
491 Cell J, Vol 22, No 4, January-March (Winter) 2021

Original Article

Effects of Different Vitrification Solutions and Protocol on 
Follicular Ultrastructure and Revascularization of 

Autografted Mouse Ovarian Tissue

Mohammad Mahmoudi Asl, M.Sc.1, Reza Rahbarghazi, Ph.D.1, Rahim Beheshti, Ph.D.2, Alireza Alihemmati, Ph.D.3, 
Mohammad Reza Aliparasti, M.Sc.4, Ali Abedelahi, Ph.D.5*

  
1. Stem Cell Research Center, Tabriz University of Medical Sciences, Tabriz, Iran

2. Department of Veterinary, Shabestar Branch, Islamic Azad University, Shabestar, Iran
3. Department of Anatomical Sciences, Tabriz University of Medical Sciences, Tabriz, Iran

4. Department of Immunology, Tabriz University of Medical Sciences, Tabriz, Iran
5. Department of Reproductive Biology, Faculty of Advanced Medical Sciences, Tabriz University of Medical Sciences, Tabriz, Iran

*Corresponding Address: P.O. Box: 5166714766, Department of Reproductive Biology, Faculty of Advanced Medical Sciences, Tabriz 
University of Medical Sciences, Tabriz, Iran

Email: abedelahia@gmail.com
 

Received: 20/March/2019, Accepted: 27/July/2019
Abstract
Objective: Many attempts have been made to preserve fertility by improving the cryopreservation of the ovarian tissue. 
This current studyaimed to improve of direct cover vitrification (DCV) protocol on follicular preservation and angiogenesis in 
autografted ovarian tissue.     

Materials and Methods: In this experimental study, sixty five female Balb/c mice (5-6 week-old) were anesthetized and 
their ovaries were dissected. The left ovaries were vitrified by DCV solution, thawed by descending concentrations of 
sucrose, and then autografted subcutaneously. The right ovaries were autografted with no vitrification procedure prior 
to transplantation. The animals were sacrificed under anesthesia on the 7th day after transplantation to obtain ovarian 
tissue. Follicular quality was assessed by histological and ultrastructure observations, and angiogenesis was examined 
by immunohistochemical staining and real-time polymerase chain reaction (PCR) analysis.  

Results: The histological and ultrastructure features of the follicles preserved well after vitrification of the ovarian tissue 
by 10% ethylene glycol (EG) and 10% dimethyl sulfoxide (DMSO). Revascularizationwas manifested prominently in the 
DCV1-vitrified/grafted ovaries by von Willebrand factor (vWF) and alpha smooth muscle actin (α-SMA) immunostaining. 
The ovarian tissue vitrified in DCV1 protocol had higher expression levels of angiopoietin-2 (Ang-2) and vascular 
endothelial growth factor (VEGF) 7 days after autotransplantation (P<0.01). 

Conclusion: These findings suggest that DCV with 10% of both EG and DMSO, is an effective cryopreservation 
solution for preservation of good quality follicles as well an upregulation of angiogenic factors after ovarian tissue 
transplantation. 
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Introduction
Ovarian tissue cryopreservation and grafting are 

appropriate strategies for fertility preservation in women 
undergoing radiotherapy and chemotherapy (1). The 
cryopreservation process and cryoprotectant (CP) toxicity 
are inevitable aspects of ovarian tissue cryopreservation 
(2). Vitrification is a simple and efficient procedurefor 
preservation of the follicle quality in cryopreservation 
of ovarian tissue (3, 4). However, vitrification requires 
high concentrations of CPs and fast cooling rates, which 
can cause cell injury and follicle loss (5). Both ethylene 
glycol (EG) and dimethyl sulfoxide (DMSO) as CP 
agents have been used commonly in cryopreservation 
of the ovarian tissue, because of their low toxicity and 
rapid permeability (6, 7). Youm et al. (7) proposed that 
combining EG and DMSO through a stepwise increase in 
concentration could improve follicle preservation quality 
due to its lowertoxicity. Many attempts have been made 
to optimize vitrification protocols through assessing 

appropriate cryopreservation techniques, CP agents and 
concentrations, cryopreservation devices, equilibration, 
and warming times (7-10). Recently, many studies have 
focused on improving cryopreservation protocols by 
accelerating the cooling rate using ultra-rapid vitrification, 
such as DCV (10, 11). Our previous study illustrated that 
DCV is an efficient method for preserving ovarian tissue 
(12, 13).Transplantation of ovarian tissue is an excellent 
experimental model for evaluating the effects of CP 
agents on follicular viability and development.  

A subcutaneous grafting site was selected based on 
Shubert’s results (14). He reported that ovarian tissue was 
transplanted subcutaneously for accessible monitoring 
of angiogenesis and follicular morphology, which 
allowed for the preservation of ovarian integrity. The 
most important process in the early stages of ovarian 
transplantation is revascularization, which is regulated by 
angiogenic factors (15). It has been observed, however, 
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that transplantation of ovarian tissue is subject to hypoxia 
that leads to follicle loss (16). Therefore, detection of 
angiogenic factors in vitrified ovaries is crucial for 
monitoring and evaluating follicular development after 
transplantation.

Several ligands and receptors participate actively in 
angiogenesis signaling pathways including VEGF, Ang 
and tyrosine kinase (17, 18). Angiogenesis is primarily 
controlled by VEGF, which is produced mainly by 
theca and/or granulosa cells in ovarian tissue (19-21). 
VEGF is an endothelial cell mitogen that regulates 
neovascularization and vascular permeability in grafted 
ovarian tissue (19), and has been demonstrated to regulate 
follicular growth as well as folliculogenesis (20, 21). 
Ang-2 is another angiogenesis factor that destabilizes 
endothelial-endothelial cell connections, resulting in 
the migration of endothelial cells and promoting further 
angiogenesis (22). 

In addition, vWF is a glycoprotein expressed exclusively 
in endothelial cells, and α-SMA is a marker of mature 
pericyte cells, which stabilize new blood vessels and 
are considered as early signs of neo-angiogenesis within 
vitrified/grafted ovaries (18, 23). 

There are still many obstacles and limitations in DCV 
for preserving fertility in patients undergoing chemo- 
or radiotherapy for cancer. In this regard, the aim of 
this study was to evaluate the influence of different CP 
agents on autografted mouse ovarian tissue viability 
and revascularization using follicular morphology and 
ultrastructure, expression of angiogenesis factors, and 
endothelial and pericytes cell markers.

Material and Methods
Chemicals

All chemicals in this experimental study were purchased 
from Sigma-Aldrich (Sigma Chemical Co., Deisenhofen, 
Germany) unless otherwise mentioned.

Animals and ovarian tissue preparation
Sixty-five female Balb/c mice (5-6 week- old) were 

purchased from Tabriz University of Medical Sciencesand 
housed in standard conditions (12-hours light/12-hours 
dark, 22-25˚C and 55% humidity), according to the 
International Animal Care and Use Committee (IACUC) 
instructions, and were given free access to food and water. 
The animals were anesthetized with an intraperitoneal 
injection of ketamine (80 mg/kg IP) and xylazine (10 
mg/kg IP).Then the ovaries were dissected through a 
small dorsolateral incision. The left ovaries were vitrified 
while the right ovaries were not vitrified as controls. The 
vitrified/thawed ovaries or non-vitrified ovaries were 
autografted into subcutaneous pockets in the lateral flank 
and placed on the lumbar muscles.

Direct cover vitrification procedure
Our direct cover vitrification (DCV) protocol was a 

modified version of the one used by Zhou et al. (11). The 
CP and warming solutions were prepared in Dulbecco’s 
phosphate-buffered saline (DPBS).Three concentrations 
of the CP solution were prepared as follows:
i. 5% EG+5% DMSO+0.5 M sucrose+20% FBS (CP1)
ii. 10% EG+10% DMSO+0.5 M sucrose+20% FBS (CP2) 
iii. 15% EG+15% DMSO+0.5 M sucrose+20% FBS 
(CP3)

The vitrified samples were prepared as follows:

i. Ovaries were vitrified sequentially to the CP1 and CP2 
solutions for 12 minutes at room temperature (DCV1). 
ii. Ovaries vitrified sequentiallyto the CP1 and CP3 
solutions for 12 minutes at room temperature (DCV2).
iii. Ovaries equilibrated vitrified sequentiallyto the CP2 
and CP3 solutions for 12 minutes at room temperature 
(DCV3).
iv. Ovaries vitrified sequentially to the CP1, CP2 and CP3 
solutions for 12 minutes at room temperature (DCV4)

The surrounding vitrification medium was removed, and 
then, ovarian tissue was placed in a 1.8 plastic standard 
cryovial with a minimum volume of the vitrification 
solution and liquid nitrogen was applied directly in the 
cryovial (DCV). The cryovials were placed into a tank of 
liquid nitrogen (-196 ◦C) and kept for one week. 

Thawing process
The cryovials containing vitrified ovaries were thawed 

in nitrogen vapor for 30 seconds, at room temperature for 
30 seconds and then were put into a 38˚C water bath for 
60 seconds. The ovarian tissue was suspended in 1 ml 
descending concentrations of sucrose (1, 0.5 and 0.25 M) 
and DPBS for 10 minutes. To evaluate the vitrification 
toxicity, a group of control ovaries were exposed to all 
stages of vitrification and thawing procedures except for 
being plunged into liquid nitrogen.

Histological evaluation 
The ovaries (n=5 from each groups) were fixed in 10% 

formalin-buffered solution, dehydrated in serial alcohol 
washes, clarified with xylene, embedded in paraffin wax, 
and sequentially sectioned at 5 μm thickness. The 10th 

section of each ovary was mounted on glass slides (five 
sections from each sample), stained with hematoxylin-
eosin (H&E) solution and observed under a light 
microscope at a magnification of ×400 in 10 fields for 
each sample. The ovarian follicles with visible nuclei in 
the oocyte were noted at various stages of development. 
Primordial follicles were characterized by a single layer of 
flattened granulosa cells surrounding the oocyte; primary 
follicles had a single layer of cuboidal granulosa cells 
around the oocyte; preantral follicles were characterized 
by two or more layers of cuboidal granulosa cells and 
no antrum; and antral follicles were characterized by the 
presence of an antrum filled with follicular fluid. Follicular 
quality was assessed as normal, having intact oocyte and 
regular granulosa cells, or degenerated, with cytoplasmic 
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vacuolization, detachment of oocyte and granulosa cells 
and irregular granulosa cells with pyknotic nucleus (24).

Ultrastructureevaluation
Both fresh and vitrified ovaries (n=3 from each groups) 

were fixed in 2.5% glutaraldehyde (TAAB Laboratories 
Ltd., Berkshire, UK) in phosphate-buffered saline (PBS, 
pH=7.4) for 2 hours at room temperature, washed in 
PBS, then post-fixed in 1% osmium tetroxide (TAAB 
Laboratories Ltd., Berkshire, UK) in the same buffer 
for 2 hours at 4˚C. After washing in PBS, the samples 
were dehydrated in ascending concentrations of ethanol, 
placed in propylene oxide, and embedded in Epon 812 
(TAAB Laboratories Ltd., Berkshire, UK). The samples 
were sectioned and 0.5 μm sections (semi-thin sections) 
were stained with toluidine blue and observed under light 
microscope. Thin sections (70 nm) were prepared using 
glass blades and placed on copper grids, stained with 
uranyl acetate and lead citrate (TAAB Laboratories Ltd., 
Berkshire, UK), and evaluated by transmission electron 
microscope (Zeiss, Germany). The granulosa cells and 
oocytes were evaluated by the integrity of the cytoplasmic 
and nuclear membranes, the number and size of the 
vesicles and the structure of the cytoplasmic organelles.

Immunohistochemical detection of endothelial and 
pericyte cells

The endothelial and pericyte cells were stained to 
identify new blood vessels in vitrified/grafted ovaries 
(n=3 from each group). The 5-μm paraffin sections (three 
serial sections from each sample) were deparaffinized 
with xyloland rehydrated in graded alcohol series 
(Merck, Germany). The sections were incubated with 
hydrogen peroxide (3%) inmethanol for 30 minutes at 
room temperature to block endogenous peroxidase. After 
autoclaving in the citrate buffer, the slides were incubated 
with the primary antibodies for 30 minutes:1/100 anti-
vWF (Dako, Denmark) for staining endothelial cells, and 
1/100 anti-α-SMA (Dako, Denmark) for staining smooth 
muscle cells. The slides were washed with PBS, and 
stained with the EnVision+Dual Link System HRP kit 
(Dako, Denmark), 3-Diaminobenzidine (DAB). 

Each specimen was observed under a light microscope 
(×400) (Nikon, Japan). Single or clusters of endothelial 
cells positive for yWF (brown dye), were considered 
indicative of vessels formation. In the current experiment, 
the results from treatment groups were compared with 
those of the intact ovarian tissue from the control mice. 
All immunohistochemical analyses were done in three 
independent experiments.  

Real-time polymerase chain reaction procedure

As angiogenesis-related genes were expected to be 
expressed following successful transplantation of ovarian 
tissue in the mice, VEGF and Ang-2 primers were 
designed for evaluation of the genes. For this purpose, 
all fresh and vitrified/grafted ovaries were immediately 

frozen in liquid nitrogen and stored at -196˚C for real-time 
polymerase chain reaction (PCR) analysis. The ovaries 
were collected for RNA extraction by Trizol Reagent 
(Invitrogen, USA) according to the manufacturer’s 
recommendations. The specimens were treated with 
RNase-free DNase and single-stranded cDNAs and were 
synthesized by incubating 1 μg of isolated RNA. The real-
time PCR analysis was carried out by the Corbett Life 
Science (Rotor-Gene 6000) System and Fast Start SYBR 
Green Master (Roche). Primer sequences for VEGF and 
Ang-2 are outlined in Table 1. 

Table 1: Primers used for the real-time polymerase chain reaction assay

Gene name Primer sequence (5ˊ-3ˊ) Length 
(bp)

VEGF-a F: GACAGAAGGAGAGCAGAAGTCC 223

R: CATGGTGATGTTGCTCTCTGAC

Ang-2 F: TGACGAGCTGGAGAAGAAGC 236

R: TGGAGTTGGGGAAGGTCAGT

β-microglobulin F: CCTGGTCTTTCTGGTGCTTG 171

R: CCGTTCTTCAGCATTTGGAT

Real-time PCR amplifications were performed using 
the following program: denaturation of cDNA (1 cycle at 
95˚C for 10 minutes), amplification (40 cycles at 95˚C 
for 15 seconds, 57˚C for 30 seconds and 63˚C for 38 
seconds), and melting curve analysis (1 cycle at 60 to 
95˚C with 1˚C/seconds). The mRNA expression levels 
were normalized by β-microglobulin (β-mg) and the 
quantification was evaluated using the 2(−ΔΔCt) method. 
The assay was performed in triplicate.

Statistical analysis 
Data was analyzed using SPSS 24 (IBM, International 

Business Machines Corp., New Orchard Road Armonk, 
New York). Quantitative data is reported as means ± SD. 
The normality of data was evaluated using theKolmogrov-
Smirnov test, and the homogeneity of variance was 
assessed using Levene’s test. Differences between 
the groups were evaluated using one-way analysis of 
variance (ANOVA). The results of real-time PCR were 
analyzed using the independent-samples t test as well 
as the Wilcoxon test. A value of P<0.05 was considered 
statistically significant. 

Ethical consideration

All applicable international, national and institutional 
guidelines for the care and use of animals were followed 
by the IACUC of Tabriz University of Medical Sciences 
(No. 2004-0405). This article does not contain any 
studies with human participants performed by any of 
the authors. 
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Results

Histological examination 

The morphology of primordial and primary follicles 
from vitrified ovarian tissue was well preserved, but some 
cryoinjury such as detachment of oocytes and granulosa 
cells was observed in the vitrified/grafted groups (Fig.1). 
After transplantation, the morphology of preantral and 

antral follicles was preserved significantly better in the 
ovaries from vitrified/grafted with DCV1 in comparison 
with the other vitrified/grafted groups (Fig.1B). Preantral 
and antral follicles from ovarian tissue vitrified with 
DCV2, DCV3, and DCV4 after transplantation showed 
numerous ultrastructural alterations, such as oocyte 
shrinkage, numerous cytoplasmic vacuoles, stromal 
fibrosis, and detachment of the oocyte from granulosa 
cells (Fig.1C-E).

Fig.1: Histological images of mouse ovarian tissue. A1. Intact, A2. Fresh grafted, B1. Vitrified with DCV1, B2. Vitrified with DCV1/grafted, C1. Vitrified 
with DCV2, C2. Vitrified with DCV2/grafted, D1. Vitrified with DCV3, D2. Vitrified with DCV3/grafted, E1. Vitrified with DCV4, and E2. Vitrified with DCV4/
grafted. The follicular integrity and stromal tissue structure was well-preserved in the fresh and vitrified ovaries before transplantation. In the ovarian 
tissues vitrified with DCV2, DCV3 and DCV4 after transplantationmore signs of cryodamage, such as cytoplasmic retraction, shrinkage of the oocyte (black 
arrow) and fibrotic tissues (star), were observed (scale bar: 50 µm). DCV; Direct cover vitrification.
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Ultrastructure analysis 
The ultrastructure of the follicles in vitrified ovaries 

showed a well-developed cytoplasmic organelle, round 
mitochondria and continuous membranes. The majority 
of cryoinjuries were observed commonly in preantral 
and antral follicles from vitrified/grafted ovaries and 

included nuclei shrinkage, damaged basement membrane 
of granulosa cells, irregular distribution of cytoplasmic 
organelles together with the accumulation of vacuoles. 
The ultrastructure of the preantral and antral follicles 
from ovarian tissue vitrified/grafted with DCV1 was well 
preserved and showed great similarity with the control 
group (Fig.2).

Fig.2: Ultrastructure of the antral follicles in murine ovarian tissue. A1. Intact, A2. Fresh grafted, B1. Vitrified with direct cover vitrification1 (DCV1), B2. 
Vitrified with DCV1/grafted, C1. Vitrified with DCV2, C2. Vitrified with DCV2/grafted, D1. Vitrified with DCV3, D2. Vitrified with DCV3/grafted, E1. Vitrified 
with DCV4, and E2. Vitrified with DCV4/grafted. The ultrastructures of cytoplasmic organelles in vitrified ovarieswere well-organized before transplantation. 
Granulosa cells (GC) hadnormal basement membrane (bm) and normal nucleus (N). After transplantation,more signs of damage were observed in vitrified 
ovaries including nucleus shrinkage in granulosa cells (white arrow) and perinuclear space (PS) (star) (scale bar: 500 µm).
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The ultrastructure of the follicles was well-preserved in 
the control group (Fig.3A) and swollen mitochondria with 
a few cristae were found in antral follicles from fresh/
grafted ovaries (Fig.3B). Mitochondria showed the most 
signs of malformation and vacuolization in preantral and 
antral follicles from vitrified/grafted ovaries (Fig.3C-F). 
Theseirregularly shaped mitochondria were prominent in 
vitrified/grafted ovaries with DCV2, DCV3 and DCV4 

(Fig.3D-F). Damaged zona pellucida was observed in 
some follicles from vitrified/grafted ovaries, in which 
wider empty spaces between the oocyte and the granulosa 
cells were identified (Fig.3G-I). Moreover, numerous 
blood vessels were detected in vitrified ovarian tissue after 
transplantation (Fig.3K), but newly formed blood vessels 
were frequently observed in ovaries vitrified/grafted with 
DCV1 (Fig.3L-N).  

Fig.3: Ultrastructure of the mitochondria in antral follicle in murine ovarian tissue. A. Intact, B. Fresh grafted, C. Vitrified with DCV1/grafted, D. Vitrified with 
DCV2/grafted, E. Vitrified with DCV3/grafted, and F. Vitrified with DCV4/grafted. Ultrastructure of the zona pellucid (ZP) in the antral follicles: G. Vitrified 
with DCV1, H. Fresh grafted, I. Vitrified with DCV1/grafted. Ultrastructure of the blood vessels in murine ovarian tissue: K. Vitrified with DCV1/grafted, L. 
Vitrified with DCV2/grafted, M. Vitrified with DCV3/grafted, and N. Vitrified with DCV4/grafted (scale bar: 500 µm). Numerous swollen mitochondria (m) 
and elongated mitochondria (black arrow) with a few cristae were observed in vitrified ovaries after transplantation. Damaged ZP was observed between 
oocyte (O) and granulosa cells (GC) inantral follicles. Vascular endothelial cells in the vessel lumen are detected frequently in vitrified ovarian tissue after 
transplantation. 
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Immunohistochemical analysis
Re-vascularization was detectable 7 days after 

autotransplantation of vitrified ovarian tissue, as indicated 
by the expression of α-SMA as a marker of smooth 
muscle cells or vWF as a marker of endothelial cells 
(Fig.4). Immunohistochemical analysis showed that the 

expression of vWF and α-SMA was more prominent 
in the ovarian tissue vitrified with DCV1 than in the 
vitrified ovarian tissue with DCV2, DCV3, and DCV4 
after transplantation. This observation indicated that with 
regard to vascularization DCV1 was the suitable protocol 
for potent revascularization in vitrified ovarian tissue 
after transplantation.

Fig.4: Immunohistochemical staining of new blood vessels in vitrified ovarian tissue after transplantation by the expression of α-SMA and vWF. A1. 
α-SMA and A2. vWF expression in non-vitrified/grafted ovaries. B1. α-SMA and B2. vWF expression in vitrified with DCV1/grafted. C1. α-SMA and C2. 
vWF expression in DCV2-vitrified with /grafted. D1. α-SMA and D2. vWF expression in vitrified with DCV3/grafted. E1. α-SMA and E2. vWF expression in 
vitrified with DCV4/grafted ovarian tissue (scale bar: 10 µm). The expression of α-SMA and vWF was more prominent in cryopreserved ovaries with DCV1 
following autotransplantation in comparison with the other groups. The positive cells are indicated by blue arrows. 
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Real-time polymerase chain reaction analysis 
The expression levels of VEGF and Ang-2 were detected 

in order to demonstrate the successful angiogenesis 
in vitrified/grafted ovarian tissue after transplantation 
(Fig.5). Real-time PCR analysis showed that VEGF and 
Ang-2 genes were expressed in all vitrified/grafted ovaries 
following transplantation. The expression levels of both 
VEGF and Ang-2 were increased significantly in ovarian 
tissue vitrified with DCV1 in comparison with the other 
vitrified ovaries post-transplantation (P<0.01). The levels 
of VEGF and Ang-2 in DCV1 group did not differ from 
fresh ovaries.

Fig.5: The expression levels of VEGF and Ang-2 in vitrified ovarian tissue 
after transplantation by real time-polymerase chain reaction (PCR) 
analysis.*; Both angiogenic genes, VEGF and Ang-2 were expressed at 
significantly higher levels in the ovarian tissue cryopreserved with DCV1 
in comparison to the other groups after autotransplantation (P<0.01). 

Discussion
Evaluation of angiogenesis has proven to be a useful 

tool for the assessment and comparison of the results of 
different CP agents and protocols on transplanted ovarian 
tissue. In addition, transplantation of ovaries provides a 
direct way to examine follicular viability and development 
during cryopreservation. In this study, it was shown that 
the histological features and ultrastructure of follicles 
were better preserved in ovarian tissue vitrified by EG and 
DMSO in a concentration of 10% after transplantation. 
Furthermore, high expression levels of VEGF and Ang-
2, which are crucial angiogenic factors, were observed in 
the cryopreserved ovarian tissue after subcutaneous ovary 
autotransplantation.

The current study illustrated that more histological 
degeneration was observed in oocyte and granulosa cells 
from ovaries vitrified/grafted in EG and DMSO mixture 
at a concentration of 15%. The evidence of degeneration 
included detachment of the innermost granulosa cells 

from the oocyte, oocyte shrinkage, and disarrangement 
of granulosa cells. The consistency that was observed 
between the ultrastructure and histological data confirmed 
that the organelles of granulosa cells and oocytes were 
well-preserved in the ovaries vitrified/grafted in DCV1. 
The greatest extent of follicular damage occurred during 
autotransplantation in cryopreserved ovarian tissue when 
a higher concentration of CP agent was used. These 
damages included vacuolization, lipid droplet distribution 
and swollen mitochondria with abnormal cristae. In this 
study, the grafted ovarian tissue following vitrification 
with DCV1 showed a remarkable microvessel density 
compared to the other vitrification protocols due to the 
reduction in cryoinjury. 

Vitrification is a useful technique for cryopreservation 
of ovarian tissue (3-7). Nonetheless, CP toxicity is a 
main challenge in vitrification, but it can be limited by 
manipulating the nature and concentrations of the CP 
agents as well as the cooling rate (4, 6, 7, 10, 11). A fast 
cooling rate has been achieved in the DCV protocol, where 
ovarian tissue is plunged directly into liquid nitrogen. 
The current study suggests that the optimal vitrification 
concentration appears to play an important role in ovarian 
tissue cryopreservation. Therefore, a critical challenge in 
cryobiology is to obtain an optimal concentration of CP 
with low biological toxicity (25).

Our study in contrast with the Leonel et al. (26) 
results indicated that using the mixed cryopreservation 
technique by a stepwise addition of CP agents 
provides the best condition for cryopreservation of 
mouse ovarian tissue. These conflicting results may 
be explained by differences in protocols, CP solutions 
and concentrations, exposure times, or species. In the 
current study, follicular integrity at various stages 
of development was preserved in the cryopreserved 
ovarian tissue by using 10% EG and 10% DMSO 
through sufficient dehydration and penetration into 
ovarian tissue. However, vitrification procedures need 
to be optimized to minimize follicular failure after 
cryopreservation and grafting of ovarian tissue.

In this study, mitochondria were commonly damaged 
during the vitrification and transplantation of ovarian 
tissues. The mitochondrial organization is necessary 
for producing energy, Ca2+ signaling, regulating cell 
viability and cell function (27, 28). Several studies 
have indicated that the damaged mitochondria 
following vitrification may lead to in appropriate 
metabolic activity, reduced ATP levels, or disruption 
of the cytoskeleton proteins, and thereby result in free 
radical production (29).

Dare et al. (30) demonstrated that prolonged 
cryopreservation of the heart increased mitochondrial 
free radical production and ischemia-reperfusion damage 
during grafting. Therefore, it is suggested that ischemic 
and hypoxia conditions are the main causes of follicular 
loss after ovarian tissue transplantation, due to the 
production of free radicals (31, 32). It can be assumed 
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that mitochondrial damage during vitrification and 
transplantation not only induces free radical production 
and apoptosis, but also causes ischemic conditions, and 
thereby leads to delayed revascularization.

In this study, it was found that the microvasculature 
distribution occurs mainly within the first week after 
transplantation based on observations of the ultrastructure 
and immunohistochemical examination. In particular, the 
markers of the vascular endothelial cells and pericyte 
cells were prominently found in ovarian tissue vitrified 
and grafted with EG and DMSO in concentrations of 
10%, suggesting that the vascularization had returned to 
normal levels.

According to real-time PCR results, expression of 
VEGF and Ang-2 was detected in the vitrifying and 
grafting ovarian tissues, which explains the promotion 
of angiogenesis in ovarian tissue post-transplantation. A 
significantly high level of VEGF expression was observed 
after transplantation in the ovarian tissue vitrified by 10% 
EG and 10% DMSO. Therefore, VEGF seems to be a 
critical index for predicting the success rate of vitrified/
grafted ovaries and may result in the improvement of 
follicular integrity preservation during transplantation. 
Furthermore, it was found that the expression of VEGF 
and Ang-2 was diminished in cryopreserved ovarian 
tissue that had high concentrations of CP, suggesting that 
angiogenesis is adversely disrupted by vitrification and 
transplantation, and thus reduces ovarian function due to 
the initial ischemia.

It appears that VEGF, Ang-1 and Ang-2 as angiogenic 
factors are expressed in endothelial cells under normal 
or pathological conditions (33). The most recognized 
angiogenic factor expressed in ovarian tissue is VEGF 
(34). It was hypothesized that high expression levels of 
VEGF induce the formation of new blood vessels after 
ovarian tissue transplantation and that Ang-2 promotes 
neovascularization and stabilizes new blood vessels in 
the presence of VEGF (35). These findings suggest that 
there is a positive correlation between the expression 
of angiogenic factors and the endothelial cell markers 
in grafted ovaries. Therefore, high expression of VEGF 
and Ang-2 can predict the success of a cryopreservation 
protocol and agent on ovarian tissue during vitrification 
and grafting. In accordance with a study by Lee et al. 
(16), our current results have demonstrated that ovarian 
tissue subjected to a combination of vitrification and 
transplantation procedures may suffer from massive 
follicular damage during the initial days after ovarian 
transplantation. Grafting was much more detrimental to 
ovarian tissue than the vitrification procedure because 
of delayed tissue revascularization. Moreover, it was 
observed that large follicles including preantral and antral 
follicles were much more vulnerable to ischemic damage 
due to the high level of metabolite activity and delayed 
revascularization (36).

The main limitation in transplantation is ischemic 
reperfusion damage (37) and graft site plays a critical 

role in the revascularization of grafting tissue. Expressed 
angiogenic factors at a graft site induced the formation 
of new blood vessels in the grafted ovaries, and the 
improvement of angiogenesis could be an efficient 
strategy for evaluating a cryopreservation protocol 
(14).  The results of Schubert et al. (14) suggested that 
the subcutaneous space is a convenient heterotopic 
transplantation site for the restoration of ovarian function 
and provision of follicular growth. In agreement with the 
results of Yang et al. (38), our data suggested that ovarian 
tissue autografted to a subcutaneous site could preserve 
follicular viability and ovarian function as a result of 
revascularization in the grafted site. 

Although the subcutaneous area does not have a high 
blood supply, it was selected because it was easier 
to observe and follow up the situation of the grafted 
ovarian tissue and the transplantation surgery was easy 
to perform in experiments using murine models (14, 
16). Revascularization is very important to minimizing 
ischemia damage,thereby facilitating angiogenesis 
and restoring ovarian function after transplantation in 
vitrified ovaries are crucial. Moreover, angiogenesis and 
revascularization in the early stage of transplantation are 
essential for follicular preservation and viability, allowing 
the follicular cells to provide oxygen and other vital factors 
(36). The current results are in agreement with previous 
studies, which illustrated that angiogenesis in vitrified 
ovaries initiates within 48 hours after transplantation 
and is elevated during 7 days after transplantation by an 
increase in expression of angiogenic factors (39). 

It has been indicated that VEGF protects granulosa 
cells from undergoing apoptosis during ovarian 
cryopreservation and that it maintains the follicular 
pool (40). Interestingly, the current results suggest 
that VEGF and Ang-2 have a synergistic effect on the 
revascularization of cryopreserved ovarian tissue after 
grafting. Moreover, the expression of VEGF and Ang-2 
is critical for the evaluation of optimal CP agents in the 
cryopreservation of ovarian tissue. 

Conclusion
The present study demonstrated that DCV is an effective 

protocol for cryopreservation of ovarian tissue. In addition, 
the solution of EG and DMSO in concentrations of 10% 
is the most efficacious CP agent for preserving follicular 
viability and development after transplantation of ovarian 
tissue, because it facilitates angiogenesis and improves 
revascularization capability through higher expression of 
angiogenic factors. However, further research is needed to 
optimize the vitrification processes to preserve follicular 
integrity in grafted ovaries. 
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