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Abstract
Premature ovarian insufficiency (POI) is defined as the development of hypergonadotropic hypogonadism before the age of 
40 with definitive treatment being absent. In the current study, we aim to compare the efficacy of the cell sheet method with 
an intravenous (IV) application of adipose-derived mesenchymal stem cells (AdMSCs) to the POI with an animal model. 
In the current prospective study, 6-to-8-week-old Sprague Dawley rats were generated four groups: (i) a control group in 
which only PBS was administered; (ii) an only-POI group generated by cyclophosphamide; (iii) a POI group treated by way 
of IV AdMSCs; and (iv) a POI group treated by way of the cell sheet method. Twenty-eight days after an oophorectomy was 
performed, intracardiac blood was taken. Follicle count, immunohistochemical examination for GDF9, BMP15, and TUNEL 
were conducted, gene expressions of GDF9 and BMP15 were examined, and E2 was measured in the serum samples. With 
hematoxylin-eosin, in the third group, multi oocytes follicles were the most remarkable finding. In the fourth group, most 
of the follicles presented normal morphology. GDF9 involvement was similar between the first and fourth groups. BMP-15 
immunoreactivity, in contrast to fourth group, was weak in all stages in the second and third groups. The current attempt 
represents a pioneer study in the literature in which a cell sheet method is used for the first time in a POI model. These results 
suggest that the cell sheet method may be a feasible and efficient method for the stem cell treatment of models with POI and 
could be a new treatment approach in POI.
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Introduction

Premature ovarian insufficiency (POI) is a major health 
issue defined as the partial or total loss of the repro-
ductive function of the ovaries under the age of 40 due 
to follicular disfunction or early follicular loss (Martin 
et al. 2017; Nelson 2009). Although the incidence is 1 in 
100 by the age of 40, an increasing number of younger 
women face this condition with various menopausal-
like symptoms, such as vaginal dryness, hot flushes, and 
irregular or absent menstruation. In recent years, due to 
a significant increase in the childbearing age, infertil-
ity has become the major problem of POI. On the other 
hand, because of a diminished ovarian reserve in POI, 
routine infertility treatment (such as assisted reproduc-
tive techniques (ART)) does not offer promising results 
for these patients.

In recent years, there have been several encouraging 
studies for the treatment of infertility in POI patients. 
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The introduction of in vitro activation (IVA) (Kawamura 
et al. 2016), using PI3K/Akt/mTOR and Hippo signaling 
pathways, was a new insight for POI patients. Although 
the preliminary results demonstrate high pregnancy and 
live birth rates, the following studies by different groups 
suggest that both pregnancy and live birth rates are com-
parable with POI patients not receiving any treatment 
(Diaz-Garcia et al. 2022). Apart from IVA, there have 
been recent studies proposing the administration of stem 
cells, which may give new hope for the treatment of POI 
patients by means of fertility. The initial results in ani-
mal studies are promising for follicular development in 
POI rats (Wang et al. 2013). In addition to this, follicu-
lar stimulating hormone (FSH), anti mullerian hormone 
(AMH), and estradiol (E2) were restored after stem cell 
treatment (Li et al. 2017). Stem cells were administered 
mostly intravenously (IV) or by way of the intraovarian 
route by direct administration (Zhang et al. 2017). On 
the other hand, these methods have several drawbacks, 
such as systemic effects of stem cells not being known 
for the IV method and possible trauma to the ovary for 
the intraovarian method.

Cell sheet technology is a relatively new tissue engi-
neering technique first used by Shimizu et al. (2003). 
This technique allows cells to separate from a culture 
dish without using a chemical, toxin, or a proteolytic 
enzyme. Therefore, the connections between cells are 
not disrupted and the extracellular matrix (ECM) is pre-
served. In this way, cells sensitive to damage due to 
certain toxins, such as hepatocytes and glial cells, are 
not damaged (Chen et al. 2015). The first application of 
the technique was based on the use of temperature sen-
sitive culture dishes. Based on this, below 32 °C, cells 
can be obtained in layers in less than 30 min without 
the use of enzymes or chelating agents. The cell sheet 
technique has several advantages in regenerative medi-
cine. Other than preserving cellular microenvironment, 
such as ECM, ion channels, cell surface proteins, and 
growth factor proteins, there is minimal cell loss when 
compared to the conventional direct cell suspension 
injection technique. Studies show that, compared to cell 
suspension injection, cell sheet transplantation provides 
stronger tissue function, more potent tissue regenera-
tion and a more powerful therapeutic effect (Chen et al. 
2015; Owaki et al. 2014).

From this, in the current study, our aim is to compare 
ovarian regeneration by immunohistochemical and genetic 
analysis in cyclophosphamide induced POI models using 
rats by administration of adipose-derived mesenchymal 
stem cells by way of the IV and cell sheet methods.

Materials and methods

In vitro studies

Production of cell sheets

The ascorbic acid treatment method was used to produce 
adipose-derived mesenchymal stem cell (AdMSCs) sheets 
(Yilmaz et al. 2023). The cells were isolated from the adi-
pose tissue of adult rats (Hacettepe University Animal 
Experimentations Ethics Board. Decision No. 2015/32). 
The isolation procedure and characterization of the cells 
were explained in our previous study (Akdere et al. 2019). 
Briefly, cell viability and proliferation were determined 
using PrestoBlue analysis, cell morphology was investi-
gated using immunofluorescent staining of F-actin and 
nucleus. Also, cells were analyzed for MSCs specific mark-
ers using fluorescence-activated cell sorting. In addition, 
osteogenic, adipogenic, and chondrogenic differentiation 
of AdMSCs were demonstrated. In order to produce cell 
sheet, cells at passage 3–4 were seeded into 12-well cul-
ture dishes at a density of 5 × 104 cells/cm2. The next day, 
the culture medium was replaced with medium containing 
100 µg/mL l-ascorbic acid 2-phosphate (AA2P, Cayman 
Chem., USA) to promote the sheet formation of the cells 
and the culture was continued to reach confluency. On 
the fourth day of the culture, the cell sheets were peeled 
off from the surface by gently washing with Dulbecco’s 
phosphate buffer solution (DPBS) and transferred to new 
12-well culture dishes using a simple pipetting technique 
(Kaynak Bayrak and Gumusderelioglu 2019).

Characterization of the cell sheets

Live/dead cell staining, immunofluorescence staining and 
scanning electron microscopy (SEM) analyzes were per-
formed within the scope of the characterization studies of 
the produced cell sheets.

Immunofluorescent staining

The obtained cell sheets were washed twice with a phosphate 
buffer solution (PBS) and fixed with 4% (w/v) paraform-
aldehyde at room temperature for 30 min. After washing 
three times with PBS, the cell membrane permeability was 
increased by treating with 0.1% (v/v) Triton X-100 (in PBS) 
for 10 min and washed three times with 1% (w/v) bovine 
serum albumin (BSA) solution (in PBS; PBS-A). Subse-
quently, the samples were incubated in 1% (v/v) Alexa Fluor 
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488 Phalloidin conjugated anti-F-actin antibody and 0.1% 
(v/v) DAPI containing PBS-A solution at room temperature 
and blocked from light exposure for 30 min. After this, the 
antibody solution was removed, and the cells were washed 
three times with PBS-A and visualized with a fluorescent 
microscope (Olympus XI71, USA) to observe the cytoskel-
etal orientation of the cells.

Live/dead cell staining

The viability of the stem cells before detachment was investi-
gated with live/dead cell staining by using Ethidium homodi-
mer-1 and calcein-AM stains. The samples were then washed 
with PBS and visualized using a fluorescent microscope.

Scanning electron microscopy (SEM) analysis

Morphological observation of the cell sheets was performed 
by SEM analysis. The samples were washed with DPBS and 
fixed with 2.5% (v/v) glutaraldehyde solution for 30 min. 
After this, the cell sheets were washed three times with PBS 
and stored in 1% P/S containing PBS at 4 °C until analysis. 
The dehydration procedure was performed through a graded 
ethanol series (10%, 30%, 50%, 70%, 90%, and 100% v/v, 
respectively) and kept in hexamethyldisilazane (HMDS) for 
5 min, 1 day before the observation. After this, the samples 
were dried in a fume hood overnight. Before the analysis, 
the samples were coated with gold-palladium and observed 
under an SEM analysis (Tescan, GAIA 3, Czech Republic).

Preparation of cell sheets for transplantation

The cells were labeled with 5-bromo-2′-deoxyuridine (BrdU, 
BD Pharmingen, San Jose, CA) on the third day of cell sheet 
production to track the cells after transplantation. After the 
cells were incubated with BrdU for 3 h at 37 °C, they were 
washed with DPBS and cultivated in a growth medium.

On the day of transplantation, the cell sheets were 
removed from the surface with PBS washing and trans-
ferred to a new sterile 6-well culture dish. After carefully 
uncovering the mouse ovaries, a support membrane was 
used for transplantation of the cell sheets onto the ovary. 
The polyvinylidene fluoride (PVDF) membrane filter 
(Durapore®, Merck) was cut to cover the cell sheets, and 
the middle part of the membrane was also cut, leaving 
the cell sheets free. Therefore, the transport membrane 
was obtained in the form of a ring for easy separation 
of the cell sheets from the membrane (Fig. 1). The sup-
port membrane was carefully placed on the detached cell 
sheet and left for a short time to allow the cells to adhere 
to the membrane. After this, the membrane was carefully 
lifted using forceps and the cell sheet was placed on the 
ovary. Because the PVDF membrane was only a transport 

membrane, it was not left on the ovary. There was a hole 
in the middle part of the membrane, and after the cell sheet 
adhered on the ovarian surface, the PVDF membrane was 
separated from the cell sheet.

In vivo studies

Animal model and surgical procedures

A total of 40 female fertile adult Sprague Dawley rats, 
6–8 weeks old, were used. All the animals were obtained 
from the Gazi University Animal Research Center and kept 
at a standardized temperature and humidity environment 
on a 12-h day/night cycle and were fed ad libitum. All 
the experimental procedures were performed following 
the approval of the Gazi University Ethical Committee on 
Animal Research (Approval No: 21/12/2018-E.168939).

The rats were divided into four groups: Group I (n = 10) 
was the control group (PBS injection, without stem cell 
treatment); Group II (n = 10) was the POI group (200 mg/
kg cyclophosphamide (CTX), intraperitoneally (IP), sin-
gle dose) (Endoxan-Eczacibasi Baxter, Turkey, with PBS); 
Group III (n = 10) was the POI (200 mg/kg CTX, IP, single 
dose) + AdMSCs (4 × 105 stem cells) via IV (tail vein); 
and Group IV (n = 10) was the POI (200 mg/kg CTX, IP, 
single dose) + AdMSCs (4 × 105 stem cells) by way of cell 
sheet (only to right ovary). To prove formation of the POI 
model, one rat from each group was sacrificed after CTX 
application (Bao et al. 2018) (Fig. 2).

Surgery was performed after anesthesia with intraperi-
toneal administration of ketamine hydrochloride (50 mg/kg 
Ketalar; Eczacibasi, Istanbul, Turkey) and xylazine hydro-
chloride (10 mg/kg Rompun; Bayer Turk Ilac Ltd, Istanbul, 
Turkey). After cleaning the operation site with an antisep-
tic solution (Baticon; Drogsan, Turkey), laparotomies were 
performed by way of a 25 mm midline-vertical incision. For 
groups I, II, and III, only a laparotomy was performed; for 
Group IV, after a laparotomy, an AdMSCs sheet was applied 
to the right ovary (Fig. 3). Twenty-eight days after surgery 
(Bao et al. 2018), the rats were sacrificed by high dose anes-
thetic application. Blood samples were obtained by way of 
intracardiac injection for E2 levels, and right oophorectomy 
was performed for histologic and genetic analysis.

BrdU staining method

To show BrdU positive cells in tissues in the experimen-
tal groups, a BrdU in-situ detection kit (BD Pharmingen, 
San Jose, CA) was used. Imaging was carried out using 
a Leica DCM 4000 (Germany) light microscope and an 
LAS program.
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Hematoxylin‑eosin staining

Ovarian samples were fixed in 4% neutral formaldehyde 
for 72 h. After washing in tap water, the samples were 
dehydrated through ascending alcohols and cleared in 
xylene, then they were embedded in paraffin. Cross sec-
tions were cut at 4 µm using a microtome and mounted 
on poly-L-lysine-coated slides. Hematoxylin-eosin was 
then performed on 4  µm thick sections. The sections 
were evaluated using a light microscope equipped with a 
digital camera (DM4000B Image Analyze System; Leica, 

Wetzlar, Germany), a Leica DFC280 plus camera, and an 
LAS software program (Leica).

Immuno‑histochemical analysis

The immuno-histochemical procedure explained in our 
previous study was administrated with our 4 µm ovary 
cross sections. The dilutions and times of primary antibod-
ies against GDF-9 were: (Bioss, 100 µl Rabbit Polyclonal 
Antibody, ref:bs-3759R, lot:980691W, USA); 1:100 [with 
PBS]; overnight at +4 °C), BMP-15 (Bioss, 100 µl Rabbit 

Fig. 1   a Immunofluorescence staining photographs of AdMSCs 
sheets (20× , scale bar 100 µm). a′ Immunofluorescence staining pho-
tographs of AdMSCs sheets (40× , scale bar 50 µm). b Live/dead cell 
staining photographs (10× , scale bar 200 µm). b′ Live/dead cell stain-
ing photographs (20× , scale bar 100 µm) with dead cell nuclei shown 

by a red arrow. c SEM photographs (4000× , scale bar 10 µm. c′ SEM 
photographs (10,000× scale bar 5 µm), fiber structures within intense 
ECM are shown by arrows. d Schematic representation of the in vivo 
transplantation of cell sheets
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Fig. 2   Timeline of the experimental model

Fig. 3   a Cleaning the operation 
site with antiseptic solution 
with a midline incision being 
performed. b Right ovary was 
in the abdomen. c Cell sheet 
with tweezers. d Putting the cell 
sheet on the right ovary; taking 
away the protective layer of 
the cell sheet and wrapping the 
cell sheet on the right ovary. e 
Right ovary with cell sheet layer 
wrapped over it
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Polyclonal Antibody, ref:bs-6612R, lot: YE1214W, USA); 
1:200 [with PBS]; overnight at ±4 °C).

The density and intensity of the GDF-9 and BMP-15 
stainings were evaluated in the ovary using a light micro-
scope equipped with a digital camera (DM4000B Image 
Analyze System; Leica, Wetzlar, Germany), a Leica DFC280 
plus camera and an LAS software program (Leica). We used 
the following semi-quantitative IHC scoring system to assess 
the GDF-9 and BMP-15 staining intensity: (0) no staining, 
(1) weak staining, (2) moderate to weak staining, (3) moder-
ate staining, (4) moderate to strong staining, and (5) strong 
staining. Two independent observers, blind to the treatment 
protocol, evaluated the immunostaining scores separately. 
The H score was calculated as H score = ΣPi (i + 1), where 
the intensity of the GDF-9 and BMP-15 staining with values 
of 0–5, and Pi is the percentage of the stained cells for each 
“I”—intensity (Seymen et al. 2020).

TUNEL analysis

The sections were stained with an in-situ cell death detection 
kit (ApopTag Plus Peroxidase in Situ Apoptosis Detection 
Kit, Lot: PSO1514711, Chemicon International, Temecula, 
California, USA). Sections were evaluated on the LAS 
program by obtaining images with a Leica DM 4000 (Ger-
many) computer-supported imaging system. Additionally, a 
negative control was performed, and the results were tested 
for immunohistochemical and TUNEL analyses (data not 
shown). The TUNEL index was calculated as a percentage 
of the TUNEL-positive nuclei among the total number of 
100 counted nuclei.

RNA extraction, reverse transcription, and quantitative 
real‑time PCR (qPCR) analysis

To evaluate the mRNA expression levels of the GDF-9 
and BMP-15 genes, the entire RNA was extracted from the 
ovarian tissues using a TriReagent (peqGOLD TriFast™, 
peqlab, Germany), following the manufacturer’s instruc-
tions. The RNA purity and concentration from each sample 
was determined using Nanodrop 100 spectrophotometry 
(Thermo Scientific, Waltham, MA). The RNA samples were 
stored at −80 °C until use. Reverse transcription (RT) was 

performed following the manufacturer’s directions. Quanti-
tative real-time polymerase chain reaction (qPCR) was con-
ducted using a Transcriptor High Fidelity cDNA Synthesis 
Kit (Roche Diagnostics, Germany), in accordance performed 
for Gdf-9 and Bmp-15 mRNA levels using a Light Cycler 
480 Probes Master mix (Roche Diagnostics GmbH) and ana-
lyzed using a Light-Cycler 480 instrument (Roche Diagnos-
tics). Beta actin (Actb) was used as the housekeeping gene 
to normalize expression levels. The sequences of the gene-
specific primers and universal probe library (UPL) numbers 
for Gdf-9, Bmp-15, and Actb are given in Table 1. Relative 
quantification of the mRNA levels was performed with the 
comparative Ct method using ΔΔCt with Actb as the refer-
ence gene and confirmed by the GeneGlobe Data Analysis 
Center (Qiagen) (Livak and Schmittgen 2001; Pfaffl et al. 
2002). Each reaction was performed in triplicate.

Estradiol (E2) measurement

Venous blood samples were obtained by way of intracar-
diac puncture for analysis of the two parameters. The blood 
samples were centrifuged at 4000 rpm for 10 min and serum 
was removed and stored at −80 °C. Rat serum E2 (Cat 
No:202301/Lot No202207, SunRed Biotechnology Com-
pany,) analysis was performed by commercial Sandwich-
ELISA kits. Both intra-CV and inter-CV were < 10%. The 
results are given as ng/L for E2.

Statistical analysis

All statistical analyses were performed by SPSS 25.0 soft-
ware (IBM Corporation, Armonk, New York, USA). Sta-
tistical data were evaluated for normal distribution with a 
Shapiro-Wilk Francia test. The follicular count, E2 vari-
ables, PCR results, TUNEL, BMP-15, and GDF-9 quan-
titative variables of the groups were compared with a 
Kruskal–Wallis H test, and the results of the Monte Carlo 
simulation results. For the post hoc analysis, a Dunn’s test 
was applied. Quantitative variables are shown in tables as 
median (minimum-maximum). The statistical data was 
examined at a 95% confidence interval and p-values less 
than 0.05 were statistically significant.

Table 1   Gene‑specific primer 
sequences and UPL probe 
numbers

UPL universal probe library

Gene Forward primer Reverse primer UPL 
prob 
number

Bmp-15 5′-GCA​ATG​AGG​CTT​CTC​AGA​GGT-3′ 5′-AGT​TGA​TGG​CGG​TAG​ACC​A-3′ 21
Gdf-9 5′-ATA​CCG​TCC​GGC​TCT​TCA​G-3′ 5'-TTA​AAT​AGC​AGG​TCC​ACC​ATTG-3′ 3
Actb 5′-CCC​GCG​AGT​ACA​ACC​TTC​T-3′ 5′-CGT​CAT​CCA​TGG​CGA​ACT​-3′ 17
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Results

Immunofluorescent staining

Immunofluorescence staining photographs of the cell 
sheets are shown in Fig. 1a. The nuclei of the cells are 
marked in blue, and the F-actin filaments are marked in 
green, as seen in the photographs. Intense DAPI stain-
ing shows that the cells are overproliferated in the sheets. 
F-actin staining shows the orientation of the cytoskeleton 
within the sheets, and it is specified that the cells sheet 
contraction results in random and multidirectional orienta-
tion (Bou-Ghannam et al. 2021).

Live/dead cell staining

In the analysis, performed to determine the viability of 
the cells in the cell sheets, the cytoplasms of the living 
cells are seen in green and the nuclei of the dead cells 
are seen in red. Calcein AM transforms into calcein with 
esterase activity in living cells and gives a green fluores-
cence. On the other hand, Ethidium homodimer binds to 
nucleic acids and gives a red fluorescence because of dis-
ruption of membrane integrity in dead cells (Sokolowska 
et al. 2022). When the photographs were examined, it 
was determined that the cells preserved high vitality in 

the sheet. The dead cell nucleus is indicated by the red 
arrow (Fig. 1b).

Scanning electron microscopy (SEM) analysis

SEM images that display the morphological features of the 
produced cell sheets are given in Fig. 1c. The photographs 
show that the cell sheet is composed of multiple cell sheets 
and an intense and uniform ECM structure can be seen, 
as Zhou et al. observed in their study (Zhou et al. 2020). 
When the images are examined in detail, the close interac-
tions of the cells with each other are observed. The col-
lagen fibrils produced by the cells are shown with arrows 
in higher magnification.

BrdU staining results

As expected, the control group and POI group did not have 
BrdU staining. In the POI + IV AdMSCs and POI+ cell 
sheet groups staining was apparent. In all the ovarian sec-
tions, BrdU staining was more significant in the POI+ cell 
sheet group than in the POI + IV AdMSCs group. From 
this point, cell sheet application was more effective than 
applying AdMSCs by way of the IV method. In both 
groups, the AdMSCs settled in the stoma of the ovary. This 

Fig. 4   Showing AdMSCs with BrdU staining. a control group. b POI group. c POI + IV AdMSC. d POI + cell sheet. Wingdings ( ), BrdU posi-
tive cells (Brdu-H ×100)
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result supports the hypothesis that the AdMSCs activate 
foliculogenesis in a paracrine way (Fig. 4).

Hematoxylin‑eosin results

In the control group, like normal ovarian tissue, there 
were follicles in different follicular stages in the cortex 
of the ovary. The medulla consisted of connective tissue 
with blood vessels. In higher magnification, there were 
primordial follicles surrounded by a single layer of squa-
mous follicle cells, preantral follicles whose zona pellucida 
layer was clear, and atretic follicles which were similar 
with physiologic development.

In the POI group, dilated blood vessels were noticeable. 
In addition to this, there were significant atretic changes in 
the antral and Graafian follicles. There was also significant 
perifollicular fibrosis. The follicular shape was disturbed in 
Graafian follicles. There was also invasion of the fibrosis in 

the granulosa layer and a fibrotic theca structure in the fol-
licular layer (Fig. 5a, b).

In the POI group treated by way of IV AdMSCs, fol-
licles were seen in several developmental stages. Vascu-
lar dilatation and fibrosis were also obvious in this group. 
Although primordial and preantral follicles were seen in 
normal histomorphology, in certain antral follicles, there 
was duplication in the zona pellucida and edema in the 
granulosa cells. The most important finding in this group 
was antral follicles with multiple oocytes. The histomor-
phology of the Graafian follicles was similar with follicles 
in the POI group. In this group, a number of Graafian fol-
licles were similar to PCOS as a large antrum and thinned 
granulosa layer (Fig. 5c).

In the POI group, treated by way of a cell sheet, follicles 
in several developmental stages were like the control group; 
however, edema and congestion in the medulla were remark-
able. Different from the IV AdMSCs group and the POI 

Fig. 5   Hematoxylin-eosin results of the following: a control group, b 
POI group, c POI + IV AdMSCs group, and d POI + CS group. Pri-
moridal follicle, PF; preantral follicle, PAF; antral follicle, AF; Graaf 
follicle, GF; follicular atresia, FA;  blood vessels; ( ), infinity; con-

gestion in medullary blood vessels; ( ), dilatation in blood vessels; 
( ), black diamond suit; fibrosis in perifollicular area; Tifinagh letter 
yak ( ) (H.E ×40)



125Cell and Tissue Research (2024) 395:117–131	

1 3

group, there were no follicles with morphological abnormal-
ity and fibrotic stroma (Fig. 5d).

Follicular count

There was statistical difference between the preantral follicle, 
antral follicle, and Graafian follicle count between the POI 
group and the other groups (p < 0.05). There was also a sta-
tistical difference between the preantral follicle count of the 
POI + IV AdMSCs group and the control group (p = 0.014). 
However, the preantral follicle count of the control group and 
the POI + CS groups were similar (p > 0.05). Atretic follicles 
were mostly seen in the POI group. The second group most 
noticeable for atretic follicles was the POI + IV AdMSCs 
group. There was no statistical difference between the control 
group and the POI + CS group (p > 0.05) (Fig. 6).

GDF‑9 and BMP‑15 immunostaining and H score results

GDF-9 protein defines the stage of preantral to antral tran-
sition in folliculogenesis. From this point of view, if it was 
compared to the control group, in the POI group entire 
follicles had weak immunoreactivity. In addition, in the 
POI + CS group, GDF-9 immunoreactivity was like the 

control group. With the POI + IV AdMSCs group, in several 
antral follicles, multiple oocytes were noticeable. There was 
weak immunostaining for GDF-9 in granulosa cells (Fig. 7). 
For more quantitative evaluation, an H score was calculated. 
The highest H score was in the control group and the low-
est calculated in the POI group. In the POI + CS group, the 
GDF-9 H score was higher than in the POI + IV AdMSCs 
group. However, this difference was not statistically signifi-
cant (Table 2).

BMP-15 describes the stage of antral to Graafian follicle 
transformation of folliculogenesis. In the POI group, immu-
nostaining was weak. In the POI + IV AdMSCs group, BMP-15 
immunostaining was weak compared to the control group, par-
ticularly in the granulosa cell layer. However, in the POI + CS 
group, the BMP-15 immunostaining was comparable to the 
control group (Fig. 8). For the H score, the lowest was the POI 
group and the highest was the control group (Table 2).

TUNEL results

Among the groups, the highest apoptosis was detected in 
the POI group. The atretic follicles were mostly antral, 
Graafian follicles, and granulosa and theca interna cells. In 
the POI + IV AdMSCs group, although the atretic follicle 

Fig. 6   Follicle counts of preantral, antral, Graafian, and atretic follicles in all the groups. *p < 0.05 compared to control, **p < 0.05 compared to 
POI, ***p < 0.05 compared to POI + CS
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number decreased, apoptosis in the theca interna cells con-
tinued. On the other hand, in the POI + CS group, the atretic 
follicle count was similar to the control group (Fig. 9).

Gene expression results

The mRNAs expressions of the GDF-9 and BMP-15 genes 
were significantly less in the POI group compared to the con-
trol group (p < 0.05). On the other hand, in the POI + IV MSC 
and POI + CS groups, the mRNA expression levels were sig-
nificantly higher than the experimental POI group (p < 0.05). 
However, the highest mRNA expression level of GDF-9 and 
BMP-15 was in the POI + CS group (p < 0.05) (Fig. 10).

E2 results

In the POI group, the E2 levels were lowest. Although the E2 
levels were statistically significantly higher in the POI + IV 
AdMSCs group compared to the POI group (p = 0.005), the 

E2 levels of the POI + CS group were higher than the IV 
AdMSCs group but did not reach statistical significance 
(p = 0.624) (Table 2).

Discussion

In this study, our main hypothesis was that ovarian regenera-
tion with the cell sheet method would be better than the IV 
method, without traumatizing the ovaries and applying stem 
cells to the systemic circulation. As a result, both intrave-
nous AdMSCs administration and the cell sheet treatment 
approaches increased the follicle count and the GDF-9 and 
BMP-15 immunostaining and E2 levels compared to the POI 
group. In the IV approach, in contrast to the CS approach, 
atypical follicles (multioocytes) were detected. On the other 
hand, although it was not statistically significant, in the CS 
approach, the follicle count, E2 levels, and H score of immu-
nostaining were higher than with the IV approach.

Fig. 7   GDF-9 immunostaining of the following: a control group, b POI group, c POI + IV AdMSCs group, and d POI + CS group. Preantral, 
PAF; antral follicle, AF; Graaf follicle, GF; corpus luteum, KL; oocyte, O; granulosa layer, ↕ (immunperoxidase hematoxylin ×40)
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POI, with its increasing incidence, has become a seri-
ous health problem. A total of 90% of cases are idiopathic, 
and as the childbearing age has been postponed above the 
age of 35 in recent times, the major problem in POI has 
become infertility. However, there has not been a promis-
ing treatment for infertility in POI. In routine clinical prac-
tice, ART is the leading option; however, with a depleting 
follicle count, its success rate is questionable. In the lit-
erature, there are recent promising studies proposing that 
stem cell therapies might be a new option in the treatment 
of POI infertility. In a recent study by Yoon et al., stem 
cells were applied by IV to POI mice, and it was shown 
that folliculogenesis was activated (Yoon et al. 2020). 
With IV, because given that stem cells come across with 
several other factors in the bloodstream before arriving at 
damaged tissue, they can differentiate and be lost in the 
bloodstream. In this way, the amount of stem cells that are 
applied are less than the amount that migrate to the dam-
aged tissue (Fu et al. 2021). In addition, the side effects of 
stem cells that were given to the blood stream are not well 
known. On the other hand, in a study by Mohamed et al. 
bone marrow derived mesenchymal stem cells (BMSC) 
were applied directly to the ovary by intraovarian injection 
(Mohamed et al. 2018). However, for this, BMSCs can 
only be applied to a limited area of the ovarian stroma. 

In addition, by applying injection directly to the ovary 
blindly, ovarian damage could occur.

From this point of view, the current study is designed to 
use cell sheet technology. Cell sheet engineering is one of 
the most challenging bottom-up approaches for tissue engi-
neering. This scaffold-free technology was first introduced 
by Okano and his team. Cells were detached from the tissue 
culture surface with their own microenvironment in sheet 
form. Therefore, cell sheets have many advantages, includ-
ing the easy delivery of cells to the target tissue, obtaining 
thick tissue by stacking sheets together, supporting wound 
healing, suppression of fibrosis, and increasing blood ves-
sel formation (Chang et al. 2021). Initially, cell sheets are 
only produced by using thermo-responsive tissue culture 
plates, but then different methods have been developed for 
cell sheet formation such as magnetic force, light-induced, 
the ion-induced cell detachment method, fibrin coated 
dishes, or ascorbic acid treatment (Kaynak Bayrak and 
Gumusderelioglu 2019). It is known in the literature that 
ascorbic acid (AA) enhances cell proliferation, avoids cell 
apoptosis, and acts as an antioxidant. The main purpose of 
using AA in cell sheet production is its capacity to promote 
the synthesis of ECM components, especially collagen. It 
has also been shown that cell sheets obtained with 100 µg/
mL AA had the maximum thickness, collagen synthesis, 

Table 2   The H scores of BMP-15 and GDF-9 immunostaining of follicles and estradiol values as well as the statistical significance for all the 
groups

Bold values were p<0.05 which was statistically significant
Kruskal-Wallis H test (Monte Carlo); post hoc test; Dunn’s test. Med median, Min minimum, Max maximum, vs versus, POI premature ovarian 
insufficiency, IV intravenous, CS cell sheet

Estradiol BMP15 GDF9

Preantral 
follicle

Antral Follicle Graaf Follicle Preantral 
follicle

Antral Follicle Graaf Follicle

Groups Med. (min–
max)

Med. (min-
max)

Med. (min-
max)

Med. (min-
max)

Med. (min-
max)

Med. (min-
max)

Med. (min-max)

    Control 
(n = 5)

158.5 (139.27–
333.88)

2 (1–3) 2 (1–3) 2 (1–3) 3 (1–3) 2 (1–3) 2 (0.50–2)

     POY (n = 4) 51.77 (11.96–
70.81)

1 (1–1) 1 (0–1) 1 (0–1) 1 (1–1) 1 (1–1) 0.25 (0–1)

     IV (n = 4) 96.17 (53.88–
138.5)

1.50 (1–2) 2 (2–2) 2 (2–3) 2.50 (2–3) 2 (2–2) 2 (2–3)

     CS (n = 4) 101.58 (50.81–
350.04)

2 (2–3) 2.50 (2–3) 3 (2–3) 3 (2–3) 2.50 (2–3) 2 (2–3)

P value 0.021 0.024 0.006 0.014 0.017 0.012 0.001

     Control vs 
POI

0.005 0.015 0.068 0.065 0.022 0.016 0.083

     Control vs IV 0.063 0.191 0.635 0.716 0.924 0.726 0.203
     Control vs CS 0.179 0.836 0.178 0.224 0.567 0.545 0.203
     POI vs IV 0.363 0.290 0.029 0.036 0.024 0.049 0.004
     POI vs CS 0.161 0.013 0.003 0.004 0.007 0.004 0.004
     IV vs CS 0.624 0.151 0.408 0.419 0.651 0.365 0.999
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and the best mechanical strength (Kaynak Bayrak and 
Gumusderelioglu 2019; Shima et al. 2011). By consider-
ing this information, we decided to use 100 µg/mL AA for 
cell sheet production from ADMSCs in this study. With 
this new tissue engineering technology, in which stem cells 
can be used as a layer, stem cells can be applied directly to 
the ovary in an experimental POI model without harming 
tissue, and not applying stem cells to the blood stream. Cell 
sheets were successfully obtained on the fourth day of the 
culture. However, the cells were shanked upon detachment 
due to cytoskeletal contractile force between the cells and 
a loss of focal adhesion sites between the culture plate and 
the cells. As a result, the size of the cell sheets is smaller 
than the culture plate (Fig. 1d) (Nakao et al. 2019). Addi-
tionally, Bou‑Ghannam et al. show that mesenchymal stem 
cells have a 3D morphology in the cell sheet after they 
detach from the surface and secrete more regenerative 
cytokines (Bou-Ghannam et al. 2021).

In addition to this, in one group, we applied AdMSCs 
by the IV method to compare efficiency with the cell sheet 
method. All the AdMSCs were marked with BrdU to prove 
the stem cell migration. Not only for the follicle count, but 
also to evaluate the folliculogenesis, GDF-9 and BMP-15 
immunostaining and gene expressions of the proteins were 
also studied. Furthermore, to detect follicular function, E2 
was studied from all the groups.

We used rats to generate the POI model parallel to the lit-
erature. In a recent study by Liu et al. (2014), BMSCs were 
applied to a cisplatin induced rat model. The study shows 
that the BMSCs migrated and prevented granulosa cell apop-
tosis (Liu et al. 2014). In another study by Besikcioglu et al. 
BMSCs were applied to the POI model and, after 30 days, 
E2, AMH, and FSH were compared only with the POI model 
(Besikcioglu et al. 2019). The E2 and AMH increased and 
the FSH decreased after stem cell application. In our study, 
in addition to these findings, prevention of granulosa cell 

Fig. 8   BMP-15 immunostaining of the following: a control group, b 
POI group, c POI + IV AdMSCs group, and d POI + CS group. Pre-
antral follicle, PAF; antral follicle, AF; Graaf follicle, GF; stroma, S; 

immunoreactivity in granulosa cells, ↕; oocyte, O; follicular atresia, 
FA (immunperoxidase hematoxylin ×40)
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apoptosis and E2 increase were shown in the IV group. How-
ever, in addition to the literature, in our study, AdMSCs were 
also applied by the cell sheet method. Compared to the IV 
method, the cell sheet prevented apoptosis of granulosa cells 
more and E2 recovery was distinct. In 2008, in a study by 
Mohamed et al. after MSC treatment in POI, induction of 
foliculogenesis was shown (Mohamed et al. 2018). In our 
study, we also evaluated the foliculogenesis steps by GDF-9 
and BMP-15 immunostaining. Although foliculogenesis was 
induced in the stem cell groups compared to the POI group, 
in the CS group the antral follicle to the Graafian follicle 
improvement step in foliculogenesis was better induced 
than in the IV group, which was like the GDF-9 and BMP-
15 gene expression results. Apart from this, in the current 
study, TUNEL immunostaining to show apoptosis was also 
examined. In the IV group, TUNEL immunostaining was 
established in theca interna cells, which can affect estrogen 
synthesis and affect implantation negatively. However, in the 

cell sheet group, TUNEL immunostaining was comparable 
to the control group, with no apoptosis in theca interna cells 
like the IV group. As a result, cell sheet treatment can sup-
port implantation in pregnancy compared to the IV group. 
In addition to this, for the atretic follicle count, there was a 
statistically significant difference between the IV and the 
cell sheet group.

In the current study, like the literature, AdMSCs were 
used for treatment (Ling et al. 2019; Vural et al. 2019). 
AdMSCs are obtained and produced easily, can be used 
as autolog or allogenic, and have a high capacity of dif-
ferentiation. In addition to this, compared to the bone mar-
row aspiration for BMSC, obtaining adipose tissue has less 
morbidity. Apart from this, in a single liposuction, a larger 
amount of stem cells could be obtained compared to bone 
marrow aspiration.

Apart from that, in 2021, Yoshino et al. produced germ 
cell like cells from mouse pluripotent stem cells in vitro 

Fig. 9   a Control group TUNEL positive cells (←). b POI group TUNEL positive cells (←); follicular atresia, FA; positive theca interna cells(↨). 
c POI + IV AdMSCs group positive theca interna cells(↨). d POI + CS group TUNEL positive cells (←);  (↨) (TUNEL-hematoxylin ×200)



130	 Cell and Tissue Research (2024) 395:117–131

1 3

(Yoshino et al. 2021). The main hypothesis of in vivo stem 
cell application is that given stem cells stimulate dormant 
follicles to restore folliculogenesis. However, in this study, 
functional oocytes can be formed from pluripotent stem 
cells. In this way, primordial germ cell-like cells can be 
produced without the need for in vivo stem cell application 
and ethical concerns, and pregnancy can be achieved with 
in vitro fertilization treatment. However, human pregnancy 
and live birth rates are still unknown in both methods (in 
vivo and in vitro). Future studies of both methods should be 
conducted to show which is better for POI patients.

This is a pioneering study that introduces the cell 
sheet method to the literature in the field of obstetrics 
and gynecology. By using this technology, without the 
administration of stem cells to systemic circulation and 
without traumatizing ovarian tissue by way of intraovar-
ian injections, MSCs were applied all around the ovary 
homogenously. Strikingly, the results demonstrate that by 
AdMSCs sheet administration more regeneration is initi-
ated and folliculogenesis is recovered better than with the 
IV method. In addition to this, although the same amount 
of stem cells was applied (4 × 105), both in the IV method 
and the cell sheet method, in the cell sheet method more 
stem cells were detected in the ovarian stroma than in 
the IV method. The main limitation of the current study 
is that, although the follicle count was analyzed in the 
experiment, the fecundability of the follicles was not stud-
ied. A second drawback is setting the trial on an animal 
model, and this cannot totally represent human results. In 
parallel with the literature (Bao et al. 2018) after apply-
ing MSCs as a cell sheet or IV method in our study, we 

sacrificed rats after 28 days to prove the effect of MSCs. 
After 28 days, we were able to see a significant difference 
in follicle count and foliculogenesis between the groups. 
However, as this is an animal study, it is not entirely repre-
sentative of human data. In order to increase the efficiency 
of the cell sheet, in future studies the tunica albuginea in 
the ovary can be punched several times, then the cell sheet 
can be placed on top of the ovarian tissue. In this way, the 
migration of stem cells can be more towards the ovarian 
cortex under the tunica albuginea.

To develop future studies, recovered follicle viability and 
fecundability should also be investigated. Although the cur-
rent study shows that the cell sheet method is better at pre-
venting apoptosis, both in granulosa and theca cells as well 
as stimulating folliculogenesis, before extrapolating these 
results into clinical practice, the current findings should be 
confirmed with human data.
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