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Abstract
In women undergoing chemotherapy, it is inevitable that infertility risk will increase because of impaired reproductive func-
tions. Premature ovarian insufficiency (POI), which occurs as a devastating result of chemotherapy, is the complete deple-
tion or dysfunction of ovarian follicles. Adipose-derived mesenchymal stem cells (ADMSCs) transplantation is among the 
alternative treatment methods for POI, which currently do not have an effective treatment method. Apoptosis of granulosa 
cells in POI is seen as the main mechanism of the disease. It is also reported that in addition to molecules directly associated 
with apoptosis, connexins, and pannexins are also potential effector molecules in apoptosis. The roles of these molecules in 
POI, which are known to play a role in many important mechanisms in the ovary, are unknown. In this study, it was aimed 
to analyze the expressions of Connexin43 and Pannexin1, which are thought to be effective in the formation of POI, and to 
show the relationship between the antiapoptotic effects of ADMSCs transplantation and these molecules in POI. For this 
purpose, Caspase3, Connexin43, Pannexin1 proteins, and mRNA expressions were analyzed by immunohistochemistry and 
RT-qPCR, and AMH levels were measured by ELISA. It was determined that Pannexin1, Caspase3 proteins, and mRNA 
levels increased in the POI, while Pannexin1 and Caspase3 expressions decreased in the ADMSCs treated group. While 
Connexin43 level decreased in POI, Connexin43 protein and mRNA levels increased in ADMSCs group. Consequently, this 
study demonstrated for the first time that Connexin43 and Pannexin1 were associated with apoptosis in POI. In addition, it 
was revealed that ADMSCs transplantation could produce antiapoptotic effects by modulating these molecules.

Keywords  Infertility · Female reproduction · Premature ovarian insufficiency · Mesenchymal stem cell · Connexin · 
Pannexin · Apoptosis · qPCR

Introduction

Premature ovarian insufficiency (POI) is a condition of 
amenorrhea and hypergonadotropic hypogonadism based 
on loss of ovarian function in women under the age of 40. It 
is characterized by complete depletion or dysfunction of the 
follicles in the ovaries before menopause [1]. Although the 
incidence of the disease increases by age, its overall prev-
alence is between 1 and 2% [2]. Chemotherapy is among 
the most common iatrogenic reasons of POI. Studies have 
reported that anticancer drug therapy causes various levels 
of ovarian damage and fertility suppression [3]. The gon-
adotoxic effect of chemotherapy on ovarian function varies 
depending on age, dose, type of chemotherapeutic agent, and 
amount of exposure [4].

Cyclophosphamide (CTX), also known as cytophosphane, 
is a widely used chemotherapeutic agent and also an immune 
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suppressor drug. In particular, it is used as antineoplastic 
in lymphoma, leukemia, multiple myeloma, breast and 
ovarian cancers, as well as an immunosuppressant in organ 
transplantation and in the treatment of certain diseases such 
as nephrotic syndrome. CTX, which is a chemotherapeu-
tic in the alkylating group, causes DNA fragmentations or 
crosslinking of DNA in the cell by alkylating nucleic acids. 
Thus, it inhibits the cell division [5, 6]. Unfortunately, in 
women treated with CTX, the risk of persistent amenorrhea 
and early menopause is high [7]. Because the CTX is not 
a cell cycle specific drug, resting and developing follicles, 
as well as the oocyte, are damaged by CTX [8]. Even acute 
exposure to CTX induces DNA double-strand breaks, and 
by triggering apoptotic death of primordial follicles within 
12–24 h, it causes a massive loss of ovarian reserve [9].

Due to the complexity of POI, there is currently no spe-
cific treatment method for it. Although hormone replacement 
therapy (HRT) is often recommended in the clinic, restoring 
reproductive ability with this treatment is seen as unlikely. 
Therefore, there is a need to develop effective treatments for 
POI. In regenerative medicine, the therapeutic approach of 
mesenchymal stem cells (MSCs) is used in many areas. Adi-
pose-derived mesenchymal stem cells (ADMSCs) are one of 
the multipotent adult stem cell types. ADMSCs are unique 
cells that exhibit self-renewal, high proliferation rates, and 
multiple differentiation capacity [10]. These cells, which 
have low immunogenic properties, are capable of secreting 
many important growth factors, cytokines, trophic factors, 
and regenerative factors. In terms of repair and regenera-
tion of autologous cells, ADMSCs offer great advantages 
with their ease of access and repeatable applicability [11, 
12]. ADMSCs, which have been also started to be studied 
in POI, are seen as an alternative treatment method. But 
in these recent studies too, it is not known how and with 
which mechanism ADMSCs are effective in POI. However, 
since the main mechanism in POI is apoptosis, which occurs 
in follicles and oocytes, studies have focused on molecules 
associated with apoptosis [13–15].

By directly connecting the cytoplasmic compartments 
of neighboring cells with intercellular channels to each 
other, gap junctions provide direct intercellular passage 
of substances such as ions smaller than 1kD, metabolites, 
secondary messengers, Ca2 + , inositol phosphate, and 
ATP [16]. These intercellular channels consist of connexin 
(Cx) and pannexin in vertebrates, and innexin family pro-
teins in invertebrates [17]. When forming gap junctions, 
the half channels called connexons formed by the connex-
ins between two adjacent cells combine mutually and thus 
a complete channel is formed [18]. It is known that Cx43 
and Cx37 are the most abundant gap junction proteins 
that is found in the ovary. While Cx37 is expressed on 
the oocyte and is responsible for communication between 
oocyte granulosa cells, Cx43 is expressed in granulosa 

cells and is responsible for communication between granu-
losa [19]. The main functions of connexins in the ovary 
are taking charge in folliculogenesis, oogenesis, meiotic 
arrest, steroidogenesis, and apoptosis [16]. In particular, 
it has been shown that Cx43 is inversely proportional to 
apoptosis and necessary for cell survival. Also, in ovar-
ian follicles, increased apoptosis decreases Cx43 expres-
sion [20]. The pannexin (Panx) family, which is one of the 
channel proteins, consists of 3 members: Pannexin 1, Pan-
nexin 2, and Pannexin 3. The fact that Panx1 is expressed 
in organs such as the brain, heart, skin, testicles, thymus, 
and liver has been shown by the Northern blot analyses 
[21]. Similar to the connexin oligomer connexons, pan-
nexin oligomers are called pannexons. However, while 
connexons are called half-channels that constitute half of a 
cell channel, pannexons are a single membrane channel in 
the cell membrane [22, 23]. Panx1 is considered as part of 
the P2X7 receptor complex specifically required for ATP 
release. P2X7 purinergic receptors are part of the signaling 
network involved in many physiological and pathological 
processes. In vivo, P2X7 receptors can mediate apoptotic 
cell death [24]. It has been reported that purinergic recep-
tors in the ovary have very important roles in ovarian func-
tion [25]. Therefore, it has been thought that the Panx1 
molecule would also have important roles in the ovary. But 
until this time, any study in the literature has not presented 
data on the expression of Panx1 in the ovary [26]. There 
is not enough information about the expressions of Cx43 
and Panx1 in POI, which are shown to have important 
functions in apoptosis.

In this study, for the first time, it was aimed to analyze 
the expressions of Cx43 and Panx1, which were consid-
ered effective in POI formation, at the level of protein 
and mRNA. In addition, it was also aimed to demonstrate 
the relationship of the antiapoptotic effects of ADMSCs 
transplantation in POI with these molecules.

Materials and Methods

Animals

In the study, 22 adult Wistar female rats whose weights 
ranging from 180 ± 50 g and which were supplied from 
Manisa Celal Bayar University Experimental Animal 
Application and Research Center were used. Rats were 
kept for 3 days (for adaptation) against any signs of health 
problems. Throughout the study, the animals were kept 
under stable conditions (22  °C temperature, 30–70% 
humidity, light/dark cycle 12/12 h), and their unrestricted 
access to food and water was ensured.
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Induction of POI Models

Rats were divided into 3 groups: control (n = 5), POI (n = 7), 
and POI + ADMSCs (n = 7). No treatment was administered 
to the control group rats. 120 mg/kg CTX i.p injection was 
administered to POI group rats on the first day and 8th day 
of the experiment. For POI + ADMSCs group, after injection 
of CTX as i.p on the first and 8th day, 1 × 106 ADMSCs was 
administered as i.p 3 consecutive days from the 15th day of 
the experiment. On the 24th day of the experiment, all rats 
were sacrificed. The left ovaries of the rats were fixed by 
using 10% formalin for H&E and immunohistochemistry 
staining. The right ovaries, on the other hand, were taken 
for RT-qPCR analysis.

ADMSCs Isolation, Culture, Characterization

Adipose tissue-derived mesenchymal stem cells were obtained 
from subcutaneous inguinal fat of a 6–8-week-old non-dia-
betic rat according to the protocol [27]. Briefly, the obtained 
adipose tissue was washed several times in PBS against con-
tamination of any cell from the blood. Fat tissue was cut into 
thin pieces and incubated in 0.1% type 1 collagenase. For 
the inhibition of enzyme activity, DMEM / F12 medium and 
containing 10% FBS were added in an equal volume and 
the mixture was centrifuged. Then the cell suspension was 
passed through a 100 µm filter and centrifuged again. After 
centrifugation, the supernatant was discarded and the pellet 
was cultured in DMEM/F12 medium,10% FBS, 1% penicillin 
/ streptomycin-amphotericin B and the cells were allowed to 
adhere to the culture dish and proliferate. Cells from passage 3 
and 4 were used for the experiment. To characterize the cells, 
immunohistochemical staining was performed and scored 
according to specific surface antigen criteria [28].

Hormone Assay

The amount of serum AMH in rats was measured by ELISA 
Assay. Serum was obtained after the centrifugation of car-
diac blood just taken before sacrification. Based on the 
manufacturer protocol, ELISA analysis was performed in 
serums by using the Bioassay Technology Laboratory AMH 
ELISA kit (BT-Lab Cat#E0456Ra, China). Then at 450Nm, 
values were read in the microplate reader and OD values 
were calculated.

Morphologic Evaluation of Ovary

Left ovary tissues were fixed in 10% formalin. Tissues kept 
in running tap water for 1 night were passed through increas-
ing alcohol series for dehydration. After the tissues were 
kept in toluene for transparency, they were embedded in 
paraffin. By taking sections with a thickness of 5 µm from 

paraffin blocks, H&E staining was performed. Serial sec-
tions were taken from all ovaries belonging to each group 
and primordial, primary, secondary, and antral follicles 
and atretic follicles in the ovary were examined by a light 
microscopy (DM 750 Leica, Heerbrugg, Switzerland) and 
photographed with a camera (DP71 Olympus, Germany).

Immunohistochemical Analysis

After the sections were deparafinized, they were rehy-
drated. To block the activation of endogenous peroxide, 3% 
hydrogen peroxide was used. After the sections were incu-
bated for 10 min at 37 °C with trypsin for antigen retrieval, 
they were washed with PBS. By adding blocking solution 
on the sections, nonspecific binding sites were blocked. 
Sections were incubated at + 4 °C for 1 night with anti-
Cx43 (Santa Cruz Biotechnology Cat# sc-271837, RRID: 
AB_10707826, 1:100), anti Panx1 (Abcam Cat# ab124131, 
RRID: AB_10972168, 1:300), and anti Casp3 (Santa Cruz 
Biotechnology Cat# sc-56053, RRID: AB_781826, 1:100) 
which were primary antibodies. On the next morning, the 
tissues were washed out by PBS and biotinylated second-
ary antibodies were added on slides. The sections were then 
washed back with PBS and incubated with DAB to observe 
the immune reaction. Nuclear staining of the sections was 
done with Mayer's hematoxylin. Finally, tissues washed and 
passed through increasing alcohol series were kept in xylene 
for 30 min and covered with the entellan. Negative and posi-
tive controls of antibodies for immunohistochemical experi-
ments are shown in Fig. S1a.

Immunofluorescence Staining

For immunofluorescence (IF) staining, the sections were 
blocked with 5% bovine serum albumin (BSA) and, incu-
bated with primary antibodies anti Cx43 (anti Cx43, 
sc-271837, Santa Cruz, Germany, 1:100) and anti Panx1 
(ab139715, Abcam, UK, 1:300) overnight at 4 °C. Then 
incubated with a secondary antibody (anti-rabbit IgG Alexa 
Fluor 488 Conjugate Thermo, CST #4412) for 60 min at 
room temperature. Nuclei were counterstained using DAPI. 
Slides were visualized under a fluorescence microscope. 
Negative controls of immunofluorescent experiments are 
shown in Fig. S1b.

RNA Extraction and RT‑qPCR Analysis

Left ovarian tissues taken from all subjects were used for 
qPCR processes. For RNA extraction, RiboEX solution was 
added on each ovarian tissue and homogenization was done 
with homogenizer (TissueLyser LT, Qiagen, USA). RNA 
isolation was performed according to the RiboEX manu-
facturer’s protocol. The amount and purity of the obtained 
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RNAs were measured using the Nanodrop (ND-1000 Spec-
trophotometer, Thermo Fisher Scientific, USA). cDNA syn-
thesis from RNAs was performed using the thermal cycler 
(Applied Biosystems® Veriti® 96-Well Thermal Cycler, 
USA) according to the protocol of the Wizscript cDNA 
synthesis kit (w2211, Wizbiosolutions, South Korea). After 
cDNA synthesis, mRNA expressions of caspase 3, connexin 
43 and pannexin 1 were measured using the WizPureTM 
qPCR master kit (SYBR) (W1711, Wizbiosolutions). The 
used primer sequences are given in Table 1 [29–32]. qPCR 
analysis was performed with the rotor gene-Q (Qiagen, 
USA). At the end of the experiment, Ct values were obtained 
for each sample. GAPDH was used as the housekeeping gene 
and ΔCt values were calculated by normalizing the obtained 
Ct values according to the GAPDH level. The resulting val-
ues were shown in the graph as gene expression and fold-
change values by using the formula 2−ΔΔCt. Each sample of 
each group was studied as three repetitions.

Scoring and Statistical Analysis

For all antibodies stained, tissues were evaluated in 10 
ovarium sections belonging to each animal by taking into 
account the staining intensity in the 30 areas × 40 objective. 
This evaluation was carried out by accepting 0 as no stain-
ing, 1 as weak staining, 2 as moderate staining, and 3 as 
strong/intense staining. All data obtained at the end of the 
experiment were analyzed using the GraphPad Prism 8.3.1 
program. First, the groups were tested for normality. Then, 
all groups were compared using the one-way ANOVA test. 
The value of P ≤ 0.05 was considered significant in statistical 
analysis results. Tukey's test was used as a post hoc test for 
multiple comparisons.

Results

Cultivation and Characterization of Rat ADMSCs

It was shown with marker that the cultivated cells were 
MSCs. In the IHC results, ADMSCs were positive for 

CD90, CD44, CD73, and Stro-1, while they were negative 
for CD34, CD45. In addition, immunohistochemical staining 
was performed for MSC characterization (Fig. 1).

Chemotherapy Reduced the Number of Healthy 
Follicles in Ovary

H&E staining was performed in the ovary for morphological 
evaluation of CTX exposure. Ovarian follicles in all groups 
were counted (Fig. 2B). In the control group ovaries, the 
cortex and medulla had a regular organization. Numerous 
primordial follicles were observed in the cortex, consisting 
of an inner primary oocyte and a single layer of flat follicle 
cells around it. (Fig. 2A-a). Early and late primary follicles 
consisting of single or multilayered cubic cells around the 
primary oocyte were seen less in number than primordial 
follicles. In primary follicles, theca follicle surrounding the 
zona pellucida and granulosa cells was observed. (Fig. 2A-
b). Secondary and antral follicles were observed in normal 
morphology, which is characterized by the formation of 
antrum cavity between stratified granulosa cells. (Fig. 2A-
c, d). It was seen that some of the primordial follicles in the 
ovarian tissue of the POI group were degenerate (Fig. 2A-e). 
The decrease in the number of primordial follicles in the 
POI group was significant compared to the control (Fig. 2B, 
p < 0.001). Atresia was observed especially in primary, sec-
ondary, and antral follicles. In atretic follicles, degenerated 
oocytes, and zona pelusida were seen (Fig. 2A-f, g). While 
the decrease in the number of healthy primary follicles in 
the POI group was not statistically significant compared to 
the control group (Fig. 2B, p = 0.112), there was a significant 
decrease in secondary and antral follicles compared to the 
control (Fig. 2B, p < 0.001). When the control group and 
POI group were compared in terms of the number of atretic 
follicles, a significant increase in the number of atretic fol-
licles was observed in the POI group (Fig. 2B, p < 0.001).

Chemotherapy Reduced AMH Level in Ovary

Since the AMH level is one of the clinical biomark-
ers of POI, the AMH level was evaluated in the study 

Table 1   Primer sequences Gene Primer Sequence 5′ 3’ AmpliconSize 
(bp)

References

GAPDH F GAT​GGG​TGT​GAA​CCA​CGA​GAAAT​
R ACG​GAT​ACA​TTG​GGG​GTA​GGAA​

23
22

[29]

Caspase 3 F TAC​CCT​GAA​ATG​GGC​TTG​TGT​
R GTT​AAC​ACG​AGT​GAG​GAT​GTG​

21
21

[30]

Connexin 43 F TTA​AGT​GAA​AGA​GAG​GTG​CCCA​
R AGG​CAG​ACT​GTT​CAT​CAC​CC

22
20

[31]

Pannexin 1 F TAA​ACC​CCA​GCT​ATG​GAG​CCA​
R GGC​GTC​AGT​AAA​ATC​CCG​TTC​

21
21

[32]
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by the ELISA method as an indicator of CTX inducing 
POI. It was observed that AMH levels in the POI group 
decreased significantly compared to the control group 
(Fig. 3, p = 0.008).

Chemotherapy Induced Apoptosis in Ovarian 
Follicles

The immunoreactivity of Casp3, which was the effector enzyme 
of apoptosis, was evaluated by h-score analysis in the primordial, 

Fig. 1   Characterization of rat 
adipose derived mesenchymal 
stem cells (ADMSCs). A–B 
Representative microscopic 
images showing morphology of 
cultured ADMSCs. Immu-
nohistochemical analysis of 
ADMSCs surface markers. C–F 
Cells were positive for CD44, 
CD90, CD73 and Stro-1. G–H 
Cells were negative for CD34, 
CD45

CD44 CD90

CD73 Stro-1

CD34 CD45

A B

C D

E F

G H
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Fig. 2   The number of ovarian follicles and H&E staining for all 
groups A Morphologically normal primordial, primary, secondary, 
graafian follicles showing with black arrow in control groups (a, b, 
c, d), Scale bar: 10, 10, 20, 20 µm. Abnormal, degenerated primor-
dial follicle (e), atretic primary, secondary, graafian follicles showing 
with black arrow in POI group (f, g, h), Scale bar: 10, 10, 10, 10 µm. 

Morphologically normal primordial, primary, secondary, graafian fol-
licles showing with black arrow in POI + ADMSCs group (i, j, k, l), 
Scale bar: 10, 20, 20, 20 µm. B Data are presented as mean + standard 
deviation (SD). ***p < 0.001, **p < 0.002, *p < 0.033. a: significant 
compared to control, b: significant compared to POI
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primary, secondary, and antral follicles of all groups. In the 
control group follicles, a small number of cells showing mild 
Casp3 immunoreactivity were encountered. In the POI group, 
moderate Casp3 immunoreactivity was observed in primordial 
follicles, while strong Casp3 immunoreactivity was observed in 
primary, secondary, and antral follicles (Fig. 4A). In the h-score 
analysis, in the CTX group compared to the control group; The 
increase in Casp3 expression in primordial follicles was statisti-
cally less significant than in primary, secondary and antral fol-
licles (Fig. 4B, p < 0.033, p < 0.001). qRT-PCR results were also 
supporting IHC results. It was found that Casp3 mRNA levels 
increased more than 2 times in the POI group compared to the 
control group (Fig. 4C, p < 0.001).

Chemotherapy Reduced Cx43 Expression in Ovary

The gap junction protein Cx43 immunoreactivity was evalu-
ated by h-score analysis in primordial, primary, secondary, 
and antral follicles of all groups. Cx43 immunoreactivity 
was observed at moderate-strong in primordial, primary, 
secondary, and graaf follicles in the control group. In the 
POI group, on the other hand, Cx43 immunoreactivity was 
observed at a mild level in primordial, primary, secondary, 
antral follicles (Fig. 5A). Compared to the control group, the 
decrease in Cx43 expression in the POI group was found sta-
tistically significant in all follicle types (Fig. 5B, p < 0.001). 
In addition, IF staining was performed for the immunolo-
calization of Cx43 (Fig. 7). As a result of IF staining, it was 
observed that Cx43 expression decreased in the POI group 
compared to the control. According to qRT-PCR results too, 
Cx43 mRNA levels were significantly decreased in the POI 
group compared to control (Fig. 5C, p < 0.001).

Chemotherapy Increased Panx1 Expression

Immunoreactivity of Panx1 which is among channel proteins 
was evaluated by h-score analysis in primordial, primary, 

secondary, and antral follicles of all groups. Panx1 immuno-
reactivity was observed at a mild level in ovarian tissue, cor-
tex stroma, and medulla of the control group. Panx1 expres-
sion was almost nonexistent in primordial follicles. Panx1 
immunoreactivity was also very low in primary, secondary 
and antral follicles (Fig. 6A). Compared to the control group, 
strong Panx1 immunoreactivity was observed in all follicle 
types and ovarian surface epithelium in the ovarian tissue of 
the POI group, (Fig. 6A). This increase in the Panx1 expres-
sion was found to be statistically significant compared to the 
control group (Fig. 6B, p < 0.001). By IF staining, it was 
able to be observed that there was a significant increase in 
Panx1 expression in ovarian follicles (Fig. 7). According to 
the qRT-PCR results, Panx1 mRNA level was significantly 
increased in the POI group compared to the control (Fig. 6C, 
p < 0.001).

ADMSCs Transplantation Restored Ovarian Function 
and Increased the Number of Healthy Follicles

In the POI + ADMSCs group, the number of healthy follicles 
in the cortex was higher compared to the POI group. Healthy 
primordial and primary follicles were observed in areas 
close to the surface under the tunica albuginea (Fig. 2A-
i, j). In the POI + ADMSCs group, compared to the POI 
group, whereas the increase in the number of primordial 
follicles was statistically significant (Fig. 2B, p = 0.049), no 
significant increase in the number of primary follicles was 
observed (Fig. 2B, p = 0.205). Although atretic follicles were 
observed in some areas, the morphology of the developing 
follicles was observed as normal (Fig. 2A-k, l). When look-
ing at the number of secondary and antral follicles in the 
POI + ADMSCs group, significant increases were found in 
both types of follicles compared to the POI group (Fig. 2B, 
p = 0.018, p = 0.031). Finally, there was also a decrease by 
half in the number of atretic follicles in the POI + ADMSCs 
group compared to the POI group (Fig. 2B, p < 0.001).

Fig. 3   The levels of AMH 
were analyzed using ELİSA 
assay. Data are presented as 
mean + standard deviation (SD). 
**p < 0.002, *p < 0.033. a: sig-
nificant compared to control, b: 
significant compared to POI
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ADMSCs Transplantation Increased AMH Level 
in Ovary

In the POI + ADMSCs group, the level of AMH increased 
significantly compared to the POI group (Fig. 3, p = 0.027). 
When the POI + ADMSCs group was compared with the con-
trol, no significant difference was found (Fig. 3, p > 0.999).

ADMSCs Transplantation Repressed Apoptosis 
Through the Cx43 and Panx1

It was observed that ADMSCs transplantation reduced 
apoptosis through decreasing Casp3 expression in all fol-
licle types. In POI + ADMSCs group Casp3 immunoreac-
tivity was found to be mild in all follicle types (Fig. 4A). 
Also, h-score analyses showed that Casp3 immunoreactivity 
decreased statistically significantly (Fig. 4B, p < 0.001). In 
qRT-PCR analyses, on the other hand, Caps3 mRNA levels 
decreased significantly in this group (Fig. 4C, p < 0.001). 
In the POI + ADMSCs group, Cx43 immunoreactivity was 
moderate to strong in primary, secondary, antral follicles 
(Fig. 5A). This increase in all follicle types was found signifi-
cant when compared to the POI group (Fig. 5B, p < 0.001). 
By IF staining, a significant increase in Cx43 expression 
was observed in ADMSCs groups (Fig. 7). In Cx43 mRNA 
expression, an increase correlated with IHC results was 
observed (Fig. 5C, p = 0.001). Panx1 immunoreactivity in 
ovarian follicles of POI + ADMSCs group was observed at 
mild/moderate. Rather than follicles, Panx1 expression was 
observed in stroma and theca externa cells (Fig. 6A). In the 
POI + ADMSCs group, Panx1 expression in all follicle types 
decreased significantly compared to the POI group (Fig. 6B, 
p < 0.001). Also, IF staining showed the increasing of Panx1 
expression in ADMSCs group (Fig. 7). A significant decrease 
in Panx1 mRNA level was also found in the POI + ADMSCs 
group compared to the POI group (Fig. 6C, p = 0.005).

Discussion

Until recently, little was known about POI. Despite many 
studies, there is no clear treatment for the disease. The big-
gest reason for this is that the mechanism for the formation 

of the disease has not been fully revealed. In this study, POI 
was induced in rats with cyclophosphamide, one of the most 
common triggers of the disease. Since it was considered that 
Cx43 and Panx1 molecules were directly related to folli-
cular cells’ apoptosis which is the main mechanism of the 
disease, the association of these molecules with POI was 
evaluated. In addition, the effect of ADMSCs transplanta-
tion, suggested in the regenerative treatment of POI, on these 
molecules was shown. In our study, a decrease in all ovar-
ian follicles was detected after CTX administration. In the 
POI group, the number of primordial and primary follicles 
decreased less than the number of secondary and antral fol-
licles. In a study conducted by Badaway et al., after a single 
dose of CTX injection in BALB/C rats, a decrease was found 
in primordial and primary follicles from day 4; but at the end 
of the 28th day, the number of primordial and primary fol-
licles decreased too much (almost disappeared) [33]. In our 
study, on the other hand, because the experimental process 
was terminated earlier, a less decrease in the primordial and 
primary follicles of the POI group was determined. After 
ADMSCs transplantation, an increase in all follicle types 
was observed. In a study conducted by Sun et al. [14], an 
increase in the number of primordial and primary follicles 
was found in both groups as a result of ADMSCs admin-
istration, which they gave via in situ and intravenous ways 
in POI that they created with CTX in rats. These research-
ers also reported that this condition reduced apoptosis in 
the granulosa cells of stem cells and thereby stimulated the 
development of healthy follicles.

Hormonal evaluations are the most important of POI's 
clinical diagnostic criteria. In studies, it has been reported 
that AMH level is more sensitive than FSH level, and it is 
an important indicator for early diagnosis of POI since it 
can be measured at any stage of the menstrual cycle [34]. 
In our study, a statistically significant decrease was found 
in the POI group compared to the control group. In a study 
conducted on rats, Liu et al. observed a significant decrease 
in AMH and estradiol 2 (E2) levels at the 1st and 2nd weeks 
in POI induced by CTX and busulfan. They reported that 
the decrease in AMH levels was due to the fact that CTX 
exposure caused the transformation of normal follicles into 
atretic follicles by suppressing the PI3K/AKT pathway, 
which was effective in cell growth and proliferation in granu-
losa cells [35]. In another study, Zhang et al. reported that 
as a result of suppression of the PI3K/AKT/mTOR pathway, 
the cytochrome c release from mitochondria started with 
the translocation of the BAX protein to mitochondria in the 
cytoplasm, it triggered apoptosis in the ovary follicles, and 
caused the level of AMH to decrease [36]. In their meta-
analysis study examining the results of 45 studies conducted 
on a total of 5607 young and adult women who were sub-
jected to chemotherapy, Overbeek et al. noted that there were 
high levels of FSH, low levels of AMH, inhibin, and E2 

Fig. 4   ADMSCs transplantation decreased the Casp3 expression 
in ovary of POI groups. A Representative images for immunohisto-
chemical staining of Casp3 in ovarian follicles for each group. The 
arrows represent Casp3 immunopositive cells. B H-score analysis of 
Casp3 immunoreactivity among each group. Data are presented as 
mean ± standard deviation (SD). C The mRNA levels of Casp3. Sta-
tistical analysis was done by one-way ANOVA test and Tukey’s test 
was used for multiple group comparison. ***p < 0.001, **p < 0.002, 
*p < 0.033. a: significant compared to control, b: significant compared 
to POI
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in women who received chemotherapy compared to control 
groups. They also stated that this situation reflects decreased 
ovarian function in patients undergoing chemotherapy [37]. 
In addition, it is thought that due to the presence of estrogen-
sensitive regions of the AMH gene, decreased E2 levels in 
POI affect AMH levels [38]. In this study, an increase in 
AMH level was observed because of ADMSCs transplanta-
tion for therapeutic purposes in the POI group. It is thought 
stem cells stimulate the development, proliferation, and cell 
cycle in the ovary and suppress cell death proteins. In a 
study conducted by Yang et al., AMH levels increased as a 
result of umbilical cord mesenchymal stem cells transplanta-
tion in POI rats. Related to this result, the researchers noted 
that increasing the proliferation marker Ki67 in granulosa 
cells in the stem cell group triggered angiogenesis in the 
ovary and ensured improvement of ovarian function and fol-
licle development [39]. Since there are few studies showing 
the effectiveness of ADMSCs in POI, the molecular mecha-
nisms they affect are not much known. Huang et al. gave 
the exosomes they obtained from ADMSCs to rats exposed 
to CTX. They reported that by increasing the expression of 
SMAD2, 3 and 5 proteins, ADMSCs exosomes provided an 
improve in ovarian function and thus an increase in AMH 
levels [40].

In this study, the amount of Casp3, the effector enzyme of 
apoptosis, was demonstrated in POI by qPCR, IF and IHC 
methods. It is thought that one of the most basic mechanisms 
underlying the gonadotoxicity caused by CTX in the ovary is 
the triggering of the apoptotic pathway. Pascuali et al. [41] 
observed high Casp3 expression in developing ovarian fol-
licles in POI induced by a single dose of CTX exposure in 
mice, but not Casp3 expression in primordial follicles. They 
suggested that CTX could trigger apoptosis in the develop-
ing follicles to destroy them and trigger the activation of new 
reserve primordial follicles to replace the destroyed develop-
ing follicles, causing the ovarian “burnout” phenomenon, 
that is, the depletion of the ovarian reserve. In addition, they 
supported this idea by demonstrating the activation of the 
PI3K/PTEN/Akt pathway in the CTX group primordial folli-
cles [41]. Luo et al. showed increased apoptosis in granulosa 
cells in POI induced by CTX and busulfan with TUNNEL 
assay [42]. In a study they conducted, Xicong et al. reported 
that CTX induces activation of the p53-p66Shc pathway in 

the POI model. They also emphasized that this pathway also 
reduced resistance to reactive oxygen species (ROS) and 
triggered apoptosis in the ovary by inducing Casp3 activa-
tion [43]. In our study, Casp3 mRNA and protein expression 
decreased in all follicle types in the POI group as a result 
of ADMSCs transplantation. The most important reason for 
this is the antiapoptotic properties that ADMSCs have. There 
are few studies in the literature showing the effect of ADM-
SCs on apoptosis in POI. Sun et al. administered ADMSCs 
directly to the ovaries in rats and they showed decreased 
apoptosis in ADMSCs grous by using Tunnel method [14]. 
Su et al. also found that when they administered ADMSCs 
to rats, in which they created POI, together with collagen 
scaffolds, the amount of Casp3 decreased in the ovary of 
rats [13]. Huang et al. found that when they administered 
exosomes obtained from ADMSCs to rats with POI, there 
was a decrease in Casp3 expression [40].

In this study, significant decreasing in protein and mRNA 
expression of Cx43, which was among the gap junction mol-
ecules, were found in the POI group. It has been emphasized 
in many studies that Cx43 is effective not only as a channel 
protein that enables intercellular signal transduction, but also 
in important processes such as folliculogenesis, oogenesis, 
steroidogenesis, and apoptosis [16, 44]. It has been noted 
that Cx43, which is known to play a critical role in fertil-
ity in women, is correlated with both Cx43 expression and 
pregnancy rate in IVF applications (18). But there are very 
few studies regarding the POI-related state of such an impor-
tant protein that is responsible for the functioning of the 
ovary. In a study conducted by Prunskaite et al., when they 
knocked out the WNT4 gene, which has important func-
tions in female fertility and folliculogenesis, they found that 
POI was triggered in rats; they also noted that as a result of 
WNT4 knockout, the Cx43 protein expression of the cell 
adhesion proteins decreased [45]. Similar to our results, 
Besikcioglu et al. encountered decreased Cx43 expression 
in ovarium tissue of POI group rats and they thought that 
the decrease in Cx43 might be responsible for the decrease 
in BMP6 and BMP15 [46]. There are important studies indi-
cating that Cx43 is an effective protein in apoptosis. In their 
study, Krysko et al. reported that Cx43 expression in granu-
losa cells was inversely proportional to the apoptotic index 
and that Cx43 had important roles in terms of the survival of 
granulosa cells [20]. In the same study, researchers reported 
that intracellular apoptotic signals were transmitted between 
cells through gap junctions, so gap junction protein expres-
sion increased in apoptosis, but Cx43 regulated cell survival 
rather than channel function where death signals were trans-
mitted [20]. In another study, it was reported that estrogen in 
the ovary increased Cx43 expression and low estrogen levels 
caused a decrease in Cx43. Since this condition reduced the 
passage of signals, nutrients, and growth factors between 
granulosa cells, case apoptosis was triggered in granulose 

Fig. 5   ADMSCs transplantation increased the Cx43 expression in 
ovary of POI groups. A Representative images for immunohisto-
chemical staining of Cx43 in ovarian follicles for each group. The 
arrows represent Cx43 immunopositive cells. B H-score analysis of 
Cx43 immunoreactivity among each group. Data are presented as 
mean ± standard deviation (SD). C The mRNA levels of Cx43. Sta-
tistical analysis was done by one-way ANOVA test and Tukey’s test 
was used for multiple group comparison. ***p < 0.001, **p < 0.002, 
*p < 0.033. a: significant compared to control, b: significant compared 
to POI
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cells [47]. In studies conducted on different tissue types and 
cells, it has also been noted that with the reduction or inhibi-
tion of Cx43 expression, the amount of ROS increases in the 
cells, and as a result, apoptosis is induced [48]. In our study 
too, we believe that a decreased Cx43 amount in the POI 
group may be associated with hypogonadism, which is the 
main clinical indicator of the disease. Low estrogen levels 
lead to decreased in Cx43 expression in granulosa cells, and 
this also triggers the increased in Casp3 expression. In our 
study, increased Cx43 protein and mRNA expression were 
detected as a result of ADMSCs administration in the POI 
group. In the literature, no studies related to Cx43 expres-
sion in POI after ADMSCs transplantation were encoun-
tered. As a result of bone marrow-derived mesenchymal 
stem cells (BM-MSCs) administration, Beşikcioğlu et al. 
found an increase in follicle maturation markers and Cx43 
expression in POI group rats [46]. Hwangbo et al. observed 

that Cx43 expression increased in the heart tissue of rats 
when they transplant ADMSCs to rats in which they created 
myocardial infarction (MI) [49]. Similarly, Yi Li et al. also 
reported that Cx43 expression that decreased as a result of 
MI was reorganized and increased as a result of stem cell 
administration [50]. In conclusion, in also our study, as in 
other tissues, Cx43 expression increased in POI with ADM-
SCs administration in ovarian tissue, and we believe that this 
increase is due to the healing effects provided by stem cells.

In this study, the expression of Panx1 in the ovary was 
shown for the first time by immunohistochemical immuno-
fluorescence and RT-qPCR analyses. Panx1 channels are 
often represented as non-selective channels that release ATP. 
Extracellular ATP has important roles in many physiological 
events [24]. Extracellular ATP controls intracellular ATP 
signaling via purinergic receptors. Panx1 channels also con-
tinue to be activated by ATP via purinergic receptors [51]. In 
the ovary, in response to gonadotropic hormones, purinergic 
signals regulate the processes of cell proliferation, steroido-
genesis, and apoptosis [25]. In the ovary, activation of P2 
receptors, which are among purinergic receptors, by ATP 
affects both proliferation and cell death of human granulosa-
luteal cells. These antagonistic responses to ATP increase 
the expression of proliferative response-associated genes, 
including EGR1 and RAF1, by inducing activation and 
nuclear translocation of ERK 1/2 via P2YR receptors. On 
the other hand, it has been reported that P2RX7 receptors 

Fig. 6   ADMSCs transplantation decreased the Panx1 expression 
in ovary of POI groups. A Representative images for immunohisto-
chemical staining of Panx1 in ovarian follicles for each group. The 
arrows represent Panx1 immunopositive cells. B H-score analysis of 
Panx1 immunoreactivity among each group. Data are presented as 
mean ± standard deviation (SD). C The mRNA levels of Panx1. Sta-
tistical analysis was done by one-way ANOVA test and Tukey’s test 
was used for multiple group comparison. ***p < 0.001, **p < 0.002, 
*p < 0.033. a: significant compared to control, b: significant compared 
to POI
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Fig. 7   Representative images of Cx43 and Panx1 expression in ovarian follicles of each group demonstrated by immunofluorescence. Ovaries 
were immune-stained by anti-Cx43, anti-Panx1 and DAPI is used for nuclear staining
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that have long-term exposure to high ATP concentrations 
are able to promote apoptosis by providing activation of pro-
caspase-3 and proteolysis of PARP [52]. Since there are no 
studies related to Panx1 expression in the ovarium until this 
time, it is thought that Panx1 may control ovarium functions 
through purinergic receptors. Moreover, there are some stud-
ies on the function and localization of Panx1 in the male 
reproductive system. By taking into account the well-known 
role of ATP in sperm maturation and the role of Panx chan-
nels in ATP secretion, a study reported that Panxs played a 
role in the secretion of ATP out of the cell in luminal and 
basal cells in the epididymis [53]. In the same study, it was 
also reported that Panx1 was controlled by testosterone and 
other testicular factors. Based on the male reproductive sys-
tem as well, it is thought that Panx1 may also have a role 
in the process of steroidogenesis and folliculogenesis in the 
ovary. As with the ovary, there is not any study showing 
Panx1 expression in POI.

As a result of our study, it was found that in the POI 
model produced with CTX in rats, Panx1 expression 
increased compared to the control group. In a study con-
ducted by Zhou et al., Panx1 expression in intracerebral 
hemorrhage (ICH) was examined, and it was reported that 
Panx1 expression significantly increased in rat brain tissue 
after ICH, apoptotic neurons significantly decreased in the 
group to which Panx1 inhibitor carbenoxolone was given, 
and Casp3 protein expression significantly decreased in the 
western blot analysis performed [54]. In a study conducted 
by Benabou et al., it was revealed that Casp3 expression and 
neuronal cell death reduced significantly with the addition 
of a Panx1 inhibitor to the medium in hippocampal slice 
cultures [55]. This suggests that an underlying cause of 
increased apoptosis and Casp3 expression occurring in gran-
ulosa cells in POI may also be Panx1 activation in the ovary 
via P2X7R receptors. It is thought that another underlying 
cause of increased Panx1 expression in the CTX group may 
also be inflammation. Among the ovotoxic effects of CTX, 
there is also triggering inflammation in granulosa cells [56, 
57]. Makarenkova et al. reported that Panx1 expression and 
activation increased with inflammation [58]. Dahl et al. also 
said in their study that Panx1 might be the main target in 
the suppression of inflammation associated with secondary 
cell death. Panx1 inhibitor has been suggested as a potential 
therapeutic to limit secondary cell death of probenecid [51]. 
In our study, a statistically significant decrease in Panx 1 
expression was achieved as a result of ADMSCs transplanta-
tion in POI. It is believed that ADMSCs provide this effect 
through reducing apoptosis and inflammation. In the litera-
ture, we could not find any study mentioning the effects of 
ADMSCs on Panx1 expression. In this sense, it was shown 
for the first time in our study that ADMSCs also had effects 
on Panx1 expression.

Conclusion

In this study, the association of Cx43 and Panx1 molecules 
with apoptosis in granulosa cells in chemotherapy-induced 
POI was shown for the first time. Several agents are avail-
able to channels built up by connexin and pannexin pro-
teins, including Alcoholic substances, glycyrrhetinic acid, 
anesthetics and fatty acids inhibit connexin hemichannels 
and pannexin channels. Mimetic peptides, which repro-
duce specific amino acid sequences in connexin or pan-
nexin primary protein structure, need to be investigated 
for clinical use. Because of their therapeutic potential and 
translational relevance as target, both Cx and Panx chan-
nels should be studied in terms of mechanisms in ovary. 
Therefore, the situation of these molecules in the POI 
has been wondered. The fact that the role of ADMSCs 
transplantation on these molecules has also been reported 
thanks to this study is in character that will guide the meth-
ods to be developed for POI treatment in the future. Also, 
in future studies ADMSCs transplantation with inhibitors 
or activators of these molecules can be recommended as a 
suggestion for the treatment of POI.
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