, CST, USA) or p-Cx43 antibody (1:1000, CST, USA) at 4°C. After three washes,
the cells were incubated with goat anti-rabbit IgG secondary antibody (1:5000, Proteintech Group, China)
for 1 h at room temperature. DAPI was dropped on coverslips, incubated for 5 min in the dark, and then
viewed and imaged under a �uorescence microscope.

Scrape loading/dye transfer

GJIC was determined according to the Scrape loading/dye transfer method described previously[13–15],
which used Lucifer yellow dye that can diffuse through gap junctions. KGN cells were cultured as
described above, and after the medium was discarded, the cells were washed three times with preheated
PBS at 37°C. Two millilitres of 0.05% Lucifer yellow dye preheated at 37°C was added to the culture
dishes. The cell layer was gently cut with a sterile scalpel and then incubated for 3 min under dark
conditions. After incubation, the cells were washed with PBS three times, �xed with 4%
paraformaldehyde, viewed and imaged immediately under a �uorescence microscope. GJIC activity was
de�ned as the distance that the Lucifer yellow dye transferred from the scrape line. Values are expressed
as a fraction compared to the control.

Statistical analysis

All analyses were performed with Software Package for Social Sciences (SPSS) version 10.0 for
Windows. All data are expressed as the mean ± standard deviation (SD). Comparisons among multiple
samples were performed with variance analysis, and intergroup multiple comparisons were performed
with Bonferroni tests. P < 0.05 was considered statistically signi�cant.

Results
T induces phosphorylation of Cx43



Page 6/14

GJIC is regulated by the phosphorylation state of gap junction proteins, and we �rst investigated the
effect of T on the phosphorylation of Cx43 in KGN cells. Cells were treated with different concentrations
of T, and the p-Cx43 expression levels were examined. The results showed that T at a physiological
concentration (T ≤ 10− 7 M) signi�cantly increased the p-Cx43 levels in a concentration-dependent
manner. The expression of p-Cx43 after treatment with 10− 11 M and 10− 7 M T was signi�cantly higher
than that of the control group. However, the expression of p-Cx43 in the cells treated with T above
physiological concentrations (10− 5 M) decreased compared with that in the cells treated with 10− 7 M T
(Fig. 1).

T-induced Cx43 phosphorylation is mediated by the PKC signalling pathway

Various protein kinases and protein phosphatases regulate GJIC by phosphorylation and
dephosphorylation of different amino acid sites of Cx43. To study the mechanism of T-induced Cx43
phosphorylation, we investigated the effect of T treatment on the expression of PKC in KGN cells. The
results showed that T at a physiological concentration (T ≤ 10− 7 M) signi�cantly increased PKC levels in
a concentration-dependent manner. The expression of PKC in the group treated with 10− 7 mol/L T was
signi�cantly higher than that in the control group. However, the expression of PKC in the cells treated with
T above physiological concentrations (10− 5 M) was decreased compared with that in the cells treated
with 10− 7 M T (Fig. 2). The effect of T on PKC expression was consistent with that on Cx43
phosphorylation.

When KGN cells were treated with an AR antagonist (�utamide), the results showed that compared to the
10− 7 M T-treated cells, the KGN cells treated with �utamide had much lower levels of PKC (Fig. 2) and p-
Cx43 (Fig. 1).

To further verify that T-induced Cx43 phosphorylation is mediated by the PKC signalling pathway, we
added an inhibitor of PKC, GF109203X, before exposure to 10− 7 M T. The results showed that the levels
of p-Cx43 in the GF109203X-treated group were downregulated compared to those in the 10− 7 M T group
(Fig. 1).

T has no effect on the localization of Cx43 and p-Cx43

To study the effect of T on the localization of Cx43 and p-Cx43 in granulosa cells, we performed
immuno�uorescence staining of KGN cells. The results showed that Cx43 and p-Cx43 displayed punctate
to linear expression as green �uorescent plaques on the borders of granulosa cells in all groups, which is
the typical appearance of aggregated Cx43 channels in gap junction plaques. The localization and
distribution of p-Cx43 was quite similar to that of total Cx43 (Fig. 3). T treatment had no effect on the
localization and distribution of gap junction proteins.

T promotes GJIC activity via the PKC signalling pathway
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To investigate the effect of T on GJIC, we evaluated cellular GJIC using the scrape loading/dye transfer
technique. The results showed that T at a physiological concentration (T ≤ 10− 7 M) increased GJIC
activity in a concentration-dependent manner. The GJIC activity after treatment with 10− 11 mol/L and 10− 

7 mol/L T was signi�cantly higher than that of the control group. However, the GJIC in the cells treated
with T above the physiological concentration (10− 5 M) was lower than that of the cells treated with 10− 7

M T. Compared to the 10− 7 M T-treated cells, the KGN cells treated with GF109203X had much lower GJIC
activity (Fig. 4).

Discussion
POR is one of the most challenging issues in assisted reproductive technology. A recent meta-analysis
evaluated the effects of different adjuvant treatment strategies, including dehydroepiandrosterone
(DHEA), letrozole, recombinant luteinizing hormone, recombinant human chorionic gonadotrophin,
estradiol, clomiphene citrate, progesterone, growth hormone (GH) and coenzyme Q10 (CoQ10), on
pregnancy outcomes in POR. The results showed that DHEA, CoQ10 and GH resulted in better clinical
outcomes in terms of achieving pregnancy, and a lower dosage of gonadotrophin was required for
ovulation induction[1]. What is the mechanism by which androgens promote follicle growth and
development and improve the ovarian response?

To explore the mechanism of androgen action, we investigated the expression of PKC signalling pathway-
related proteins, phosphorylation of Cx43, Cx43 localization and GJIC activity after androgen
pretreatment. Our results showed that in after treatment with T at a physiological concentration, the
expression of PKC and p-Cx43 and GJIC in granulosa cells were enhanced with increasing androgen
concentrations. In the physiological range, androgen can activate the PKC pathway, PKC phosphorylates
serine 262 and 368 of Cx43, and then, phosphorylated Cx43 further promotes GJIC activity, which further
enhances the material and information communication between oocytes and surrounding somatic cells,
improves the ovary microenvironment, promotes the growth and development of follicles and oocyte
quality, and �nally improves the outcome of pregnancy.

Our results demonstrated that the expression of PKC, the phosphorylation of Cx43 and GJIC activity in
granulosa cells were decreased when the androgen concentration was higher than physiological
concentration. In other words, androgen levels higher than physiological concentrations can reduce GJIC
activity between follicles and stroma and result in follicular arrest and disturbed ovulation, which may
also be the mechanism underlying the effect of high concentrations of androgen on the growth and
development of follicles in patients with polycystic ovary syndrome[16, 17]. This �nding suggests that
when developing treatment plans for patients with POR, clinicians should clarify whether the androgen
level in the patient is lower than the normal value. In patients with POR with low androgen levels,
androgen pretreatment before IVF cycles can improve androgen levels, improve ovarian responses and
increase the number of oocytes retrieved during the process of COS. However, patients with POR with
normal androgen levels cannot bene�t from androgen pretreatment before IVF cycles.
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Our results showed that T had no effect on the localization of Cx43 and p-Cx43 in granulosa cells but
affected the phosphorylation state of connexin, which was consistent with previous studies[18]. This
�nding indicates that androgen regulates GJIC by affecting the opening and closing of gap junction
channels.

Conclusions
In conclusion, androgen can increase GJIC activity in granulosa cells by phosphorylating Cx43 via the
PKC signalling pathway to promote oocyte development. Through an in-depth analysis of the mechanism
by which androgen promotes follicular development, we not only helped elucidate the physiological role
of androgen but also clari�ed its target of action. The results of this study might provide a theoretical
basis for androgen pretreatment of patients with POR.
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Figure 1

Effect of T on Cx43 phosphorylation by Western blot analysis. (A) T at a physiological concentration T≤
10-7 M) signi�cantly increased p-Cx43 levels in a concentration-dependent manner. However, the
expression of p-Cx43 after treatment with T above physiological concentrations decreased compared
with that after treatment with 10-7 M T. The expression of p-Cx43 after treatment with 10-11 M and 10-7
M T was signi�cantly higher than that of the control group. Compared to the 10-7 M T-treated cells, the
KGN cells treated with �utamide and GF109203X had much lower levels of p-Cx43. (B) Relative
expression of p-Cx43 protein in the control and T-treated KGN cells using Western blot analysis. The chart
represents the intensity of p-Cx43 proteins expressed as a relative optical density (ROD) in all groups. *
represents P < 0.05, ** represents P < 0.01.
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Figure 2

T-induced Cx43 phosphorylation is mediated by the PKC signalling pathway. (A) The Western blot results
showed that in T at a physiological concentration (T≤10-7 M) signi�cantly increased PKC levels in a
concentration-dependent manner. However, the expression of PKC in the cells treated with T at
physiological concentrations was decreased compared with that in the cells treated with 10-7 M T.
Compared to the 10-7 M T-treated cells, the KGN cells treated with �utamide had much lower levels of
PKC. (B) Relative expression of PKC proteins in the control and T-treated KGN cells using Western blot
analysis. The chart represents the intensity of PKC proteins expressed as a ROD in all groups. **
represents P < 0.01.
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Figure 3

Effect of T on the localization of Cx43 and p-Cx43 by immuno�uorescence. Staining of Cx43 (A) and p-
Cx43 (B) in the control cells or in the cells treated with 10-11 M T, 10-7 M T, 10-5 M T, 10-7 M T +
�utamide, and 10-7 M T + GF109203X. Cx43 and p-Cx43 displayed punctate to linear expression on the
borders of granulosa cells in all groups. T treatment had no effect on the localization and distribution of
gap junction proteins.
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Figure 4

T promotes GJIC through the PKC signalling pathway. (A) The results of the scrape loading/dye transfer
technique showed that T at a physiological concentration increased GJIC activity in a concentration-
dependent manner. However, the GJIC of the cells treated with T above physiological concentrations was
lower than that of the cells treated with 10-7 M T. Compared to the 10-7 M T-treated cells, the KGN cells
treated with �utamide and GF109203X had much lower GJIC activity. (B) Quantitative analyses of relative
dye transfers (representative of GJIC activity). * represents P < 0.05, ** represents P < 0.01.


