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Abstract: Human amniotic epithelial cells (hAECs) show similar features to stem cells and have low immunogenicity. 
This study aims to investigate the therapeutic effect of hAEC transplantation on cyclophosphamide-induced primary 
ovarian insufficiency (POI) rats and evaluate the underlying mechanisms by mRNA sequencing of ovarian samples. 
Notably, hAECs mainly located in the interstitial area of the ovaries rather than follicles. hAEC transplantation led to 
a slight increase in body and ovary weight, normalized irregular estrous cycles, decreased serum follicle stimulating 
hormone (FSH) and increased anti-Mullerian hormone (AMH) level and restored follicle pools in POI rats. Ovarian 
expression of AMH, follicle stimulating hormone receptor (FSHR) and klotho in POI rats was also significantly up-
regulated following hAEC transplantation. Fetus number was higher in the hAEC transplantation group than the 
POI group. The mRNA sequencing results showed that hAEC transplantation led to the upregulation of several an-
giogenesis and inflammation molecules including interferon regulatory factor 7 (IRF7), Mx dynamin-like GTPase 1 
(Mx1), vascular endothelial growth factor receptor (VEGFR)1 and VEGFR2. Moreover, hAEC therapy had an effect on 
ribosomes, protein digestion, protein absorption, neuroactive ligand-receptor interaction, cAMP signaling pathway 
and steroid biosynthesis pathways. The expression of several steroid biosynthesis proteins was significantly upregu-
lated as measured by quantitative real-time polymerase chain reaction (RT-qPCR), immunohistochemical staining 
and Western blot analysis. In summary, hAECs can significantly restore ovarian function, and improve both ovarian 
reserve and fertility. This may be due to the paracrine effect of hAECs in regulating steroid biosynthesis, modulating 
follicle development from initiation to ovulation, promoting angiogenesis and reducing inflammation.
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Introduction

Primary ovarian insufficiency/premature ovari-
an failure (POI/POF) is defined by persistently 
elevated gonadotropin levels and absent or 
irregular menstrual cycles before the age of 40 
years, with an estimated 1% incidence [1-3]. 
POI is associated with both physical and men-
tal manifestations including secondary infertili-
ty, menopausal symptoms, increased bone or 

cardiovascular disease, and psychologic suffer-
ing such as depression, anxiety and potential 
early decline in cognition [3, 4]. Nowadays  
chemotherapy is commonly used in malignant 
tumors and unavoidably causes ovarian dam-
age or POI in young female patients. Hormone 
replacement therapy (HRT) could partially ame-
liorate some discomforts but may also increase 
the risk of stroke, breast cancer, cardiovascular 
disease and recurrence in cancer survivors due 
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to adverse side effects [3]. Therefore, it is cru-
cial for researchers to develop efficacious treat-
ment strategies to combat the irreversible pro-
cess of POI.

Recently, various stem cell transplantation 
methods have been shown to effectively res- 
tore ovarian function and promote fertility in 
preclinical animal experiments [5-8]. Human 
amniotic epithelial cells (hAECs) digested from 
fetal membranes of placenta are the desired 
source of stem cells because of their pluripo-
tent properties, low immunogenicity and abun-
dance [9]. Studies have shown that hAECs  
can differentiate into follicle-stimulating hor-
mone receptor (FSHR)-positive ovarian granu-
losa cells in vivo and secrete a broad range  
of chemokines and cytokines, thus making it 
possible to restore ovarian function via cell 
replacement or a paracrine effect [6, 10]. How- 
ever, the exact mechanism remains unclear.

In this experiment, we developed a cyclophos-
phamide (CTX) pretreated rat model to assess 
the effect of different methods of hAEC trans-
plantation and explore the mechanisms un- 
derlying positive treatment effects via mRNA 
sequencing of ovarian samples. The data from 
this study provide a fresh perspective on the 
role of hAEC transplantation in treating POI.

Material and methods

Isolation and culture of hAECs

Human placentas were obtained from pregnant 
women who underwent uncomplicated caesar-
ean sections after testing negative for hepatitis 
B, hepatitis C and human immunodeficiency 
virus (HIV)-I with written and informed consent. 
The indications for caesarean section were 
repeat operation, breech presentation, twins 
and fetal distress. The fetal surface of the 
amniotic membranes was mechanically cut 
from the placenta and placed in sterile dishes 
containing phosphate-buffered saline (PBS), 
then cut into 0.5-1.0 cm2 segments. The seg-
ments were washed until no obvious blood 
remained and then digested with 0.05% tryp-
sin/ethylenediaminetetraacetic acid (EDTA) at 
37°C for 15 min with gentle shaking to remove 
any residual blood. The amnion membrane seg-
ments were digested twice for 30 minutes each 
at 37°C with gentle shaking. The cell suspen-
sions from both digestions were seeded in six-

well plates in DMEM/F12 medium supplement-
ed with 10% fetal bovine serum (FBS, Corning, 
USA), Penicillin-Streptomycin Solution (Beyo- 
time biotechnology, Shanghai, China), and incu-
bated at 37°C 5% CO2 in humidified air. When 
hAECs grew to 80-90% confluence, the cells 
were collected for subsequent experiments. 
The use of human amnions was approved by 
the institutional ethics committee.

Identification and characterization of hAECs

Fluorescence-activated cell sorting (FACS) was 
used to identify the phenotypes of hAECs. After 
staining with phycoerythrin (PE)-conjugated, 
fluorescein isothiocyanate (FITC) conjugated or 
allophycocyanin (APC)-conjugated anti-human 
SSEA-4, Nanog, CD324, CD326, CD105, CD34, 
CD45 or HLA-DR monoclonal antibodies (Bio 
Legend), the cells were sorted by flow cytome-
try. hAECs were seeded in 6-well plates and 
fixed with 4% paraformaldehyde for 20 minut- 
es at room temperature, and then washed 3 
times with PBS. Cells were permeabilized with 
0.3% Triton X-100 for 20 minutes at room  
temperature and washed 3 times with PBS.  
The cells were immersed in goat serum for 30 
minutes and incubated with anti-follicle sti- 
mulating hormone receptor (FSHR) (1:100 dilu-
tion; SAB; China) at 4°C overnight. After wash-
ing 3 times, the cells were incubated with  
PE/FITC/APC-labeled IgG, and fluorescence 
images were captured using a fluorescent 
microscope (Nikon Corporation, Tokyo, Japan). 
Negative control images from cells incubated 
with PBS and no primary antibody were also 
obtained.

Premature ovarian failure and insufficiency 
(POF/POI) model establishment

Female Sprague-Dawley (SD) sexually mature 
rats, 8-10 weeks-old (240-260 g by weight), 
were obtained from the Experimental Animal 
Center of Chongqing Medical University. In 
total, 80 SD rats were randomly assigned to  
4 groups: POI group (n=20), intravenous (IV) 
hAEC group (n=20), in situ hAEC group (n=20) 
and control group (n=20). Overall, 60 SD rats 
from the first three groups were intraperi- 
toneally injected with CTX (Shengdi medicine, 
Jiangsu, China) at a dosage of 50 mg/kg (re-
suspended in normal saline) on the first day 
and 8 mg/kg/day for the following 14 days. 
Rats in the control group were administered an 
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equivalent volume of saline. The animals were 
housed in an animal facility and all procedures 
were conducted according to the guidelines of 
the Institutional Animal Care and Use Commit- 
tee of Chongqing Medical University.

Stem cell transplantation

Twenty-four hours after chemotherapy, the rats 
from the intravenous group received 0.6 mL 
PBS containing 4×106 hAECs via the tail vein 
and 50 μl PBS injected into each ovary through 
a microinjector while rats of the in situ group 
were administered 2×106 hAECs in 50 μl PBS 
per ovary and received 0.6 mL PBS in the tail 
vein. In the POI and control groups, the rats 
received a corresponding volume of PBS 
through the tail vein and in situ ovarian injec-
tion in the meantime. 

Labeling and tracking of hAECs 

In order to track and locate the hAECs in ovari-
an tissues, the transplanted cells were pre-
labeled with PKH26 fluorescent dye (Sigma-
Aldrich, St. Louis, MO, USA) according to the 
manufacturer’s instructions. The staining effi-
ciency was measured by flow cytometry. The 
PKH26-labeled hAECs were administered via 
the tail vein and/or directly into ovaries as pre-
viously described. At both twenty-four hours 
and two weeks after cell injection, ovaries were 
fixed and cut into fresh slices. After fixation  
with pre-cooled acetone, the sections were 
rinsed and stained with 2-(4-amidinophenyl)-
6-indolecarbamidine dihydrochloride (DAPI; 
Boster Biological Technology, Wuhan, China) for 
10 minutes at room temperature. The sections 
were instantly examined under a fluorescent 
microscope (Nikon Corporation, Tokyo, Japan).

Estrous cycle examination

One week before CTX injection, one week after 
CTX injection and one week after hAEC trans-
plantation, vaginal smears were performed at  
9 am daily for at least 7 consecutive days. The 
smears were stained with hematoxylin and 
eosin (H&E) and observed under a light micro-
scope. The type of estrous cycle was identified 
by the appearance and/or proportion of nucle-
ated cells, keratinized epithelial cells and leu-
kocytes. Cycles were characterized as regular 
(4-6 day cycle pattern; 1 day for proestrus, 1-2 
days for estrous, 1 day for metestrus and 1-2 
days for diestrus), irregular cycles presented as 

prolonged diestrus and normal or prolonged 
estrus (3-4 days for estrus, or 4-5 days for dies-
trus), and irregular cycles (>4 days for estrus or 
>5 days for diestrus or no cyclicity) [11].

Enzyme-linked immunosorbent assay

Two weeks after hAEC transplantation, rat 
blood samples were obtained by abdominal 
aorta puncture under anesthesia. Blood sam-
ples were placed on ice and centrifuged at 
500× g for 15 minutes. The supernatant was 
obtained for sex hormone detection by FSH 
ELISA kits (Fusheng Industry Co., Ltd., Shang- 
hai, China) and AMH kits (JYM, Wuhan, China) 
as described in the manual.

Ovarian histologic analysis and follicle count 

Two weeks after cell transplantation, the rats 
were euthanized, and ovaries were collected. 
The ovaries were cut into slices and stained 
with H&E for histologic evaluation by light 
microscopy. Only the follicles presenting an 
oocyte with a clear nucleus were counted. 
Furthermore, the follicles were counted and 
recorded as preantral follicles (primordial, pri-
mary), antral follicles (secondary, mature) and 
atresia follicles, according to the described 
method [12]. Nine ovarian samples were includ-
ed in each group and five sections of one entire 
ovary were counted for statistical analysis.

Immunohistochemical staining 

Ovarian tissues were collected and cut into  
sections at a thickness of 5 μm. The immuno-
histochemistry staining procedure was per-
formed in accordance with the manufacturer’s 
instructions using SPlink detection kits (ZSGB-
BIO, Beijing, China). After dewaxing and antigen 
retrieval, the slides were blocked with goat 
serum for 30 minutes and incubated with  
rabbit primary polyclonal antibodies against 
mouse AMH (1:200 dilution; Abcam), FSHR 
(1:150 dilution; SAB; China) and klotho (1:100 
dilution; ZEN BIO; China) overnight at 4°C. 
Subsequently, sections were hatched with bio-
tinylated secondary IgG antibody and imm- 
unoreactivity was visualized following applica-
tion of 0.05% diaminobenzidine (DAB, ZSGB-
BIO, Beijing, China).

The German immunoreactive score criteria 
(IRS) was applied to assess the staining re- 
sults. In brief, immunoreactivity intensity was 
scored as “0” (negative), “1” (weak), “2” (mod-
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erate) and “3” (strong); the area of positive 
cells was graded as “0” (<5%), “1” (5-25%), “2” 
(25-50%), “3” (50-75%) or “4” (>75%). The final 
score was calculated by adding together the 
values for staining intensity and area [13].

Fertility assay

Two weeks after hAEC transplantation, female 
rats of four groups were mated with male rats 
at a ratio of 3:1. Vaginal smears were per-
formed every morning to verify the appearance 
of sperm. When sperm were found in a vaginal 
smear, mating would cease, and the time point 
was recorded as E0.5 (Embryonic Day 0.5). The 
pregnant rats were euthanized and sacrificed 
on E13.5 for fetus examination.

mRNA sequencing

Total mRNA was isolated from the ovaries  
of the POI group, intravenous hAECs group  
and in situ hAECs group using Direct-zol RNA 
miniPrep Kits (ZYMO research, California, USA). 
After concentration and purity testing, total 
mRNA in each sample was reverse trans- 
cribed by oligo T primers to synthesize the  
first strand of cDNA. Subsequently, the double 
stranded cDNAs were produced by the reaction 
of RNase H enzyme, DNA polymerase and T4 
ligase. The double-stranded cDNAs were then 
fragmented by Tn5 enzyme and both ends we- 
re subjected to addition of sequencing adapt-
ers. The P5 and P7 primers were bound to se- 
quencing adapters at both ends and enriched 
polymerase chain reaction (PCR) amplifications 
were subsequently performed. The complete 

library was sequenced with Illumina HiSeq X 
Ten strategy.

After filtration of all the reads using Trimmo- 
matic [14], the clean data were aligned to the 
Rattus norvegicus genome to obtain gene 
expression data in the form of read counts. The 
data were normalized by converting the read 
counts to FPKM (fragments per kilobase of 
exon model per million mapped fragments) val-
ues. The differentially expressed genes (DEGs) 
were screened out among three groups us- 
ing the |log2 fold change| ≥1 and the adjusted 
P<0.05 by comparing the FPKM values. Gene 
ontology (GO) and Kyoto encyclopedia of gen- 
es and genomes (KEGG) analysis were per-
formed to identify the potential functions and 
associated pathways of DEGs with corrected p 
values <0.05. Venn diagrams were constructed 
to identify common DEGs in the two treatment 
groups compared with the POI group.

RT-qPCR analysis

Total RNA was extracted from ovaries using 
Direct-zol RNA miniPrep Kits. The cDNAs were 
generated using PrimeScript™ RT reagent Kit 
with gDNA Eraser (Takara Bio, Beijing, China) 
according to the manufacturers’ instructions. 
Quantitative real-time PCR was performed 
using real-time fluorescence quantitative PCR 
Systems (Applied Biosystems). Each sample 
was analyzed 3 times. The primer sequences 
for target genes are listed in Table 1. The 
parameters for qPCR were set as follows: initial 
denaturation for 3 minutes at 95°C followed by 
40 cycles of 15 seconds each at 95°C, 30 sec-

Table 1. Primers for real-time PCR
Gene GenBank Accession number Forward primer Reverse primer
Tm7sf2 NM_001013071.1 TCGCCTCGGTTCCTTTGA GAGGGCATCACCCACATACAG
Cyp51 NM_012941.2 CACGCTTAGCCTTGTCTACCTG AAGTGAAAGTCTTGCCCACCA
Dhcr24 NM_001080148.1 TAGAGCCCAGCAAGCTGAATAG GCCAAAGAGGTAGCGGAAGA
Sqle NM_017136.2 GGACAAGGAGACTGGGGACA CCAACGAAGTGGGAGGAAAC
Hsd17b7 NM_017235.3 GGAGCAGAGGAAGTCAAGCG CCTGGAACCCATCAGCAGTAA
Fdft1 NM_019238.2 GCAAGGAGAAGCACCGAGTAG AGGCGAGAAAGGCCGATT
Msmo1 NM_080886.1 CTCGGCATCACGATTTCCA GCTCCCCAGAAGCAATGTTAG
Nsdhl NM_001009399.1 AATGGGAAGAACCTGGTGGA CGTTGGTGATGTGAAATGCC
Cited2 NM_053698.2 GCGAGCACATACACTACGGC GGGTAGGGGTGATGGTTGAA
Irf7 NM_001033691.1 CCTCTGCTTTCTGGTGATGCT TCAGGAAGGTGTTCTTGCTCC
Mfap3l NM_001012049.1 ACCTGTAGAGGCACCAGAACG TAAGGAGCAGCCCCTGATTT
Mx1 NM_001271058.1 AGCAACTGAAGCAGGGAGAAA GGTCACCCACAGCCACTCTT
GAPDH NM_017008.4 GCAAGTTCAACGGCACAG CGCCAGTAGACTCCACGAC
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onds at 60°C and 30 seconds at 72°C. The 
relative gene expression was calculated using 
the 2-ΔΔCT method. Ratios of gene expression 
were displayed as fold-change relative to  
the POI group after normalizing to the alloge-
neic glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) housekeeping gene.

Western blotting analysis

Western blotting analysis was used to measure 
the protein expression of several key molecules 
identified from the mRNA sequencing results. 
In brief, two weeks after hAEC transplantation, 
ovarian proteins of interest in the POI and in 
situ hAEC groups were extracted with RIPA buf-
fer (Beyotime) and the protein concentration 
was measured by Bradford’s method. Protein 
samples were electrically separated on 10% 
SDS-PAGE gels and transferred onto polyvinyli-
dine fluoride (PVDF) membranes. After blocking 
with 8% skimmed milk for 2 hours, the mem-
branes were kept overnight at 4°C with anti-
squalene monooxygenase (SQLE) (1:500; ZEN 
BIO; China), anti-farnesyl-diphosphate farnesyl-
transferase 1 (FDFT1) (1:500; ZEN BIO; China) 
and anti-β-actin (1:1000; Boster; China) poly-
clonal antibodies. After washing three times, 
the membranes were immersed in secondary 
antibody solution at room temperature for  
two hours. Enhanced chemiluminescent Ultra 
reagents (NCM Biotech, Suzhou, China) were 
used to identify the protein bands. In addition, 
immunohistochemical staining was used to 
identify ovarian expression of SQLE and FDFT1 
at a primary antibody dilution of 1:100 accord-
ing to the protocol outlined earlier.

Data analysis

Data are expressed as mean ± standard de- 
viation (SD). All analyses were performed us- 
ing SPSS 18.0 software. Independent-sample  
t tests and ordinary one-way analysis of vari-
ance (ANOVA) were applied for two- and multi-
ple-group comparisons, respectively. Post-hoc 
tests were performed using the Tukey HSD 
(homogeneity of variance) test or Dunnett T3 
(heterogeneity of variance) test. P<0.05 was 
considered statistically significant.

Results

Characterization and identification of hAECs

The hAECs had high expression of stem cell 
markers (SSEA4, Nanog) and epithelial cell 

markers (CD324, CD326), and low expression 
of mesenchymal markers CD105, hematopoi-
etic stem cell markers CD34 and CD45, and 
the immunologic marker HLA-DR (Figure 1A). 
These data show that the phenotype of the 
hAECs used in this study are consistent with 
most previous studies. Surprisingly, a portion of 
hAECs were positive for FSHR, which is a well-
known specific marker of ovarian granulosa 
cells (Figure 1B).

In vivo tracking of hAECs

The hAECs were labeled with PKH26 before 
transplantation. Flow cytometry analysis indi-
cated that the labeling rate was 93.96% (Fig- 
ure 2A-C). Twenty-four hours after cell injec- 
tion, a red fluorescent signal was mainly de- 
tected in the interstitial area of the ovaries 
rather than follicles both in the intravenous  
and in situ hAEC groups (Figure 2D). Moreover, 
labeled cells were still weakly fluorescent 2 
weeks after cell transplantation in these gro- 
ups (Figure 2E).

Body and ovary weight change in rats

There was no difference in body weight be- 
tween the 4 groups before CTX injection (Fig- 
ure 3A). One and 2 weeks after CTX admini- 
stration, rats in the control group had higher 
body weights than the other 3 groups (Figure 
3B and 3C, respectively; P<0.0001). In addi-
tion, 1-4 weeks after cell transplantation, rats 
in the intravenous or in situ hAEC group exhib-
ited slightly increased body weights compar- 
ed with those in the POI group (Figure 3D-G). 
Moreover, ovary weights in the POI group,  
intravenous group or in situ hAEC group were 
dramatically lower than those in the control 
group (P<0.0001), and there was a trend 
towards higher ovary weights in POI rats  
following hAEC transplantation (Figure 3H; 
P=0.0945 and P=0.0637, respectively). These 
data suggest that both intravenous and in situ 
injection of hAECs increases body and ovary 
weight in POI rats to some extent.

Effects of hAEC transplantation on estrous 
cycles

Estrous cycles were measured before CTX 
injection, 1 week after CTX injection and 1 
week after hAEC transplantation. Before che-
motherapy, the estrous cycles of rats in each 
group were fairly regular, lasting for 4-6 days 
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including proestrus for 1 day, estrus for 1-2 
days, metestrus for 1 day and diestrus for 1-2 
days. However, half of the rats showed abnor-
mal cycles after 1 week of exposure to CTX. 
Furthermore, 1 week after hAEC transplanta-
tion, 71% of rats in the POI group had regular 
cycles whereas 92% and 100% of rats in the 
intravenous and in situ hAEC groups, respec-
tively, had regular cycles. These findings imply 
that CTX causes irregular estrous cycles due to 

ovarian toxicity while hAEC transplantation can 
mitigate these effects (Figure 4A, 4B).

Histological examination and follicle counts

Ovaries were collected and stained for histo-
logical analysis and follicle counts. The ovaries 
of rats contained numerous fibrotic and granu-
losa cells that were arranged irregularly among 
follicles in the POI group. The morphological 

Figure 1. hAEC phenotypes. A. hAECs are positive for stem cell markers (SSEA4, Nanog) and epithelial cell markers 
(CD324, CD326), and negative for mesenchymal markers (CD105), hematopoietic stem cell markers (CD34, CD45) 
and immunologic (HLA-DR) markers by flow cytometry. B. hAECs are immunoreactive for FSHR as detected by immu-
nofluorescence staining. FSHR, follicle stimulating hormone receptor; hAEC, human amniotic epithelial cell; hAECs, 
human amniotic epithelial cells.
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Figure 2. Morphology, PKH26 labelling and in vivo tracking of hAECs. (A) 
hAECs show epithelial morphology under bright-field microscope. (B) PKH26 
pre-labeled hAECs under a fluorescent microscope (red fluorescence). (C) 

The labeling rate is measured by 
flow cytometry. (D, E) Transplant-
ed hAECs are observed at twenty-
four hours (D) and 2 weeks (E) in 
ovaries (200×). hAECs, human 
amniotic epithelial cells.

changes in the hAEC trans-
plantation groups were better 
than the POI group (Figure 
5A). Following hAEC transpl- 
antation, the POI group had 
more atretic follicles than the 
other 3 groups (all P<0.001). 
In addition, there were fewer 
preantral follicles (primordial 
follicles and primary follicles) 
in the POI group than the in 
situ hAEC group (P<0.01), con-
trol group (P<0.0001) and the 
intravenous hAEC group (P= 
0.0523). Similarly, there were 
more antral follicles (second-
ary follicles and mature folli-
cles) in the intravenous group 
(P<0.05), the control group 
(P<0.001) and the in situ hAEC 
group (P=0.0954) than the 
POI group (Figure 5B).

Serum levels of FSH and AMH 

Following CTX treatment, ser- 
um FSH level was increased 
and the AMH level was decr- 
eased in the POI group com-
pared with the control group, 
and the differences were sig-
nificant (P<0.05 and P<0.01 
respectively). After hAEC treat-
ment, the FSH level was sig-
nificantly lower while the AMH 
level was significantly higher 
in the intravenous and in situ 
hAEC groups compared with 
the POI group (P<0.01) (Figure 
6A, 6B).

Expression of AMH, FSHR and 
KL in ovaries

To further verify the changes 
in AMH and FSH levels, the 
ovarian expression of AMH 
and FSHR were detected by 
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Figure 3. Body and ovary weight in all rats. A-G. Body weight in each of 4 groups before and after cell transplantation. One- and 2-week exposure to CTX significantly 
decreased body weight of POI rats compared with normal rats. One to four weeks after cell transplantation, rats in the intravenous or in situ hAEC group exhibited 
slightly increased body weights compared with those in the POI group. H. Ovarian weight 2 weeks after cell transplantation. POI rats show significantly lower ovarian 
weight and there was a trend towards higher ovary weights following hAEC transplantation. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. CTX, cyclophospha-
mide; hAEC, human amniotic epithelial cell; POI, primary ovarian insufficiency. 



Effects and mechanisms of human amniotic epithelial cells in ovarian injury rats

3242 Am J Transl Res 2020;12(7):3234-3254

immunohistochemistry. AMH expression was 
mainly located in the preantral, small antral fol-
licles and corpus luteum. FSHR expression was 
predominantly observed in the corpus luteum. 
The data showed that ovarian expression of 
AMH and FSHR was reduced in the POI group 
compared with the control group. However, 
there was significantly higher expression of 
AMH and FSHR either in the intravenous or in 
situ hAEC group than the POI group (P<0.01) 
(Figure 6C-G). We also determined klotho (KL) 

were screened out according to the adjusted  
p value and fold change. In total, 783 DEGs 
were found between the intravenous hAEC and 
POI group, including 619 upregulated and 164 
downregulated genes. Similarly, 116 upregulat-
ed DEGs and 52 downregulated DEGs were 
identified between the in situ hAEC and POI 
group (Figure 8A). GO analysis showed that the 
DEGs (intravenous hAEC group vs POI group) 
were mainly related to channel activity and 
transmembrane transporter activity while the 

Figure 4. hAEC transplantation decreases the irregularity of estrous cycles. 
A. Representative photograph of proestrus, estrus, metestrus, and diestrus. 
B. The percentage of regular estrous cycles in rats before CTX injection, 1 
week after CTX exposure and 1 week after cell transplantation in 4 groups. 
hAEC transplanted rats had more regular estrous cycles than POI rats. Scale 
bar: 100 μm. Magnification ×200. hAEC, human amniotic epithelial cell; POI, 
primary ovarian insufficiency.

expression for the first time. 
We found that it was mainly 
expressed in corpus luteum 
cells and a significant decre- 
ase was observed following 
CTX administration, whereas 
KL level was significantly in- 
creased in the intravenous or 
in situ hAEC groups compared 
with the POI group (P<0.01) 
(Figure 6H, 6I).

Fertility outcomes

The fertility of rats in each of 
the 4 groups was assessed 
according to the mating test. 
Our study revealed that num-
ber of fetuses in the POI gro- 
up (11.67±1.366), the intrav- 
enous group (13.83±0.4082) 
and the in-situ treatment gro- 
up (12.57±0.9759) was signi- 
ficantly lower than the control 
group (16.14±1.864). Howev- 
er, the number in the intrave-
nous group was significantly 
higher than in the POI group 
(P<0.05), while a slight increa- 
se was observed in the direct 
ovarian injection group com-
pared with the POI group (P= 
0.22) (Figure 7A, 7B).

Differentially expressed 
mRNA screening

To identify genes involved in 
hAEC treatment, 3 samples 
from each group (intravenous 
hAEC group, in situ hAEC gro- 
up and POI group) were ana-
lyzed using mRNA sequenc-
ing. DEGs between groups 
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DEGs (in situ hAEC group vs POI group) were 
associated with sterol biosynthetic and sterol 
metabolism (Figure 8B). KEGG analysis showed 
that the DEGs (intravenous hAEC group vs POI 
group) were associated with ribosomes, protein 
digestion and absorption, neuroactive ligand-
receptor interaction, insulin secretion, ECM-
receptor interaction, Cushing syndrome and 
cAMP signaling pathway; whereas the DEGs for 
the in situ hAEC vs the POI group were mainly 
associated with steroid biosynthesis, prion dis-

eases, glycine/serine/threonine metabolism, 
terpenoid backbone biosynthesis, valine/leu-
cine/isoleucine degradation, Chagas disease, 
influenza A, complement and coagulation cas-
cades, carbon metabolism (Figure 8C). More- 
over, 4 DEGs were differentially expressed  
in both the IV hAEC and in situ hAEC groups 
compared with the POI group, including 2 
upregulated and 2 downregulated genes (regu-
latory factor 7 [IRF7]/Mx dynamin-like GTP- 
ase 1 [Mx1], microfibril-associated glycoprote- 

Figure 5. Histopathological examination and follicle counts in ovaries. A. The pathological changes in ovaries were 
identified by H&E staining 2 weeks after cell transplantation. The ovaries of rats contained numerous fibrotic and 
granulosa cells that were arranged irregularly among follicles in the POI group and get better in the hAEC groups. 
B. The number of follicles (preantral/antral/atretic follicles) were counted and compared between groups. hAEC 
treatment groups show more preantral/antra follicles and less atretic follicles than POI group. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. Scale bar: 100 μm. Magnification ×200. hAEC, human amniotic epithelial cell; H&E, 
hematoxylin and eosin staining.
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in 3-like [MFAP3L]/cAMP-responsive element-
binding protein (CREBBP)/p300-interacting-
trans-activator 2 with glutamic acid (E) and 
aspartic acid (D)-rich tai [CITED2], respectively) 
(Figure 9A). Vascular endothelial growth factor 
receptor 1 (VEGFR1) (in situ hAEC group) and 
VEGFR2 (IV hAEC group) expression were sig-
nificantly increased compared with the POI 
group, respectively (both P<0.05), while no dif-

ference in VEGFR3 expression was observed 
among the 3 groups (Figure 9D).

Verification of mRNA sequencing results

Several key molecules were analyzed in the fol-
lowing experiments. Four commonly expressed 
genes in the intravenous hAEC vs the POI group 
and the in situ hAEC vs POI group were verified 

Figure 6. Effect of hAEC transplantation on serum levels of FSH and AMH (A, B) and ovarian expression of AMH, 
FSHR and KL (C-I) in POI rats. (A, B) Serum AMH (A) concentration increase while FSH (B) concentration decrease in 
hAEC transplantation groups compared with POI group. (C-E) AMH, (F, G) FSHR and (H, I) KL expression in ovaries. 
Upregulated expression of ovarian AMH, FSHR and KL was observed following hAEC transplantation in POI rats. Cell 
nuclei were stained blue. *P<0.05, **P<0.01, ***P<0.001. Scale bar: 100 μm. Magnification ×200. AMH, anti-
Müllerian hormone; FSHR, follicle stimulating hormone receptor; hAEC, human amniotic epithelial cell; KL, klotho; 
POI, primary ovarian insufficiency. 
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by real-time PCR analysis. IRF7 and Mx1 were 
upregulated in the intravenous hAEC and in situ 
hAEC groups compared with the POI group, 
which is consistent with the mRNA screening 
results. However, the other 2 simultaneously 
DEGs were not significantly changed at the 
mRNA level as they were in the sequencing 
analysis (Figure 9B). Moreover, 8 enzymes 
associated with steroid biosynthesis were con-
firmed by real-time PCR, immunohistochemical 
analysis and western blotting. Five of these 
(Msmo1, SQLE, NSDH1, FDFT1, TM7SF2) were 
significantly upregulated in the in situ hAEC 
group (P<0.05) while 3 (DHCR24, CYP51, HSD- 
17B7) were increased compared with the POI 
group as confirmed by real-time PCR analysis 
(Figure 9C). SQLE and FDFT1 were mainly 
expressed in granulosa cells and dramatically 
increased in the in situ hAEC group compared 
with the POI group by immunohistochemical 
and western blotting analysis (P<0.01) (Figure 
10A-F). The FPKM values for Star, Cyp11a1, 
Cyp19a1 and Hsd17b1, which are key enzym- 
es in estrogen and progesterone production, 
were also increased in the in situ hAEC group 
compared with the POI group (Figure 9E).

Discussion 

About 1% of adult women are affected by POF 
which can impact both mental and physical 
health [1-3]. Various factors lead to POF or POI 
including chemotherapy for cancer. Of the 

major kinds of chemotherapeutic drugs, the 
alkylators are considered extremely gonado-
toxic and lead to damage in resting primordial 
follicle pools because they are not cell cycle-
specific, thus resulting in decreased ovarian 
reserves or even POF [15]. Cyclophosphamide, 
a specific type of alkylator, exerts its anticancer 
effects via double-stranded DNA damage and 
subsequent cell death if the defects are not 
repaired [16]. In addition, chemotherapy drugs 
excessively stimulate the primordial follicles, 
leading to the depletion of the primordial follicle 
pool, and chemotherapy drugs also damage 
ovarian blood vessels, resulting in loss of folli-
cles [17, 18]. Until now, no effective methods 
for the prevention or treatment of POF have 
been identified. HRT is widely used to alleviate 
perimenopausal or postmenopausal syndrome 
(characterized by symptoms such as hot flash-
es, vaginal dryness, night sweats and insom-
nia), decrease bone or cardiovascular diseas-
es, and to combat mood disorders such as 
anxiety, depression and cognitive decline [3]. 
However, HRT is not effective for continuous 
elevation of FSH or against damaged fertility 
because elevated basal FSH levels are ass- 
ociated with extremely low pregnancy rates 
[19]. Moreover, the long-term application of 
hormones increases the risk of gynecological 
tumors. Various stem cell treatments have 
been evaluated for the treatment of POF in ani-
mal models that were shown to restore ovarian 
function and fertility to a certain extent. hAECs 

Figure 7. hAECs facilitate improved fertility in POI rats. A. Representative image of implanted fetuses in the 4 groups. 
B. Comparison of fetus number in the 4 groups. The control group has significantly more fetus than the other 3 
groups. hAEC transplantation increases the fetus number and reaches a significant level in the intravenous group. 
*P<0.05, ***P<0.001, ****P<0.0001. ns means not significant. POI, primary ovarian insufficiency. 
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are stem cells that exhibit great advantages for 
the treatment of POF because of their abun-
dance and low immunogenicity [9]. In the cur-
rent study, we developed a CTX pretreated rat 
model and investigated the effect of hAEC 
transplantation on POI rats. The results demon-

strated that hAECs mainly located in the inter-
stitial area of the ovary. hAEC transplantation 
slightly increased body and ovary weight and 
normalized irregular estrous cycles. In addition, 
hAEC transplantation decreased serum FSH 
levels and increased AMH levels and led to the 

Figure 8. mRNA sequencing results. (A) scatter plots show DEGs between the IV hAEC and POI groups and the in 
situ hAEC vs POI groups. Yellow plots indicate upregulated DEGs, green plots represent downregulated DEGs and 
gray plots suggest no significantly changed genes. DEGs were calculated by |log2 fold change| ≥1 and adjusted 
p<0.05 by comparing the FPKM values. (B, C) GO (B) and KEGG (C) analysis of DEGs were performed. Corrected 
p<0.05. DEGs, differentially expressed genes; GO, gene ontology; IV hAEC, intravenous human amniotic epithelial 
cell; KEGG, Kyoto encyclopedia of genes and genomes; POI, primary ovarian insufficiency. 
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restoration of follicle pools in POI rats. Ovarian 
AMH and FSHR expression in POI rats was also 
significantly upregulated following hAEC trans-
plantation, which was consistent with serum 
levels. The expression of KL, which is a protein 
relevant to ageing in women, was increased 
after hAEC treatment. Moreover, hAEC treat-
ment ultimately increased the average fetus 
number which suggests improved fertility. 

AMH belongs to the transforming growth factor 
beta (TGFβ) superfamily, and currently is the 
only negative regulator for primordial follicle 

recruitment and subsequently transition to pri-
mary follicles [20]. AMH is mainly secreted  
by granulosa cells in the preantral and small 
antral follicles [20, 21]. It has been reported 
that serum AMH level is a predictor of the  
growing follicle population and closely relates 
to the number of primordial follicles [22]. Pre- 
vious reports indicated that CTX excessively 
activated the primordial follicles, leading to 
depletion of ovarian reserves and subsequent 
POI/POF [23, 24]. The AMH expression in the 
serum and ovaries was obviously increased  
following hAEC transplantation, causing a de- 

Figure 9. Verification of mRNA sequencing results by RT-qPCR analysis. (A) Commonly DEGs between the IV hAEC vs 
POI group and the in situ hAEC vs POI group were visualized by Venn diagrams. (B) Verification of 4 commonly DEGs 
among 3 groups. (C) Eight enzymes were differentially expressed between the in situ hAEC group and the POI group 
and associated with steroid biosynthesis. (D, E) FPKM values for VEGFR1, VEGFR2, VEGFR3 (D) in 3 groups and Star, 
Cyp11a1, Cyp19a1 and Hsd17b1 (E) in 2 groups by mRNA sequencing. *P<0.05, **P<0.01 indicates the significant 
difference between groups. DEGs, differentially expressed genes; FPKM, fragments per kilobase of exon model per 
million mapped fragments; POI, primary ovarian insufficiency; VEGFR, vascular endothelial growth factor receptor. 
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crease in the transition of primordial follicles to 
primary follicles thus effectively preserving the 
primordial follicle pools and ovarian reserves. 
In other words, hAECs may protect ovarian 
reserves from CTX insult by the upregulation of 
AMH. 

The FSHR is an important member of the G 
protein-coupled receptor (GPCR) superfamily 
and connects to a complex signaling network 
which involves several G protein subtypes; 

therefore, it is likely that it interacts with other 
receptors, including the IGF-1 receptor (IGF- 
1R), the epidermal growth factor receptor 
(EGFR) and associated proteins [25-28]. The 
FSHR is highly expressed in ovarian granulosa 
cells and is mainly stimulated by FSH to regu-
late the growth and maturation of follicles, as 
well as the production of estrogen [29]. Studies 
showed that reduced expression of FSHR was 
correlated with poor response to FSH, less 
mature oocytes and lower peak E2 levels [30]. 

Figure 10. SQLE and FDFT1 expression by immunohistochemical staining and Western blotting analysis. (A-D) SQLE 
(A, B) and FDFT1 (C, D) expression are upregulated in the in situ hAEC group compared with the POI group by im-
munohistochemical analysis. (E, F) SQLE and FDFT1 were determined by Western blotting. The same trend as in the 
immunohistochemical analysis result was observed. **P<0.01. FDFT1, farnesyl-diphosphate farnesyltransferase 1; 
SQLE, squalene monooxygenase.
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In contrast, FSHR expression induced by BMP- 
15 through Smad or non-Smad pathways 
increased follicular growth and oocyte ovula-
tion [30, 31]. In our study, hAECs enhanced 
FSHR expression and increased preovulatory 
and ovulatory follicles. Various factors could 
decrease ovarian FSHR expression, including 
chemotherapy drugs, immune factors and heat 
stress [21, 32]. One possible reason is the ap- 
optosis of granulosa cells where FSHR is pre-
dominantly expressed. This finding suggests 
that hAEC therapy may be an effective method 
to modulate the function of granulosa cells, 
which is extremely crucial for follicle growth  
and maturation. 

The Klotho (KL) gene was first described in 
1997 as an ageing-suppressor gene [33]. Af- 
terwards it was found that overexpression or 
knockout of KL correlated with prolonged or 
shortened lifespan, respectively [34, 35]. Re- 
search indicates that CTX inhibited KL expres-
sion in granulosa cells of the mouse ovary,  
and KL-/- mice exhibited pathological manifes- 
tations similar to cyclophosphamide-induced 
POF mice, which were both due to the reduced 
ability of ovarian granulosa cells to induce 
autophagy and ROS scavenging [36]. This is 
consistent with our results which showed that 
CTX treatment decreased KL expression in 
ovarian granulosa cells. As such, KL may play a 
vital role in POI. Our study firstly showed that 
hAEC transplantation significantly increased  
KL level in granulosa cells, which may contrib-
ute to the recovery of ovarian function by regu-
lating ovarian granulosa cells activities.

To further explore the mechanism of hAEC 
transplantation in repairing ovarian function in 
POI rats, we performed mRNA sequencing of 
ovarian samples from 3 groups to identify 
potential key genes and pathways. The results 
showed that IRF7 and Mx1 were consistently 
upregulated both in the intravenous hAEC 
group and the in situ hAEC group compared 
with the POI group. 

IRF7 is an important member of the IRF family, 
which is involved in IFNα/β induction via toll-
like receptors (TLRs) [37]. Previous research 
revealed that IRF7 is important for angioge- 
nesis since IRF7 overexpression induced the 
expression of inflammatory cytokines including 
IL6, CCL2 and CXCL1, hence increased tumor 
formation through increased angiogenesis and 

the acquisition of glioma stem cell properties 
[38]. Experiments in epithelial PK15 cell lines 
of the porcine kidney showed that overexpres-
sion of IRF3/IRF7 decreased IL-6 expression 
and increased IFNα production by lipopolysac-
charide (LPS) stimulation either independent  
or dependent of the TLR4/TBK1 pathway, res- 
pectively, thus playing an anti-inflammatory 
role [39]. Interestingly, depletion of IRF3 and 
IRF7 in C57BL/6 mice showed attenuated an- 
giogenesis and arteriogenesis via decreased 
secretion of pro-inflammatory factors (TNFα, 
IL6, CCL2) and growth factor receptor (VEGF- 
R2) after unilateral hind limb ischemia injury 
[40]. In addition, IRF7 was upregulated in diff- 
erent heart failure models including myocardi-
tis, myocardial infarction and diabetes mellitus 
[41]. After human umbilical endothelial cells 
(HUVECs) were exposed to ionizing radiation, 
microarray analysis showed that upregulated 
genes were particularly linked with the type-1 
interferon response and an upregulated gene 
network containing IRF7 as well as its tran-
scriptional targets Mx1 [42]. Therefore, IRF7 
and its transcript Mx1 are likely involved in 
inflammatory responses and in angiogenesis. 
Previous studies have verified that CTX could 
significantly impair angiogenesis and cause 
inflammation [43]. Our data showed upregul- 
ated expression of IRF7, Mx1, VEGFR1 and 
VEGFR2 in the treatment groups which may 
imply that hAEC therapy could increase angio-
genesis and attenuate inflammation, thus lead-
ing to recovery of ovarian function.

Interestingly, pathway analysis revealed that 
the DEGs in the intravenous hAEC vs the POI 
group were significantly associated with ribo-
somes, protein digestion and absorption, neu-
roactive ligand-receptor interaction and cAMP 
signaling pathway; whereas the upregulated 
DEGs in the in situ hAEC vs POI group were 
mainly associated with cholesterol and steroid 
biosynthesis. The neuroactive ligand-receptor 
interaction pathway is related with signaling 
interaction and signal transduction, reproduc-
tion and gonadal development, and ovulation. 
Of these enriched genes, corticotropin releas-
ing hormone receptor 1 (CRHR1), 5-hydroxytry- 
ptamine receptor 4 (HTR4), pituitary adenylate 
cyclase-activating polypeptide type 1 receptor 
(PAC1-R) and neuropeptide FF receptor 1 (Np- 
ffr1) are all highly expressed in ovaries, which 
are involved in proliferation and apoptosis of 
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ovarian cells and play important roles in follicle 
development and ovulation of the ovaries [44-
50]. The cAMP signaling pathway is involved in 
steroidogenesis of the antral follicular stage 
[51]. It is well known that hormone biosynthesis 
is modulated by a series of ovary steroidogenic 
enzymes which are critical for reproductive 
function including follicle development and  
ovulation [52, 53]. Previous evidence suggest 
that oocytes were not efficient in cholesterol 
synthesis and required cumulus cells to pro- 
vide cholesterol biosynthetic products, while 
BMP15 and GDF9 originating from oocytes  
promoted cholesterol synthesis in cumulus 
cells [54]. It is believed that the antral follicle 
and the corpus luteum are both steroidogenic 
glands and within them the theca and granulo-
sa cells cooperate to promote ovarian steroido-
genesis [55]. To be specific, first the luteinizing 
hormone (LH) receptors of theca cells receive 
LH signals by increasing related enzymes such 
as Star and Cyp11A1 for the conversion of  
cholesterol to progesterone. Subsequently, 
FSH receptors of granulosa cells bind to FSH 
and elevate the expression of enzymes such  
as CYP19 and HSD17B to convert the theca-
derived androgens into estrogens [55, 56]. Our 
data show that cholesterol and steroid biosyn-
thesis enzymes were upregulated at both the 
gene and protein level following in situ hAEC 
transplantation thus probably resulting in in- 
creased ovarian steroidogenesis and restored 
ovarian endocrine function. Observations dem-
onstrate that progesterone and estradiol both 
inhibit the excessive transition of primordial  
follicles to primary follicles by hampering coor-
dinated oocyte apoptosis, which is required for 
primordial follicle assembly, hence preventing 
conditions such as POF or premature onset of 
menopause [20]. This may also indicate that 
hAECs could not only restore ovarian endocrine 
function but also preserve ovarian reserves 
through the upregulation of steroidogenesis 
enzymes. 

Stem cells mainly exert their recovery eff- 
ects by trans-differentiation ability, cell fusion 
events and paracrine effects. hAECs were 
shown to occasionally differentiate into granu-
losa cells in a POF mouse model [6]. In this 
study, the authors showed that human specific 
FSHR expression patterns were located in  
granulosa cells of the Graafian follicles in 
mouse ovaries. Interestingly, FSHR was de- 

tected in hAECs by immunofluorescence sta- 
ining in our study, which is in accordance with 
Stilley’s findings that FSHR staining was posi-
tive in extragonadal tissues, including hAECs 
[57]. Therefore, further investigation may be 
necessary to prove the trans-differentiation 
ability of hAECs to granulosa cells and their  
role in recovery of ovarian function. Cell fusion 
and reprogramming between stem cells and 
host cells is a rare but possible event by which 
a mature phenotype can be generated [58-60]. 
Studies have shown that transplanted bone 
marrow cells can fuse with epithelial cells, 
Purkinje neurons, cardiomyocytes and hepato-
cytes [61-64]. However, Marongiu reported  
that rat-derived amniotic epithelial cells did  
not fuse with liver cells in vivo [65]. Because of 
the extremely low rates of cell fusion, this is  
not likely to be the main mechanism by which 
hAECs regulate ovarian function. hAECs secrete 
a broad range of cytokines which regulate mul-
tiple immune-related processes such as prolif-
eration, immune response, cell apoptosis and 
angiogenesis [66], and restore ovarian function 
via intravenous injection, in situ injection or 
intraperitoneal injection of hAECs or hAECs-
conditioned medium. This suggests that hAECs 
regulate ovarian function partly through para-
crine effects. In addition, various factors have 
been proven to regulate steroidogenesis in 
granulosa cells including the TGF-β superfa- 
mily [67-69], brain-derived neurotrophic factor 
(BDNF) [70, 71], growth differentiation factor 9 
[72] and growth differentiation factor 8 [73]. 
Therefore, it is most likely that hAECs could 
secrete multiple cytokines which may be in- 
volved in steroidogenesis in granulosa cells, 
modulating follicle fate from initiation to ovul- 
ation, regulating angiogenesis and inflamma-
tion of the ovary thus leading to recovery of 
ovarian function. However, further in vitro inves-
tigation will be needed to elucidate the exact 
mechanisms. 

In summary, our findings highlight the effective-
ness of hAECs in improving ovarian reserves, 
function and fertility. The results also indicate 
that hAECs upregulate ovarian AMH, FSHR  
and KL expression, which may prevent overac- 
tivation of primordial follicles and promote  
the development and maturation of growing  
follicles. Finally, high-throughput sequencing 
showed that hAEC transplantation had an 
effect on ribosomes, protein digestion, protein 
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absorption, neuroactive ligand-receptor inter-
action, cAMP signaling pathway and steroid  
biosynthesis pathways, which are involved in 
steroidogenesis, follicle development and ovu-
lation. hAEC treatment also increased the ex- 
pression of the vascular and anti-inflammatory 
factors IRF7, Mx1, VEGFR1 and VEGFR2, which 
participate in angiogenesis and inflammation.

Conclusion

hAEC transplantation may help to recover ovar-
ian function, protect ovarian reserves and pro-
mote fertility, thus making them a promising 
source of stem cell therapy. This study provides 
a fresh perspective on the role of hAEC trans-
plantation in treating POI.
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