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Abstract

Aim: The aim of this study was to evaluate the effects of preventive vitamin E (α-tocopherol) on antral follicle
development and embryogenesis of oocytes obtained after vitrification of mouse ovarian tissue.
Methods: Female Balb/c mice were killed by cervical dislocation after the injection of pregnant mare’s serum go-
nadotrophin (10 IU) and their ovaries were randomly divided into three groups: control or non-vitrified (n = 10),
vitrification 1 (5, 10% ethylene glycol + 5, 10% dimethylsulfoxide) (n = 15), and vitrification 2 (10, 15% ethylene
glycol + 10, 15% dimethylsulfoxide) (n = 15) with ascending concentration of cryoprotectants. After toxicity tests
and vitrification–warming, mechanically isolated antral follicles were cultured in α-minimum essential medium,
which was supplemented with or without α-tocopherol (100 μM). The follicular maturation rates and embryo de-
velopment were collected and assessed. Also, the viability, morphology and ultrastructure of derived antral folli-
cles from vitrified ovaries were analyzed.
Results: The morphology and ultrastructure of follicles were well preserved in the vitrified groups and
α-tocopherol supplementation of culture media significantly increased the proportion of oocytes that
reached metaphase II blastocyst rates compared to non-α-tocopherol supplemented media (P < 0.01).
Conclusion: Vitamin E improves in vitro maturation rates and blastocyst rates of oocytes that are isolated from
vitrified ovarian tissue.
Key words: antral follicles, in vitro culture, vitrification, α-tocopherol.

Introduction

Although the vitrification method is still widely applied
for cryopreservation of ovarian tissue, it has been shown
that vitrification is often accompanied by ultrastructural
damage to the granulosa cells and oocyte, such as
accumulation of vesicles and loss of mitochondrial
cristae.1–4 Moreover, the developmental rates of ovarian
tissue and embryo quality are still low. Vitrification
protocols have depended on several factors, such as
suitable cryopreservation techniques, number of

equilibrations, type and concentration of cryoprotectant,
warming steps and cryopreservation devices.5–7

Several studies have reported that low molecular
weight cryoprotectant agents, such as ethylene glycol
(EG) and dimethylsulfoxide (DMSO), could be useful so-
lutions for preservation of ovarian tissue.8–12 Vitrifica-
tion causes changes in the structure of the membrane
and follicles’ mitochondria.13,14 Thus, in this study, the
ultrastructure of vitrified ovaries was analyzed for
assessment of cryoprotectant solutions. We concluded
in our previous investigation that the morphological
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integrity and ultrastructure of follicles were preserved
after ovarian tissue vitrification with ascending concen-
tration of EG and DMSO.14 In this regard, step-by-step
vitrification in ascending concentration of EG and
DMSO was used for ovarian tissue cryopreservation.
Two methods, including graft of ovarian tissue and
in vitromaturation of follicles, were applied for obtaining
a mature oocyte from frozen–thawed ovaries15,16

wherever possible as a useful method for vitrification
solutions assessment.

The previous study showed that reactive oxygen
species (ROS) levels were increased in the absence of
antioxidants during follicle culture and maximum levels
of ROS occurred in 48 h of culture in vitrified samples.17

Overproduction of ROS in cultured follicles can have a
deleterious effect on oocyte quality, fertilization rate
and embryogenesis. Therefore, ROS must be decreased
during culture of ovarian follicles and where the follicu-
lar fluid is rich in antioxidants. Moreover, to protect
cultured follicles from the deleterious effect of ROS, the
addition of an antioxidant is essential.

Alpha-tocopherol (vitamin E) is a predominant lipid-
soluble antioxidant that has been considered as a primary
free radical scavenger in biological membranes.17–19

Alpha-tocopherol scavenges peroxyl radicals from poly-
unsaturated fatty acid in membrane phospholipids or li-
poproteins that do not spread the radical chain, thereby
protecting against lipid peroxidation.19 Some researches
have reported that α-tocopherol improves folliculoge-
nesis, oocyte quality, fertilization rates and embryo devel-
opment.20–22 Lisboa et al. reported that supplementation
of α-tocopherol maintains the survival of cattle preantral
follicles and promotes activation of primordial follicles
after 6 days of in vitro culture.23

The antioxidant activity of α-tocopherol is dose-
dependent and higher concentrations may have a toxic
effect on follicular development. In order to determine
the optimal concentration, Jeong et al. tested 0, 50, 100
and 200 μM of α-tocopherol for embryo culture.24 A
higher frequency of blastocyst formation was obtained
in the 100-μM concentration.24 Considering the above,
100 μM α-tocopherol is a suitable level for follicular
development and might be chosen for the in vitro cul-
ture system. We aimed to investigate the preventive
effects of 100 μM α-tocopherol on the development of
antral follicle, rate of fertilization and embryogenesis
of oocytes obtained from vitrified ovarian tissue in
mice. In this way, we aimed to achieve the optimal
culture conditions for follicular development and to
improve oocyte maturation and development in
in vitro fertilization clinics.

Methods
Chemicals

All media and chemicals were bought from Sigma-
Aldrich unless otherwise indicated.

Animals and ovarian tissue preparation

Female Balb/c mice (n = 40), aged 5–6 weeks old, were
lodged and used in accordance with the International
Animal Care and Use Committee of Tabriz University
of Medical Sciences. The mice were housed in an envi-
ronmentally controlled room on a 12-h light/12-h dark
photoperiod at 22–24 °C. Food and water were supplied
without limitation. Themicewere injected intraperitone-
ally with 10 IU of pregnant mare’s serum gonadotrophin
(PMSG) to synchronize the estrus cycle. Forty-eight
hours after the injection of PMSG by cervical dislocation,
themicewere killed and their ovaries (~2mm3)were dis-
sected free of fat andmesentery and straight away trans-
ferred to dissection medium in 100-μL drops, consisting
of α-minimum essential medium (α-MEM) added with
20% fetal bovine serum (FBS).

Preparation of the equilibration and vitrification
solution

After ovarian tissue collection, the mice were randomly
divided into three groups: control or non-vitrified, vitri-
fication 1 (5, 10% EG + 5, 10% DMSO) and vitrification
2 (10, 15% EG + 10, 15% DMSO). The cryoprotectant
and warming solutions were prepared in Dulbecco’s
phosphate-buffered saline (DPBS).
Three concentrations of cryoprotectants in the equili-

bration and vitrification solutions (VS) in this research
consist of: 5% EG and 5% DMSO in DPBS with 20%
FBS and 0.5 M sucrose (VS1), 10% EG and 10% DMSO
in DPBS with 20% FBS and 0.5 M sucrose (VS2), and
15% EG and 15% DMSO in DPBS with 20% FBS and
0.5 M sucrose (VS3).

Vitrification and warming

First, ovarian tissue in the vitrification 1 groupwas equil-
ibrated in the VS1 for 8 min, and then placed in VS2 at
room temperature for 2 min. In the vitrification 2 group,
ovarian tissuewas also equilibrated in the VS2 for 8 min,
then placed in VS3 at room temperature for 2 min; then
the ovarian tissue was put in 1.8-mL plastic cryotubes
with a minimum volume of the VS, placed on nitrogen
vapor for 20 s and finally plunged into liquid nitrogen
and kept for 1 week.
For warming, vitrified ovaries were placed on nitrogen

vapor for 20 s, warmed at room temperature for 20 s and
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then placed in a 25 °C water bath for 20 s. Then, the
contents of each cryotube were expelled into 100 μL of
descending concentrations of sucrose (1, 0.5 and 0.25 M)
and DPBS at room temperature for 5 min.

Before follicle isolation, warmed ovaries were equili-
brated in α-MEM medium with 20% FBS for 30 min in
an incubator.

Follicle morphology

For histological assessment, vitrified and fresh ovaries
were fixed in Bouin’s solution, dehydrated in ethanol,
clarifiedwith xylene, embedded in paraffin wax, serially
sectioned at 5 μm, stained with hematoxylin–eosin and
analyzed under a light microscope (magnification ×400).

For this study, antral follicles were those with two or
more layers of cuboidal granulosa cells and those that
had an antrum. Follicular quality was evaluated and
follicles were classified as normal or degenerate. The
follicles were classified as normal by intact oocyte and
complete layer of granulosa cells or degenerated by
vacuolization, pyknotic and shrinkage of oocyte and
granulosa cells.

Ultrastructure of follicle

All chemicals were obtained from TAAB Laboratories
Ltd. Vitrified and non-vitrified ovaries were randomly
collected (n = 3 from each group) after equilibration in
medium for 30 min, fixed in 2.5% glutaraldehyde in
phosphate-buffered saline (pH7.4) for 2 h, and postfixed
with 1% osmium tetroxide in the same buffer for 2 h.
After dehydration in an ascending series of ethanol, they
were placed in propylene oxide and embedded in Epon
812. The ovarian tissue was cut into 0.5-μm sections
(semithin sections), stained with toluidine blue and ob-
served in light microscopy.

Ultrathin sections (60–80 nm) were contrasted with
uranyl acetate and lead citrate and examined by electron
microscopy (Zeiss). The granulosa cells and oocyte were
analyzed by cytoplasmic organelles, vacuolization,mito-
chondrial formation and basement membrane of cells.

Follicle isolation

Antral follicles from ovaries were isolated bymechanical
dissection under a stereomicroscope and were selected
according to the following criteria: (i) intact follicle with
several layers of granulosa cells and some adhering
theca cells; (ii) antrum present; (iii) visible, round and
central oocyte; and (iv) follicle diameter between 220
and 370 μm. Then, isolated follicles were transferred to
main culture medium.

Survival of antral follicles

The survival rates of antral follicles from non-vitrified
and vitrified ovaries were assessed using trypan blue
staining.25 The isolated follicles from the ovaries were
transferred to new microdroplets of medium (20 μL)
andwere stained by 0.4% trypan blue and examined un-
der an inverted microscope. For each group, only folli-
cles containing layers of membrane-enclosed granulosa
cells with a centrally located oocyte were examined.
The follicles were scored as viable or degenerate: viable
ones were not stained and the oocyte and the surround-
ing granulose cells were clear and degenerated follicles
stained blue.

In vitro maturation of antral follicles

Isolated antral follicles were cultured individually in a
culture dish (35-mmPetri dishes) containing 50-μL drop-
lets of culture medium under decontaminated mineral
oil in a humidified atmosphere of 5% CO2, 5% O2 in
air at 37 °C for 4 days.
The culture medium consisted of α-MEM (pH = 7.2)

supplemented with 20% FBS, 19/0 mM sodium pyru-
vate, 75 μg/mL recombinant follicle stimulating
hormone (rFSH or Gonal-f), luteinizing hormone (0/5
μg/mL), 50 μg/mL penicillin G, 50 μg/mL streptomy-
cin, and 100 μM vitamin E (α-tocopherol). The α-MEM
culture media supplemented with FBS andwithout vita-
min E (α-tocopherol) was considered as the control
group. Every 48 h of culturing, culture medium from
each drop was replaced by renewed medium. The sur-
vival rate of the follicles was checked by assessment of
follicle morphology under inverted microscope.

In vitro ovulation induction

On the 4th day of culture, final oocyte maturation and
ovulation were induced by addition of 1.5 IU/mL re-
combinant human chorionic gonadotrophin (rhCG; Or-
ganon) to the media. Released oocytes were recorded
as: germinal vesicle (GV); when the GV was absent, as
germinal vesicle breakdown (GVBD); when absence of
both a germinal vesicle and a first polar body, as
metaphase I (MI); and when the first polar body was
extruded, as metaphase II (MII). The proportions of
GV, MI and MII were evaluated in all groups of study
48 h after hCG addition.

Fertilization rates and embryo culture

Spermatozoa were extracted from the cauda epididymis
of 7–8-week-old male Balb/c mice and capacitated for
1.5 h into a 500-μL drop of Tyrods medium (T6)
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supplemented with 5 mg/mL of bovine serum albumin
in the incubator. The collected MII oocytes from all ex-
perimental and control groups were transferred to T6
medium containing capacitated spermatozoa, and after
fertilization, they were cultured for 120 h.

Statistical analysis

The survival, degeneration and developmental rates of
follicles and oocytes were evaluated by Tukey, analysis
of variance (ANOVA) and follicular diameter analyzed
byMeans, ANOVA. P< 0.05 was considered to be statisti-
cally significant.

Results
Survival rates of isolated antral follicles after
vitrification–warming

The survival rates of antral follicles derived from the
fresh and the vitrification 1 and 2 groups were 84.9%,
66.2% and 67.2%, respectively (Table 1). There were
significant differences in the survival of antral follicles
between the fresh and vitrified groups (P < 0.05).

Morphology of antral follicles after vitrification–
warming

The morphology of follicles was well preserved in the
vitrified groups and was similar with the non-vitrified
or fresh group (Fig. 1a). The vitrification 1 group showed
more signs of degeneration and cryoinjury, such as
shrinkage and picnosis of the oocyte, cytoplasmic retrac-
tion, numerous cytoplasmic vacuoles and detachment of
innermost granulosa layer and oocyte (Fig. 1b). How-
ever, in the vitrification 2 group, slight cryodamage
was observed, including the disruption of intercellular
contacts among granulosa cells and the oocyte of antral
follicles (Fig. 1c).

Antral follicles ultrastructure after vitrification–
warming

The ultrastructural analysis showed that the integrity of
cell organelles was well preserved in the vitrification 2
concentration and this was very similar to the non-
vitrified groups. The granulosa cells exhibited a well-
developed Golgi complex and both smooth and rough
endoplasmic reticulum and highly variable numbers of
vesicles spread throughout the ooplasm. Most mito-
chondria had continuousmembranes and normal cristae
but irregularly shaped or swollen mitochondria were
rarely observed in the cytoplasm of granulosa cells. The
oocytes were surrounded by several layers of cuboidal
granulosa cells with a continuous basement membrane
in antral follicles (Fig. 2a–c).
Although the ultrastructure of antral follicles that vit-

rified in the vitrification 1 cryoprotectant was similar to
fresh control follicles, in some cases, granulosa cells, oo-
cytes and techa cells had numerous vacuoles and elon-
gated mitochondria with a few cristae (Fig. 2b).

Table 1 Number and percentage of intact and degenerated
follicles of various stages isolated from vitrified and non-
vitrified ovarian tissue after Trypan blue staining

Group Total number
of follicles

Number
of antral

follicles (%)

Int Deg
Control 186 158 (84.9) 28 (15.1)
Vit1 275 182 (66.2)* 93 (33.8)*
Vit2 290 195 (67.2)* 95 (32.8)*

*Percentage significantly different (P < 0.05) from the control and
supplemented groups. Deg, degenerated; Int, intact; Vit,
vitrification.

Figure 1 Morphological images of the mouse antral follicles. (a) Non-frozen group. (b) Vitrification 1 group. (c) Vitrification 2
group. Black arrow shows slight disruption of contact between innermost granulosa cells and oocyte in vitrification 1 group.
Scale bar = 50 μm.
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Although vacuolization and deformity of mitochon-
dria were observed in the ooplasm and the cytoplasm
of granulosa cells, other organelles did not change after
vitrification of ovarian tissue, compared with fresh
ovaries.

In vitro follicular viability

Altogether, approximately 800 good-quality antral folli-
cles were cultured with or without α-tocopherol in the
present study.
By day 4 of culture, the survival rates of isolated folli-

cles from the control, vitrification 1 and 2 groups that
were cultured in the absence of α-tocopherol in medium
were 74%, 59% and 59%, respectively. That of follicles
cultured in vitamin-E-supplemented media were 89%,
77% and 80%, respectively (Table 2).
The control group had a significantly higher proportion

of antral follicles that survived to the end of the culture as
compared to the vitrified group (P< 0.001). The addition
of α-tocopherol to the media significantly increased the
viability rate of antral follicles (P < 0.001). Therefore,
follicular viability was affected by α-tocopherol supple-
mentation.

In vitro follicular growth

Follicular diameters and changes during culture on days
0, 2 and 4 are presented in Table 3. Follicular diameter
did not differ among the treatment groups at the
beginning of culture. However, follicles cultured in
α-tocopherol had a larger diameter than those in the
unsupplemented groups, but there was no difference in
follicular diameter on different days of culture (P> 0.05).

In vitro follicular ovulation rate

After 4 days’ culture of antral follicles, hCG (1.5 IU/mL)
was supplemented to induce ovulation. The numbers of
cumulus-oocyte complexes (COC) that were derived (af-
ter 24 h) from the antral follicles were counted, in order
to evaluate the ovulation rate. The addition of 100 μM
α-tocopherol in culture medium increased ovulation
rates of follicles (60% to 80%, P < 0.05) in the vitrified
groups but the incidence of ovulation was not signifi-
cantly different among the treatment and control groups
(Table 2).

In vitro follicular development

The rates of maturation to the MII oocyte in the con-
trol, vitrification 1 and 2 groups that cultured in non-
α-tocopherol-supplemented media were 41%, 19%
and 24%, respectively. Those of follicles cultured in

Figure 2 The electron micrograph of granulosa cells
of antral follicles showing arrangement of mito
chondria (m) and basal membrane (Bm). (a) Nu-
merous mitochondria with typical or regular
shape and normal cristae, continuous Bm in
control group. (b) Numerous elongated mitochon-
dria with tubular–vesicular cristae and ruptured
Bm in vitrification 1 group. (c) Some round mito
chondria with atypical cristae, nucleus (N), and
numerous lipid droplets (L) in vitrification 2
group ×7750.
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medium containing α-tocopherol were 63%, 45% and
50%, respectively (Table 2).

The proportion of oocytes in the MII stage at day 4 of
maturation was significantly higher in the control group
compared with the verified group (P < 0.001). Addition
of α-tocopherol to the maturation medium revealed that
a significantly higher (P < 0.001) proportion of oocytes
reached MII compared to those in non-α-tocopherol-
supplementedmedia. Therewas no significant difference
between the control and vitrified groups in the presence
of α-tocopherol. Therefore, follicular maturation was
affected by α-tocopherol supplementation (Fig. 3a,b).

Fertilization rate and embryo culture

After 24 h of sperm oocyte co-incubation, the propor-
tions of oocytes that were fertilized were 69% (control),
30% (vitrification 1), and 38% (vitrification 2) in the
absence of α-tocopherol and 81% (control); and 79%
(vitrification 1) and 82% (vitrification 2) in the presence
of α-tocopherol (Fig. 3c,d; Table 4). The number of ma-
tured oocytes that fertilized and reached blastocyst stage
was higher in the control group compared to both the
vitrified groups (P < 0.001) and 5 days after insemina-
tion, a significantly higher proportion of oocytes reached
the blastocyst stages in the α-tocopherol-supplemented

medium compared with the unsupplemented groups
(P < 0.001).
The blastocyst formation was significantly lower in

follicles from the vitrification 1 group that cultured in
α-tocopherol media compared with treatment control
(29% vs 41%). Moreover, the embryonic development
was increased significantly in the control + vitamin E
supplementation group compared to all other groups
(P < 0.05).

Discussion

These studies were designed to determine whether the
antioxidant vitamin E would protect in vitro maturation
and development of isolated follicles from the deleteri-
ous effects of cryoprotectants. More mature oocytes de-
veloped into embryos during the blastocyst stages
when the culture medium was supplemented with 100
μM vitamin E when compared with the non-treatment
groups.
Because the vitrification solution is normally

supercooled at a low temperature in liquid nitrogen, it
can be crystallized during warming, which leads to the
cryodamage of ovarian tissue. In order to prevent
cryodamage during freezing–warming, the presence of

Table 2 Development of cultured antral follicles in supplementedmediawith orwithout vitamin E (α-tocopherol) 100 μMafter 4
days

Group Total
follicles (%)

No.
survived
follicles
(%)

No.
degenerated
follicles (%)

No. ovulated
follicles (%)

Developmental Stage of Oocytes

GV (%) MI (%) MII (%)

Control 180 133 (73.9) 47 (26.1) 110 (82.7) 34 (30.9) 31 (28.2) 45 (40.9)
Vit1 143 85 (59.4)* 58 (40.6)* 47 (55.3)* 20 (42.6) 18 (38.3) 9 (19.1)*
Vit2 140 82 (58.6)* 58 (41.4)* 54 (65.8)* 22 (40.7) 19 (35.2) 13 (24.1)*
Control + VE 110 98 (89.1) 12 (10.9) 86 (87.8) 11 (12.8) 21 (24.4) 54 (62.8)**
Vit1 + VE 133 103 (77.4) 30 (22.6) 75 (72.8) 16 (21.3) 25 (33.3) 34 (45.4)
Vit2 + VE 117 94 (80.3) 23 (19.7) 78 (83.0) 15 (19.2) 24 (30.8) 39 (50.0)

*Percentage significantly different (P< 0.001) from the control and supplemented groups. **Percentage significantly differentwith all groupswith-
out Vit2 + VE. (P < 0.05). GV, germinal vesicle; MI, metaphase I; MП, metaphase II; VE, vitamin E; Vit, vitrification.

Table 3 Diameter of isolated antral follicles (μm) that cultured. The follicular diameter (μm) of cultured antral follicles in α-to-
copherol-free and α-tocopherol supplemented media (100 μM for 4 days)

Group Day 0 Day 2 Day 4

Control 267.5 ± 29.6 308.6 ± 27.7 350.6 ± 17.5
Vit1 284.1 ± 18.7 307.2 ± 18.7 338.8 ± 17.7
Vit2 282.7 ± 26.4 304.8 ± 23.8 339.7 ± 16.5
Control + VE 267.0 ± 33.3 292.9 ± 27.3 329.4 ± 16.6
Vit1 + VE 271.2 ± 21.6 293.5 ± 24.4 329.7 ± 16.3
Vit2 + VE 277.5 ± 20.6 303.3 ± 16.1 342.9 ± 17.7
1There was no significant difference between groups (P> 0.05). The first day of culturingwas considered as day 0. VE, vitamin E; Vit, vitrification.
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high concentrations of permeable cryoprotective agents
is essential. The first successful method for vitrifying
mouse ovarian tissue is addition of EG as permeable
agents. Our previous study confirmed that EG in combi-
nationwithDMSOhad the highest protective effects and
least ultrastructural damage on the ovarian follicle.14

Thus, in the present study we used mixed cryoprotec-
tants (EG and DMSO) for ovarian tissue vitrification.
The cryopreservation of ovarian tissue leading to disrup-
tion of the meiotic spindles thereby decreases fertiliza-
tion rate and embryo quality. Therefore the use of
DMSO might have a protective effect by spindle
polymerization.26

The second successfulmethod is the addition of amac-
romolecule, such as sucrose, in equilibration and vitrifi-
cation solutions. The addition of sucrose confirmed

previous reports that this is more efficient for follicular
viability and ultrastructure.4,14,15 Sucrose has high solu-
bility and low viscosity, which could facilitate the exit
of water from the cell and decrease the formation of ice
crystals; thus, it could protect the cells during the
freezing–warming process.
In agreement with previous findings, this study

indicated that optimum survival can be attained with
10-min equilibration in 10% EG + DMSO with 20% su-
crose (VS2) and vitrification in 15% EG + DMSO with
20% sucrose (VS3) for ovarian tissue. This allows suffi-
cient time for the cryoprotectant to permeate into the
granulosa cells and results in a high proportion of
oocytes of normal morphology, fertilization and devel-
opment to two-cell embryos and blastocysts after
thawing and dilution.14 However, in our study, no

Figure 3 In vitromaturation (released
oocytes) and in vitro development
(embryo formation) of isolated an-
tral follicles. (a) Oocyte in germinal
vesicle (GV) and metaphase I (MI)
stages. (b) Oocytes in MII stages.
(c) Embryo in two and four cell
stages. (d) Embryo in morula and
blastocyst stages.

Table 4 Fertilization and developmental rates of oocytes derived from cultured follicles in vitrified and non-vitrified ovaries in
the presence of vitamin E

Group No. oocytes
that reached MII

No. fertilized
oocytes (%)

No. two
cells (%)

No. four
cells (%)

No.
blastocysts (%)

Control 45 31 (68.9) 18 (40.0) 12 (26.7) 9 (20.0)
Vit1 9 3 (30.3)* 2 (22.2)* 0 (0.0)* 0 (0.0)*
Vit2 13 5 (38.5)* 3 (23.1)* 1 (7.7)* 0 (0.0)*
Control + VE 54 44 (81.5) 33 (61.1) 26 (48.1) 22 (40.7)**
Vit1+ VE 34 27 (79.4) 17 (50.0) 12 (35.3) 10 (29.4)
Vit2+ VE 39 32 (82.1) 22 (56.4) 17 (43.6) 15 (38.5)

*Percentage significantly different (P< 0.001) from the control and supplemented groups. **Percentage significantly differentwith all groupswith-
out Vit2 + VE (P < 0.05). MП, metaphase II; VE, vitamin E; Vit, vitrification.
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significant differencewas observed in the survival, fertil-
ization and developmental rate of frozen–thawed ovar-
ian tissue.

The in vitro culture of antral follicles is an important
method to evaluate the effects of cryopreservation on fol-
licular quality. This finding indicates that a high propor-
tion of frozen–thawed ovarian tissue that undergoes
normal fertilization can develop into two-cell embryos
and subsequently into expanded blastocysts.

Ultrastructural analysis of the present study was con-
sistentwith previous observationswhere the fertilization
and development rates of vitrified oocytes were signifi-
cantly lower than those of the controls, indicating that
some damage occurred in the organelle of granulosa
cells and oocytes, such as membrane cells and
mitochondria.

Intracellular ice formation may have occurred during
freezing–thawing and the hardness of the zona pellucida
could have affected the subsequent fertilization and de-
velopment of the oocyte.27,28 These results suggest that
the mitochondria mediated an apoptosis and oxidative
stress process.29

The discrepancy between viability, morphology and
ultrastructural changes suggested that vitrification may
affect different intra/extracellular components that are
necessary for cellular functions.

The mitochondrial organization and cytoskeletal net-
work are essential for cryopreservation assessment.30

The main functions of mitochondria are the energy-
producing, metabolic activation and regulating cell via-
bility.31 Mitochondria seem to be the most sensitive to
the cryopreservation process; these procedures cause
changes in mitochondrial function that may affect ovar-
ian tissue quality. Moreover, cryopreservation causes a
change in the cell membrane fluidity and induces mito-
chondrial malfunction, leading to ROS formation.32

Thus, we hypothesize that an increase in ROS produc-
tion in the frozen–thawed ovarian tissue may be related
to mitochondrial malfunction. Supplementation of cul-
ture media with α-tocopherol could help to minimize
the production of ROS by the abnormal mitochondria,
and thus reduce the risk of oxidative stress.

Some researchers have suggested that the low growth
rate of the frozen–thawed follicles might have resulted
from the delayed proliferation, lower concentrations of
growth factors or initial cell death of the granulosa cells
in response to the freezing–thawing process.33,34

Under normal conditions, cells can deal with ROSwith
scavenging mechanisms, such as Superoxide Dismutase
(SOD) and catalase, but in the vitrification there is a possi-
bility that these protective defense systems might be lost.

It is well known that the overproduction of ROS levels
and lipid peroxidation of granulosa cells and oocyte
membrane can affect follicular function after cryo-
preservation.17,35,36 Various antioxidants have been
used to supplement in vitro culture media, especially
α-tocopherol. Alpha-tocopherol (vitamin E) is well
known as an ROS scavenger in in vivo and in vitro con-
ditions18,19,37 and is the most important antioxidant
present in ovarian tissue and follicular fluid. The anti-
oxidant activity of α-tocopherol in preventing free-rad-
ical-induced tissue damage is accepted by most
investigators and is believed to be the primary free rad-
ical scavenger and to inhibit lipid peroxidation in the
mammalian cell membrane.18,19,21,37,38

Therewas an increase in the number of viable and intact
ovarian follicles after supplementation of α-tocopherol in
culture media. Lisboa et al. reported that α-tocopherol
maintains the survival of cattle preantral follicles and
promotes activation of primordial follicles after 6 days
of in vitro culture.23 Successful maturation of oocyte,
fertilization and blastocyst rates depends on the coordi-
nation between growth and development of the ovar-
ian follicles. Perhaps the supplementation of vitamin
E may be enhanced by the effectiveness of hormones
and growth factors in culture medium. In the present
study, the follicle diameters, which were measured in
order to evaluate growth, showed an increase of follic-
ular diameter during culturing of isolated follicles from
all fresh and vitrified ovaries. The main biological func-
tion of vitamin E is likely to protect polyunsaturated
fatty acids in membranes and maintain iron and other
metals in a reduced state.39 Peroxidation of cell mem-
brane lipids can lead to structural damages, affecting
function and permeability of membranes, eventually
resulting in irreversible cell death. As a fat-soluble vita-
min, α-tocopherol may be more efficient on the cell
membrane than other antioxidants to protect against
lipid peroxidation.
The results of the present study have shown that vita-

min E supplementation of the culture media significantly
increased the percentage of oocytes that reachedMII stage
and increased blastocyst formation. After α-tocopherol
supplementation in the vitrified groups, the follicle
viability, morphology and structure were significantly
higher than that of the unsupplemented groups.
Indeed, the increase of ROS was administrated in the
absence of antioxidants during 48 h of follicular culture
in vitrified samples.17 Therefore, in our sample, the fro-
zen addition of α-tocopherol confirms the necessity of
antioxidant supplementation during in vitro maturation
of follicles.
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These studies suggest that supplementation of culture
media with α-tocopherol at a concentration of 100 μM
allowed the maintenance of the equilibrium between an-
tioxidants and pro-oxidants in the follicular culture, re-
ducing the O2 concentration, and minimizing ROS
production. Furthermore, this procedure inhibits estab-
lishment of oxidative stress conditions and thereby im-
proves follicular maturation and embryo development.
Kitagawa et al. showed that increased ROS levels and de-
creased antioxidant concentration in the culturemedia of
oocyte maturation were responsible for embryonic
fragmentation.35

In conclusion, our results showed that culture of antral
follicles from vitrified ovaries with 100 μM α-tocopherol
improves the developmental rate of mouse follicles
in vitro and the blastocyst formation. These results intro-
duce a potential improvement of vitamin E to preserve
the fertility potential by minimizing the level of free
radicals that might occur during vitrification of ovarian
tissue and this could be useful during assisted reproduc-
tive techniques.
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