
Introduction

Advances in the treatment of malignant diseases has led

to a significant increase of life expectancy in cancer pa-

tients, especially in young ones. Therefore, one direction

of contemporary medicine is focused on improving the

quality of life of patients who have undergone cancer treat-

ment. Because women are born with an irreplaceable sup-

ply of germ cells in their ovaries, cytotoxic damage to

ovarian stromal and germ cells leads to unavoidable effects

on ovarian function, resulting in female infertility [1]. Due

to the increasing number of young women delaying child-

bearing to later life for various reasons, and to the growing

number of women experiencing cancer before completing

childbearing, preservation of fertility for patients undergo-

ing chemotherapy has become a significant part of repro-

ductive medicine [2]. There are several options currently

available for preserving fertility in young cancer patients,

such as cryopreservation of embryos and oocytes. How-

ever, cryopreservation of ovarian tissue is the only option

available for prepubescent girls and women in need of im-

mediate chemotherapy [3].

Experimental cryopreservation and transplantation of

ovarian tissue has a long history, beginning in the 1960s.

The first successful cryopreservation and transplantation of

ovary in mice dates back to 1960, and the first successful

mouse birth after this procedure dates to 1997 [4]. It was

further demonstrated that mice have a normal reproductive

lifespan after autografts of fresh tissue. Some papers in the

1990s showed that frozen ovarian tissue could be success-

fully thawed and autotransplanted in both mice and sheep,

leading to normal ovarian function and live births. The first

live birth from fresh human ovarian tissue transplantation

between identical twins destined for premature ovarian fail-

ure was reported in 2004 [4]. Ladanyi et al. presented that

ovarian tissue auto-transplantation is capable of restoring

fertility, with over 80 live births reported with a corre-

sponding pregnancy rate of 23% to 37% [5]. Despite those
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Summary

Background: One of the most important problems of ovarian transplantation is the significant reduction in the number of primordial

follicles during the short period after transplantation due to post-transplantation ischemia. The aim of the work was to evaluate the ef-

fect of enoxaparin application on follicular survival after cryopreserved and fresh ovary transplantation in rats. Materials and Methods:
The study used female Sprague Dawley rats (n=56). The animals were ovariectomized and the healing of fresh and cryopreserved ovar-

ian tissue was evaluated. Estrogen blood level, percentage of ovarian live tissue, and angiogenesis were evaluated 16 days after trans-

plantation of fresh ovary and 7, 14, and 28 days after transplantation of cryopreserved ovarian tissue. The animals in the experimental

groups were treated after transplantation by enoxaparin subcutaneously in doses of 200 IU/kg per day. Results: A statistically signifi-

cant higher (p < 0.05) percentage of live tissue was recorded in the treated goup (14.5±6.5 vs. 20.6±5.7% in control vs. treated groups)

7 days after transplantation of cryopreserved ovarian tissue, and a significantly more intensive (p<0.005) neoangiogenesis was recorded

in the treated group (12.7±1.9 capillaries in 250 μm

2

) in comparison with the control group (7.4±2.1 capillaries in 250 μm

2

) 28 days after

transplantation of cryopreserved ovarian tissue. Conclusions: Administration of enoxaparin after transplantation of cryopreserved ovar-

ian tissue may temporarily improve tissue survival. The use of enoxaparin does not adversely affect neoangiogenesis around the trans-

planted ovary. The positive effect of low molecular weight heparin application on neoangiogenesis was demonstrated four weeks after

transplantation.
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80 live human births after ovarian tissue cryopreservation

and transplantation, it is still an experimental method with

many potential modifications to improve the method’s suc-

cess. If the whole ovary is cryopreserved and transplanted

with pedicle and vessel anastomosis, low follicle survival

(0.019-0.3%) is present, and to date, no auto-transplanta-

tion of frozen-thawed human whole ovary has resulted in a

live birth [5, 6]. On the other hand, if small pieces of tissue

are used, animal experiments have shown that 87% of pri-

mordial follicles survive with normal ultrastructure fol-

lowing vitrification, and there is no statistical difference

between fresh and cryopreserved ovarian graft tissue sur-

vival five to ten months after transplantation (55.1% vs.

59.5%) [7, 8]. During the short period after transplantation,

half of all primordial follicles are lost, persisting only three

days after surgery until the stage of neoangiogenesis [9].

The work of the Damasio et al. favours heterotopic trans-

plantation due to the lower apoptosis rate in comparison to

the orthotropic position [10]. The next question of the au-

thors is where the most favourable anatomical layout for

the transplanted ovary lies. The literature presents many

possible places for heterotopic ovarian transplantation with

similar results, including the renal capsule, the retroperi-

toneum, granulation tissue and various muscles, including

dorsal lumbar muscle [3, 8, 9, 11-13].

Low molecular weight heparin (LMWH) is a mixture of

sulfated glycosaminoglycans with a molecular weight in

the range of 3 to 10 kDa [14]. Heparin and LMWH are

mostly known for their anticoagulant properties. Aside

from these anticoagulant effects, several studies have

shown that LMWH possesses various anti-inflammatory,

immunomodulatory effects, as well as effects on chronic

inflammatory diseases of bowel and lungs, wound healing,

and angiogenesis [15, 16]. Several authors have presented

a negative effect of LMWH on angiogenesis [17-19]. On

the other hand, the results of more works have shown a pos-

itive effect on wound healing and angiogenesis by LMWH

application [20, 21].

The aim of the work was to evaluate the effect of enoxa-

parin application on follicular survival after transplantation

of cryopreserved and fresh ovarian tissue in rats. 

Materials and Methods

The experimental conditions were in compliance with the re-

quirements of European rules of ethical standards of animal treat-

ment and welfare. Hence, this experiment was approved by the

Ethics Committee of the Faculty of Medicine of Pavol Jozef

Šafárik University in Košice and by the State Veterinary and Food

Administration of the Slovak Republic, no. Ro-982/15-221.

Female Sprague Dawley rats (n=56), six months of age, were

used in the study. These were randomly divided into eight groups

of seven animals: (1) control, not frozen, evaluated 16 days after

transplantation (C-NF-16), (2) treated, not frozen, evaluated 16

days after transplantation (T-NF-16), (3) control, cryopreserved,

evaluated seven days after transplantation (C-F-7), (4) control,

cryopreserved, evaluated 14 days after transplantation (C-F-14),

(5) control, cryopreserved, evaluated 28 days after transplantation

(C-F-28), (6) treated, cryopreserved, evaluated seven days after

transplantation (T-F-7), (7) treated, cryopreserved, evaluated 14

days after transplantation (T-F-14), and (8) treated, cryopreserved,

evaluated 28 days after transplantation (T-F-28).

Every surgery was performed under inhalation anaesthesia

(semi-closed circuit) with isoflurane. Tramadol was injected in-

tramusculary in all rats in doses of 0.5 mg/kg. Atropine was ad-

ministered subcutaneously as premedication in a dose of 0.05

mg/kg. In all groups, both ovaries were surgically removed. After

the fat was removed, each ovary was cut into small pieces of size

1×1×1 mm in HEPES-buffered tissue culture medium 199. In

groups C-NF-16 and T-NF-16 autotransplantation of the ovarian

blocks was performed immediately under the same anaesthesia

for the same rat. In groups C-F-7, C-F-14, C-F-28, T-F-7, T-F-14,

and T-F-28 ovarian blocks were cryopreserved for two  months

and then thawed and autotransplanted into the same rat. Bilateral

incisions on the rat dorsum were performed. Blocks of the ovary

were implanted under the fascia of the dorsal lumbal muscle, and

the fascia and skin were sutured. In groups T-NF-16, T-F-7, T-F-

14, and T-F-28 the animals were treated by enoxaparin subcuta-

neously in a dose of 200 IU/kg every 24 hours. In groups

C-NF-16, C-F-7, C-F-14, and C-F-28 a saline solution was ap-

plied subcutaneously every 24 hours. In groups C-F-7 and T-F-7

euthanasia of the animal was performed seven days after trans-

plantation. In groups C-F-14 and T-F-14 euthanasia of the animal

was performed 14 days after transplantation. In groups C-NF-16

and T-NF-16 euthanasia of the animal was performed 16 days

after transplantation, and in groups C-F-28 and T-F-28 euthanasia

of the animal was performed 28 days after transplantation. At the

time of euthanasia, blood and tissue from the dorsal lumbal mus-

cle, including the ovarian blocks, were collected from all animals. 

The recovered ovaries were transported immediately in a cell

culture dish containing 2 mL of HEPES medium to the labora-

tory, where the ovarian cortex was processed at room tempera-

ture (25 °C) and cut into small sections (between 1×1×1 mm in

size). 

The ovarian cortical sections were transferred into cell culture

dishes in a stepwise manner, with a solution containing 10% v/v

ethylene glycol and 10% v/v dimethyl sulfoxide (DMSO) in

HEPES for 20 minutes at room temperature. They were then

transferred into a solution containing 17% v/v ethylene glycol,

17% v/v DMSO, and 0.75 M sucrose in HEPES for three minutes

at room temperature. 

The ovarian cortical sections were then loaded individually with

minimal vitrification solution to the surface of 0.25.ml cryostraws

cut angle-wise. The straws were inserted into larger precooled 0.5 ml

cryostraws, sealed with an ultrasound sealer  and stored in liquid ni-

trogen (-196°C).

Prior to reimplantation, the straws containing the samples were

removed from liquid nitrogen storage. The contents of the straws

were exposed to room temperature for one minute. Then each

ovarian cortical section sample was expelled into a cell culture

dish and submitted to three five-minute baths in a solution con-

taining HEPES medium + 10% human serum albumin (HSA), and

decreasing concentrations of sucrose (0.5, 0.25, and 0.0 M) at

room temperature. These steps are done to wash out the cryopro-

tectants. 

Blood was collected from all animals immediately before eu-

thanasia. Serum was prepared and kept frozen at -20°C until de-

termination of the serum hormone concentrations. Serum estradiol

concentrations were measured using a chemiluminescent mi-

croparticle immunoassay (CMIA) for the quantitative determina-

tion of estradiol.

The ovarian tissue specimens from both sides of the dorsal mus-
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cle were processed routinely for light microscopy (fixation, dehy-

dration, embedding, cutting, and staining with hematoxylin-eosin,

immunohistology for Factor VIII and CD34). 

The following histological structures and changes were evalu-

ated: angiogenesis and percentage of live tissue. Angiogenesis was

evaluated as number of capillaries in 250 µm

2

of live tissue of

ovary. The percentage of live tissue was calculated as the ratio of

live to all ovary tissue.

Data on the estrogen blood level, angiogenesis, and percentage

of live tissue are presented as the mean ± standard deviation.

Analysis of variance followed by Tukey-Kramer multiple com-

parison tests were used to compare the differences in hormone

serum levels and percentage of live tissue. The Kruskal-Wallis

test was used to compare the data obtained from the angiogenesis

measurement. For each test, significance was accepted at p < 0.05.

Results

No statistically significant difference was recorded in the

results of the fresh ovarian tissue transplantation groups 16

days after transplantation. Estrogen blood level was 29.3 ±

13.2 pg/ml in the non-treated group (C-NF-16) and 32.1 ±

13.3 pg/ml in the treated group (T-NF-16) (Figure 1). The

percentage of the live tissue in the fresh transplanted ovary

was 23.1 ± 14.9% in control group (C-NF-16) and 31.9 ±

11.3% in the treated group (T-NF-16) (Figure 2). In the con-

trol group (C-NF-16) 4.9 ± 1.5 capillaries were recorded in

250 μm

2

and in the treated group (T-NF-16) 6.4 ± 2.1 (Fig-

ure 3, Table 1).

In the comparison of cryopreserved ovarian tissue

groups, the following results were recorded: Estrogen blood

level in the control groups was 21.7 ± 3 pg/ml seven days

after transplantation (C-F-7), 15.2 ± 2.6 pg/ml 14 days after

transplantations (C-F-14), and 15.2 ± 4.3 pg/ml 28 days

after ovary transplantation (C-F-28). Estrogen blood level

in the enoxaparin treated groups was 22.8 ± 4.7 pg/ml seven

days after transplantation (T-F-7), 12.3 ± 2 pg/ml 14 days

after transplantations (T-F-14), and 15.1±3.8 pg/ml 28 days

after ovary transplantation (T-F-28). No statistically sig-

nificant differences were recorded between the treated and

control groups at the same time after transplantation (Fig-

ure 1, Table 2).

A statistically significant difference was recorded in the

percentage of live ovarian tissue evaluation seven days after

transplantation in the cryopreserved groups. The authors

recorded 14.5 ± 6.5% live tissue in group C-F-7 and 20.6 ±

5.7% live tissue in group T-F-7 (p. <0.05) (Figures 2 and 4,

Table 2). Next, the authors recorded 16.8 ± 6.2% live tissue

in group C-F-14, 18.6 ± 4.8% live tissue in group T-F-14,

11.2 ± 3.7% live tissue in group C-F-28, and 14.0 ± 4.8%

live tissue in group T-F-28, with no statistically significant

differences between the treated and control groups at the

same time after transplantation (Figure 2, Table 2).

Figure 1. — Blood estrogen level in the groups.

Table 1. — Blood estrogen level, percentage of live tissue,
and angiogenesis in the fresh transplanted groups (C-NF-
16 and T-NF-16).

Control group Treated group

Blood estrogen level (pg/ml)

16 days after TX 29.3 ± 13.2 32.1 ± 13.3

Live tissue (%)

16 days after TX 23.1 ± 14.9 31.9 ± 11.3

Angiogenesis (number of capillaries in 250 μm

2

)  

16 days after TX 4.9 ± 1.5 6.4 ± 2.1  

Figure 2. — Percentage of live ovarian tissue in the groups.

Figure 3. — Number of capillaries in 250 μm

2

in the groups.
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Evaluation of angiogenesis showed 4.1 ± 0.8 (C-F-7) and

4.6 ± 1.2 (T-F-7) capillaries in 250 μm

2

in the control and

treated group seven days after transplantation and 6.3 ± 1.5

(C-F-14) and 7.1 ± 1.3 (T-F-14) capillaries in 250 μm

2

in

the control and treated group 14 days after transplantation,

without statistically significant differences (Figure 3, Table

2). A statistically significant difference (p < 0.005) in the

number of capillaries in 250 μm

2

(7.4 ± 2.1 vs. 12.7 ± 1.9

in C-F-28 and T-F-28) was recorded between the control

group and treated group 28 days after transplantation (Fig-

ures 3 and 5, Table 2).

Discussion

The results of published papers have indicated that the

survival and development of different follicular types are

significantly influenced by ischemia [13]. Neovasculariza-

tion of heterotopic transplanted ovarian tissue could by ob-

served as early as two days after transplantation in rats and

three days in mice [8, 22]. Thus, investigation of neoan-

giogenesis is possible and usable as early as three days after

transplantation [12]. Many studies have focused on the ef-

fect of post-transplant ischemia and the damage to trans-

planted tissue during the short period after ovary

transplantation. Tavana et al. showed that hyaluronic acid

containing vascular endothelial growth factor (VEGF) and

basic fibroblast growth factor (bFGF) can ensure follicular

survival, decrease apoptosis, and recover ovarian function

after auto-transplantation [23]. On the other hand, a subse-

quent work presented that ovarian encapsulation with

hyaluronic acid-based hydrogel alone (without VEGF and

bFGF) can prevent or minimalize ischemia-induced follicle

loss, preserve the follicular pool, promote follicular sur-

vival, facilitate angiogenesis, and restore hormone levels

[12]. Other authors did not find a positive effect of

hyaluronic acid hydrogel on follicular preservation after

transplantation [11]. Zhou et al. presented that pretreatment

with gonadotropin-releasing hormone analogues (GnRHa)

before ovarectomy can effectively increase the follicle frac-

tion with normal morphology, without a negative effect on

physiological recovery of the grafted follicular tissue, and

may increase the subsequent successful rate of transplanta-

tion [24]. Amorin et al. presented that in autologous ovar-

ian transplantation, a high dose of N-acytylcystein through

removing reacting oxygen species, improving the action of

nitric oxide and acting on the regulation of microcircula-

tion promotes graft viability with recovery of the estrous

cycle [9]. Tamadon et al. focused their study on superovu-

lation after ovarian transplantation. The authors presented

that secondary follicules can survive after autologous trans-

plantation, but their reservoir gradually became diminished

after transplantation. On the other hand, the number of ter-

tiary follicles increases over time after transplantation.

Table 2. — Blood estrogen level, percentage of live tissue,
and angiogenesis in cryopreserved transplanted groups (C-
F-7, C-F-14, C-F-28, T-F-7, T-F-14, and T-F-28) (*-p <
0.05, **-p < 0.005)

Control group Treated group

Blood estrogen level (pg/ml)

7 days after TX 21.8 ± 3.0 22.8 ± 4.7

14 days after TX 15.2 ± 2.6 13.2 ± 2.0

28 days after TX 15.2 ± 4.3 15.1 ± 3.8

Live tissue (%)

7 days after TX 14.5 ± 6.5 20.6 ± 5.7*

14 days after TX 16.8 ± 6.2 18.0 ± 4.8

28 days after TX 11.2 ± 3.7 14.0 ± 4.8

Angiogenesis (number of capillaries in 250 μm

2

)  

7 days after TX 4.1 ± 0.8 4.6 ± 1.2  

14 days after TX 6.3 ± 1.5 7.1 ± 1.3  

28 days after TX 7.4 ± 2.1 12.7 ± 1.9**  

Figure 4. — Histological picture of transplanted cryopreserved

ovarian tissue in group C-F-7 and T-F-7 7 days after transplanta-

tion (coloured by haematoxylin eosin).

Figure 5. — Histological picture of neoangiogenesis in group C-

F-28 and T-F-28 28 days after transplantation (coloured by haema-

toxylin eosin, factor 8 antibody, and CD34 antibody).
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Changes in the ovary are caused by tissue ischemia after

transplantation [13]. Hayashi et al. presented hyperbaric

oxygen therapy as a successful method for improving oxy-

genation and subsequent survival of the ovary after trans-

plantation [3].

Several authors have presented the serum level of oe-

strogen as a marker of ovarian function, and this parameter

is used for confirmation of ovarian tissue survival after

fresh or cryopreservated transplantation [8, 9, 22]. An ele-

vation in the estrogen level is recorded five to ten days after

transplantation and it remains elevated throughout the life

of the ovarian tissue graft [8, 22]. On the other hand, in the

literature, the estrogen level parameter is a parameter of

ovary function, not a qualitative parameter of ovary tissue

survival. Deng et al. presented the elevation of estrogen

levels two years after ovarian transplantation in sheep and

six to 12 months in rats [8]. The present authors suggest

that the estrogen elevation lifetime could be a useful marker

for evaluating ovary tissue survival. In contrast, a compar-

ison of estrogen in the same time frame after transplantation

does not show quantitative changes in the ovarian tissue.

This correlates with the recording of no statistical differ-

ences in estrogen levels between the treated and control

groups. 

The present authors presumed that LMWH may affect

transplantation, healing, and naoangiogenesis via several

routes. A direct effect of T-cells with a decrease in several

interleukins and TNF-α after enoxaparin application was

recorded [25]. Decreases in tumor necrosis factor α

(TNFα), interleukin (IL)-1β, IL-6, IL-8, and IL-10 were

recorded after LMWH application. A decrease of TNFα and

IL-1β can lead to upregulation of syndecain-1, with in-

creasing levels of basic fibroblast growth factor (bFGF) and

fibroblast growth factor receptor, and decreasing levels of

matrixmetalloproteinase-7 (MMP-7). This complex effect

of growth factors and inflammation cytokines improves

wound-healing, stimulates keratinocyte proliferation, and

can affect neoangiogenesis [14]. Zhang et al. presented a

positive effect of ultra LMWH on cerebral ischemia/reper-

fusion injury. They presented significantly decreased lactic

acid content, increased ATP-ase activity, neural apoptosis

inhibition and decreased expression of intercellular adhe-

sion molecule 1 (ICAM-1) and caspase-3 mRNA after

ultra-LMWH application [26]. They also describe a posi-

tive effect of LMWH for myocardial infarction healing and

reperfusion injury [16]. The positive effect of LMWH on

reperfusion injury and decrease of apoptosis correlates with

a significantly higher percentage of live ovarian tissue

recorded seven days after cryopreserved transplantation

(20.6 ± 5.7% in treated group vs. 14.5 ± 6.5% in control

group). On the other hand, according to recorded data, the

positive effect did not persist two and four weeks after

transplantation. In the group with fresh ovarian transplan-

tation, no statistically significant difference was recorded in

the live tissue percentage after LMWH treatment.

Li et al. presented that LMWHs lead to a decrease of

VEGF, transforming growth factor β1 (TGF-β1), and hy-

poxia inducible factor 1α (HIF-1α) production. HIF-1α is a

critical transcription factor in hypoxic tissue, responsible

for angiogenesis and extracellular matrix (ECM) deposi-

tion, and VEGF is a well-known growth factor that pro-

motes neoangiogenesis [17]. Goertz et al. presented a

negative effect of Tinzaparin on VEGF-A production and

neoangiogenesis, but only a marginal antiangiogenic action

of fondaparinux [18]. Debergh et al. also presented anti-

angiogenic effects of LMWH and microvessel normaliza-

tion in tumor angiogenesis. The authors point to the

downregulation of tissue factor (TF) gene expression and

enhanced release of TF pathway inhibitor (TFPI). LMWH

also decreases the release of heparinase, which leads to a

decrease of heparin-bound growth factors (VEGF, bFGF)

release. Heparin fragments shorter than 18 saccharide units

interfere with the binding of VEGF to its cellular receptor,

and LMWH of molecular weight 2.5-5 kDa maximally su-

presses VEGF-induced angiogenesis. The authors summa-

rize that the most effective anti-angiogenic impact is

presented by LMWH of 3 to 6 kDa or >8 kDa [19]. The

molecular weight of enoxaparin varies from 3 to 8 kDa,

which also includes the window of the molecular weight

with anti-angiogenic and pro-angiogenic effects [27].

The proliferative phase of wound healing is significantly

dependent on angiogenesis. Durmaz et al. presented the

positive effect of enoxaparin on skin wound healing in rats

[20]. Norrby et al. also presented a positive affect of dal-

teparin on VEGF-mediated angiogenesis. They stated that

5-kD fraction of tinzaparin has been shown to inhibit

VEGF-induced angiogenesis. The different molecular

weight between the drugs is highlighted [21]. Takikawa et
al. presented a positive affect of FGF-2 containing frag-

min/protamine nanoparticles on the healing of crush syn-

drome by improved blood flow, increased number of blood

vessels, and faster recovery of muscle tissue [28]. Other au-

thors present a positive effect of enoxaparin on intestine

anastomosis healing [29]. The present results did not sug-

gest an angiogenesis effect by enoxaparin application seven

and 14 days after ovarian tissue transplantation. However

a significantly positive effect of enoxaparin four weeks

after transplantation was recorded. On the other hand, no

effect was recorded on live tissue percentage in this time

window. The present authors expect that for the effective-

ness on ovary tissue survival, a positive effect of LMWH

on angiogenesis in the earlier period after transplantation

is needed.

In Denmark, demographers are predicting that 25% of

woman today will live to age 100 [30]. Thus, this signifi-

cant portion of the population will live half of their lives

with postmenopausal changes. A number of works have fo-

cused on the possibility of overcoming the adverse effects

of postmenopausal biology [31, 32]. A new point of view

on ovary transplantation also includes preserving not only
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their chance of having a child, but also the possibility of

preventing them from ever having to go through

menopause [30]. 

Conclusion

The results presented in this paper show that enoxaparin

administration after transplantation of cryopreserved ovar-

ian tissue may temporarily improve tissue survival. The

most important finding is that the use of enoxaparin does

not adversely affect neo-angiogenesis around the trans-

planted ovary, which the results of other works have previ-

ously implied. Furthermore, a positive effect on

neoangiogenesis was demonstrated four weeks after ovar-

ian tissue transplantation in rats treated with enoxaparin.
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