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Ovarian follicular damages were caused by cryoinjury during the process of ovarian vitrification and ischemia/reperfusion during
the process of ovarian transplantation. And appropriate FSH plays an important role in antiapoptosis during ovarian follicle
development. Therefore, in this study, 0.3 IU/mL FSH was administered into medium during mouse ovarian cryopreservation
by vitrification to ascertain the function of FSH on ovarian vitrification and avascular transplantation. The results suggested
that the expressions of Cx37, Cx43, apoptotic molecular caspase-3, and angiogenesis molecular VEGF were confirmed using
immunohistochemistry, western blotting, and real-time PCR, and the results suggested that the treatment with FSH remarkably
increased the number of morphologically normal follicles in vitrified/warmed ovaries by upregulating the expression of Cx37,
Cx43, VEGF, and VEGF receptor 2, but downregulating the expression of caspase-3. In addition, the vitrified/warmed ovaries were
transplanted, and the related fertility was analyzed, and the results suggested that the fertility, neoangiogenesis, and follicle reserve
were remarkably increased in the FSH administrated group. Taken together, administration of 0.3 IU/mL FSH during ovarian
cryopreservation by vitrification can maintain ovarian survival during ovarian vitrification and increases the blood supply with
avascular transplantation via upregulation of Cx43, Cx37, and VEGF/VEGFR2, as well as through its antiapoptotic effects.

1. Introduction

Recent studies have suggested that the prevalence of cancer
in females has increased by 20%, and a trend towards
youngerwomenhas also been observed [1]. Radiotherapy and
chemotherapy are the main methods for cancer treatment,
and 90% of children and adolescent patients with cancer have
hope for a cure [2, 3]. However, the risk of ovarian damage
and infertility is present, particularly reduction of the primor-
dial follicle reserve, which may trigger POF (premature ovar-
ian failure) [4, 5]. Thus, cryopreserved-thawed ovarian tissue
and transplantation act as an important method to preserve
ovarian function during radiotherapy and chemotherapy, and
ovarian cryopreservation by vitrification is a very effective
and extensively used method to cryopreserve ovaries [6–8].

However, due to cryoinjury in ovarian tissue during
vitrification and the possibility of follicular developmental
delay and partial apoptosis [9–11] as well as the fact that
most ovarian follicles die from ischemia/reperfusion injury
in the early stage of transplantation [12], neoangiogenesis is
indispensable and increases around the transplanted ovary
within 48 h [13, 14] to protect the survival of the ovarian
follicle. Hence, the decreasing of follicle die and increasing
the neoangiogenesis are two important objects in ovarian
vitrification and transplantation.

Previous studies revealed that FSH (follicle-stimulating
hormone) plays an important role in the growth and develop-
ment of follicles, particularly in the antiapoptosis of the ovar-
ian granulosa cell [15–17]; therefore, granulosa cell apoptosis
is inevitable in the absence of FSHduring ovarian vitrification
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in vitro. Previous studies have revealed that granulosa cells
are essential for growth and development of the follicle
[18] and that follicular atresia is triggered by granulosa cell
apoptosis; connexin expression is negatively correlated with
follicle apoptosis [19] during granulosa cell development,
which occurs around immature follicle development. FSH
can enhance the expression of connexin [20] via indirect
inhibition of the activation of the antiapoptotic protein. In
addition, ovarian angiogenesis and the expression of VEGF
are regulated by FSH [21–23].

Our previous studies have suggested that administration
with 0.6 IU/mLHMG (0.3 IU/mL FSH and 0.3 IU/mLLH) in
ovarian culture in vitro remarkably improves the blood supply
reconstruction with avascular transplantation and does not
cause excessive ovarian follicle activation and depletion [24].

Thus, we proposed that FSH might play an important
role in preserving ovarian survival during cryopreservation
by vitrification and avascular transplantation; hence, in this
study, 0.3 IU/mL FSH was administrated into vitrification
solution and the function of FSH was explored in the ovarian
vitrification and transplantation.

2. Materials and Methods

2.1. Ethics Statement. The Committee for the Ethics on
Animal Care and Experiments in NingxiaMedical University
approved the study protocol. All operations on animals were
performed under sodium pentobarbital anesthesia, and all
efforts were made to minimize suffering.

2.2. Animals and Treatments. Four-week-old C57BL/6J mice
were purchased from Jackson Laboratories (United States, ID
number: 000664) and were maintained at 24 ± 2∘C in a light-
controlled room (12 h light : 12 h darkness) with free access
to food and water. The estrous cycle was tracked by vaginal
smear according to previous studies [25–27], and mice with
diestrus were used for this study.

2.3. Experimental Grouping and Protocol. The sacrificedmice
and the collection of ovaries are described below. Briefly,
mice with diestrus were anesthetized with sodium pento-
barbital, hair on the back was removed with a razor, the
muscle layer was incised with surgical scissors, and the
ovaries were exposed and collected. All procedures were
performed under aseptic conditions. A total of 100 ovaries
were collected from 50 mice and divided into five groups
with 20 whole ovaries in each group. The groups were
divided as follows: (A) control group (CG): fresh ovaries
were collected from the mice and immediately fixed in
4% paraformaldehyde for immunohistochemistry and other
ovaries were preserved in liquid nitrogen for RNA and
protein extraction; (B) NG-FSH: the ovaries underwent
vitrified/warmed process without any further treatment; (C)
OG-FSH: 0.3 IU/mL FSH was administered into the medium
during the entire vitrification/warming process; (D) EG-FSH:
0.3 IU/mL FSH was administered into the medium during
the early process of vitrified cryopreservation, which contains

preculture, preequilibrium, and osmotic equilibrium; (E) LG-
FSH: 0.3 IU/mL FSH was administered into the medium
during the late process of vitrified cryopreservation, which
consists of warming and postculture with culture solution.

2.3.1. Vitrified Cryopreserved Procedure. The preparation of
the basic medium, culture, freezing, and thawing solution are
described in supplemental doc1 in Supplementary Material
available online at http://dx.doi.org/10.1155/2015/397264, and
the vitrification procedurewas performed. Briefly, the process
mainly consists of preincubation in culture solution for 1 h
at 37∘C with 5% CO

2
. The whole ovary was preequilibrated

for 8min with preequilibration solution, and then osmotic
equilibrium was achieved for 3.5min with incubation in the
vitrified solution. The whole ovary was preserved in liquid
nitrogen for at least one day, warmed for 10min with a
gradient thawing solution, and postcultured for 1 h at 37∘C
with 5% CO

2
with culture solution.

2.4. RNA Extraction and cDNA Synthesis. Total RNA was
extracted using TRIzol reagent (TaKaRa, Dalian, China)
according to the manufacturer’s instructions. Extracted RNA
was dissolved in diethylpyrocarbonate- (DEPC-) treated
water, and the RNA concentration and purity were estimated
at 260 and 280 nm using a spectrophotometer (Eppendorf,
Inc., Hamburg, Germany). The absorption (260/280 nm)
ratios of all preparations were between 1.8 and 2.0. Aliquots
of RNA samples were subjected to electrophoresis using a
1.2% agarose gel with ethidium-bromide staining to confirm
RNA integrity. The cDNA was reverse-transcribed using the
PrimeScipt RT reagent kit (TaKaRa,Dalian, China) according
to the manufacturer’s instructions.

2.5. Real-Time Quantitative Polymerase Chain Reaction (RT-
qPCR). Real-time quantitative PCR was performed using
7500 Software v2.0.5 (7500 Fast Real-Time PCR System, ABI,
USA). The GenBank accession number of the mRNA, the
primer sequences, and the annealing temperatures are listed
in Table 1. The mouse GAPDH gene, which was used as a
reference gene, was amplified in parallel with the target gene,
allowing gene expression normalization, and 2−ΔΔCt was used
for quantification.The RT-qPCR product was obtained using
SYBR Premix Ex Taq II (TaKaRa, Dalian China) according
to the manufacturer’s instructions. Each PCR reaction was
performed in a 20.0𝜇L reactionmixture containing 10.0𝜇L of
2× SYBR Premix Ex Taq II, 2.0 𝜇L of cDNA (the equivalent of
20 ng of total RNA) as the template, 0.8𝜇L aliquots of each
primer at 10 𝜇M, and 6.4 𝜇L of nuclease-free water. The PCR
cycling conditions consisted of one cycle at 95∘C for 30 s, fol-
lowed by 40 cycles at 95∘C for 5 s and finally 60∘C for 30 s.The
experiments were performed in triplicate for each data point,
and the mean of these values was used for the final analysis.

2.6. Immunohistochemistry. Immunohistochemistry was
performed according to previous methods [28, 29]. Briefly,
after dehydration, antigen retrieval was performed in citrate
buffer (pH 6.0) by treating the samples twice in a microwave
oven at 100∘C for 15min; then, the slides were washed three
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Table 1: Primer sequences used for real-time quantitative PCR.

Target gene GenBank accession number Primer sequence Product size (bp) Annealing temperature (∘C)

GAPDH XM 001476707.3 F: 5󸀠-GGCATTGTGGAAGGGCTC-3󸀠
R: 5󸀠-GACCTTGCCCACAGCCTT-3󸀠 156 60

Cx43 NM 010288.3 F: 5󸀠-CGTCCCACGGAGAAAACCAT-3󸀠
R: 5󸀠-CGGTGGTGGCGTGGTAAG-3󸀠 151 60

Cx37 NM 008120.3 F: 5󸀠-AGCGGTTGCGGCAGAAAG-3󸀠
R: 5󸀠-CCCACGAATCCGAAGACGAC-3󸀠 137 60

VEGF NM 001025257.3 F: 5󸀠-GTAACGATGAAGCCCTGGAGT-3󸀠
R: 5󸀠-TGTTCTGTCTTTCTTTGGTCTGC-3󸀠 152 60

times with PBS. The sections were pretreated with 0.3%
(v/v) H

2
O
2
in methanol to quench endogenous peroxidase

activity. After being washed with PBS, the sections were
incubated with 10% goat serum for 30min at 37∘C. Following
blocking, sections were incubated overnight with rabbit anti-
human polyclonal Cx43 antibody (ab11370, 1 : 100 dilution,
UK), rabbit anti-mouse polyclonal Cx37 antibody (ab58918,
1 : 100 dilution, UK), rabbit anti-human polyclonal active
caspase-3 antibody (ab2302, 1 : 100 dilution, UK), rabbit
anti-human polyclonal VEGF (ab46154, 1 : 100 dilution, UK),
rabbit anti-mouse polyclonal CD31 (ab28364, 1 : 100 dilution,
UK), and rabbit anti-mouse polyclonal CD34 (ab81289,
1 : 100 dilution, UK) at 4∘C; they were then washed with PBS
and incubated with biotinylated anti-rabbit or mouse IgG
antibody (Beijing 4A Biotech Co., Ltd., Beijing, China) for 1 h
at 37∘C. Sections were washed 3 times with PBS and then
incubated with HRP-labeled streptavidin (SA-HRP) for
30min at 37∘C. Thereafter, positive reactions were visualized
with a diaminobenzidine- (DAB-) peroxidase substrate for
30 s and the nuclei were counterstained with hematoxylin.
Appropriate negative slides were run in parallel without the
addition of primary antibody. Slides were imaged using a
digital microscope (BA400, Motic, Wetzlar, Germany).

2.7. Western Blot Analyses. SDS (Sodium Dodecyl Sulfate)
gel electrophoresis and western blot analyses were per-
formed on homogenates of the ovary samples. To stan-
dardize the loading samples, the protein contents of the
cleared supernatant of the homogenates were determined
using a BCA assay. The samples were then separated on
a 12% SDS gel with a 5% stacking gel under reducing
conditions and transferred onto polyvinylidene difluoride
(PVDF) membranes. The membranes were blocked for 1 h
with 5% nonfat dry milk and probed with the primary
antibody at a concentration of 1 𝜇g/mL−1 for 1 h and thenwith
a streptavidin-horseradish peroxidase-conjugated anti-rabbit
antibody (ZhongBin, GOLDEN BRIDGE, China) at a dilu-
tion of 1 : 7000. The resulting signal was visualized using the
ECLDetection Kit (Thermo) according to themanufacturer’s
instructions. 𝛽-actin was used as the reference. These results
were analyzed using Image J Software.

2.8. Terminal Deoxynucleotidyl Transferase-Mediated dUTP-
Biotin Nick End Labelling Assay (TUNEL). Apoptosis was

determined using the in situ terminal deoxynucleotidyl
transferase-mediated nick end labelling (TUNEL) assay
(Roche Diagnostics, Meylan, France). Next, the sections
were washed and double-stained with 1 𝜇g/mL DAPI (4󸀠,6-
diamidino-2-phenylindole) at room temperature for 20min.
The positive ovarian cells were examined using fluorescence
microscopy, and the apoptotic rate was analyzed using IPP
6.0 Software.

2.9. Ovary Orthotopic Transplantation and Quantification of
Litter Size. The ovaries from the CG, NG-FSH, and OG-
FSH groups were orthotopically transplanted into 8-week-
old allogenic female recipient mice of the C57BL/6J-Tyrc-2J-
J albino strain. There were 10 mice in each group. The
recipient female mice underwent oophorectomies prior to
transplantation. The ovary orthotopic transplantation pro-
cedures were performed as previously described [30]. The
recipient mice were mated with proven males of the same
strain to induce natural pregnancy at 4-5 days after the
emergence of the normal estrous cycle. A vaginal smear was
checked on the fifth day, eighth day, eleventh day, fourteenth
day, and seventeenth day after transplantation; the average
litter size and the average litter size interval, which are two
important reproductive traits, were quantified after delivery.

2.10. Vascular Perfusion. Half of a whole ovary (volume of
1mm × 1mm × 2mm) was transplanted under the kidney
capsule as previously described [31], 2MD-FITC-Dextran
(Sigma, FD-2000S)was injected into the tail veins after 48 h of
transplantation, and grafts were cut and prepared for frozen
sections of 60𝜇m. The tissue sections were imaged using
laser scanning confocal microscopy. Other ovarian grafts
were collected, the ovarian follicle was counted, and the
neoangiogenesis markers CD31 and CD34 were checked by
immunohistochemistry.

2.11. Follicle Count. Paraffin-embedded ovaries were cut into
serial sections and stained using hematoxylin and eosin
(H&E). The ovarian follicles were counted according to
previous studies [24, 32].

2.12. Statistical Analyses. All experiments were replicated at
least three times for each group. The data were presented as
the mean ± SEM. Data were analyzed with ANOVA followed
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Figure 1: Quantification of the normal follicle. Compared with the CG and NG-FSH groups, the morphological structure of the ovarian
tissues in the OG-FSH group maintained its integrity, and the percentage of normal follicles was significantly higher compared to the other
groups (𝑃 < 0.05) (Figure 1). (a)–(e) Results of HE staining. (a) CG (fresh control group). (b) NG-FSH (no FSH was administered during
ovarian vitrification). (c) OG-FSH (FSH was administered during ovarian vitrification). (d) EG-FSH (FSH was administered during the early
process of ovarian vitrification). (e) LG-FSH (FSH was administered during the late process of ovarian vitrification). PF indicates primordial
follicles; P indicates primary follicles; S indicates secondary follicles (S). (f) Quantification of normal ovarian follicles for the different groups.
The different letters indicate a significant difference; the same letters indicate no difference.

by Fisher’s Least Significant Difference Test (Fisher’s LSD)
with SPSS software (Version 13.0; SPSS, Inc., Chicago, IL).
Differences were considered significant at 𝑃 < 0.05.

3. Results

3.1. Morphological Observation of the Ovaries. Compared
with the CG and NG-FSH groups, the morphological struc-
ture of the ovarian tissues in the OG-FSH group showed
integrity, and the percentage of morphologically normal
follicles in the OG-FSH group was significantly higher than
that in the other groups (𝑃 < 0.05) (Figure 1). However,

the total number of follicles in each groupwas not statistically
significant.

3.2. Detection of Apoptosis during Ovarian Vitrified Cryop-
reservation. Apoptosis of the ovarian cell was confirmed
using TUNEL, and the apoptosis mainly occurred in the
granulosa cell and oocyte of the primary follicle, secondary
follicle, and antral follicles. Apoptosis was rarely detected
in the primordial follicle. These results suggested that the
apoptotic rate in the ovarian cell of CG (Figure 2(a)),
OG-FSH (Figure 2(c)), EG-FSH (Figure 2(d)), and LG-FSH
(Figure 2(e)) groups was significantly lower than that in NG-
FSH group (Figure 2(b)).



BioMed Research International 5

(a)

s
P

P

PF

(b)

P

PF

S

(c)

PF

P

(d)

P

PF

S

(e) (f)

*

0
1
2
3
4
5
6
7
8

CG NG-FSH OG-FSH EG-FSH LG-FSH

Th
e d

et
ec

tio
n 

aof
 ce

llu
la

r a
po

pt
os

is

(g)

Figure 2: Apoptosis in the different groups using TUNEL. TUNEL results showed that apoptosis mainly occurred in the granulosa cells
and oocytes of the primordial follicle, primary follicle, secondary follicle, and antral follicle, with little apoptosis in the primordial follicle.
TUNEL results suggested that the ovarian apoptotic rates of CG, OG-FSH, EG-FSH, and LG-FSH groups were significantly lower than that
of the NG-FSH group. * indicates a statistically significant difference compared with the other groups. (a) CG. (b) NG-FSH. (c) OG-FSH.
(d) EG-FSH. (e) LG-FSH. (f) Negative control. (g) Analysis of apoptotic cell. PF indicates primordial follicles; P indicates primary follicles; S
indicates secondary follicles (S).

Consistent with the results from TUNEL, the apoptotic
marker, active caspase-3, was also mainly localized in the
granulosa cells and oocytes (Figures 3(a)–3(e)), and the levels
of protein (Figure 3(g)) in the CG, OG-FSH, EG-FSH, and
LG-FSH groups were significantly lower than those in the
NG-FSH group.

3.3. Expression of Cx43, Cx37, and VEGF/VEGF Receptor 2
(VEGFR2). Localization of Cx43 and Cx37 was confirmed
using immunohistochemistry according to previous studies
[28, 29]. Cx43 was mainly localized in the granulosa cell
(Figures 4(a)–4(e)), and Cx37 was mainly localized in the
oocyte and granulosa cell (Figures 5(a)–5(e)). Furthermore,
the expression of Cx43 (Figures 4(g)-4(h)) and Cx37 (Figures
5(g)-5(h)) mRNA and protein in the OG-FSH, EG-FSH, and

LG-FSH groups was significantly higher than that in the CG
and NG-FSH groups (𝑃 < 0.05).

In addition, the expression of VEGF mRNA was con-
firmed and the results suggested that the expression of
VEGF in the OG-FSH, EG-FSH, and LG-FSH groups was
significantly higher than that in the other groups (𝑃 <
0.05); and the protein expression of VEGF and VEGFR2 was
confirmed, and the results suggested that the expression of
VEGF (Figures 6(a)-6(b)) and VEGFR2 (Figure 6(c)) in the
OG-FSH groupwas significantly higher than that in the other
groups (𝑃 < 0.05).

3.4. Morphological Observation of the Ovaries 48 h after
Transplantation. The ovaries of CG, NG-FSH, and OG-
FSH were heterotopically transplanted by the kidney capsule
(supplemental doc.2a); after 48 h, the ovarian grafts were
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Figure 3: The check of apoptotic marker caspase-3. (a)–(f) Localization of the apoptotic marker active caspase-3 using immunohistochem-
istry. The apoptotic molecular marker, active caspase-3, was mainly localized in the granulosa cell and oocyte and specifically in the primary
follicle, secondary follicle, and antral follicle. (a) CG. (b) NG-FSH. (c) OG-FSH. (d) EG-FSH. (e) LG-FSH. (f) Negative control. (g) Caspase-3
protein expression. Caspase-3 protein expression in the CG, OG-FSH, EG-FSH, LG-FSH, and NG-FSH groups. The different letters indicate
significant differences; the same letters indicate no differences.

embedded with paraffin and cut into serial sections and
stained using hematoxylin and eosin (H&E), and the results
suggested that the ovarian morphology of CG (Figure 7(a))
and OG-FSH (Figure 7(c)) groups maintained its integrity;
however, the ovarian morphology of NG-FSH (Figure 7(b))
revealed scant follicles and scattered ovarian stroma.

The ovarian follicle was counted according to previous
studies [24, 32], and the percentage of primordial follicles,
primary follicles, and morphologically normal follicles (all
stage follicles) in the CG and OG-FSH groups was signifi-
cantly higher than that in the NG-FSH group (𝑃 < 0.05).
The percentage of atretic follicles in the CG andOG-FSHwas

significantly lower than that in the NG-FSH group (𝑃 < 0.05)
(Table 2).

3.5. Confirmation of Neoangiogenesis. Consistent with the
expression of VEGF and VEGFR2, neoangiogenesis in the
CGandOG-FSHgroupswas remarkably increased compared
with the NG-FSH group (Figures 8(a)–8(c)). In addition, the
endothelial cell markers CD31 and CD34 were checked by
immunohistochemistry, and the results suggested that the
expression of CD31 (Figures 8(d)–8(f)) and CD34 (Figures
8(g)–8(i)) in the CG and OG-FSH groups was remarkably
increased compared with the NG-FSH group.
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Figure 4: Detection of Cx43 expression. (a)–(f) Localization of Cx43 in the ovarian cell among the different groups. (a) CG. (b) NG-FSH.
(c) OG-FSH. (d) EG-FSH. (e) LG-FSH. (f) Negative control. (g)-(h) Cx43 mRNA and protein expression. (g) Cx43 mRNA expression in the
CG, OG-FSH, EG-FSH, LG-FSH, and NG-FSH groups. (h) Cx43 protein expression in the CG, OG-FSH, EG-FSH, LG-FSH, and NG-FSH
groups. The different letters indicate significant differences; the same letters indicate no differences.

3.6. Quantification of Litter Size of the Ovarian Transplanted
Mice. Ovaries obtained from the CG, NG-FSH, and OG-
FSH groups were orthotopically transplanted (supplemental
doc.2b). The pregnant female mice were allowed to litter,
and the size of each litter was recorded; the pups have black
fur (supplemental doc.3: a: CG; b: OG-FSH; c: NG-FSH).
After 6 and 12 months, the number of pregnant mice, the
pregnancy rate, the average litter size, and the average litter
size interval of each group were determined (Tables 3 and 4).
In addition, the number of pregnant mice in the CG, NG-
FSH, and OG-FSH groups was 5, 3, and 4, respectively, and

the pregnancy rate of the CG, NG-FSH, and OG-FSH groups
was 50%, 30%, and 40%, respectively. Moreover, the number
of pregnant mice and pregnancy rate of the CG and OG-
FSH groups were remarkably increased compared with the
NG-FSH group. The average litter size in the CG and OG-
FSH groups was significantly higher than that in the NG-FSH
group (𝑃 < 0.05), and the average litter size interval in the
CG and OG-FSH groups was lower than that in the NG-FSH
group (𝑃 < 0.05).

In addition, recovery of the estrous cycle after trans-
plantation on days 5, 8, 11, 14, and 17 was determined, and
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Figure 5: Detection of Cx37 expression. (a)–(f) Localization of Cx37 in the ovarian cell among the different groups. (a) CG. (b) NG-FSH. (c)
OG-FSH. (d) EG-FSH. (e) LG-FSH. (f) Negative control. (g) Cx37 mRNA expression in the CG, OG-FSH, EG-FSH, LG-FSH, and NG-FSH
groups. (h) Cx37 protein expression in the CG, OG-FSH, EG-FSH, LG-FSH, and NG-FSH groups. The different letters indicate significant
differences; the same letters indicate no differences.

the results suggested that the number of mice with regular
4-day estrous cycles in the OG-FSH group was remarkably
higher than the number of mice in the NG-FSH group
(Figure 9).

4. Discussion

There is little damage to the primordial follicle during ovarian
vitrification, but the damage from the primary to the mature
follicles is caused by granulosa cell apoptosis [33]. In addition,
most ovarian follicles, especiallymost primordial follicles, die
as a result of ischemia/reperfusion injury in the early stages
of transplantation [12]. Therefore, antiapoptosis in ovarian
vitrification and improving the blood supply in early ovarian
transplantation are two main issues for successful birth of

offspring after ovarian vitrification. Indeed, the existence of
apoptosis in ovarian cells during vitrification was further
supported by our results from the detection of the apoptotic
marker active caspase-3 and TUNEL analysis. Furthermore,
our results suggested that administrationwith 0.3 IU/mLFSH
significantly decreased the apoptosis of granulosa cells, and
FSH might play a key role in preventing apoptosis during
ovarian vitrification. Indeed, FSH suppressed apoptosis of
ovarian granulosa cells [34] and promoted the follicle mat-
uration [35]. Several studies have suggested that FSH is the
earliest discovered hormone to stimulate the growth of the
ovarian follicle, although complete knowledge of the milieu
for follicular growth in vivo is still lacking. However, there
is evidence that adequate levels of specific hormones are
essential for the growth of healthy follicles in vitro [36]. The
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Figure 6: Detection of VEGF mRNA and VEGF and VEGFR2 protein expression. (a) Results of VEGF mRNA expression. (b) Results of
VEGF protein expression. (c) Results of VEGFR2 protein expression. The different letters indicate significant differences; the same letters
indicate no differences.

(a) (b) (c)

Figure 7: Ovarian morphology 48 h after transplantation. The ovarian morphology of CG and OG-FSH maintained its integrity but the
ovarianmorphology ofNG-FSHdisplayed scant follicles and scattered ovarian stroma. (a) CG. (b)NG-FSH. (c)OG-FSH. Red arrow indicates
the ovarian grafts; blue arrow indicates the renal tissue.

pituitary gonadotropin, FSH,may promote, if not be essential
for, follicular growth in culture systems [37]. Moreover,
FSH administration not only maintained the morphological
integrity of caprine preantral follicles but also stimulated the
activation of primordial follicles and the growth of activated
follicles in culture [38]. Indeed, additional FSH treatment
may stimulate excess primordial follicle development, thus
accelerating follicular pool consumption, and administration
of FSH after ovary transplantation might increase follicular

pool consumption [39]; this may be attributed to the con-
centration of FSH; indeed, treatment with 25 IU FSH twice
daily within 1 week following transplantation partly prevents
primordial follicle loss in fresh and frozen-thawed tissues
[40]; therefore, appropriate concentration of FSH plays an
important role in ovarian vitrification.

Our results suggested that ovarian tissues treated with
0.3 IU/mL FSH during ovarian cryopreservation by vit-
rification remarkably protected the ovarian integrity and
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Table 2: The count of follicles on 48 h after ovarian transplantation.

Group The percentage of
primordial follicle

The percentage of primary
follicle

The percentage of normal
follicle

The percentage of atretic
follicle

CG 36.9 ± 6.4∗ 13.4 ± 5.4∗ 50.3 ± 6.3∗ 49.7 ± 6.3∗

NG-FSH 25.7 ± 4.1 2.7 ± 1.3 28.9 ± 5.1 71.5 ± 5.8
OG-FSH 34.9 ± 8.5∗ 8.6 ± 1.6∗ 43.5 ± 7.7∗ 56.5 ± 7.7∗

∗ indicates statistically significant difference in the same column.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 8: Detection of neoangiogenesis using vascular perfusion. The green fluorescence indicates neoangiogenesis (a) CG. (b) NG-FSH.
(c) OG-FSH. (d)–(f) The expression of CD31 in the CG and OG-FSH groups was remarkably increased compared to the NG-FSH group. (d)
CG. (e) NG-FSH. (f) OG-FSH. (g)–(i) The expression of CD34 in the CG and OG-FSH groups was remarkably increased compared to the
NG-FSH group. (g) CG. (h) NG-FSH. (i) OG-FSH. Red arrow indicates the ovarian grafts; blue arrow indicates the renal tissue.

decreased the apoptotic rate. Consistent with our results,
Friedman’s results also suggested that FSHplays an important
role in ovarian vitrified cryopreservation [41].

To explore the mechanism of FSH during ovarian cry-
opreservation by vitrification, the expression of Cx43 and

Cx37 was evaluated, and these results suggested that the
mRNA and protein levels of Cx43 and Cx37 in the OG-
FSH group were significantly higher than those in the other
groups. Moreover, the expression levels of Cx43 and Cx37
were upregulated by FSH during ovarian cryopreservation
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Table 3: The counts of pregnancy rate and litter sizes of ovarian transplanted mice (6 months).

Group
The number of

ovarian transplanted
mice

The number of
pregnant mice Pregnancy rate (%) Average of litter sizes The average litter size

interval (days)

CG 10 5 50 5.81 ± 1.28∗ 43.58 ± 8.48∗

NG-FSH 10 3 30 3.75 ± 0.71 53.4 ± 11.89
OG-FSH 10 4 40 5.27 ± 1.10∗ 40.5 ± 7.27∗

∗ indicates statistically significant difference in the same column.

Table 4: The counts of pregnancy rate and litter sizes of ovarian transplanted mice (12 months).

Group
The number of

ovarian transplanted
mice

The number of
pregnant mice Pregnancy rate (%) Average of litter sizes The average litter size

interval (days)

CG 10 5 50 5.65 ± 1.23∗ 47.25 ± 10.99∗

NG-FSH 10 3 30 3.89 ± 0.78 54.5 ± 10.99
OG-FSH 10 4 40 4.47 ± 1.62∗ 42 ± 9.50∗

∗ indicates statistically significant difference in the same column.
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Figure 9: Recovery of the estrous cycle after transplantation.
Recovery of the estrous cycle after transplantation in the OG-FSH
group was remarkably higher than mice in the NG-FSH group. -⬦-
indicates the OG-FSH group; -◻- indicates the NG-FSH group.

by vitrification. Indeed, Cx43 and Cx37 play important
roles in the development and growth of follicles; and Cx43
and Cx37 were regulated by FSH [20, 42]. Thus, Cx43 and
Cx37 represent downstreammolecular targets of FSH during
ovarian cryopreservation by vitrification, and FSH protects
the intact ovary via the Cx43 and Cx37 signaling pathway.
Indeed, previous studies have suggested that the expression
of Cx43 and Cx37 in vitrified/warmed ovaries was lower
than that in normal ovaries [42]. Furthermore, the signal
transduction by connexin between granulosa cells and the
oocytes was disturbed during vitrified cryopreservation [43].

Most ovarian follicles die from ischemia/reperfusion
injury in the early stages of transplantation [12]; thus, neoan-
giogenesis and blood supply reconstruction were indispens-
able and increased around the transplanted ovary within
48 h [13, 14] to protect ovarian follicle survival. Therefore,
the expression of VEGF and VEGFR2 was confirmed, and
results suggested that the expression of VEGF and VEGFR2
in the OG-FSH group was significantly higher than that
in the other groups. Furthermore, the expression of VEGF

and VEGFR2 was regulated by FSH during ovarian cryop-
reservation by vitrification. Indeed, previous studies have
suggested that VEGF and VEGFR2 were regulated by FSH
[22, 44, 45], and upregulation of VEGF and VEGFR2 was
beneficial both for the formation of new blood vessels during
ovary transplantation and for increasing the rate of ovary
transplantation. In addition, VEGF suppressed the apoptosis
of ovarian granulosa cells [46]; thus, upregulation of VEGF
and VEGFR2 plays an important role in antiapoptosis of the
ovarian granulosa cell and the maintenance of the primordial
follicle pool [47]. Indeed, VEGF protects the granulosa cell
from apoptosis during the freeze-thaw process [48, 49].
Accordingly, ovarian vascular perfusion was performed at
48 h after successful transplantation, and these results sug-
gested that neoangiogenesis in the OG-FSH and CG groups
was remarkably increased comparedwith theNG-FSHgroup;
these data were further validated by immunohistochemical
staining with the endothelial cell markers CD31 and CD34;
indeed, the expression of CD31 and CD34 was used to
analyze microvessel density [49]. Moreover, the increased
blood supply protected the primordial follicle from apoptosis
under conditions of ischemia and hypoxia during the early
stage of transplantation [49–51] and preserved the ovarian
reserve. Indeed, more primordial follicles died from hypoxia
and delayed revascularization than from freeze-thaw injuries
[52].

Furthermore, the related index was quantified and ana-
lyzed, and the number of pregnant mice and the pregnancy
rate in the OG-FSH group were remarkably increased com-
pared with the NG-FSH group. In addition, the average
litter size and the average litter size interval in the OG-
FSH group were significantly higher than those in the NG-
FSH group. In addition, the recovery of the estrous cycle in
the OG-FSH group was shorter than that in the NG-FSH
group. Thus, FSH remarkably increased the rate of ovarian
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transplantation, and VEGF and VEGFR2 might be down-
stream molecular signals of FSH during ovarian vitrified
cryopreservation.

In conclusion, FSH administration during ovarian cry-
opreservation by vitrification maintained ovarian survival,
specifically bymaintaining ovarian integrity, decreasing ovar-
ian apoptosis, increasing the blood supply of the transplanted
ovary, and increasing the transplanted rate via upregulation of
the expression of Cx43, Cx37, and VEGF/VEGFR2.
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