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Abstract

BACKGROUND: Busulfan is an alkylating chemotherapeutic agent that is routinely prescribed for leukemic patients to
induce myelo-ablation. However, it also results in azoospermia and infertility in cancer survivors. This research was
constructed to explore the possible therapeutic role of amniotic fluid-derived stem cells (AFSCs) in improving busulfan-
induced azoospermia in adult rats.

METHODS: Forty two adult male albino rats were randomized into: (1) control group, (2) azoospermia group, (3)
spontaneous recovery group, and (4) AFSCs-treated group, in which AFSCs were transplanted through their injection into
the testicular efferent ducts. The assessment included a histo-pathological examination of the seminiferous tubules by the
light and transmission electron microscopes. Additionally, the confocal laser scanning microscope was used for confir-
mation of homing of the implanted cells. Moreover, we conducted an immuno-fluorescence study for detection of the
proliferating cell nuclear antigen (PCNA) in the spermatogenic cells, epididymal sperm count, and a histo-morphometric
study.

RESULTS: AFSCs successfully homed over the basement membrane of the injured seminiferous tubules. They greatly
attenuated busulfan-induced degenerative and oxidative changes. They also caused a re-expression of PCNA in the germ
cells, leading to resumption of spermatogenesis and re-appearance of spermatozoa.

CONCLUSION: AFSCs could be a promising treatment modality for male infertility induced by chemotherapy, as they
possess prominent regenerative, anti-apoptotic, and anti-inflammatory potentials.
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1 Introduction

Over the past half a century, survival rates from cancer
have improved dramatically. These high cure rates are
associated with several long-term sequelae of cancer and
its treatment. Unfortunately, male infertility is a major one
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cells characterized by a physiological high proliferation
rate, including the testicular germ cells, up to their eradi-
cation and induction of azoospermia [1, 3].

Stem cells seem to dominate the next frontier of
regenerative medicine, owing to their indefinite self-re-
newal, potential to differentiate into other types of cells,
and the fact that, our endogenous repair mechanisms
already depend on stem cells residing in different tissues
[4].

Recently, amniotic fluid-derived stem cells (AFSCs)
have gained a lot of attention to be used as cell therapy.
They display the whole criteria of the adult mesenchymal
stem cells (MSCs). Additionally, they harbor a subpopu-
lation that expresses several pluripotency markers, just as
the embryonic stem cells (ESCs). Subsequently, AFSCs
represent a new class of stem cells with an intermediate
phenotype, residing in-between the adult and the ESCs.
They could differentiate into cells belonging to the three
germ layers without being tumorigenic. These advanta-
geous characteristics, together with absence of ethical
issues concerning their obtainment, have highlighted their
potential role in regenerative medicine [5, 6].

In the present study, we aimed at assessing the histo-
pathological changes of the seminiferous tubules of adult
male albino rats, following induction of azoospermia by
busulfan. Furthermore, exploring the presence of a possible
therapeutic role of AFSCs in improving busulfan-induced
azoospermia.

2 Materials and methods
2.1 Isolation and culture of AFSCs

Five pregnant females Sprague Dawley albino rats (aged
about 6-8 weeks, with an average body weight of
150-200 g), were used to obtain the amniotic fluid sam-
ples. Rats were euthanized by an over dose of ether, at day
11.5 of pregnancy [7]. Aseptically, the gestational sacs
were excised and soaked in 70% ethanol in a sterile Petri-
dish for 2 min, and then transferred to phosphate buffered
saline (PBS, Lonza, Switzerland) in another sterile Petri-
dish, for rinsing off the ethanol [8]. Amniotic fluid was
then collected from the sacs, using 30-gauge needles, and
centrifuged at 1400 rounds per minute for 10 min, then the
pellet was re-suspended in 5-10 ml of complete culture
medium (CCM), prepared as; 1.0 g/L low glucose Dul-
becco’s modified Eagle’s medium (LG-DMEM, Lonza,
Switzerland), 10% Fetal Bovine Serum (FBS, Hyclone,
Logan, UT, USA), 2 mM L-glutamine, and 1% penicillin/
streptomycin (10.000 TU/ml1/10.000 pg/ml, Lonza,
Switzerland) [9, 10].
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The cells suspension was then transferred to a vented
sterile T25 c¢m? tissue culture flask, and cultured at 37 °C
in a humidified atmosphere, with 5% CO,. After 72 h, the
non-adherent cells were washed away by a pre-warmed
PBS, and the culture medium was changed. Later, medium
was changed once every 2-3 days [10].

When the primary cultured cells reached 80-90% con-
fluent, they were detached by adding 1 ml of 0.25% trypsin—
EDTA solution (170.000 U/1-200 mg/L), and reseeded in
CCM at a splitting ratio 1:3 [11]. The cells were counted by
the hemocytometer under the phase contrast inverted
microscope (Olympus CKX41SF, Japan), and their viability
was assessed by the trypan blue exclusion test [12]. Passage 3
cultured cells were used in the current experiment.

2.2 Characterization of AFSCs
2.2.1 Morphological characterization

The cultured cells were monitored daily and characterized
morphologically using the phase-contrast inverted micro-
scope [13].

2.2.2 Characterization by colony-forming unit-fibroblast
(CFU-F) assay

For assessing the proliferation and the clonogenic capaci-
ties of the cells, 100 AFSCs from passage 3, were cultured
in 10 ml of CCM, in a 100 mm diameter dish, for 14 days,
with a half-weekly medium changing. On day 14, the
medium was discarded and the cells were washed with
PBS. To visualize colonies, the cells were fixed, stained by
3% crystal violet stain (Sigma—Aldrich, St. Loise, MO,
USA), and examined by the phase contrast inverted
microscope. The colony forming unit (CFU) poten-
tial = number of colonies that were formed/ number of
cells that were plated X100 [14].

2.2.3 Characterization by fluorescence-activated cell
sorting (FACS)

The surface markers of passage 3 AFSCs were characterized
using fluorescent-labeled monoclonal antibodies. Cells
were trypsinized, washed with PBS, and incubated for
30 min, in the dark, with monoclonal Allophycocyanin-
conjugated antibody for CD90, monoclonal phycoerythrin-
conjugated antibody for CD45, and monoclonal fluorescein
isothiocyanate-conjugated antibody for OCT-4 (Abcam,
Cambridge, UK). Immuno-fluorescence of the viable cells
was performed using FACS caliber flow cytometer, equip-
ped with Cell Quest Software (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA) [9, 11].
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2.2.4 Labeling of AFSCs for tracing

AFSCs were labeled with the florescent Cell Tracker CM-
Dil (Invitrogen, Cergy Pontoise, France, excitation/ emis-
sion wave lengths 549/565 nm). It was supplied as a ready-
made cell-labeling solution (50 pg/vial). For preparing a
stock solution, 50 pl of dimethyl sulfoxide (DMSO) was
added, and the vial was stored at — 20 °C. For preparing a
working solution, 10 pg of the stock solution were diluted
in 10 ml PBS. Following that, AFSCs in CCM were
incubated in the working solution for 7 min at 37 °C, and
for additional 15 min at 4 °C. Cells were then centrifuged,
and the labeled pellets were re-suspended in fresh CCM
[15]. For detection of the efficacy of labeling, about 50,000
labeled AFSCs in CCM, were fixed on a cover slip by 4%
formaldehyde for 10 min, washed twice by PBS, each for
3 min, and examined by the confocal laser scanning
microscope (Leica TSC SPE 1I/ DMi 8, Mannheim, Ger-
many) [16].

2.3 The experimental design

Forty-two adult male Sprague—Dawley albino rats, weigh-
ing 200-250 g, at 8—12 weeks of age, were used. Each rat
had a free access to water and standard rodent soft chow.
Rats were handled in a strict accordance with the institu-
tional guidelines for care and use of laboratory animals.
The experimental rats were randomly divided into four
groups:

1) The control group: 10 rats, each received a single
intra-peritoneal (IP) injection of PBS.

2) The azoospermia group: 10 rats, each received a
single IP injection of 40 mg/kg busulfan [17]. It was
obtained from the Bone Marrow Transplantation unit
of Al-Mowassat Campus, University of Alexandria.
Rats were euthanized by cervical dislocation under
ether anesthesia after 28 days [18].

3) The spontaneous recovery group: 10 rats, each
received a single IP injection of 40 mg/kg busulfan,
and then were euthanized after 56 days.

4) The AFSCs-treated group: 12 rats, each received a
single IP injection of 40 mg/kg busulfan. After
28 days, about 1 x 10° labeled AFSCs were sus-
pended in 1 ml CCM, and loaded into a 1 ml syringe.
Each rat was anesthetized by intramuscular injection
of ketamine (50 mg/kg) and xylazine (5 mg/kg), then
a | cm midline abdominal incision was done to
expose the peritoneal cavity. Each testis was exteri-
orized, and the site of the efferent ducts was identified
and lifted on a forceps. By applying a pressure to the
syringe loaded with the AFSCs, its content was gently
forced into the seminiferous tubules through a

retrograde injection into the efferent ducts. After the
content was completely injected, each testis was
returned to the abdominal cavity, and the abdominal
wall and skin were sutured [19].

Homing of the transplanted labeled cells within the
seminiferous tubules was confirmed by excision of
testes of two randomly selected rats of AFSCs-treated
group, 48 h after transplantation. Testicular tissues
were fixed, processed to get unstained 5 um thick
paraffin sections, mounted on poly (L-lyse)-coated
glass slides, deparaffinized, rehydrated, and examined
by the confocal microscope [20]. The remaining 10
rats of AFSCs-treated group were euthanized after
another 28 days.

2.4 Histological and immuno-fluorescence studies
2.4.1 Histological study

At the specified times of the experiment, each testis was cut
into 2 specimens; the first specimen was fixed in Bouin’s
solution, processed to get 5 pm thick paraffin sections [21].
The second specimen was cut into small pieces
(0.5-1 mm®) and immediately fixed in 3% phosphate buf-
fered glutaraldehyde solution [22].

2.4.1.1 Light microscopic study The deparaffinized 5 pm
thick sections were stained with hematoxylin and eosin
(H&E), mounted on glass slides, and examined by the light
microscope (BX41, Olympus Tokyo, Japan) [21]

2.4.1.2 Electron microscopic study The small pieces
(0.5-1 mm®) were post-fixed in 1% osmium tetroxide,
rinsed in phosphate buffer for 1-2 h, dehydrated with graded
ethanol, embedded in plastic capsules of araldite, polymer-
ized, and processed to get ultra-thin sections (80 nm thick).
The sections were then mounted on copper grids, stained
with uranyl acetate for 20 min, followed by lead citrate for
10 min, and examined by the transmission electron micro-
scope (JEOL-JSM 1400 Plus, Tokyo, Japan) [22].

2.4.2 Immuno-fluorescence study

Deparaffinized 5 pm thick testicular sections mounted on
poly-L-lysine-coated glass slides were rehydrated, rinsed in
deionized water, and immersed for 10 min in a wash buffer
supplied with the antibody kit. Then, the sections were
washed 3 times for 5 min each, with TBS (PBS + 0.1%
Triton X-100), and blocked with 1% bovine serum albumin
(BSA) in TBS, for 1 h, at room temperature [23]. The
slides were incubated overnight at 2—-8 °C with mouse anti-
proliferating cell nuclear antigen (PCNA) primary
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antibodies, diluted in TBS with 1% BSA. Next, they were
rinsed with the wash buffer, 3 times for 5 min each, then
incubated for 60 min, at room temperature, in the dark,
with goat anti-mouse secondary antibodies, conjugated
with Alex Fluor 555 (Invitrogen, Cat # A-21422; excita-
tion/emission wave lengths 555/580 nm), and diluted in
TBS with 1% BSA. Immuno-stained sections were exam-
ined by the confocal microscope. All reactions were per-
formed using appropriate positive and negative controls
[23, 24].

2.5 Epididymal sperm count and histo-
morphometric study

2.5.1 Epididymal sperm count

Each cauda epididymis of the rats was excised and minced
using a sharp scissor in a pre-warmed Petri-dish containing
1 mlof PBS (pH 7.4) at 37 °C. The spermatozoa were allowed
to disperse for 20-25 min in the incubator. Then, a sperma-
tozoal suspension was prepared by several times of re-pipet-
ting, and 0.05 ml of each suspension was placed on a clean
glass slide, examined by the light microscope (Mic. Mag.
X100). Sperms were counted in ten non overlapping fields
from each slide, and the obtained data was fed to and analyzed
by the Computer Assisted Semen Analysis Software (Mira-
9000 CAS A, Alrubaidi Medical Corporation, Sanaa, Yemen),
to get the average sperm count of each epididymis [25].

2.5.2 Histo-morphometric study

NIH Fiji® software program (version 1.51 k, Wayne Ras-
band, National Institutes of Health, Bethesda, MD, USA),
was used to measure:

1) The seminiferous tubular diameter: for each group,
25 transverse sections of the seminiferous tubules
from different non-overlapping H&E fields (Mic.
Mag. X100), were assessed. Only circular or near
circular tubules were chosen. The mean tubular
diameter (T) for each tubule, was derived by taking
the average of two diameters (T1,T2), which were at
right angle to each other [26].

2) The height of the seminiferous epithelium: the
luminal diameter (L) for each chosen seminiferous
tubule, was derived by taking the average of two
diameters (L1, L2), which were at right angle to each
other. The average height of the seminiferous
epithelium (H) for each tubule was calculated
according to the equation: H = T—L [26].

3) The intensity of fluorescence of PCNA: for each
group, the intensity of fluorescence was measured in
ten different non-overlapping fields/ five immuno-

@ Springer

stained sections with anti PCNA antibodies (confocal
microscope, Mic. Mag. X630) [27].

2.6 Statistical analysis

Data concerning the mean intensity of fluorescence of
PCNA, the mean epididymal sperm count, the mean
diameter of the seminiferous tubules, and the mean height
of the germinal epithelium, was fed to the computer and
analyzed, using the statistical package for social sciences
(SPSS, version 20; IBM, Chicago IL, USA) software
package. One-way ANOVA test was used to compare
between the different groups, followed by a post hoc test
(Tukey) for the pair-wise. The results were presented as the
mean £ SD. p < 0.05 was considered statistically signifi-
cant [28].

3 Results
3.1 Characterization of AFSCs

When examined by the phase contrast inverted microscope,
72 h after seeding, some AFSCs were adherent to the
culture plate, and appeared spindle or flat polygonal in
shapes. Some other cells retained their rounded shape as
they were still not attached (Fig. 1A). On day 5, the
adherent cells appeared fibroblast-like in shape. Other cells
were rounded and floating to undergo mitosis (Fig. 1B).
The cellular morphology and proliferative potential were
maintained, till reaching 80-90% confluency of passage 3
(Fig. 10).

The CFU-F assay demonstrated a marked clonogenic
and proliferative capacities of the cultured AFSCs, indi-
cated by their aggregation into separate islands (colonies),
that were identified by crystal violet stain (Fig. 1D). The
calculated CFU potential revealed that; each 100 AFSCs,
gave about 83% =+ 2.32 colonies within 14 days of
culturing.

The FACS analysis of passage 3 AFSCs demonstrated
that, about 35.65% of the cells were positive for the
pleuripotency marker Oct-4 (Fig. 2A), about 85.12% of the
cells expressed the mesenchymal marker CD90, and only
about 5.58% of the cells were positive for the hematopoi-
etic marker CD45 (Fig. 2B).

3.2 Labeling and homing of AFSCs

The cells have successfully taken up the fluorochrome and
exhibited the red fluorescence of CM-Dil in their cyto-
plasm, as proved by the confocal microscopic examination
(Fig. 3A). After 48 h of transplantation, the labeled cells
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Fig. 1 A Passage zero AFSCs
after 72 h of cultivation,
showing some adherent cells,
with either spindle (black
arrows) or flat polygonal (red
arrows) shapes. The majority of
the cells are still not attached to
the culture flask (arrowheads). \4
B Passage zero after culturing

for 5 days, showing dispersed SIS
fibroblast-like adherent cells

(black arrows), small rounded

floating cells (red arrows), and g AT
mitotic cells (arrowheads). C -

C Passage 3 at 80-90%

confluency. Arrows; mitotic

cells. D Crystal violet-stained

colonies. [Phase contrast

inverted microscope, Original

magnification; A, C X100,

B X200, D X40]
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homed within the germinal epithelium, rather than being
floating in the seminiferous tubules lumina (Fig. 3B).

3.3 Histological results
3.3.1 Light microscopic results

3.3.1.1 The control group histology The control light
microscopic examination revealed multiple cross sections
of seminiferous tubules with regular outlines. The inter-
stitial spaces were occupied by clusters of interstitial cells
“of Leydig” (Fig. 4A). Each tubule was surrounded by
regular basement membrane and myoid cells with flattened
nuclei, and was lined by Sertoli cells and stratified layers of
spermatogenic cells (Fig. 4B).

3.3.1.2 Busulfan induced degenerative changes in the
azoospermia group In the azoospermia group, the semi-
niferous tubules appeared with disrupted architecture and
thickened irregular basement membrane. The tubules were
occupied by large vacuolar spaces and dispersed eosino-
philic thread-like structures. No spermatozoa could be
detected in almost all the tubules. Inter-tubular amorphous
eosinophilic exudate was obvious (Fig. 4C, D). Many
tubules appeared with a nearly total loss of the germ cells,
exhibiting only scattered disorganized Sertoli cells. Few
tubules appeared with a reduced thickness of their semi-
niferous epithelium, retaining some spermatogenic cells
with darkly-stained nuclei (Fig. 4D).

200 um 50 um: .

ok

200 um

3.3.1.3 The degenerative signs persisted in the group left
for a spontaneous recovery In the spontaneous recovery
group, the light microscopic examination, revealed small
sized seminiferous tubules, containing vacuoles and eosi-
nophilic thread-like material. They were surrounded by a
thickened basement membrane. Widening of the inter-
tubular spaces and increased cellularity of the interstitial
tissue, were noticed (Fig. 4E, F). The seminiferous
epithelium showed scattered Sertoli cells, while germ cells
were hardly seen (Fig. 4F).

3.3.1.4 Rescue of the seminiferous tubules by the
AFSCs In the AFSCs-treated group, most of the tubules
appeared with a more or less normal looking architecture.
They were lined by several rows of the different germ cells,
and Sertoli cells were seen resting on the basement mem-
brane. Other tubules showed few layers of spermatogenic
cells, with minute vacuolar spaces in-between. Few tubules
in this group were still small sized and depleted of their
germ cells (Fig. 4G, H).

3.3.2 Electron microscopic results

3.3.2.1 Control group ultrastructure The control semi-
niferous tubules were surrounded by regular basal lamina
and flattened myoid cells. The Sertoli cells appeared
elongated with large basally located indented nuclei, and
intact inter-Sertoli junctions (Fig. SA). Spermatogonia
(Fig. 5B) and primary spermatocytes (Fig. 5A), were also
recognized. Early spermatids appeared with spherical
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nuclei and abundant peripherally-arranged ring-shaped
mitochondria (Fig. 5C). Different cut sections of the
spermatozoa were observed (Fig. SD).

3.3.2.2 The azoospermia group exhibited ultrastructural
toxic effects of busulfan Examination of the ultrathin
sections of the azoospermia group, demonstrated seminif-
erous tubules bounded by irregular thickened basal lamina
(Fig. SE-G), with distorted corkscrew-shaped myoid cells
(Fig. 5G). Most of the tubules revealed only Sertoli cells,
that appeared disorganized and clumped over each other
(Fig. SE), with large numerous lysosomes (Fig. SE, F) and
rarified cytoplasm (Fig. SF). Junctional complexes were
frequently disoriented and thinned out (Fig. 5E, F). Some
spermatogonia exhibiting dilated perinuclear cisterna, were
surrounded by wide intercellular spaces (Fig. 5G). The
primary spermatocytes appeared shrunken or with irregular
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outlines (Fig. 5F). Spermatozoa in whatever stage of mat-
uration were not detected.

3.3.2.3 Failure of spontaneous recovery ultrastruc-
turally The spontaneous recovery group showed that,
most of the tubules were surrounded by thickened highly
folded basal lamina, and lined by detached Sertoli cells,
with rarified cytoplasm (Fig. SH).

3.3.2.4 Improvement of the ultrastructure of the semi-
niferous tubules by AFSCs In the AFSCs-treated group,
the majority of the tubules exhibited normal architecture
and stratification of the seminiferous epithelium. Sertoli
cells, resting on regular basal lamina of an ordinary
thickness, appeared with nearly normal ultrastructure and
configuration, with apparently intact inter-Sertoli junctions.
All types of the spermatogenic cells and several
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Fig. 3 A The cultured cells are expressing CM-Dil red fluorescence
in their cytoplasm (arrows). B The labeled transplanted cells homed
within the seminiferous epithelium. Arrow; non-specific auto-fluo-
rescence of the basement membrane. [Confocal laser scanning
microscope, Original magnification X200, scale bar 100, pinhole
diameter 94.3 pm]

spermatozoal cut sections were detected (Fig. 6A, B). On
the other hand, some partially regenerated tubules in this
group exhibited wide intercellular spaces, Sertoli cells with
dilated sER, and spermatocytes with disrupted cell mem-
brane (Fig. 6C). A number of spermatozoa showed heads
with electron lucent nuclei (Fig. 6D), and middle pieces
with vacuolated excess cytoplasm and less-organized
mitochondrial sheathes (Fig. 6E). Other few seminiferous
tubules were still degenerated, with highly vacuolated

Sertoli cells and spermatocytes with dilated perinuclear
cisterna (Fig. 6F).

3.4 Immuno-fluorescence microscopic results

Testicular sections from the control group revealed the
normal PCNA expression in the spermatogenic cells
occupying the outer zone of each tubule, with no detected
immuno-reaction in the luminal zone (Fig. 7A). Sec-
tions from the azoospermia group revealed a markedly
reduced immuno-reaction of PCNA. Some seminiferous
tubules exhibited only few scattered immuno-positive
spermatogenic cells (Fig. 7B, C). Faint PCNA immuno-
fluorescence was detected in the spontaneous recovery
group (Fig. 7D). Regarding AFSCs-treated group, there
was a variability in the immuno-reactivity, where many
tubules revealed fluorescence of PCNA almost similar to
the control pattern (Fig. 7E), while other tubules exhibited
reduced or weak immuno-reaction (Fig. 7F, G).

Statistically, the intensity of fluorescence of PCNA
decreased significantly in the azoospermia and spontaneous
recovery groups, in comparison with the control group. In
AFSCs-treated group, the decrease was not significantly
comparable to that of the control group (at p < 0.05)
(Fig. TH).

3.5 Epididymal sperm count

There was a significant decrease in the count of the epi-
didymal sperms in all groups, in comparison with the control
group. However, AFSCs-treated group showed a significant
increase in the sperm count, compared to the azoospermia
and spontaneous recovery groups (p < 0.05) (Fig. 8A).

3.6 Histo-morphometric results

The seminiferous tubular diameter was not significantly
different in the azoospermia and AFSCs-treated groups, in
comparison with the control group. It decreased signifi-
cantly only in the spontaneous recovery group (p < 0.05)
(Fig. 8B).

The height of the seminiferous epithelium showed a
significant decrease in all groups, in comparison with the
control group. However, it showed a significant increase in
AFSCs-treated group, in comparison with the azoospermia
and spontaneous recovery groups (p < 0.05) (Fig. 8C).

4 Discussion
In the current work, the induction of azoospermia by

busulfan, was confirmed by the remarkable loss of all series
of differentiating germ cells, that were replaced by large
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Fig. 4 Seminiferous tubules light microscopic assessment. A,
B Regular cross sections of the seminiferous tubules, surrounded by
regular basement membrane (Bm), and lined by Sertoli cells (St) and
the different spermatogenic cells. L; interstitial cells “of Leydig”, Sg;
spermatogonia, Sp; primary spermatocytes, ESd; early spermatids,
LSd; late spermatids, Sz; spermatozoa, My; myoid cells. C Most of the
tubules (T1) appear depleted of the spermatogenic cells, with irregular
outlines (arrows). Other tubules (T2) appear with some spermatognic
cells. D The tubule (T1) shows detached and disorganized Sertoli
cells (St), while (T2) shows few rows of spermatogenic cells with
darkly stained nuclei (arrows). Notice the thickened basement
membrane (Bm). E Non spermatogenic small sized seminiferous
tubules (arrows) are seen. F The tubules show scattered Sertoli cells
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(St), some of their nuclei (arrowheads) are seen away from the
thickened basement membrane (Bm). Notice the few germ cells with
darkly stained nuclei (arrows) and the increased cellularity of the
interstitial tissue. G, H Some tubules (T1) appear apparently normal.
Other tubules (T2) are lined by some spermatogenic cells, with a
well-organized row of spermatogonia (arrowhead) and minute
vacuolar spaces (arrows). While the tubules (T3) are small sized
and depleted of their spermatogenic cells. Sg; spermatogonia, Sp;
primary spermatocytes, Sd; spermatids, Sz; spermatozoa, St; Sertoli
cells, Ta; tunica albuginea, Bv; interstitial blood vessels. [asterisks;
intertubular amorphous eosinophilic exudate, V vacuoles, H&E, scale
bar (A, C, E, G) 200 pm, and (B, D, F, H) 50 pum]
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«Fig. 5 Seminiferous tubules electron microscopic assessment. A Ser-
toli cells (St) with indented nuclei (N), are seen resting on regular
basal lamina (BL), surrounded by flat myoid cells (My). Primary
spermatocytes (Spl, Sp2) appear with large rounded nuclei (n).
Arrow; intact junctional complexes, M; Sertoli cell mitochondria, L;
lysosomes; S; SER, P; Sertoli cell processes, m, primary spermatocyte
mitochondria. B A spermatogonium (Sg) with its nucleus (N) is
broadly applied to the basal lamina (BL). M; mitochondria, Arrows;
inter-Sertoli junctions. C Several early spermatids (Sd1, Sd2, Sd3),
with their rounded nuclei (N), are illustrated. St; Sertoli cell, M; ring-
shaped mitochondria, G; Golgi complex, Ac; acrosomal cap. D Sper-
matozoal heads (Sz) show very electron dense nuclei (N), that are
surrounded by the nuclear membrane (1), subacrosomal space (2),
inner acrosomal membrane (3), acrosomal material (4), outer
acrosomal membrane (5), and cell membrane (6). In the middle
piece (Mp), the axoneme (1) is surrounded by; nine outer dense fibers
(2), a regular mitochondrial sheath (3), and flagellar membrane (4).
E A group of clumped Sertoli cells (St), with disorganized inter-
Sertoli junctional complexes (arrows) are seen. N; indented nuclei, L;
large lysosomes, BL; thickened irregular basal lamina, Lu lumen of
the tubule. F Two Sertoli cells (St1, St2) with basally located nuclei
(N1, N2), showing rarified cytoplasm and areas of disrupted cell
membrane (black arrows). The inter-Sertoli junctions are interrupted
and thinned out (red arrows). A shrunken primary spermatocyte (Sp1)
is also noticed. Its nucleus (n) shows dilated perinuclear cisterna
(arrowheads) and electron dense masses of chromatin. Another
primary spermatocyte (Sp2) is seen with an irregular outline. L; large
lysosomes, BL; basal lamina, My; Myoid cell. G A Sertoli cell (St)
with its indented nucleus (N) shows some cytoplasmic vacuoles (V).
The spermatogonium (Sg) is surrounded by wide intercellular spaces
(asterisks). Its nucleus (n) exhibits dilated perinuclear cisterna
(arrows). Notice the distorted myoid cell (My), exhibiting a
corkscrew-shaped nucleus (arrowhead). BL; thickened basal lamina,
M; mitochondria. H A group of detached Sertoli cells (St) with
deeply-infolded nuclei (N) and rarified cytoplasm. Their cell mem-
brane is disrupted (arrows) and the inter-Sertoli junctions (arrow-
heads) are disorganized and thinned out. [BL; thickened highly folded
basal lamina, scale bar (A, C, F, H) 5 pm, (B, G) 2 um, (D) 1 pm,
and (E) 10 um]

vacuoles and eosinophilic material. This issue was in
agreement with several previous studies on busulfan-in-
duced azoospermia [18, 29, 30].

Moreover, the few apparently preserved spermatogonia
and spermatocytes appeared with darkly stained nuclei.
Nuclear darkening is a sign of cellular apoptotic changes
[31]. Busulfan is known to cause apoptosis and destroy the
DNA, through alkylation of N7 and O6 of guanine, and N3
of adenine, forming intra-strand crosslinks, with a subse-
quent increase in p53 expression, leading to induction of
the intrinsic pathway of apoptosis [32, 33]. The extrinsic
pathway of apoptosis is also activated, through busulfan-
induced Fas receptors expression in the germ cells [29].
The enhanced rate of phagocytosis of the apoptotic germ
cells explains appearance of Sertoli cells with large sized
lysosomes [31]. While, the intratubular eosinophilic
structures and large vacuoles that were detected by the light
microscope, represent cellular debris and spaces left after
the widespread germ cells death [30, 34].
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On the other hand, busulfan treatment did not cause a
marked degeneration of Sertoli cells. They appeared dis-
organized and clumped into small aggregates, the result
that was in accordance with Qin et al. [35]. This finding
could be related to busulfan-induced progressive alteration
of Sertoli cells surface markers and cytoskeletal proteins. It
could elevate expression of cytokeratin-18, induce col-
lapsing of vimentin, and cause a significant decline in the
microtubules motor activity [29, 36].

We also detected interrupted and thinned out inter-Ser-
toli junctions in the azoospermia group. This is probably
due to busulfan-induced loss of the intercellular adhesion
molecule-1 (ICAM-1) [37], and several other junctional
proteins, such as; connexin-43, cadherin-2, and ZO-1,
leading to detachment of both healthy and injured Sertoli
cells, from each other and from the basement membrane
[38, 39]. Furthermore, the oxidative stress induced by
busulfan [37, 40] causes peroxidation and rupture of the
cells membranes, impairment of the energy dependent
Na™—K* ion pumps, and cells vacuolization, resulting in
more disruption of the inter-Sertoli junctions [41].

The oxidative stress causes also an increasing in the
deposition of proteoglycans and collagen by Sertoli and
myoid cells, as a defense mechanism, leading to the
observed thickening of the basement membrane of the
seminiferous tubules [42]. While the basement membrane
irregularity might be related to the sustained contraction of
the myoid cells, that appeared irregular with corkscrew-
shaped nuclei, due to a progressive alteration of their
desmin and actin proteins [43].

It worth mentioning also that, the noticed inter-tubular
amorphous eosinophilic exudate, could be explained by the
ability of busulfan to initiate a state of non-infectious
endogenous inflammation. It induces expression of tumor
necrosis factor-o (TNF-o) and macrophage chemotactic
protein-1 (MCP-1) in the testis [44]. This general inflam-
matory response, together with the increased cellular
apoptosis, could interfere with the testicular venous drai-
nage, leading to inter-tubular capillary congestion and
exudation [41].

The histological examination of the rats left for a
spontaneous recovery, revealed non spermatogenic semi-
niferous tubules with persistence of the degenerative
changes, similar to the azoospermia group, and they even
got worse. Previous researches [3, 30] have documented
also failure of autonomous tubular recovery by the
endogenous repair mechanisms after busulfan administra-
tion. This inability of the spermatogonial stem cells to
restore homeostasis, proliferate, and differentiate sponta-
neously is attributed to the unsuitability of the physical
microenvironment following chemotherapy. The vacant
cell niches have no favorable growth factors/hormonal
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Fig. 6 Electron microscopic assessment of the seminiferous tubules
of the AFSCs-treated group A An apparently normal looking rat
seminiferous epithelium, with intact inter-Sertoli junctions (arrows).
St; Sertoli cell, Sp, primary spermatocytes, Sd; early spermatids, Cb;
chromatoid bodies, M; mitochondria, G; Golgi complex, V; intercel-
lular vacuoles, Mc; interstitial macrophage. B Normal looking
spermatozoa (Sz) with their condensed nuclei (n) and overlying
acrosomes (A). St; Sertoli cell cytoplasm. C Sertoli cells (St) appear
with dilated sER (S). The spermatocyte (Sp3) exhibits areas of
interrupted cell membrane (arrowheads). Arrows; apparently normal

milieu, no supporting intact junctions, and no appropriate
signaling pathways [45].

Interestingly, we demonstrated a hyper-cellularity of the
interstitium in this group. This is explained by persistence
of busulfan-induced inflammatory mediators, that act as
chemotactic factors, attracting macrophages and other
leukocytes, and causing a heavy mononuclear infiltration
into the testis [42, 44].

In the present work, we explored the therapeutic
potential of AFSCs, as they possess high proliferation rate
and differentiation plasticity. In addition, they could be
easily obtained, isolated, and expanded [5, 6]. We isolated

inter-Sertoli junctions, asterisks; wide intercellular spaces, M; mito-
chondria, BL; basal lamina, My; myoid cells. D Spermatozoal heads
(Sz) with electron lucent nuclei (N) and excess residual cytoplasm
(asterisks). V; vacuoles. E The spermatid (Sd2) appears with a
disrupted cell membrane (arrow). The adjacent middle pieces (Mp)
exhibit disorganized mitochondrial sheaths (Ms) and excess vacuo-
lated (V) cytoplasm. Ac; acrosomal cap, Ep; end pieces, St; Sertoli
cell. F A highly vacuolated (V) Sertoli cell (St) and a primary
spermatocyte (Sp) with dilated perinuclear cisterna (arrows). [scale
bar (A, C, E, F) 5 pm, and (B, D) 2 pm]

the cells from the pregnant female rats at day 11.5,
according to Wen et al. [7] who documented that, about
70-90% higher success rates in isolation and culture of
AFSCs, could be achieved during the middle gestational
stage of rats pregnancy.

Immuno-phenotyping of passage 3 cultured AFSCs in
our study, demonstrated that, they were positive for the
surface marker CD 90, thus they follow the criteria of the
adult MSCs. A subpopulation of them were positive for
Oct-4, confirming that, AFSCs can be considered pluripo-
tent-like stem cells. They were negative for CD 45,
accordingly they do not belong to the hematopoietic cell
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Fig. 7 Assessment of the
expression of PCNA. A Normal
expression of PCNA in the
seminiferous tubules. B, C A
markedly reduced immuno-
reactivity. D A minimal PCNA
reaction. E-G Variable degrees
of expression of PCNA in the
seminiferous tubules. (Arrows;
non-specific fluorescence of
thickened basement membrane,
Confocal laser scanning
microscope, Original
magnification X630, scale bar
50, pinhole diameter 136.9 pm).
H Statistical comparison
between the studied groups
according to the intensity of
fluorescence of PCNA (n = 10)
values represent mean + SD.
Statistical significance was
determined using ANOVA Test.
Pair wise comparison between
each 2 groups was done using
Post Hoc Test (Tukey). Similar
letters indicate no statistical
difference (p > 0.05), while
different letters indicate a true
statistical difference (p < 0.05)

lineage. These results are in line with previous other
studies [5, 11, 13].

For the transplantation procedure, we preferred the
injection into the efferent ducts rather than the systemic
route, as the blood-testis barrier would stop the cells from
entering the testicular tissue via the circulation [46]. Fur-
thermore, the busulfan-treated seminiferous tubules would
be less resistant to the pressure of injection into the efferent
ducts, due to their loosened structure [47]. Thanks to the
immune privilege characteristics of the seminiferous
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Group I (control)  Group Il Group 111 Group IV

tubules [20], and the immunosuppressive properties of the
stem cells [48], the transplanted labeled AFSCs survived
and homed within the testicular germinal epithelium, as
proved by the confocal microscpe.

The histological examination of AFSCs-treated group,
showed a great improvement of the majority of the semi-
niferous tubules, as evidenced by detection of the different
spermatogenic cells in all stages of maturation; from
spermatogonia to luminal spermatozoa. A group of studies
had reported the role of MSCs from various sources in



Tissue Eng Regen Med (2021) 18(2):279-295

291

Fig. 8 Statistical comparison
between the studied groups
according to: A The epididymal
sperm count (n = 10), B the
tubular diameter (n = 25), and
C the height of the seminiferous
epithelium (n = 25): Values
represent mean £ SD.
Statistical significance was
determined using ANOVA Test.
Pair wise comparison between
each 2 groups was done using
Post Hoc Test (Tukey). Similar
letters indicate no statistical
difference (p > 0.05), while
different letters indicate a true
statistical difference (p < 0.05)

amelioration of busulfan-induced testicular damage, such
as from; the bone marrow [19], the adipose tissue [49], and
the umbilical cord [50]. However, according to our
knowledge, there are no studies have investigated the
possible therapeutic role of AFSCs in this concern.

The exact mechanism of action involved in stem cells
therapeutic potential is still a challenge and not fully
understood. There is a great discrepancy in the literature
regarding this issue [51]. However, there are two main
possible hypotheses that might act separately or through
exerting a synergistic effect to cause the observed testicular
regeneration in the AFSCs-treated group.

>
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The first mechanism is that, AFSCs could differentiate
into germ cells, as they express the embryonic marker Oct-
4, at both mRNA and protein levels, just like the germ cells
[52]. In addition, AFSCs harbor an interesting subpopula-
tion of stem cells that is positive for the surface marker
CDI117 or c-Kit. It is a type III tyrosine kinase receptor for
the stem cell factor (SCF). This marker has essential role in
gametogenesis, as it is expressed on the primordial germ
cells [53]. Some other researchers were on the reverse side.
They stated that, differentiation of stem cells into gametes
is uncommon process to happen. The transplanted cells
would be unable to mimic the complex cascade of events of
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differentiation of the spermatogonial stem cells, particu-
larly after the testicular injury induced by chemotherapy
[54, 55].

The second mechanism is that AFSCs could stimulate
proliferation of the spermatogenic cells by secretion of
massive amounts of growth factors and cytokines within
extracellular vesicles (EVs). This is called “trophic or
paracrine activity”. AFSCs-derived EVs are immunologi-
cally inert and rapidly up-taken by the recipient cells [56].
They have several roles in limitation of damage and
stimulation of tissue-intrinsic progenitors to proliferate.
They are enriched with IL-6, macrophage migration inhi-
bitory factor (MIF), stromal cell derived factor-1 (SDF-1),
and several regenerative microRNAs, which exert
remarkable pro-survival, anti-apoptotic and anti-inflam-
matory effects [57, 58].

These paracrine factors have the ability also to promote
the intercellular junctions integrity, through suppression of
the free radicals [59] and induction of expression of I[CAM-
1-N-cadherin-B-catenin protein complexes, which are cru-
cial for cellular adhesion [39]. As a result, the inter-Sertoli
junctional complexes appeared apparently intact, with
normal organization of Sertoli cells upon the basement
membrane in the AFSCs-treated group.

Partial regeneration and signs of residual oxidative toxic
effects of busulfan were depicted in some other tubules in
the AFSCs-treated group. They showed spermatozoa with
electron lucent nuclei and residual excess vacuolated
cytoplasm. These findings are related to busulfan-induced
DNA damage, that leads to failure of chromatin conden-
sation and failure of synthesis of the cytoskeletal proteins,
resulting in impaired cytoplasmic extrusion mechanisms
[60, 61].

Few seminiferous tubules in the AFSCs-treated group,
were still small-sized and depleted of their spermatogenic
cells. This delayed regeneration might be related to injec-
tion of insufficient amount of AFSCs, or the unequal
number of cells that have entered the different tubules,
during the counter-current injection into the efferent ducts
[62].

In our study, we conducted an immuno-fluorescence
staining procedure to detect the level of expression of
PCNA in the different groups. PCNA serves as a standard
marker to evaluate the state of the spermatogenic cells
proliferation [63]. The results revealed qualitative and
quantitative reduced expression of PCNA in the
azoospermia and spontaneous recovery groups, indicating
dormancy of the spermatogonial stem cells and hindering
of germ cells proliferation. Several previous studies
[24, 29, 30] have confirmed the ability of busulfan to
deteriorate PCNA gene transcription.

After administration of the AFSCs, there was a signifi-
cant increase in the PCNA expression. In agreement with
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our results, ALLAH SHA et al. [64] reported that, treat-
ment with umbilical cord-MSCs caused a re-expression of
PCNA in the seminiferous tubules damaged by busulfan,
indicating the ability of the fetal stem cells to induce
resumption of germ cells replication.

The epididymal sperm count of the different groups was
parallel to the histological results. In the azoospermia and
spontaneous recovery groups, we did not succeed to detect
spermatozoa in most of the examined samples, in agree-
ment with several previous investigators [17, 18, 65], due
to the compromised intracellular pathways crucial for germ
cells proliferation and differentiation [45]. On contrary, the
epididymal sperm count demonstrated a significant
increase in the AFSCs-treated group, indicating that, the
transplanted cells improved the testicular microenviron-
ment and provided the important signals that activated the
spermatogenesis process and the release of the spermato-
zoa into the excurrent duct system [26, 30].

Regarding the histo-morphometric results, the diameter
of the seminiferous tubules of the azoospermia group, was
not changed significantly compared to measurements of the
control group, as a result of the excess vacuolar spaces left
behind the degenerated germ cells. This finding comes in
correlation with Ganjalikhan-Hakemi et al. [65]. However,
in the spontaneous recovery group, the diameter of the
tubules decreased significantly. According to Vasiliausha
SR et al. [66], this could be explained by the progressive
detachment of Sertoli cells, and loss of the structural
integrity of the basal compartment, leading to a sort of
tubular atrophy.

Since the seminiferous tubular epithelium and its cyto-
architecture is the main indicator of the normal harmonious
spermatogenesis process, a quantitative measurement of
the seminiferous epithelial height, was assessed. It
decreased markedly in the azoospermia and spontaneous
recovery groups, consequent to loss of the capacity of the
germ cell to mature before being apoptotic [67]. It was
improved in the AFSCs-treated group, concluding that,
AFSCs ameliorated busulfan-induced apoptotic and
oxidative changes, and they could be recommended as a
new treatment modality for male infertility induced by
chemotherapy.
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