
Abstract. Background/Aim: It was hypothesized that
testosterone could affect the distribution and expression of
connexin 26 and connexin 43 in the uterus. Thus, the effects
of testosterone on these parameters in the uterus during the
uterine receptivity period were investigated. Materials and
Methods: Intact pregnant rats were administered 1
mg/kg/day testosterone alone or in combination with
flutamide, finasteride or anastrozole, subcutaneously on day-
1 of pregnancy till day 3. The rats were sacrificed at day 4
of pregnancy, which was considered as the uterine receptivity
period for determining the expression and distribution of
connexin 26 and connexion 43 by immunohistochemistry and
quantitative polymerase chain reaction, respectively. Results:
Treatment with 1 mg/kg/day testosterone increased connexin
26 and decreased connexin 43 mRNA expression and protein
distribution in the uterus of early pregnancy rats.
Conclusion: Changes in the uterine connexin 26 and
connexin 43 expression by testosterone could disrupt embryo
implantation, resulting in early pregnancy loss.

Testosterone is a male sex steroid hormone that is important
in female reproductive physiology. Testosterone is required
in the process of embryo implantation and decidualization
(1). Testosterone concentration in women shows variations
with the highest testosterone concentration seen in the
middle of the menstrual cycle, during ovulation (2).
However, a high level of testosterone concentration could

intervene with the peri-implantation embryo and uterine
development, resulting in early pregnancy loss (3). 

Early pregnancy loss is usually related to defects that
occur prior to, during, or immediately after implantation (4).
Implantation is a highly regulated event that involves
interaction between the blastocyst and the receptive
endometrium, and occurs during a limited time, called the
uterine receptivity period (5). The uterine receptivity is
precisely coordinated by sex-steroid hormones, namely
estrogen, and progesterone that modulate uterine events in a
spatiotemporal manner (6). However, Grummer et al. (7)
have also found that uterine receptivity is regulated by the
expression of connexin 26 and connexin 43, which are
protein that assemble the intercellular gap junctions that are
expressed in the endometrium of rats (8) and humans (9, 10). 

Intercellular gap junction proteins constitute a membrane-
spanning channel that permits a direct intercellular exchange
of small molecules and inorganic ions between cells to
mediate electrical and metabolic coupling between two
adjacent cells (11, 12). Connexins determine the character of
the intercellular junction as they regulate the ionic
conduction and metabolic coupling between cells (13, 14). It
has been reported that secondary messengers in signal
transduction pathways such as cyclic AMP, amino acids, and
short peptides are also able to pass through the intercellular
gap junction channel (15). Therefore, the intercellular gap
junction plays an important role in mediating cellular
differentiation, tissue development, homeostasis and,
morphogenesis (13).

Several types of connexins are expressed in the female
reproductive organs, and are essential to the physiology of
the female reproductive system (16). Connexin 26 and
connexin 43 are expressed in the endometrium of both
humans and rats, while humans also express connexin 32 (8,
9). However, only connexin 26 and connexin 43 are
regulated by the sex-steroid hormones in cycling
endometrium, where the expression of both connexins
increases by estrogen administration and is suppressed by
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progesterone during the uterine receptivity period (8, 17).
Furthermore, it has been reported that only connexin 26 and
connexin 43 are detected in the rat endometrium during early
pregnancy (18).

Uterine receptivity is impaired in polycystic ovary
syndrome, which is associated with high plasma testosterone
levels. A study conducted in rats has found that a high
concentration of testosterone suppresses the expression of
αvβ3-Integrin, E-Cadherin, and Mucin-1, which are the
markers of the receptive endometrium (19). However, the
effects of testosterone on connexin 26 and connexin 43,
which also play a role in uterine receptivity, are yet to be
elucidated.

In this study, it was hypothesized that testosterone alters
the expression and distribution of connexin 26 and connexin
43, which would then interfere with uterine receptivity and
lead to implantation failure. This study could help to
elucidate the mechanisms underlying the adverse effect of
high testosterone levels on uterine receptivity and may
explain the infertility issues seen in patients with high
androgen concentrations such as polycystic ovary syndrome
(PCOS) patients.

Materials and Methods
Animal preparation and hormonal treatment. Adult female Sprague-
Dawley (SD) rats, weighing 225±25 g that showed at least two
consecutive regular cycles were used in this study. The rats were
obtained from the Laboratory Animal Resources Unit, Faculty of
Medicine, Universiti Kebangsaan Malaysia. The rats were kept
under standardized conditions with lights on from 06:00 to 18:00 h;
room temperature 24±2˚C; 1 animal per cage. Rats were fed on
chow diet (Harlan, Germany) and tap water was given ad libitum.
All experimental procedures were approved by the National
University of Malaysia animal ethics committee (approval number:
FISIO/PP/2018/MOHDHELMY/26SEPT/956-SEPT-2018-
SEPT2019). Rats in the proestrus stage were caged overnight with
a male from the same species at a 1:1 ratio. The next morning,
successful copulation was confirmed by the presence of a vaginal
plug. This day was designated as day 1 of pregnancy (20).

Testosterone (Tokyo Chemical Industry, Tokyo, Japan),
flutamide, finasteride, and anastrozole (Sigma-Aldrich, St Louis,
MO, USA) were dissolved in 0.1 ml peanut oil prior to
subcutaneous (s.c.) injection behind the neck scruff. 

Pregnant rats were randomly assigned into the following groups
with n=6 rats per group.

Group 1: Normal pregnant rats (C).
Group 2: Pregnant rats treated with 1 mg/kg/day of testosterone

(T) (21).
Group 3: Pregnant rats treated with 1 mg/kg/day of testosterone

and 5 mg/kg/day flutamide (T+FLU) (22).
Group 4: Pregnant rats treated with 1 mg/kg/day of testosterone

and 1mg/kg/day finasteride (T+FIN) (22).
Group 5: Pregnant rats treated with 1 mg/kg/day of testosterone

and 1mg/kg/day anastrozole (T+ANA) (23).
All rats were treated for 3 consecutive days starting from day 1

till day 3 of pregnancy (early pregnancy period) (4). All inhibitory

drugs, flutamide, finasteride and anastrozole, were injected 30
minutes prior to testosterone injection. The supraphysiological dose
of testosterone used in this study was chosen based on doses
previously used in other studies (21). Rats were sacrificed on day 4
of pregnancy, which is considered as the day of uterine receptivity
in rats, by intravenously injecting high doses of ketamine-xylazine
at 0.3 ml/100 g. The uteri were then harvested to analyze the
changes in the gene expression and distribution of connexin 26 and
connexin 43.

Protein distribution analysis by immunohistochemistry (IHC). Uteri
were fixed overnight in 4% paraformaldehyde (PFD) prior to
processing, dehydrated through increasing concentrations of ethanol,
cleared in chloroform, and blocked in paraffin wax. Sections of 5
mm in thickness were prepared. Slides were then treated with
antigen retrieval solution (Dako, Glostrup, Denmark) pH 6.0. To
prevent endogenous peroxidase, slides were treated with hydrogen
peroxide. Then, samples were incubated with blocking serum
provided in the Mouse and Rabbit Specific HRP/DAB IHC
Detection Kit - Micro-polymer (Cat ab236466, Abcam, Cambridge,
MA, USA). To analyse the distribution of connexins, the slides were
incubated with a rabbit polyclonal antibody against connexin 43 in
a 1: 500 dilution (Cat AB11370 Abcam) or a rabbit polyclonal
antibody against connexin 26 in a 1: 500 dilution (Cat AB65969
Abcam). The slides were then incubated with micro-polymer
secondary antibody provided in the Mouse and Rabbit Specific
HRP/DAB IHC Detection Kit (Cat ab236466, Abcam). To visualize
the protein, the slides were incubated with DAB substrate provided
in the Mouse and Rabbit Specific HRP/DAB IHC Detection Kit -
Micro-polymer (Cat ab236466, Abcam). Finally, sections were
counterstained with hematoxylin and dehydrated sequentially. The
slides were visualized using an Olympus BX40 light microscope
(Olympus corporation, Tokyo, Japan).
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Figure 1. Levels of connexin 26 mRNA in the uterus of early pregnant
rats. In these rats, administration of testosterone alone and concomitant
administration of testosterone with either finasteride or anastrozole on
days 1-3 of pregnancy significantly increased connexin 26 mRNA levels.
No significant change was recorded in connexin 26 mRNA expression
in rats that received testosterone and flutamide injection. C: Control;
T: testosterone; FLU: flutamide; FIN: finasteride; ANA: anastrozole.
Data are presented as mean±SEM. n=6 for each group. *Significant
(p<0.05) compared to the control group.



Gene expression analysis by real-time PCR. Rat uteri were kept in
RNA Later solution (Sigma Aldrich, Saint Louis, MO, USA) to
stabilize and maintain the integrity of the RNA in the cell. RNA was
extracted from the uterus using the Nucleospin RNA isolation kit
(CAT 740955.50 Macherey-Nagel, Duren, Germany). The RNA
extraction process was performed according to the manufacturer's
protocol. Absorbance of each sample was measured at 260 nm and
280 nm, and RNA purity was assessed by the 260/280 ratio (Gene
Quant 1300, Cambridge, UK). Reverse transcription into cDNA was

performed by using the qPCRBio cDNA synthesis kit (CAT
PB30.11-10 PCR Biosystems, London, UK). Amplification of
samples without the addition of reverse transcriptase (-RT) was used
as a control. The qPCR master mix was prepared using qPCRBio
SyGreen Blue Mix kit (CAT PB20.17-05 PCR Biosystems).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as
a reference gene. Specific primers for connexin 43 (Rn_Gja1_1_SG
Qiagen, Hilden, Germany), connexin 26 (Rn_Gjb2_1_SG Qiagen)
and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
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Figure 2. Connexin 26 distribution in the uterus of rats. The dark brown color pointed by arrows indicates the antibody-binding site of connexin 26
that appears to be present in the uterine luminal epithelium and the uterine gland epithelium. Strong dark brown staining was observed in the four
treatment groups compared with the control group. C: Controls; T: testosterone; FLU=flutamide; FIN: finasteride, ANA: anastrozole; LE: luminal
epithelium; GE: glandular epithelium; L: endometrium lumen. Scale bar=2000 μm. Magnification 100× and 400×, n=6 per group.



(Rn_Gapd_1_SG Qiagen) were used for the qPCR. Real-time PCR
was conducted by using the BioRad CFX96 Real-Time System. The
conditions were as follows: 5 min at 95˚C to activate the
polymerase followed by 10 sec at 95˚C for 40 cycles for the
denaturation process and 30 sec at 60ºC for 40 cycles for adhesion
and elongation. All experiments were carried out in triplicates. Data
were analyzed according to the comparative CT (2–∆∆Ct) method.
The relative quantity of each amplicon was determined by
comparing the normalized quantity of each gene to the normalized
quantity of each reference gene.

Statistical analysis. Data were analyzed using parametric analysis
of variance (ANOVA) followed by post hoc test using Tukey test.
The Shapiro-Wilk normality test was used to test the normality of
data. If the data distribution was abnormal, the Mann-Whitney U-
test was performed. The difference was considered statistically
significant when p<0.05. 

Results 

Effect of testosterone on connexin 26 mRNA expression and
its protein distribution. Figure 1 shows the levels of
connexin 26 mRNA in the uterus. In this study,
administration of testosterone on day 1 till day 3 of
pregnancy resulted in a significantly increased expression of
connexin 26 mRNA as compared to that in normal pregnant
rats (p<0.05). A significant increase was also noted in the
testosterone-treated group following finasteride and
anastrozole injection (p<0.05). However, no significant
change was recorded in connexin 26 mRNA expression in
rats that received testosterone and a flutamide injection.

Meanwhile, no significant differences were observed in
connexin 26 mRNA expression in rats receiving testosterone
either with finasteride or anastrozole when compared to the
testosterone only group.

Figure 2 shows the localisation of connexin 26 protein in
the luminal and glandular epithelium of the uterus. The
staining intensity increased after treatment with testosterone.
Higher staining intensities were also observed after
concomitant administration of testosterone with either
flutamide, finasteride or anastrozole, compared to the control
group.

Effect of testosterone on connexin 43 mRNA expression and
its protein distribution. The mRNA expression of connexin
43 was highest in normal pregnant rat group (Figure 3).
Administration of testosterone between days 1 and 3 of
pregnancy caused a decrease in the expression of connexin
43 in the uterus as compared to normal pregnant rats
(p<0.05). A significant decrease in connexin 43 mRNA
expression was also noted in the testosterone-treated group
following finasteride and anastrozole injection (p<0.05).
However, concomitant administration of flutamide and
testosterone did not cause a significant change in connexin
43 mRNA expression when compared with the control
group. Meanwhile, no significant differences were also
observed in rats receiving testosterone either with finasteride
or anastrozole when compared to the testosterone only
group.

Immunohistochemical analysis revealed that connexin 43
was localized in the endometrial stroma of normal pregnant
rats (Figure 4), Staining intensity of connexin 43 was
markedly reduced following testosterone administration
during the early pregnancy period. Furthermore, concomitant
administration of testosterone with either finasteride or
anastrozole did not result in any noticeable changes in
connexin 43 distribution as compared to the testosterone only
group.

Discussion

In this study, it was found that treatment with a high dose of
testosterone resulted in increased expression of connexin 26
in the uterus during the early pregnancy period. Furthermore,
connexin 26 was detected in the luminal and glandular
epithelium of the uterus, as reported in previous studies (8,
24), and its staining intensity increased following testosterone
treatment. Physiologically, in humans and rats, connexin 26
expression is suppressed in the receptive phase of the
endometrium (8, 9), and the specific ratio of progesterone to
estrogen strictly regulates this suppression (18). This
suppression is important as it is a unique physiological
condition that required to achieve endometrial receptivity
period (18). Besides, an increase in connexin 26 expression
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Figure 3. Levels of connexin 43 mRNA in the uterus of early pregnant
rats. In these rats, administration of testosterone alone and concomitant
administration of testosterone with either finasteride or anastrozole on
days 1-3 of pregnancy significantly decreased connexin 26 mRNA levels.
No significant change was recorded in connexin 43 mRNA expression
in rats that received testosterone and a flutamide injection. C: Control;
T: testosterone; FLU: flutamide; FIN: finasteride; ANA: anastrozole.
Data are presented as mean±SEM. n=6 for each group. *Significant
(p<0.05) compared to the control group.



during the pre-implantation period was recognized as a marker
for a non-receptive endometrium (17). Treatment with a
progesterone antagonist, was found to reverse the suppression
of connexin expression during early pregnancy (18), thus
disrupting embryo implantation in rats (25). Therefore,
treatment with a high dose of testosterone could interfere with

the uterine receptivity regulation, thus leading to implantation
failure.

It has been reported that the expression of connexin 43 in
the rat uterus is suppressed during the uterine receptivity
period (8), however other studies have reported contradictory
results. Jahn, et al. (9) have reported that connexin 43
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Figure 4. Connexin 43 distribution in the uterus of rats. The dark brown color pointed by the arrows indicates the antibody binding site of connexin
43 that appears to be present in the endometrial stroma. Weaker dark brown staining was observed in the four treatment groups compared with the
control group. C: Controls; T: testosterone; FLU: flutamide; FIN: finasteride; ANA: anastrozole; S: Stroma Scale bar=2000 μm. Magnification
100× and 400×, n=6 per group. 



expression was reduced during the uterine receptivity period,
while Granot, et al. (26) showed an increased expression of
this gene in the human endometrium. The definite role of
connexin 43 in the receptive state of the endometrium has
not been explained yet. However, induction of connexin 43
during decidualization in rats (8), has been reported to be
crucial for the differentiation of stromal cells into decidua,
as well as for angiogenesis (27). Also, the expression of
connexin 43 in patients with recurrent early pregnancy losses
was found to be reduced (28). Besides, anti-malarial
medication, mefloquine, which is a potent blocker of
connexin 43, is associated with an increased risk of
spontaneous abortion (29). In this study, the distribution of
connexin 43 was detected in the endometrial stromal, which
is in line with other studies (8). Following treatment with a
high concentration of testosterone, it was found that the
expression and distribution of connexin 43 in the uterus were
suppressed; this aberrant expression of connexins may
contribute to the loss of intercellular communication via gap
junctions (30) and might hinder the transformation of stromal
cells into a receptive endometrium, and could thus lead to
early pregnancy loss.

It has been reported that testosterone can be converted into
dihydrotestosterone and estrogen by the action of 5α-reductase
and the aromatase enzyme, respectively (31-33). In this study,
no significant difference was recorded on the expression of
connexin 26 and connexin 43 genes among the groups treated
with testosterone and those treated with testosterone and
finasteride or anastrozole. This indicates that the effect of
testosterone on connexin 26 and connexin 43 gene expression
did not involve dihydrotestosterone and estrogen. Our finding
is consistent with the previous study, which revealed that
testosterone treatment reduces the expression of avβ3-Integrin,
E-Cadherin, and Mucin-1 in the endometrium of rats during
the uterine receptivity period, however, this effect did not
involve dihydrotestosterone (19). In addition, Gibson, et al.
(34) studied the expression and activity of 5α-reductase in
endometrial stromal cells (ESCs) and reported that although
the 5α-reductase protein was present in these cells,
dihydrotestosterone could only be detected in the
decidualization stage. Besides, it has been shown that the
aromatase enzyme does not affect the protective effects of
testosterone on the rat bone as the results from the testosterone
treatment group did not differ to those in the testosterone co-
treated with anastrozole treatment group (35). Furthermore, a
study by Labrie (36) showed that the aromatase enzyme
cannot be detected in the endometrium of women undergoing
regular cycles. It is therefore suggested that the changes in
expression of connexin 26 and connexin 43 genes were due to
the effects of testosterone alone, without being influenced by
its conversion to dihydrotestosterone or estrogen.

Flutamide, an androgen receptor (AR) blocker, reversed the
effect of testosterone on the expression of both connexin 26

and connexin 43. This shows that the androgen receptor plays
a role in the action of testosterone. This finding was consistent
with the results of another study that showed the treatment
with flutamide altered connexin 43 expression in the pig's
uterus (37). Similarly, another study has reported that
testosterone reduced the expression of pinopodes and MECA-
79, which are markers of a receptive endometrium and that
testosterone effects were abolished by flutamide (22).
Furthermore, AR could be detected in the rat uterus (38), and
the expression was increased with increasing testosterone
concentration (39). These findings strengthen the relation of
AR to the mechanism of action of testosterone in the rat
uterus. Even in the human endometrium, AR is known to be
expressed in the endometrial stroma during the proliferative
phase, while in the secretory phase, AR is primarily expressed
in the uterine epithelial cells (40).

Conclusion

In conclusion, treatment with a high dose of testosterone
increased connexin 26 expression and protein distribution
while decreased connexin 43 expression and protein
distribution in the uterus during early pregnancy. The altered
physiological expression of connexins during uterine
receptivity related to the high concentration of testosterone
such as in polycystic ovarian disease (PCO) or following
excessive anabolic steroids might interfere with the embryo
implantation thus lead to early pregnancy loss.
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