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Abstract
Title: Role of adipose-derived stem cells in restoring ovarian structure of adult albino rats with chemotherapy-induced ovarian failure; A Histological and Immunohistochemical Study.
Abstract: Background and Objectives: Damage to the reproductive system is one of the most devastating effects of chemotherapeutic treatment. It is frequently associated with premature ovarian failure (POF). Therefore, this study was planned to evaluate the therapeutic effectiveness of Adipose-Derived Stem Cells (ADSCs) in a rat model of chemotherapy-induced ovarian failure. 
Methods and Results: This study was carried out on forty adult female albino rats. They were divided into: Group I Control Group (n=8) received a vehicle of phosphate buffered saline (PBS) solution. Group II in which ovarian failure (OF) was induced using combined cyclophosphamide/busulfan therapy and were sacrificed after one week (gIIa n =8) and after five weeks (gIIb n=8). Group III in which rats received ADSCs after chemotherapy and were sacrificed after one week (gIIIa n =8) and after four weeks (gIIIb n=8).  Blood samples were analysed for serum estradiol, FSH & LH. Ovarian sections were subjected to H&E, Masson´s Trichrome and immunohistochemical staining for anti- PCNA & BCL-2 antibody. The mean number of primordial follicles, mean area % of collagen fibers, mean area % of +ve immunoreactivity for PCNA and BCL-2 were measured by histomorphometric studies and statistically compared. ADSCs proved to have a therapeutic potential in improving ovarian structure and function following chemotherapy, evidenced at both the morphological and laboratory level.
Conclusions: The greatest effect of ADSCs was achieved after the longer duration of therapy which lasted for four weeks.
Key Words: Premature ovarian failure, chemotherapy, Adipose Derived Stem Cells, PCNA, BCL-2.
	




Introduction
 Anticancer drugs are unquestionably beneficial as therapeutic agents. However, their side effects on the quality of life of female cancer survivors and their offsprings cannot be ignored. One of the most devastating effects of chemotherapy is damage to the reproductive system, which in young girls and women younger than forty years of age is frequently associated with premature ovarian failure (POF) [1].

  Restoration of reproductive function following chemotherapy is of increasing importance given that survival rates are improving. Currently, there are no proven treatments that restore fertility potential or even normal functionality to a woman’s ovaries after chemotherapeutic treatment [2].
One of the most common therapeutic strategies for women with POF is hormone replacement therapy (HRT), however, HRT has been shown to increase the risk of blood clots in the veins as well as ovarian and breast cancer [3].
Over the past three decades, Bone Marrow Stem Cells (BMSCs) have been used as a popular cell source for regenerative medicine research. However, the isolation of BMSCs frequently yields a low number of stem cells and the isolation procedure is invasive for donors and patients [4].
Concerning the application of Embryonic Stem Cells (ESCs), these have many disadvantages including tumorigenicity and ethical considerations [5].

In contrast, adipose tissue has recently been identified as one of the alternative sources of multipotent resident stem cells in humans. Adipose-derived stem cells (ADSCs) are a new type of MSCs that are typically abundant in individuals. They comprise a type of multipotent adult stem cells isolated from adipose tissue [6]. 
The biologic characteristics of ADSCs resemble those of adult stem cells from marrow. However, adipose tissue represents an abundant, poorly immunogenic, stably proliferative, low-injury and practical tissue source that holds great promise for autologous cell repair and regeneration [7].

	          The present study was designed to test the therapeutic potential of ADSCs in improving ovarian structure and folliculogenesis in a rat model of combined cyclophosphamide-busulfan induced ovarian failure, monitored by histological, immunohistochemical and morphometric methods.
Material & Methods

Material
(I) Drugs:
a) Cyclophosphamide (CY) (Trade name Endoxan), was purchased from Baxter Oncology GmbH, Halle, Germany, in the form of a vial 200 mg. The drug was dissolved in 10ml phosphate buffered saline (PBS) solution. Rats were injected intraperitoneal (I.P) with a single dose, 120 mg/kg [8].

b) Busulfan (Trade name Myleran): The drug was purchased from Excella GmbH, Nurnberger, Germany, in the form of tablets 2 mg. Tablets were crushed and dissolved in phosphate buffered saline (PBS) solution, It was given orally by the use of a special blunt tipped syringe, at a dose of 30 mg/kg, single dose [8].

(II) Animals:
        The study was conducted at the Animal House of Kasr Al Ainy School of Medicine, according to the guidelines for the Care and Use of Laboratory Animals. Forty adult female albino rats (12 weeks old) were used in this experiment, their weights ranged from 180-200 (185 ± 1.25) gram. They were fed ad libitum and allowed free access to water.
They were divided into the following groups:
- Group I (GI) Control Group included 8 rats that were subdivided into:
gIa: 4 rats received 0.5 ml PBS (solvent of CP & busulfan) by intraperitoneal (I.P.) injection as well as oral route.
gIb: 4 rats received the same regimen as in subgroup Ia,  then received 0.5 ml PBS (solvent of stem cells) by intravenous (I.V.) route through rat tail vein.
- Rats were sacrificed with the corresponding experimental subgroups.

- Group II (GII) included 16 rats in which ovarian failure (OF) was induced using combined cyclophosphamide/busulfan therapy.  It was subdivided into:
gIIa: 8 rats were sacrificed 1 week after chemotherapy to confirm ovarian failure.

gIIb: 8 rats were left untreated and were sacrificed 5 weeks after chemotherapy to   assess spontaneous recovery from chemotherapy treatment.

- Group III (GIII) included 16 rats in which ovarian failure was induced by the same regimen as in group II. After 1 week of chemotherapeutic treatment, the animals received 2 million units of PKH-labeled ADSCs/ animal I.V. through tail vein, single dose. It was subdivided into:
IIIa: 8 rats were sacrificed 1 week after the ADSCs injection.
IIIb: 8 rats were sacrificed 4 weeks after the ADSCs injection.

Methods
Induction of Ovarian Failure [Combined Cyclophosphamide/ Busulfan Therapy]
          Cyclophosphamide was solubilized in PBS solution. The solution was prepared and injected I.P. within 15 minutes of its preparation, at a dose of 120 mg/kg. Busulfan was dissolved in PBS solution and given concomitantly with cyclophosphamide, orally at a dose of 30 mg/kg, single dose [8]. This was performed at the Histology Department, Faculty of Medicine, Cairo University.
 
Confirmation of Ovarian Failure
- Vaginal smear cytology
         It was performed daily to ascertain ovarian failure. The cycles were considered as normal when they showed typical stages of proestrous, estrous, metestrous and diestrous, which normally lasts for 4-6 days [9]. Unstained vaginal smears were examined using an inverted phase-contrast microscope (Olympus, Tokyo, Japan). The presence of cornified cells in the estrous phase was used as an indicator of estrogenic activity.

- Laboratory Investigations
Retro-orbital blood samples were collected by capillary tubes at the Biochemistry Department, Faculty of Medicine, Cairo University. 
Measuring hormonal profile for:
· Serum Estradiol (E2), 
· Follicle Stimulating Hormone (FSH) &
· Lutenizing Hormone (LH), by Enzyme Linked Immuno-Sorbent Assay (Biosource, TM, ELISA Kits, USA) [10].
- This was repeated for all rats at the start of treatment as well as just before sacrifaction. 






Preparation of ADSCs isolated from rats    
-  Isolation of ADSCs
Subcutaneous white adipose tissue was excised from the inguinal pad of fat in rat under complete aseptic conditions. The adipose tissue was resected and placed into a labeled sterile tube containing 15 ml of a phosphate buffered solution (PBS; Gibco/ Invitrogen, Grand Island, New York, USA). Enzymatic digestion was performed using 0.075% collagenase II (Serva Electrophoresis GmbH, Mannheim) in Hank’s Balanced Salt Solution for 60 minutes at 37℃ with gentle shaking. Digested tissue was filtered and centrifuged, and erythrocytes were removed by treatment with erythrocyte lysis buffer. The cells were transferred to tissue culture flasks with Dulbecco Modified Eagle Medium (DMEM, Gibco/ BRL, Grand Island, New York, USA) supplemented with 10% fetal bovine serum (Gibco/BRL) and, after an attachment period of 24 hours, non-adherent cells were removed by a PBS wash. Attached cells were cultured in DMEM media supplemented with 10% fetal bovine serum FBS, 1% penicillin-streptomycin (Gibco/ BRL), and 1.25 mg/L amphotericin B (Gibco/BRL), and expanded in vitro. At 80-90% confluence, cultures were washed twice with PBS and the cells were trypsinized with 0.25% trypsin in 1 mM EDTA (Gibco/BRL) for 5 min at 37℃. After centrifugation, cells were resuspended with serum- supplemented medium and incubated in 50 cm2 culture flask (Falcon). The resulting cultures were referred to as first-passage cultures and expanded in vitro until passage four [11].
- Morphological identification of ADSCs 
ADSCs in culture were characterized by their adhesiveness and fusiform shape and by detection of CD29, one of the surface markers of rat ADSCs by Flow cytometry. ADSCs differentiation into chondrocytes and osteocytes was confirmed [12]. This was done at the Biochemistry Department, Faculty of Medicine, Cairo University.

- Labeling of ADSCs with PKH26 dye 
ADSCs were harvested during the 4th passage and were labelled with PKH26 fluorescent linker dye [13]. ADSCs were labeled with PKH26 according to the manufacturer’s recommendations (Sigma, Saint Louis, Missouri, USA). Two million units of PKH26 labelled ADSCs were loaded in a 1 ml volume sterile syringe and were injected into the tail vein of each animal. After one week and four weeks of ADSCs therapy, ovarian tissue was examined with a fluorescence microscope (Leica, Soles, Germany) to detect and trace the cells stained with PKH26.

Histological Study
         The animals were sacrificed using chloroform inhalation. Right and left ovaries from each animal were immediately dissected, fixed in 10% formol saline for 24-48 hours, dehydrated in ascending grades of alcohol, cleared in xylene and embedded in paraffin. This was performed at the Histology Department, Faculty of Medicine, Cairo University. Paraffin blocks were cut at 5 - 7µm thickness, using Leica rotator microtome (Germany). 

Sections were subjected to the following stains:
a) Hematoxylin and Eosin stain [14].
b) Masson´s Trichrome stain [15].
c) Immunohistochemical staining using the avidin–biotin peroxidase complex technique. Sections were counterstained with Meyer′s hematoxylin [16] for detection of:
 i)      Proliferating Cell Nuclear Antigen (PCNA). PCNA is an auxillary protein of DNA-polymerase enzymes, necessary for DNA synthesis and is used as a standard marker in proliferating cells [17]. PCNA antibody is a mouse monoclonal antibody PC 10 (Novocastra, Milton, Keynes, USA). PCNA positive cells show brown nuclear deposits.
ii)    Bcl-2 inhibits cell death through direct interactions with the proapoptotic members [18]. Bcl-2 antibody is a mouse monoclonal antibody (Labvision, Thermoscientific, USA). Bcl-2 positive cells show brown cytoplasmic deposits.

Positive tissue control for PCNA and BCL-2: Human tonsil biopsies showed +ve immunostaining in the form of brown nuclear reaction for PCNA and brown cytoplasmic deposits for BCL-2. 

Negative control for PCNA and BCL-2: Additional specimens of the ovary were processed in the same sequence but the primary antibody was not added and instead, PBS was added in this step. Omission of the primary antibody gave no staining reaction.








Morphometric Study
Using a Leica Qwin 500 LTD image analysis computer system, (Cambridge, UK), the following parameters were measured. For each group, five slides of five different specimens were examined. From each slide, ten non-overlapping fields were measured.
The following parameters were measured:
- Mean number of primordial follicles. It was counted in every 5th serial section of H&E-stained sections, using the interactive measuring menu, at magnification X400.
- Mean area percent of collagen fiber content in Masson’s Trichrome stained sections using the color detect menu. Collagen fibers were masked by a blue binary color to the area of the standard measuring frame, at magnification X100. 
- Mean area percent of positive immunoreactivity for PCNA & BCL-2. 
It was measured in immunostained sections using the color detect menu, in relation to a standard measuring frame, at a magnification of X 400. The areas of positive immunoreactivity for PCNA & BCL-2 were masked by a blue binary color.


Statistical Analysis 
All measurements were subjected to statistical analysis using Student T test and ANOVA test using (SPSS) software version 16 Chicago USA [19].


Results
Results of Laboratory Investigations:
Measurements of Hormone Levels (FSH, LH and Estradiol (E2) in the Studied Groups (Table 1, Figure 1) 
FSH:  A significant increase was reported in the chemotherapy treated subgroups IIa and IIb, as compared to the control. FSH value presented a significant decrease in the ADSCs treated subgroups IIIa and IIIb, as compared to the chemotherapy treated group. Thus, the highest value for FSH was recorded in subgroup IIb (after 5 weeks of chemotherapeutic treatment).
LH: A significant increase in the chemotherapy treated subgroups IIa and IIb, was expressed as compared to the control. A reduction in the LH value was reported in the ADSCs treated group which represented a non-significant decrease in subgroup IIIa; and significant decrease in subgroup IIIb, as compared to the chemotherapy treated group. Meanwhile, a significant increase was reported in ADSCs group as compared to the control value. Thus, the highest value for LH was recorded in subgroup IIb (after 5 weeks of chemotherapeutic treatment).
Estradiol: A significant decrease was reported in the chemotherapy treated subgroups IIa and IIb, as compared to the control. Estradiol value presented a significant increase in the ADSCs treated subgroups IIIa and IIIb, as compared to the chemotherapy treated group. Thus, the least value for Estradiol was recorded in subgroup IIb (after 5 weeks of chemotherapeutic treatment).

Table (1): Mean values (± SD) of hormone levels in the studied groups
	
	
FSH (mIU/ml)
	
LH (mIU/ml)
	
Estradiol (pg/ml)

	Gp I (control)
	4.14±0.32
	2.83±0.25
	1.81±0.22

	Subgroup IIa
	12.07±1.12 ⃰ # ^
	9.9±0.7 ⃰ # ^
	0.86±0.05 ⃰ #^

	Subgroup IIb
	12.87±2.25 ⃰ # ^
	10.83±2.12 ⃰ # ^
	0.65±0.19  ⃰ # ^ 

	Subgroup IIIa
	6.31±0.91 ●○
	7.2±0.29  ⃰ ●
	1.27±0.22 ●○

	Subgroup IIIb
	5.35±1.56 ●○
	5.7±1.10  ⃰ ●○
	1.66±0.70 ●○


mIU/ml: milli international unit per milliliter
pg/ml: picrogram per milliliter

* Significantly different from the value of the control group at P˂0.05
# Significantly different from the value of subgroup IIIa at P˂0.05
^ Significantly different from the value of subgroup IIIb at P˂0.05
○ Significantly different from the value of subgroup IIa at P˂0.05
● Significantly different from the value of subgroup IIb at P˂0.05











Figure (1): Mean values (± SD) of hormone levels in the studied groups.
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* Significantly different from the value of the control group at P˂0.05
# Significantly different from the value of subgroup IIIa at P˂0.05
^ Significantly different from the value of subgroup IIIb at P˂0.05
○ Significantly different from the value of subgroup IIa at P˂0.05
● Significantly different from the value of subgroup IIb at P˂0.05


Histological Results
Hematoxylin and Eosin-Stained Ovarian Sections
No histological variations were demonstrated on examination of ovarian sections of the control subgroups. Light microscopic examination of ovarian sections of the control group (group I) showed the normal histological structure of the ovary. The surface of the ovary was covered by germinal epithelium formed of a single layer of cuboidal cells. Beneath the germinal epithelium was a thin layer of dense fibrous connective tissue (tunica albuginea). The parenchyma below the tunica albuginea was divided into two poorly demarcated zones. The outer cortex contained different types of follicles, embedded in a highly cellular compact stroma. The inner medulla contained blood and lymph vessels in loosely arranged connective tissue (Fig. 2A).
Follicles in different stages of development were detected. Primordial follicles were often located immediately beneath the tunica albuginea; each consisted of a primary oocyte surrounded by a single layer of squamous epithelial cells. Unilaminar pimary follicles, surrounded by a single layer of cuboidal cells and multilaminar primary follicles, surrounded by multiple layers of follicular cells, were detected. Secondary follicles were observed as well as corpora lutea.  Each secondary follicle was formed of several layers of granulosa cells with multiple fluid spaces. Some atretic follicles were also observed. Cortical blood vessels were evident with a single layer of simple squamous endothelial lining (Figs. 2A and 2B).
Ovarian sections of subgroup IIa showed shrunken irregular outline of the ovary with flattening of the germinal epithelium.  A remarkable observation in this subgroup was massive loss of follicles and the presence of many atretic follicles. Some atretic follicles showed shrunken oocytes with dislodgement of granulosa cells.  Corpora albicans, formed of dense white fibrous connective tissue, were also observed (Figs. 2C and 2D).  	Ovarian sections of subgroup IIb showed irregular outline of the ovary. Ovarian cortex exhibited several atretic follicles. Some unilaminar primary, secondary follicles as well as corpora lutea were observed, but most of them were degenerated (Fig. 2E).  
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Fig.  2. (A) A photomicrograph of an ovarian section of adult female albino rat of the control group (group I) showing cortex containing unilaminar primary follicles (UL), secondary follicles (S) at different stages of growth. Corpora lutea (CL) and atretic follicles (A) are also demonstrated. Note the presence of cortical blood vessel (V). The medulla (M) contains loose connective tissue rich in blood vessels (V ⃰) (H& E Χ100). (B) A photomicrograph of an ovarian section of adult female albino rat of the control group (group I) showing that the germinal epithelium appears formed of a single layer of cuboidal cells (black arrows). The cortex contains several primordial follicles (P), unilaminar primary follicles (UL), multilaminar primary follicle (ML) and a part of a corpus luteum (CL). Note the presence of cortical blood vessels (V) with simple squamous endothelial lining (green arrows) (H and E X400). (C) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIa (1 week after chemotherapy administration) showing shrunken ovary with  irregular outline (arrows) exhibiting massive loss of follicles and many atretic follicles (A). A degenerated corpus luteum (blue arrow) is observed (H& E Χ100). (D) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIa (1 week after chemotherapy administration) showing massive loss of follicles with several atretic follicles (A). One atretic follicle shows shrunken oocyte and dislodgment of granulosa cells (arrowhead). A corpus albicans (CA) is evident in addition to a degenerated corpus luteum (blue arrow) (H& E Χ100). (E) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIb (5 weeks after chemotherapy administration) showing irregular outline of the ovary with many atretic follicles (A) with the presence of unilaminar primary follicle (UL) and secondary follicles (S), some of which are degenerated (red arrows). A part of corpus luteum (CL) and a degenerated corpus luteum (blue arrow) are observed (H& E Χ100).                                                                                                                     
Ovarian sections of subgroup IIIa revealed the presence of many cortical follicles at different stages of growth and development; multilaminar primary follicles, up to the mature graffian follicle stage. Mature graffian follicles were formed of primary oocytes surrounded by zona pellucida and corona radiata, covered by cumulus oophorus cells, separating the oocyte from the follicular fluid-filled cavity which was lined by granulosa cells. The mature follicle was covered externally by theca folliculi. Several corpora lutea were also observed (Fig. 3A). The germinal epithelium was formed of a single layer of cuboidal cells. Several primordial follicles were observed (Fig. 3B). Several cortical blood vessels were noticed, where in some fields they appeared dilated and congested (Fig. 3C). 

Ovarian sections of subgroup IIIb revealed the presence of mature graffian follicles and several corpora lutea (Fig. 3D).  A remarkable abundance of primordial follicles was observed in most of the sections. The germinal epithelium was formed of a single layer of cuboidal cells (Fig. 3E). Dilatation, congestion and interestingly presence of abundant cortical blood vessels were observed (Figs. 3E and 3F).
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Fig.  3. (A) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIIa (1 week after ADSCs administration) showing a multilaminar primary follicle (ML), a mature graffian follicle (GF) as well as corpora lutea (CL)  (H& E Χ100). (B)  A photomicrograph of an ovarian section of adult female albino rat of subgroup IIIa (1 week after ADSCs administration) showing that the germinal epithelium appears formed of a single layer of cuboidal cells (arrows).                                                                                        Several primordial follicles (P), a unilaminar primary follicle (UL) and a part of a corpus luteum (CL) are evident (H& E Χ400). (C) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIIa (1 week after ADSCs administration) showing multilaminar primary follicles (ML) and a part of a corpus luteum (CL) in addition to dilatation and congestion of cortical blood vessels (V) (H& E Χ400). (D) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIIb (4 weeks after ADSCs administration) showing a mature graffian follicle (GF) and several corpora lutea (CL) (H& E Χ100). (E) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIIb (4 weeks after ADSCs administration) showing that the germinal epithelium appears formed of a single layer of cuboidal cells (arrows). The presence of many primordial follicles (P) is noted, in addition to dilatation and congestion of cortical blood vessels (V) (H& E Χ400). (F)  A photomicrograph of an ovarian section of adult female albino rat of subgroup IIIb (4 weeks after ADSCs administration) showing abundance of cortical blood vessels (V) which appear dilated and some of them are congested (H& E Χ400).                                                                       



Masson’s Trichrome (MT)-Stained Sections:
         Ovarian sections of group I (control group) showed some collagen fibers in the ovarian cortical stroma between the cortical follicles (Fig. 4A).
Ovarian sections of subgroup IIa (Fig. 4B) and subgroup IIb (Fig. 4C) showed increased collagen fiber content in the cortical stroma between the cortical follicles and extending towards the medulla. Ovarian sections of subgroup IIIa (Fig. 4D) and subgroup IIIb (Fig. 4E) showed decreased collagen fiber content in the cortical stroma between the cortical follicles. 
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Fig.  4. (A) A photomicrograph of an ovarian section of adult female albino rat of the control group (group I) showing some collagen fibers in the cortical stroma between the cortical follicles (arrows) (MT, Χ100). (B) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIa showing massive accumulation of collagen fibers (arrows) in the cortical stroma between the cortical follicles and extending towards the medulla (MT, Χ100). (C) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIb showing intense accumulation of collagen fibers (arrows) in the cortical stroma between the cortical follicles and extending towards the medulla (MT, Χ100). (D) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIIa showing minimal deposition of collagen fibers in the cortical stroma (arrows) (MT, Χ100). (E) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIIb showing minimal deposition of collagen fibers in the cortical stroma (arrows) (MT, Χ100).                                                                                                                           


Immunohistochemical Results

Anti-PCNA stained Ovarian Sections
Ovarian sections of the control group immunostained for PCNA showed negative PCNA immunostaining of the surface epithelial cells. Some of the follicular cells exhibited a positive brown nuclear reaction for PCNA with negative immunostaining of the stromal cells (Fig. 5A). Ovarian sections immunostained for PCNA of subgroup IIa (Fig. 5B) and subgroup IIb (Fig. 5C) showed negative PCNA immunostaining of the surface epithelial cells, follicular cells and stromal cells. Ovarian sections immunostained for PCNA of subgroup IIIa (Fig. 5D) and subgroup IIIb (Fig. 5E) showed that the surface epithelial cells had a positive brown nuclear reaction for PCNA in addition to positive immunoreactivity of follicular cells and oocyte nuclei of some primordial follicles. There was negative PCNA immunostaining of the stromal cells.
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Fig.  5. (A) A photomicrograph of an ovarian section of adult female albino rat of the control group (group I) showing positive PCNA immunostaining in some follicular cells (F) and negative immunostaining in the surface epithelial cells (arrows) and stromal cells (S) (PCNA immunostaining Χ400). (B) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIa showing negative PCNA immunostaining in the surface epithelial cells (arrows), follicular cells (F) and stromal cells (S) (PCNA immunostaining Χ400). (C) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIb showing negative PCNA immunostaining in the surface epithelial cells (arrows), follicular cells (F) and stromal cells (S) (PCNA immunostaining Χ400). (D) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIIa showing positive PCNA immunostaining of  surface epithelial cells  (arrows) and follicular cells (F) as well as an oocyte of a primordial follicle (P) and negative immunostaining of the stromal cells (S) (PCNA immunostaining Χ400). (E) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIIb showing positive PCNA immunostaining of  surface epithelial cells  (arrows) and follicular cells (F) as well as an oocyte of a primordial follicle (P) and negative immunostaining of the stromal cells (S) (PCNA immunostaining Χ400).
Anti- Bcl-2 Stained Ovarian Sections
             Ovarian sections of the control group immunostained for Bcl-2 showed negative Bcl-2 immunostaining of the surface epithelial cells. Some of the follicular cells exhibited a positive brown cytoplasmic reaction for Bcl-2 with negative immunostaining of the stromal cells (Fig. 6A). Ovarian sections immunostained for Bcl-2 of subgroup IIa (Fig. 6B) and subgroup IIb (Fig. 6C) showed negative Bcl-2 immunostaining of the surface epithelial cells, follicular cells and stromal cells. Ovarian sections immunostained for Bcl-2 of subgroup IIIa (Fig. 6D) and subgroup IIIb (Fig. 6E) showed that the surface epithelial cells and the follicular cells exhibited positive brown cytoplasmic deposits for Bcl-2 with negative Bcl-2 immunostaining of the stromal cells. 
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Fig.  6. (A) A photomicrograph of an ovarian section of adult female albino rat of the control group (group I) showing positive Bcl-2 immunostaining in some follicular cells (F) and negative immunostaining in the surface epithelial cells (arrows) and the stromal cells (S) (Bcl-2 immunostaining Χ400). (B)  A photomicrograph of an ovarian section of adult female albino rat of subgroup IIa showing negative Bcl-2 immunostaining in the surface epithelial cells (arrows), follicular cells (F) and stromal cells (S)  (Bcl-2 immunostaining Χ400). (C) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIb showing negative Bcl-2 immunostaining in the surface epithelial cells (arrows), follicular cells (F) and stromal cells (S) (Bcl-2 immunostaining Χ400). (D)  A photomicrograph of an ovarian section of adult female albino rat of subgroup IIIa showing positive Bcl-2 immunostaining in the surface epithelial cells (arrows) and the follicular cells (F) and negative immunostaining in the stromal cells (S) (Bcl-2 immunostaining Χ400). (E) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIIb showing positive Bcl-2 immunostaining of the surface epithelial cells (arrows) and follicular cells (F) and negative immunostaining in the stromal cells (S) (Bcl-2 immunostaining Χ400).                                                                                                                                       
Immunofluorescent Results
Detection of ADSCs labeled with PKH26 fluorescent dye in ovarian tissue was done using fluorescent microscope in unstained ovarian sections. ADSCs showed strong red autofluorescence after injection into rats, confirming that these cells were seeded into ovarian tissue. 
Several immunostained ADSCs were detected, housed in the cortical stroma between the ovarian follicles, and some cells were housed inside the ovarian follicles (Figs. 7A & 7B).
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Fig.  7. (A) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIIa showing positive red immunofluorescent stem cells housed in the cortical stroma between the follicles (black arrows) and inside the ovarian follicles (blue arrows) (PKH26 immunofluorescence x 200) (B) A photomicrograph of an ovarian section of adult female albino rat of subgroup IIIb showing positive red immunofluorescent stem cells housed inside the ovarian follicles (blue arrows) (PKH26 immunofluorescence x 400).





Quantitative Morphometric Results
Mean number of primordial follicles (±SD) in the studied groups:
A significant decrease was reported in both chemotherapy-treated subgroups IIa and IIb, as compared to the control. Values reported for both subgroups IIIa and IIIb, receiving ADSCs, represented a significant increase, as compared to chemotherapy-treated subgroups. However, the values were not statistically significant as compared to the control. The highest value for the mean number of primordial follicles was reported with subgroup IIIb, (four weeks after ADSCs therapy), while the least value was characteristic of subgroup IIa (one week after chemotherapy) (Table 2 & Fig. 8A).

Mean area percent of collagen fiber content (±SD) in the studied groups:
A significant increase was reported in subgroups IIa and IIb, as compared to the control group. Values recorded for subgroups IIIa and IIIb represented a statistically significant decrease, as compared to the chemotherapy-treated subgroups. However, the values were not statistically significant as compared to the control. The highest value for the mean area % of collagen was reported with subgroup IIa (one week after chemotherapeutic treatment), while the least value was reported with subgroup IIIb, (four weeks after ADSCs therapy) (Table 3 & Fig.  8B).

Mean area percent of PCNA immunoreactivity (±SD) in the studied groups:
A significant decrease was reported in both chemotherapy-treated subgroups IIa and subgroup IIb, as compared to the control. Values reported for both subgroups receiving ADSCs (IIIa and IIIb) represented a significant increase, as compared to chemotherapy-treated subgroups. However, the values were not statistically significant as compared to the control. The highest value for the mean area % of PCNA immunoreactivity was reported with subgroup IIIb (four weeks after ADSCs therapy), while the lowest value was reported with subgroup IIa (one week after chemotherapeutic treatment) (Table 4 & Fig.  8C).


 Mean area percent of BCL-2 immunoreactivity(±SD) in the studied groups:
A statistically significant decrease was reported for both chemotherapy-treated subgroups IIa and IIb, as compared to the control value. The value recorded for
subgroup IIIa (one week after ADSC therapy) represented a statistically significant increase as compared to subgroup IIa, but not significant as compared to subgroup IIb. The value for subgroup IIIb (four weeks after ADSCs therapy) represented a significant increase as compared to both chemotherapy-treated subgroups (IIa & IIb). The highest value for the mean area % of Bcl-2 immunoreactivity was reported with subgroup IIIb (four weeks after ADSCs therapy), while the lowest value was reported with subgroup IIa (one week after chemotherapeutic treatment). (Table 5 & Fig.  8D).

Table (2): Mean number of primordial follicles (± SD) in the ovarian sections of the studied groups
	Group
	Mean ± SD

	Group I (control)
	25.3 ± 8.2

	Subgroup IIa
	5.7 ± 1.9  ⃰ #^

	Subgroup IIb
	7.3 ± 2.3  ⃰ # ^

	Subgroup IIIa
	18.9 ± 5.3 ○●

	Subgroup IIIb
	20.7 ± 4.7 ○●



 ⃰ Significantly different from the value of the control group at P˂0.05
# Significantly different from the value of subgroup IIIa at P˂0.05
^ Significantly different from the value of subgroup IIIb at P˂0.05
○ Significantly different from the value of subgroup IIa at P˂0.05
● Significantly different from the value of subgroup IIb at P˂0.05


	Group
	Mean ± SD

	Group I (control)
	6.42 ± 1.27

	Subgroup IIa
	18.74 ± 5.56  ⃰  # ^

	Subgroup IIb
	15.59 ± 3.72  ⃰  # ^

	Subgroup IIIa
	9.79 ± 2.61 ○●

	Subgroup IIIb
	8.30 ± 2.46 ○●


Table (3): Mean area percent of collagen fiber content (± SD) in the ovarian sections of the studied groups












* Significantly different from the value of the control group at P˂0.05
# Significantly different from the value of subgroup IIIa at P˂0.05
^ Significantly different from the value of subgroup IIIb at P˂0.05
○ Significantly different from the value of subgroup IIa at P˂0.05
● Significantly different from the value of subgroup IIb at P˂0.05

Table (4): Mean area percent of PCNA immunoreactivity (± SD) in the ovarian sections of the studied groups
	Group
	Mean ±SD

	Group I (control)
	4.8 ± 1.42

	Subgroup IIa
	0.9 ± 0.20 ⃰ # ^

	Subgroup IIb
	2.03 ± 0.94 ⃰ # ^

	Subgroup IIIa
	3.87 ± 0.76○●

	Subgroup IIIb
	4.12 ± 1.51○●



  ⃰ Significantly different from the value of the control group at P˂0.05
# Significantly different from the value of subgroup IIIa at P˂0.05
^ Significantly different from the value of subgroup IIIb at P˂0.05
○ Significantly different from the value of subgroup IIa at P˂0.05
● Significantly different from the value of subgroup IIb at P˂0.05

Table (5): Mean area percent of Bcl-2 immunoreactivity (± SD) in the ovarian sections of the studied groups
	Group
	Mean ± SD

	Group I (control)
	3.74 ± 1.62

	Subgroup IIa
	1.03 ± 0.17 ⃰ # ^

	Subgroup IIb
	1.86 ± 0.53 ⃰  ^

	Subgroup IIIa
	2.47 ± 0.62 ○

	Subgroup IIIb
	2.98 ± 0.73 ○●



 ⃰  Significantly different from the value of the control group at P˂0.05
# Significantly different from the value of subgroup IIIa at P˂0.05
^ Significantly different from the value of subgroup IIIb at P˂0.05
○ Significantly different from the value of subgroup IIa at P˂0.05
● Significantly different from the value of subgroup IIb at P˂0.05









[image: C:\Users\Dr_Noha\Desktop\Untitled.jpg]Fig. 8A: Mean number of primordial follicles in the ovarian sections of the studied groups













* Significantly different from the value of the control group at P˂0.05
# Significantly different from the value of subgroup IIIa at P˂0.05
^ Significantly different from the value of subgroup IIIb at P˂0.05
○ Significantly different from the value of subgroup IIa at P˂0.05
● Significantly different from the value of subgroup IIb at P˂0.05

Fig. 8B:  Mean area percent of collagen fiber content in the ovarian sections of the studied groups
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⃰ Significantly different from the value of the control group at P˂0.05
# Significantly different from the value of subgroup IIIa at P˂0.05
^ Significantly different from the value of subgroup IIIb at P˂0.05
○ Significantly different from the value of subgroup IIa at P˂0.05
● Significantly different from the value of subgroup IIb at P˂0.05

Fig. 8C: Mean area percent of proliferating cell nuclear antigen (PCNA) immunoreactivity in the ovarian sections of the studied groups
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⃰ Significantly different from the value of the control group at P˂0.05
# Significantly different from the value of subgroup IIIa at P˂0.05
^ Significantly different from the value of subgroup IIIb at P˂0.05
○ Significantly different from the value of subgroup IIa at P˂0.05
● Significantly different from the value of subgroup IIb at P˂0.05

[image: C:\Users\Dr_Noha\Desktop\Untitled.jpg]Fig. 8D: Mean area% of Bcl-2 immunoreactivity in the ovarian sections of the studied groups.






 







 ⃰  Significantly different from the value of the control group at P˂0.05
# Significantly different from the value of subgroup IIIa at P˂0.05
^ Significantly different from the value of subgroup IIIb at P˂0.05
○ Significantly different from the value of subgroup IIa at P˂0.05
● Significantly different from the value of subgroup IIb at P˂0.05
Discussion
        	In the present study, confirmation of ovarian failure (OF) was assessed using vaginal smears, as well as hormonal assay which showed a significant decrease in E2 level and an increase in FSH and LH levels in the chemotherapy-treated group, as compared to the control. This hormonal profile indicated the occurrence of OF. Blood tests to establish the levels of  E2, FSH and LH are considered a reliable assessment of reproductive life span of the ovaries, estimation of fertility status  and the risk of  premature ovarian failure (POF) [20]. 
         There is a distinct endocrine profile seen with POF, which is partially considered to contribute to the endogenous apoptotic pathways within the ovarian follicles, thereby leading to abnormal follicular atresia. Estrogen and progesterone are mainly secreted by granulosa cells (GCs) in the ovary, which is important for stimulating proliferation as well as protecting them against apoptosis by autocrine mechanisms. Chemotherapeutic agents would damage GCs production. Therefore, the ovaries produce little to no estrogen in ovarian failure, resulting in loss of the negative feedback system to the hypothalamus and pituitary gland. Thus, the pituitary gland produces elevated levels of FSH [2].
       In the present study, ovarian specimens from the chemotherapy-treated group after one week (subgroup IIa) showed shrunken irregular outline of the ovary with massive loss of follicles and the presence of many atretic follicles. After five weeks of chemotherapeutic treatment, some follicles at different stages of growth were observed, but most of them were degenerated. This implies that folliculogenesis in the present work was not restored spontaneously after recovery from chemotherapy administration. Similar results were reported by other authors who stated that chemotherapy not only destroyed the oocytes, but also affected the germ cell niche so that follicular renewal ceased after chemotherapeutic treatment [21]. 
           Morphological results regarding follicular loss following chemotherapy in the present study went parallel with quantitative histomorphometric analysis which proved a statistically significant decrease in the mean number of primordial follicles in chemotherapy-treated group, as compared to all experimental groups.
         The mechanism involved in loss of follicles after chemotherapeutic treatment is not well understood. It might result from acceleration of the natural ovarian aging process, because of a direct cytotoxic effect on oocytes and apoptotic death of a fraction of primordial follicles, impairing folliculogenesis [22].  In addition, some chemical agents may interrupt interactions between the oocytes and GCs. GCs are one of the most important follicle components; their proliferation, differentiation and apoptosis are all critical for folliculogenesis. It has been postulated that the effect of GC apoptosis on oocytes is mediated by reactive oxygen species (ROS) [23].  
         Vascular changes observed in the cortical blood vessels of the chemotherapy-treated group in the present study might provide an alternative explanation to follicle depletion after chemotherapy. These changes were in the form of dilatation and congestion of blood vessels.  These cortical vascular changes would result in local ischemia, destroying regions of the normal ovarian cortex with subsequent loss of cortical follicles [24]. 
	
          Follicular depletion encountered in the ovarian sections exposed to chemotherapy of the current work was accompanied by remarkable accumulation of collagen fiber content in the stroma of the ovary, observed in Masson’s Trichrome-stained sections. Such finding was confirmed by quantitative histomorphometric analysis recording a statistically significant increase in the mean area percent of collagen fiber content in chemotherapy-treated group, as compared to all experimental groups.
This finding could be attributed to the fact that chemotherapy induced structural damage to the ovary, resulting in cortical fibrosis and loss of primordial follicles in the fibrotic cortex. 
The results of the present study showed negative immunoexpression of PCNA as well as Bcl-2 in follicular cells, surface epithelial cells and stromal cells in chemotherapy-treated rats, which goes parallel with the morphological findings of follicular depletion reported for the same group. This finding was confirmed by histomorphometric analysis which revealed a statistically significant decrease in the mean area % of PCNA and Bcl-2 immunoreactivity in chemotherapy-treated group, as compared to the control.
          Ovarian function was improved in rats which received ADSCs therapy following chemotherapy-induced OF, as indicated by statistically significant increase in the E2 levels and significant decrease in FSH level, as compared to chemotherapy-treated group. The decrease in LH level was non-statistically significant after one week of ADSCs therapy, but was significant after four weeks of ADSCs therapy. 
          Going parallel with serological measurements, histological examination of ovarian sections following ADSCs administration revealed appearance of different types of follicles at various stages of growth and development; from the primordial follicles up to the mature Graafian follicle stage, as well as several corpora lutea. Concomitantly, in the current work, quantitative histomorphometric analysis confirmed these morphological findings and proved a statistically significant increase in the mean number of primordial follicles following ADSCs therapy, as compared to chemotherapy- treated group. Similar observation was reported in other studies where the total number of follicles and corpora lutea was increased following ADSCs therapy [25]. 
        Increased chemokine concentration at the inflammation site likely directs ADSCs migration to these sites. Chemokines are released after tissue damage and ADSCs express the receptors for several chemokines such as Fibroblast growth factor-2 (FGF-2), Endothelial growth factor (EGF) and Tumor Necrosis Factor-alpha (TNF-α) [26]. 
           ADSCs migrated to injured tissue might act by two possible mechanisms: paracrine effects and/or differentiation into cells specific to the tissue; known as transdifferentiation and serve as an integrated member of the functionally organizing adult tissue.  Analysis of the soluble factors released from human ADSCs have revealed that cultured ADSCs, at relatively early passages, secrete anti-apoptotic, angiogenic and hematopoietic factors (cytokines and growth factors), such as macrophage colony-stimulating factor, hepatocyte growth factor (HGF) and vascular endothelial growth factor (VEGF) [27]. 
     
       Stem cells secrete factors that act in a paracrine manner to promote angiogenesis which would provide a possible explanation for the vascular changes observed in cortical blood vessels in ovarian sections after ADSCs therapy in the present study. Meanwhile, this was reported by other authors to be a side effect of stem cells as they may cause bleeding and veno-occlusive disease [28].  
         The mechanism behind the recovery of ovarian activity and folliculogenesis  following  ADSCs therapy has not been fully elaborated, but some mechanisms such as reducing apoptosis of GCs,  increasing the number of follicles and subsequent recovery of ovarian sex hormone function have been suggested in many studies [29]. 
The ability of ADSCs to restore ovarian tissue structure and spare ovarian follicles in the present work was further confirmed by observing decreased collagen fiber content demonstrated in Masson’s Trichrome stained ovarian ADSCs-sections. Quantitative histomorphometric analysis proved a statistically significant decrease in mean area percent of collagen, as compared to chemotherapy treated group. This could be attributed to the antifibrotic properties of MSCs which were proposed to be exerted through paracrine effects on fibroblasts [30]. 
The role of ADSCs in sparing follicular cells by inducing their proliferation rate and inhibiting apoptosis was further confirmed in the current study using PCNA and Bcl-2 immunostaining, where most of the follicular cells and some surface epithelial cells stained positive with PCNA and Bcl-2. Quantitative histomorphometric analysis of the current work  proved a statistically significant increase in the mean area percent of positive PCNA and Bcl-2 immunostaining after ADSCs therapy, as compared to chemotherapy treated group.
This could be explained by the fact that, stem cells probably migrated towards the ovary, to be a source of germline stem cells capable of regenerating the population of primordial follicles and greatly preventing their apoptosis. This was reflected in a statistically significant increase in the number of primordial follicles in stem cell treated group, as compared to the chemotherapy-treated group. 
       	PCNA immunoreactivity of the surface epithelial cells is an interesting finding in the present work. It might be hypothesized that the injected ADSCs would have migrated to the ovary and became part of the surface epithelium representing mitotically active germline stem cells [31]. 
     The presence of such PCNA immunoreactive surface epithelial cells might also indicate occurrence of ovulation. It has been reported that the highest PCNA immunoreactivity was seen in cuboidal cells at the ovulation site the day following ovulation, during re-epithelialization of the ovulation site [32].  
      	Positive PCNA expression in the oocytes of primordial follicles was observed in ovarian sections of ADSCs-treated rats. PCNA immunexpression in nuclei of oocytes of growing follicles is considered a marker for oocyte growth and cannot be attributed to cell division since the oocyte is arrested in the first meiotic cell division. Though arrested meiotically, the mammalian oocyte is not quiescent. It begins synthesizing nuclear RNA as it moves from the primordial to the growing phase [33].  
     
        Results of the current study regarding upregulation of Bcl-2 immunoexpression in ADSCs-treated group indicate protection of germ cells from apoptosis. This certainly results in significantly fewer atretic follicles, resulting in a larger population of healthy maturing follicles per ovary. Furthermore, it has been reported that GC apoptosis was diminished by co-culture with stem cells which induced up-regulation of Bcl-2 in vivo [34].  
        In the current work, stromal cells of the ADSCs-treated group exhibited negative PCNA as well as Bcl-2 immunoreactivity. Previous studies of thymidine incorporation indicated that granulosa cells begin to proliferate from mitosis of the existing cells rather than recruitment from neighboring stromal cells [35].  This finding is contradictory to the results of other studies which showed that stem cells could inhibit stromal cell apoptosis through the secretion of stanniocalcin-1 and some other paracrine factors. Such paracrine effect of ADSCs implies that germ cells fail to develop unless the gonadal microenvironment is repaired by the factors released from the injected stem cells [25].




Conclusion
In this rat model of chemotherapy-induced ovarian failure, adipose-derived stem cell therapy proved to have a therapeutic potential in improving ovarian structure and function following chemotherapy.
Results in the present study provide experimental evidence ensuring the greatest effect of ADSCs after the longer duration of therapy which lasted for four weeks, although some degree of improvement was also observed after the one week, shorter duration therapy.
Recovery of ovarian structure and function by ADSCs in the current work was proved at both the laboratory level (evidenced by measurement of serum levels of FSH, LH and Estradiol), as well as the morphological level (evidenced by improved ovarian structure and enhanced folliculogenesis).
Inhibition of apoptotic pathway and stimulation of proliferation by ADSCs are effective in restoration of ovarian structure and function after chemotherapeutic treatment.

Recommendations
The ability of ADSCs transplantation to rescue long-term fertility in chemotherapy-treated female rats justifies additional testing of adult stem cell-based technologies as a potential of new strategy and promising therapy for restoring fertility in human female cancer survivors, if proved to be safe and effective in humans.
Follow up studies to investigate whether offsprings of ADSCs-treated patients have congenital anomalies, developmental delay or malignant disease.
Cryopreservation of ovarian tissue in addition to the cryopreservation of embryos or oocytes for young cancer patients at risk of premature ovarian failure due to chemotherapy, prior to chemotherapeutic treatment is highly recommended.
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