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Abstract. 
Mesenchymal stem cells, which are poorly immunogenic and have potent immunosuppressive activities, have emerged as promising cellular therapeutics for the treatment of several diseases. Mesenchymal-like cells derived from Wharton’s Jelly, called umbilical cord matrix stem cells (UCMSCs), reportedly secrete a variety of cytokines and growth factors, acting as trophic suppliers. Here, we used UCMSCs to treat premature ovarian failure (POF). Ovarian function was evaluated by ovulation and the number of follicles. Apoptosis of the granulosa cells (GC) was analyzed by TUNEL staining. We found that after transplantation of the UCMSCs, apoptosis of cumulus cells in the ovarian damage model was reduced and the function of the ovary had been recovered. The sex hormone level was significantly elevated in mice treated with UCMSCs. The number of follicles in the treated group was higher than in the control group. Our results demonstrate that UCMSCs can effectively restore ovary functionality and reduce apoptosis of granulosa cells. We compared the RNA expression of the UCMSCs treated group with the POF model and wild-type control group and found that the UCMSC group is most similar to the wild-type group. Our experiments provide new information regarding the treatment of ovarian function failure.


1. Introduction



Premature ovarian failure (POF), also referred to as hypergonadotropic hypogonadism, is classically defined as 4–6 months of amenorrhea in women under the age of 40 and is associated with menopausal levels of serum gonadotropins (FSH > 40 IU/L) and hypoestrogenism. POF prevents women from being able to conceive and may also be associated with other medical problems, such as blood clots, osteoporosis, and heart disease [1]. 
The cause of POF is complex. Some patients have abnormal ovary development because of genetic disorders, such as fragile X, Turner syndrome, and some autosomal genes mutation [2]. Some cases of POF are attributed to autoimmune disorders [3]. Also chemotherapy and radiation treatments for cancer can sometimes cause ovarian failure [4]. There are two basic categories of premature ovarian failure: one in which there are few to no remaining follicles, and in the second, there are an abundant number of follicles. In the first situation, the causes include genetic disorders [5], chemotherapy, radiation to the pelvic region, surgery, and so on; however, in most cases, the cause is unknown. In the second case, a frequent cause is autoimmune ovarian disease, which damages maturing follicles but leaves the primordial follicles intact. Currently, there are no proven treatments that restore normal functionality to a woman’s ovaries [6]. One of the most common treatments for women with premature ovarian failure is hormone replacement therapy (HRT), but HRT has been shown to increase the risk of blood clots in the veins, ovarian cancer, and breast cancer [7, 8]. 
Mesenchymal stem cells (MSCs) have been shown to differentiate into various cell types both in vivo and in vitro. They are found in embryonic and extraembryonic tissues, as well as in adult organs [9]. Several reports indicate that cells from Wharton’s Jelly (WJ), the main component of the umbilical cord extracellular matrix, are multipotent stem cells, expressing markers of bone marrow mesenchymal stem cells (BM-MSCs). The human umbilical cord was found to be a new source of stem cells and can be used for cell therapy [10]. UCMSCs express the MSC markers CD29, CD44, CD73, CD90, and CD105 and do not express CD31, CD45, and HLA-DR [11]. UCMSCs can differentiate into several mesodermal cell types. Some groups have started using stem cells to restore the functionality of failed neuron in animals [12, 13]. Additionally, UCMSCs result in almost no immune response [14] and can be used to treat graft versus host disease (GVHD) [15]. The low expression of human leukocyte antigen (HLA) major histocompatibility complex (MHC) Class I and the absence of MHC Class II molecules in UCB-derived MSCs indicate the presence of immune evasion, even in allogeneic transplantations [16–18]. There is considerable optimism that immune suppression and the anti-inflammatory properties of MSCs will be useful in many conditions, such as graft versus host disease, solid organ transplants, and pulmonary fibrosis [19–21]. 
Researchers have used mesenchymal stem cells to repair damaged ovaries in rats [22, 23]. This is further supported by clinical reports linking stem cell transplantations to the spontaneous and as-yet unexplained recovery of ovarian function and natural fertility in some women rendered prematurely menopausal by high-dose cyclophosphamide (CTX). However, whether human UCMSCs can help mice damaged ovaries recover and the optimal dose at which they should be administered have not yet been determined. 
2. Methods
2.1. Animals
Specific pathogen-free (SPF-) grade CD1 (ICR) mice were purchased from Vital River. The mice were housed in the animal facility at the Academy of Military Medical Sciences and studied at 8–10 weeks of age. All studies followed procedures consistent with the Academy of Military Medical Sciences’ guide for the care and use of laboratory animals. 
2.2. Cell Isolation and Culture
Full-term umbilical cords (UCs) were received following UC blood removal. We used the mechanical dissociation and explanted culture method. Whole UCs were manually dissected into smaller sections (5-6 grams UC tissue per isolation) and plated in polystyrene tissue culture flasks with L-DMEM supplemented with 10% fetal bovine serum (Gibco, Carlsbad, CA, USA) and 1% penicillin/streptomycin (Gibco, Carlsbad, CA, USA) for 7 days in a 37°C humidified environment with 5% CO2 [24]. After around 10 days the first colonies of UCMSCs, the UCMSCs can be seen. At confluence, the cells were harvested with 0.25% trypsin-EDTA.
2.3. Phenotype Analysis by Flow Cytometry
The UCMSCs surface marker expression was analyzed at passage six by flow cytometry, using fluorescein isothiocyanate (FITC)-conjugated human monoclonal antibodies against the following: CD105, CD90, CD29, CD44, human leukocyte antigen (HLA)-DR, and Phycoerythrin (PE-) conjugated human antibodies against CD34. For flow cytometry analysis, adherent cells were detached by treatment with 0.25% trypsin-EDTA, neutralized with FBS-containing culture medium, and disaggregated into single cell by pipetting. The cells were incubated with mAbs for 30 min at 4°C, washed twice with PBS, resuspended in 0.5 mL PBS, and immediately analyzed using an FACS Calibur flow cytometer (Becton Dickinson). At least 2 × 105 cells were used for each sample, and Cell Quest software was used for data analysis. 
2.4. POF Model
The mice were randomly divided into three groups of 15 mice each, namely, the WT group, the POF group, and the UCMSCs group. In the latter two groups, the mice received a daily dose of intraperitoneal CTX injection (50 mg/kg) for 15 consecutive days to establish POF models of chemotherapy-induced ovarian damage. 
2.5. Cell Transplantation
Mice in the UCMSC group were injected intravenously with 1 × 106 hUCMSCs in 100 μL PBS according to previous study [25–27], and those in the WT and POF group were injected with 100 μL PBS alone. The injections were repeated once on the following day. For cell tracking studies, the cells were washed with PBS, incubated with the fluorescent CM-Dil (Roche) for 5 min at 37°C and 15 min at 4°C, washed twice with PBS, and resuspended in PBS for a final volume of 107 cells/mL. The recovery rate of this procedure was 80–90% of the viable cells.
2.6. Mice Superovulation
Female ICR mice were superovulated by an intraperitoneal injection of 5 IU of pregnant mare serum gonadotropin followed, 48 h later, by intraperitoneal injection of 5 IU of human chorionic gonadotropin (hCG). Fully grown GV oocytes were collected from 4- to 8-week-old ICR female mice 44–48 h after equine chorionic gonadotropin injection. The MII oocytes were collected from the oviducts of female mice, administered with equine chorionic gonadotropin and human chorionic gonadotropin. Parthenogenetic activation of MII oocytes was performed by culturing the oocytes in calcium-free CZB medium supplemented with 10 mM strontium and 1 mg/mL cytochalasin B (CB).
2.7. Hematoxylin and Eosin Staining of Ovary Slices
After one-week transplantation, the ovaries of three group mice were collected. The mouse ovaries were fixed in phosphate-buffered saline containing 4% formaldehyde, and routine paraffin-embedded sections were produced. The ovaries of three groups were collected five days after treatment. The 4 μm paraffin-embedded sections were rehydrated using xylene and a graded alcohol series and stained with hematoxylin and eosin. 
2.8. Hormone Examination
Before the experiment, 1 mL of blood was collected in the diestrus phase and the serum was restored in a procoagulant tube (BD) for determination of the baseline levels of estradiol (E2). The concentrations of estradiol in the ovarian homogenate were determined by chemiluminescence techniques.
2.9. Apoptosis Detection
In Situ Cell Death Detection Kit, POD (Roche) was used for detection of cell apoptosis in the mouse ovaries. TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling) is a method of choice for rapid identification and quantification of the apoptotic cell fraction. The In Situ Cell Death Detection Kit is designed to detect fragmented DNA histochemically by TUNEL (TdT-mediated dUTP Nick End Labeling). The fluorescein-labeled nucleotides are incorporated in situ onto the 3′ ends of DNA fragments, allowing histologic localization and detection of individual apoptotic cells.
Briefly, the tissue sections were washed in xylene and ethanol (absolute, 95%, 90%, 80%, and 70%, diluted in double distilled water), suspended in PBS, and incubated for 15–30 min at 21°C–37°C with proteinase K (10–20 μg/mL in 10 mM Tris/HCL, pH 7.4–8). The slides were rinsed twice in PBS, and the area around the sample was dried. Then, 50 μL of TUNEL reaction mixture was added to the samples, which were incubated for 60 min at 37°C in a humidified atmosphere in the dark. The slides were rinsed 3 times with PBS. We then dyed the cell nucleus with Hoechst 33324 for 15 min and washed 3 times with PBS.
2.10. RNA Microarray Analysis
RNA was isolated from mouse ovaries using Trizol (Invitrogen) using standard methods.
Labeling and hybridization were performed at the CapitalBio Company, according to protocols described in the 32 K mouse genome arrays user manual. The data were analyzed using LuxScan 3.0 Image analysis software (CapitalBio company). 
2.11. Real-Time Quantitative PCR
Total RNA was extracted from WT, POF, and UCMSC group ovary using Trizol (Life Technologies). Superscript II reverse transcriptase (Life Technologies) was used to generate cDNA using 1 μg of RNA and oligo dT primer, according to the manufacturer’s instructions. The primers were designed using Primer Express version 2.0 (Applied Biosystems, Foster City, CA, USA) and are listed in Table 1. The primers used for this study were synthesized by Invitrogen. The qRT-PCR was performed in triplicate and was repeated in at least three separate experiments using the following conditions. Reaction mixtures contained 12.5 μL of SYBR Green I dye master mix (Applied Biosystems), 2 pmoles each of forward and reverse primers, and 5 μL of 100 times diluted cDNA. Thermocycle conditions included initial denaturation at 50°C and 95°C (10 min each), followed by 40 cycles at 95°C (15 s) and 60°C (1 min). Fluorescent data were acquired during each extension phase. After 40 cycles, a melting curve was generated by slowly increasing (0.1°C/s) the temperature from 60°C to 95°C, while the fluorescence was measured. The threshold cycle (CT) was calculated using the Sequence Detector Systems version 1.2.2 (Applied Biosystems) by determining the cycle number at which the change in the fluorescence of the reporter dye (ΔRn) crossed the threshold. To synchronize each experiment, the baseline was set automatically by the software. To rule out DNA contamination in the RNA preparations, the qRT-PCR controls were performed with RNA templates which did not show any amplification.
Table 1: The primers were used for the qRT-PCR.
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	GAPDH	 	F	GTTGTCTCCTGCGACTTCA
	 	R	TGGTCCAGGGTTTCTTACTC
	Actin	 	F	GAGATTACTGCTCTGGCTCCTA
	 	R	GGACTCATCGTACTCCTGCTTG
	Bub1	NM_001005856.1 	F	ATGAAGCCACAACGTACCCA
	R	TCCTGCCGTCTACTCCTCTTG
	Cdkn2b 	NM_007670.4	F	TTTGGGTGGGTGCAGTCAG
	R	TTCCTTGTCGAGCTGGAGGT
	Chek1	NM_007691.5	F	TGGATGCGGACAAATCTTACC
	R	ACCAAACCTTCTGGCTGCTC
	Gadd45a 	NM_007836.1	F	CTCATCCGTGCGTTCTGCT
	R	TCCATTGTGATGAATGTGGGTT
	Cdk4   	NM_009870.3	F	CAGTCTACATACGCAACACCCG
	R	CAAAGATTTTCCCCAACTGGTC
	Cxcr4	NM_009911.3	F	GCTGAAAAGGCAGTCTATGTGG
	R	ACAGGCTATCGGGGTAAAGG
	Lhcgr	NM_013582.2	F	ACGCTGACCTACCCTAGCCA
	R	CCCAGCCACTGAGTTCATTCT
	Ly6a 	NM_010738.2	F	CAATTCTTCCTGGAGCCCTCT
	R	CATGAGCAGCAATCCACAACA
	Smad2	NM_010754.5	F	CACCTTCATCACGCCTTGG
	R	TGGGCATCTGCTTTCTTTGA
	Nr5a2	NM_030676.3	F	TCAGTTCGATCAGCGGGAGT
	R	TTCACCTGCTCTTGGACACCT
	Akr1c18	NM_134066.2	F	CAAGTCCATCGGGGTGTCTAA
	R	GCAGCTTGCTCTGGTTGAGAT
	Cyp4f15	NM_134127.1	F	ATGACCCCTTCCGCTTTGA
	R	CGCCACCTTCATCTCGTTC
	



3. Results
3.1. Characterizing the UCMSCs
The UCMSCs were harvested and cryopreserved 20–30 days after the initial processing, as time was required for the UCMSCs to migrate from the plated tissue (Figure 1(a)). A minimum of 10 days was required for the first colonies of UCMSCs to appear, and additional 5 days were needed to gain 70–80% confluency, at which point the cells were transferred to 75 cm2 flasks. The proliferation rate decreased after 10 passages. 
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(b)
Figure 1: Isolation and identification of UCMSCs. (a) The UCMSCs were isolated from human umbilical cord and showed typical fibroblastic morphology. (b) FCM analysis of UCMSCs. CD90, CD44, CD29, and CD105 were positive and CD31, HLA-DR were negative. Scale bars: 100 μm.


The hMSCs from different sources displayed a homogenous spindle-shaped population and maintained this morphology during subsequent passages. FACS analysis was employed to identify the surface marker expression at passage 6. The UCMSC culture was shown to be devoid of HLA-DR and CD31. In contrast, a high expression of CD29, CD44, CD90, and CD105 markers were observed (Figure 1(b)). These markers were expressed in over 95% of the population. 
3.2. UCMSCs Rescue the POF Ovulation Function
Females administered nonlethal doses of CTX (50 mg/kg) for 15 days exhibited premature ovary failure. There were fewer follicles in their ovaries than in the wild-type mice (Figures 2(a) and 2(b)). The wild-type mouse ovary possessed 
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 follicles (Figure 2(g)) (POF versus WT 
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). The UCMSCs were delivered intravenously. The ovaries were collected one week after treatment, and the presence of normal follicles was determined. There was a slight increase in the weight of the ovaries in mice undergoing cell transplantation. The ovaries from female mice that were injected intravenously through the tail contained the similar number of follicles as the wild-type mice (
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) (UCMSC versus WT 
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) (Figures 2(c) and 2(g)). And ovaries of mice receiving UCMSCs transplantation after chemotherapy possessed more oocyte-containing follicles at various stages of development than POF group (POF versus UCMSC 
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) (Figures 2(d), 2(e) and 2(f)).
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(h)
Figure 2: The effect of transplantation. (a, b, c) Hematoxylin eosin staining. (a) Follicles of the POF model. (b) Follicles of the WT group. (c) Follicles of the UCMSCs treated group. (d) Oocytes of the POF model. (e) Oocytes of the WT group. (f) Oocytes of the UCMSCs treated group. (g) Number of follicles of the three groups (POF, WT and UCMSCs treated). Data were means ± SD of numerous experiments. (POF versus WT 
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, and UCMSC versus WT 
	
		
			
				𝑃
				>
				0
				.
				0
				5
			

		
	
). (h) The values of sexual hormone E2 of the three groups (POF, WT and UCMSCs treated). Data were means ± SD of numerous experiments. (POF versus WT 
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). Scale bars: 100 μm.


3.3. The UCMSCs Recover Ovary Function in Sex Hormone (E2) Levels
Follicular development was assessed in all groups by monitoring E2 levels in the serum. One week after MSC transplantation, the serum E2 of the therapy group was significantly increased compared with the POF group (
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) without treatment. There was no significant difference between the UCMSC treated group and WT groups (Figure 2(h)).
3.4. The UCMSCs Do Not Differentiate into Follicles
The cell-tracking technique may be generally suited to monitoring stem cell homing and engraftment. One week after transplantation, the intravenously injected labeled human UCMSCs could be traced in the ovaries. The labeled stem cells infused into the donor ovaries but did not develop into follicles, including cumulus cells or oocytes (data not show). 
3.5. The UCMSCs Can Reduce Apoptosis of the Granulosa Cells
Following CTX, the granulosa cells and other cells in the ovaries underwent dram