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The aim of this study was to investigate the effects of i-carnitine (LC) on follicular survival and ovarian
function following cryopreservation-thawing and autotransplantation of ovarian tissues. ICR mice were
divided into three groups: control; saline group (cryopreservation +autograft + saline); and LC group
{cryopreservation + autograft + L-carnitine). The ovarian tissues from control group, saline group, and
LC group were histological assessed. There were no significant differences in the percentage of morpho-
logically normal primordial follicles between the LC group and the saline group. After 28 days of auto-
transplantation, apoptosis rates, plasma malondialdehyde (MDA), progesterone (P4) and estradiol (Ez)
concentrations, and follicular densities of grafts were evaluated. Apoptosis rate and the concentration
of MDA in the LC group were significantly lower than those in the saline group. The concentration of
E; and follicular densities of grafts in LC group were significantly higher than that in saline group. LC inhi-

bits follicle apoptosis and increases follicular survival and function of ovarian graft.

« 2015 Elsevier Inc. All rights reserved.

Introduction

Advances in cancer therapy have enabled long-term remission
and even cure of many cancers. Most cancer therapeutic agents
are cytotoxic. Because germ cells are particularly susceptible to
cytotoxic treatments (especially alkylating agents and radiation),
ovarian failure and infertility are common complications that can
impact on the quality of life for young survivors of cancer [7,38].
An emerging technology, involving transplantation of ovarian cor-
tical slices banked at low temperature offers the possibility of
restoring fertility as well as endocrine function in women and chil-
dren after sterilizing treatment [9,29]. To date, 24 healthy children
have been born worldwide as a result of transplanted cryopre-
served ovarian tissue {3,13,1-1.23,2528]. However, it is still exper-
imental in humans with both technical and ethical issues to be
resolved [12].
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One of the major obstacles of ovary transplantation appears to
be ischemia-reperfusion injury occurring during the time period
required for the revascularization of the transplanted tissue, which
consequently leads to cytokine and free radical release, platelet
activation, and apoptosis, causing massive primordial follicle loss
and shorter lifespan of the transplanted ovary [8,19,37}.
Therefore, the application of approach to minimize ischemia injury
during the initial post-transplantation period and establishment of
angiogenesis in the ovarian grafts can play an important role in the
success of ovarian tissue transplantation [34,35,41].

During ischemia-reperfusion processes, oxygen free radicals
constitute the most important component that induces damage
of the cell membrane proteins and decreases mitochondrial func-
tion and lipid peroxidation [21]. t-Carnitine (LC), structurally
defined as 3-hydroxy-4-(trimethylazaniumyl)butanonate, is a bio-
molecule derived from the amino acid lysine. In the human body,
LC can be synthesized de novo. It is described as a conditionally
essential nutrient and is largely obtained from meat, fish, and dairy
products [36]. Studies performed in vivo, as well as in vitro, have
shown that LC reduces oxidative stress-induced DNA damage
[2.15]. It has been shown that many pathological conditions
resulted from ischemia-reperfusion injury in heart, kidney, brain,
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and testis can be prevented by LC @ i+ . However, up to date,
effects of LC on autotransplantation of cryopreserved-thawed ovar-
ian tissue are still undefined. Thus, the main goal of this study was
to examine the effects of LC in reducing ischemia-reperfusion
damage during ovarian autotransplantation.

Materials and methods
Animals

Approval for this study was obtained from the third Committee
of Animal Ethics of Hospital for Maternity and Child Care of
Jinan City. Four-week-old female mice (ICR) were used in this
study. The mice used were all healthy and were sourced
from Shandong Animal Center. The mice were housed under
temperature-controlled conditions (22 +2 C). Food and water
were available at all times under a photoperiod of 12 h of light
and 12 h of dark.

The mice were randomly divided into three groups (ten mice
per group): control group (mice without ovariectomy or grafting);
LC group (ovarian tissues were cryopreserved-thawed, ovariec-
temy, and autografted, accompanied by being administrated daily
i.p. injections of 1-carnitine (200 mg/kg i.p.). LC was administered
1 day before until 7 days after transplantation. Saline group (ovar-
ian tissues were cryopreserved-thawed, ovariectomy, and auto-
grafted, accompanied by being administrated daily i.p. injections
of physiological saline.

Ovarian tissue vitrification and thawing

The procedure was carried out according to the protocol that
Huang et al. reported [17]. Ovaries were cut into 1 x mm x
I mmx 1mm slices free of fat and mesentery. Vitrification
solution (VS) contained 20% (v/v) ethylene glycol (EG), 20% (v/v)
dimethyl sulfoxide (DMSO) in minimal essential medium
(MEM) + 25 mg/mL human serum albumin (HSA). Initially, the
ovarian fragments were equilibrated in 25% VS for 5 min, then
50 VS for 5 min, and finally 100% VS for 10 min. The ovarian
fragments were shalken gently in VS and all VS baths were
performed at 4 C. The strips were then placed on aseptic
absorbent gauze to remove the remaining VS and transferred to a
stainless steel box that was partially immersed in liquid nitrogen.
Once vitrified, the fragments were placed in pre-cooled cryovials
and stored in liquid nitrogen for 1 week.

Fig. 1. The ovarian tissue in the control group. Morphologically normal primordial
follicle: follicle spherical in shape with even distribution of pregranulosa cells,
spherical oocyte {—).

Fig. 2. The ovarian tissue in the LC group. Morphologically abnormal primordial
follicle showing condensed nucleus ().

Fig. 3. The ovarian tissue in the saline group. Morphologically abnormal primordial
follicle showing condensed nucleus [-+).

For thawing, the ovarian strips were immersed in thawing solu-
tion 1 (HS1) containing 1 M sucrose in MEM supplemented with
20 mg/mL HAS at 37 °C. The tissue remained in HS1 for 15 s. The
samples were then transferred to HS2 (0.5M sucrose), HS3
(0.25M sucrose) and HS4 (OM sucrose). All baths lasted for
5 min at 37 °C.

Histology measurement

Following a week’s storage in liquid nitrogen, ovarian tissues
(n =5 for each group) were fixed in Bouin's solution for light micro-
scopic evaluation. Serial 5-pm sections were prepared; every 10th
section of each ovary was mounted on a glass slide, and stained
with hematoxylin and eosin.

Follicular morphology was examined by microscope (magnifi-
cation, x400). For each ovarian slice, 100 primordial follicles were
counted in sections.

Autotransplantation

Following the ovarian tissues were stored in liquid nitrogen for
1 week, mice received frozen ovarian autotransplants soon after
ovariectomy. The kidney was exteriorized through a
dorsal-horizontal incision. A small hole was torn in the kidney cap-
sule using fine watchmaker’s forceps under aseptic conditions.
Ovarian tissues were inserted under the kidney capsule through
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Fig. 4. The graft in the control group. The apoptotic follicle in the graft (), and the
kidney tissue (.).

Fig. 5. The graft in the LC group. The apoptotic follicle in the graft (—), and the
kidney tissue (|).

the small hole. Both sides of kidneys of each mouse received grafts,
and four grafts were autotransplanted to each mouse. Finally, the
body wall incisions and skin were closed. The transplantation pro-
cess was performed at room temperature. The duration of the
grafting process was ~30 min in each experimental trail,

TUNEL assay

After 28 days, strips were fixed in 4% phosphate-buffered
formaldehyde at 4 °C overnight, embedded in paraffin by the stan-
dard method, cut into 5-um sections, and mounted on
poly-lysine-coated slides. Tissue sections were deparaffinized by
heating at 60 *C for 5 min and washing twice in xylene for a total
of 10 min. The sections were then rehydrated through a graded
series of alcohols and double distilled water. In situ TUNEL analy-
ses were performed according to the instructions of a commercial
assay kit (Boshide Co., Wuhan, China). Sections were digested by
20 pg/mL proteinase K in 10 mM Tris-HCl for 30 min at room tem-
perature. The slides were incubated in 50 uL of TUNEL reaction

Table 1

Fig. 6. The graft in the saline group. The apoptotic follicle in the graft (—), and the
kidney tissue ().

mixture for 1h at 37 C in a humidified dark chamber. Then the
slides were incubated with converted antifluorescein antibody
conjugated with peroxides and diluted to 1:1 with PBS containing
0.05% bovine serum albumin for 30 min in a humidified chamber.
Immunoreactions were detected by incubating with substrate
solution consisting of 0.2% mg/mL 3,3-diaminobenzidine-4HCI
and H,0; in 0.05 M Tris-HCl (pH 7.5). The slides were rinsed with
water and counterstained with haematoxylin. After washing with
running water, the slides were dehydrated, cleared and covered.
Negative control sections were incubated with TUNEL reaction
mixture without enzyme. Follicles with positive TUNEL staining
of the oocyte andfor 50% granulose cells were considered
apoptotic.

Measurement of MDA concentration

At 28 days after surgery, the concentration of MDA, indicating
lipid peroxidation, was measured using the thiobarbituric acid
(TBA) method. After the mice were killed, blood samples were col-
lected immediately for MDA assay. The concentration was mea-
sured according to the Kit manufacturer's instructions (NWLSS
NWK-MDAO1, Vancouver, Canada) using samples of blood serum.
Later, 10 uL of butylated hydroxytoluene, 250 pL of serum andfor
calibrators, 250 pL of acid reagent, and 2 x TBA were added to sam-
ples and vortexed vigorously, followed by incubation at 60 °C for
60 min. The absorbance was recorded at 532 nm with a spec-
trophotometer (T80+, PG Instruments Ltd, London, UK), and MDA
concentration was calculated based on the absorption standard
curve.

Measurement of follicular density

At 28 days after surgery, measurement of the follicular density
was performed. The graft survival rate was assessed by judging
the color of grafts, then the grafts were removed and fixed in
Bouin’s solution for light microscopic evaluation. Serial 5-pum sec-
tions were prepared; every 10th section of each ovarian slice was
mounted on a glass slide, and stained with hematoxylin and eosin.

The percentage of morphelogically normal primordial follicles, apoptosis rates, and concentrations of MDA, progesterone. and estradiol in each group.

Groups Normal primordial follicles rate (.3) Apoptosis rate (%) MDA Progesterane (ng/mL) Estradiol (pg/mlL)
Control 91.8 £8.4" 1.86£0.16* 3.58 £0.38° 3.212026" 48.98 +4.63"

LC 56.8 +4,3" 3.89+£0.29" 463 +042" 1.76 £ 0.29" 36.21+3.49""
Saline 53.9+4.6' 12.63+1.92" 5841053 1.69 £ 0.14" 28.36+2.94°

Data are presented as means + SEM.
* Indication of statistical significance (P < 0.05) when compare to saline group.

Y Indication of statistical significance (P < 0.05) when compare to the control group.
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Table 2

The density of primordial, primary, preantral, and antral follicles of grafts in each group.
Groups Primordial follicles Primary follicles Preantral follicles Antral follicles Total
Control 1.062 £ 0.018 0.348 + 0.002" 0.189 +0.382 0.087 £ 0.001 1.687 +0.128
Lc 0.618 £0.041 - 0.204 +0.018 0.116+£0.013 0.031 £0.001 0.96G8 +0.082
Saline 0.488 +0.053" 0.149 £ 0.012" 0.073 £0.006" 0.021 £ 0.002" 0.726 + 0.084"

Data are presented as means + SEM.
* Indication of statistical significance (P < 0.05) when compare to saline group.

b Indication of staristical significance (P < 0.05) when compare to the control group.

Fig. 7. The graft in the control group. The follicle in the graft (), and the kidney
tissue ().

Fig. 8. The graft in the LC group. The follicle in the graft {(—), and the kidney tissue
(=)

The ovarian slices were analyzed field by field by the light
microscopy with a 400x objective. The follicular density was
estimated as previously reported [33]. The volume of the ovarian
tissue analyzed (V) was calculated by the formula: V (mm?*)=
S . 0.05, where S corresponds to the sum of all the sections areas
(mm?) and 0.05 mm was considered to be the thickness of the
tissue analyzed. For each slice, the follicular density was expressed
as the number of follicles per mm? of ovarian tissue.

Hormone assay

At 28 days after surgery, the mice were killed and bloed sam-
ples were collected immediately. After centrifugation (3000g for
5 min), serum was analyzed in duplicates using the P, Kit (DRG
Progesterone ELISA Kit, and EIA-1561; DRG Instruments GmbH,
Germany) with a sensitivity of 0.045 ng/mL and an assay range of
0-40 ng/mL and the E, Kit (DRG Estradiol ELISA Kit, and

Fig. 9. The graft in the saline group. The follicle in the graft (—), and the kidney
tissue (—).

EIA-2693; DRG Instruments GmbH, Germany) with a sensitivity
of 9.714 pg/mL and an assay range of 9.7-2000 pg/mL, according
to the manufacturer's instruction.

Statistical analysis

The results were analyzed by one-way ANOVA and Turkey's
test, using the SPSS 165 V16/0 Software, and means were consid-
ered to be significantly different at P < 0.05.

Results
Histological measurement

In this study, we noticed that: (i) oocyte cytoplasm staining fre-
quently varied from one slice to another, independent of any follic-
ular damage; (ii) oocyte cytoplasm vacuolations were also
observed on fresh ovarian tissue. Previous studies also reported
that the vacuolization of cytoplasm in cocyte appeared in both
the fresh and the frozen-thawed groups analyzed by HE stain
[27,39]. As a consequence, we have chosen to evaluate cocyte mor-
phology mainly considering the chromatin material aspect.

The percentage of morphologically normal primordial follicles
in the control group was significantly lower than those in the LC
group and the saline group (91.8.% + 8.4% versus 56.8% + 4.3, and
53.9% +4.6%, P<0.05). There were no significant differences in
the percentage of morphologically normal primordial follicles
between the LC group and the saline group (56.8% * 4.3% versus
53.9% £ 4.6%, P> 0.05) (Figs. 1-3).

Apoptosis rate

The evaluation of the rate of apoptosis indicated that the per-
centage of apoptotic follicles in the control group was significantly
lower than that in the LC group and saline group (1.86% % 0.16%
versus 3.89% + 0.29% and 12.63% + 1.92%, P < 0.05). The percentage
of apoptotic follicles in the LC group was significantly lower than
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that in the saline group (3.89.+0.29° versus 12.635+ 1.924,
P <0.05)( : d4-8),

Concentration of MDA

The concentrations of MDA measured on days 28 following
transplantation increased significantly in the saline group and LC
group than that in the control group (5.84 + 0.53 and 4.63 +0.42
versus 3.58 £ 0.38, P < 0.05). A significant reduction in the concen-
tration of MDA was observed in the LC group than that in the saline
group (4.63 +0.42 versus 5.84 £ 0.53 P<0.05) (T=7hi= 1).

Hormone concentrations

The concentrations of P4 and E; in the saline group and LC group
exhibited a considerable reduction compared with those in the
control group (P<0.05). There were no significant differences in
the concentration of P, between the LC group and saline group
(P> 0.05), while that of E, increased significantly in the LC group
than in the saline group (P < 0.05) (Table 1).

Follicular density

On days 28 following transplantation, the graft survival rates of
control group, LC group, and saline group were all 100%. The follic-
ular densities of grafts measured on days 28 following transplanta-
tion decreased significantly in the saline group and LC group than
that in the control group (P < 0.05). A significant reduction in the
follicular densities was observed in saline group than that in the
LC group {P < 0.05) (Figs. 7-9 and Tablz 2).

Discussion

In this study, the effects of the antioxidant i-carnitine on follic-
ular survival were investigated. Although endogenous antioxidant
molecules are able to neutralize these oxygen free radicals pro-
duced in excess during the ischemic process, this system can be
rapidly overwhelmed. During solid organ transplantation, exoge-
nous antioxidants are used to quench free radicals and preserve
organs. Both ascorbic acid and mannitel have been shown to be
effective in reducing surgically-induced ovarian ischemic injury
in a rat model [30}. A potential benefit of antioxidants administra-
tion was also tested during ovarian tissue transplantation. Local
antioxidant injection of vitamin E before graft could improve follic-
ular survival rate {24], but these results were not confirmed by
others [473]. Other antioxidants such as melatonin and oxytetracy-
cline locally administered during intraperitoneal rat ovarian graft
were effective to reduce ovarian necrosis [Z1]. In this study, we
focus on exploring the effects of LC on the ischemia-reperfusion
damage during autotransplantation of frozen-thawed ovarian
tissues.

Previous investigations have shown that erythropoietin treat-
ment for 3 days after transplantation has been shown to have no
considerable effects on the massive loss of follicles after transplan-
tation {C}. So in this study, L-carnitine was administered 1 day
before until 7 days after transplantation. A previous study demon-
strated that LC at the dose of 200 mg/kg was effective in relieving
hepatic ischemia-reperfusion injury in rats, so LC was adminis-
trated at the dose of 200 mg/kg in this study [5}.

Our results showed an increase in the concentrations of MDA in
both the autografts, which could be due to ischemia-reperfusion.
Because transplantation of fragments of ovarian cortex is per-
formed without vascular anastomosis, the grafts inevitably suf-
fered ischemia damage. The time needed to achieve an adequate
perfusion of the transplanted tissue is critical for the follicular
survival and the functional longevity of the graft. In mice, initial

perfusion of the autograft is observed 3 days post-transplantation
! Using MRI and histology, functional vessels have been
detected within ectopic xenotransplanted rat ovarian tissue after
7days [i7.. In humans, the neovascularization process was
observed after 3 days following ovarian tissue transplantation onto
a chick chorioallantoic membrane |2+ ! Primordial follicles can tol-
erate ischemia for only 4 h during tissue transport, and stromal
cells surrounding the follicles appeared to be more sensitive to
ischemia compared with primordial follicles {20,321, It is critical
to relieve ischemia damage during ovarian transplantation.

Prior to transplant, the ovarian tissues were histologically
assessed. There were no significant differences in the percentage
of morphologically normal primordial follicles between the LC
group and the saline group. In this study, apoptosis rate, concentra-
tion of MDA, and follicular densities of grafts in the LC group were
significantly lower than those in the saline group. We concluded
that LC decreased apoptosis rate of follicles and inhibited oxidative
stress in grafts, thus improved follicular survival of grafts.

Endocrinology of ovary-grafted animals helps us to understand
follicular and oocyte development and also the return of ovarian
function {4]. E; and P4 are most representative steroids [22]. In this
study, the concentration of E, increased significantly in the LC
group than that in saline group. This is mainly due to a significant
increase in the number of antral follicles in the grafts, which are
responsible for the production of steroid hormones |15].

The antioxidant activity of LC may be due to its ability to chelate
free ferrous ions, inhibit generated superoxide ions and detoxify
accumulated hydrogen peroxide species [2{. LC facilitates the
transport of activated fatty acids across the inner membrane of
mitochondria, allowing their B-oxidation to produce ATP, hence
providing energy for follicular growth [34]. In addition, accumula-
tion of reactive oxygen species (ROS) in follicles leads to depletion
in the ATP reservoir, which, in turn, negatively affects follicle qual-
ity [11]. We concluded that the properties of L.C as a ROS scavenger
and an energy production facilitator could thus be responsible for
its beneficial effects on follicular survival and ovarian function.

In summary, the present study indicated LC inhibited follicle
apoptosis, relieved oxidative damage, and increased follicular sur-
vival and function in ovarian graft. Nevertheless, further efforts are
needed to be made to explore the optimal dose of LC for autotrans-
plantation of human frozen-thawed ovarian tissues.
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