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ABSTRACT

Introduction: Busulfan, an alkylating chemotherapeutic agent commonly used to induce myeloablation in leukemic patients,
unfortunately leads to azoospermia and infertility in cancer survivors. Bone marrow derived mesenchymal stem cells (BM-
MSCs) and their secreted extracellular vesicles (EVs) are emerging promising treatment modalities for treating testicular
injury by busulfan.

Aim of the Work: To compare the therapeutic potential of BM-MSCs and EVs in attenuating histological and biochemical
changes induced by busulfan on rats’ seminiferous tubules.

Materials and Methods: Six young male albino rats were utilized for isolation of BM-MSCs and EVs. Fifty-eight adult male
rats were divided into group I (control group) including 24 rats subdivided equally into 3 subgroups IA, IB&IC, group II (n=10,
single I.P of 40mg/kg busulfan) 2 were sacrificed after 48 hrs for homing, group IIT (n=8, single injection of BM-MSCs 1x 10°
cells/ 1 ml into the efferent ducts, group IV (n=8, single injection 40 pg MSC-EVs into the efferent ducts (&group V (n=8, left
for recovery assessment), rats were sacrificed after 28 days. Blood and tissue samples were collected for biochemical analysis.
Semen samples were obtained to measure sperm count and motile sperm percent. The testes were processed for light and
electron microscopic examination and estimation of Johnsen score. Statistical analyses of the obtained data were performed.
Results: Busulfan induced disrupted architecture of seminiferous tubules with loss of spermatogenic cells with intercellular
vacuolation and nearly empty lumina which was confirmed by ultrastructural findings. There was a statistically significant
decrease in serum testosterone levels, antioxidant markers, sperm parameters and Johnsen score. Concurrently, there was a
statistically significant increase in oxidant profiles. Treatment with BM-MSCs ameliorated histological & biochemical changes
in seminiferous tubules. However, administration of EVs yielded better results.

Conclusion: EVs exhibited better therapeutic effects than BM-MSCs in alleviating busulfan induced testicular injury.
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INTRODUCTION used in conjunction with other chemotherapeutic drugs
for myeloablative conditioning prior to transplantation
in patients receiving allogeneic hematopoietic cell
transplantation (HCT)!. Through the alkylation of guanine
nucleotides, BU hinders cell propagation and causes DNA
to form cross links and solitary-strand interruptionst™.

Infertility is a major global health concern, about 12—
15% of couples worldwide struggle with its consequences.
Unfortunately, male infertility accounting for 50% of
cases!". The number of cancer survivors has increased as a
result of advancements in cancer detection and therapy. On

the other hand, infertility is among the long-term side effects The unique therapeutic potential of mesenchymal
of chemotherapy. Alkylating drugs like cyclophosphamide, stem cells generated from bone marrow (BM-MSCs),
busulfan and cisplatin are frequently used in chemotherapy, including multilineage differentiation, immunomodulation
and they have been linked to reduced sperm quality in as well as angiogenesis and anti-fibrotic effects, have
cancer survivors. This can include decreased motility made them a promising option in regenerative medicine!®.
and count of sperms as well as an increase in abnormal However, there have been logistical obstacles in the way
morphology. These effects can last for years after cancer of converting these cells into clinical uses, including issues
therapy is completed?3. with large-scale production, viability and cell transport.

Consequently, therapies based on extracellular vesicles
(EVs) are gaining popularity as a new class of biological
treatments that do not require cells!”.

Busulfan (BU), also known as 1,4-butanediol
methane sulfonate, is an anti-cancer medication used
to treat lymphoma and leukemia. It is also frequently
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Extracellular vesicles (EVs) are membrane-bound
cellular products that are secreted into the extracellular
environment and have the ability to deliver signals to
distant and neighboring cells®. Natural EVs are present in
body fluids such as tears, blood, urine, saliva and breast
milk. But mesenchymal stem cells can also be used to
produce EVs on a massive scale.

Indeed, the contents of extracellular vesicles (EVs)
vary based on how they arise and which particular cell
they originate from. Major Histocompatibility Complex
(MHC), integrins, membrane proteins, tetraspanins
(CD9, CD63 and CDS2), various categories of RNAs and
lipids (ceramide, phosphatidylserine, sphingomyelin, and
cholesterol) are all found in EVs!'%,

Because of their nano size, high biocompatibility,
minimal immunogenicity, effective cargo loading and
ability to precisely target specific cells, extracellular
vesicles (EVs) hold great therapeutic promise. Through
their effects on angiogenesis, differentiation and
proliferation of cells, they are essential in fostering
tissue repair and regeneration!'"'?. Moreover, therapeutic
medications can be encapsulated in EVs and delivered to
certain target cells. The use of EVs as biomarkers to aid in
illness detection has gained popularity recently!!>!3],

MATERIAL AND METHODS

Chemicals

98% pure powdered busulfan (1,4-butanediol dimethane
sulphonate) was purchased from SNF Medical Company in
Egypt. Dimethyl sulfoxide (DMSO) and phosphate buffer
saline (PBS) were mixed with the medication powder to
form a solution.

Isolation of mesenchymal stem cells generated from
bone marrow (BM-MSCs)!'* 151,

Six albino rats, two weeks old and weighing between
27 and 40 grams, were obtained for the study from the
animal house of Alexandria university's physiology
department. An excessive dose of anesthesia (100 mg/
kg of phenobarbital) was used to euthanize rats. With a
vertical laminar air-flow hood, the researchers used aseptic
approach to extract bilateral femurs and the surrounding
muscle tissues. Then, for two minutes, the femurs were
submerged in 70% ethanol to disinfect them. After scraping
off the muscles, PBS (Sigma, USA) was used to rinse the
bones.

To extract bone marrow cell suspension, the femur's
two ends were cut, and complete culture medium (CCM)
was flushed into the marrow cavity. The cells from bone
marrow were grown using complete media at 37 °C in a
CO2 incubator with a dampened environment holding 5%
CO2. Next, the mixture of bone marrow cells was filtered
after that, the mixture was spun for a duration of five
minutes!'®. Mesenchymal stem cells were employed in the
third passage (P3) for this study. The cultured cells were
observed through an inverted phase-contrast microscope.

Evaluation of BM-MSCs

Colony-forming unit-fibroblast (CFU-F) tests: to
evaluate the ability of the cultivated cells to form colonies.
100 cells were placed in complete medium on a six-well
plate for this test and left for a duration of 14 days. Every
observable colony was examined using an inverted phase-
contrast microscope. For MSC culture, a CFU potential
greater than 40% was thought to be ideall'”.

Immunophenotyping Characterization using Flow
Cytometer: Immunophenotyping was performed on cells
at P3 after trypsinization. The cells were incubated with
fluorescently labelled monoclonal antibodies (mAb)
that were specific to the markers CD90 and CD45.
Immunofluorescence on cells was examined using a FACS
Calibur flow cytometer!'®!,

Isolation and purification of extracellular vesicles
(EVs)!

Medium free of fetal bovine serum was used to cultivate
the cells and incubated for a whole day afterwards, the
conditioned media of BM-MSCs at P3 was collected.
Following a 24-hour period, the medium was gathered,
preserved at -80 °C, and later substituted with CCM.
The following day, the CCM was substituted again with
medium free of fetal bovine serum for another 24 hours,
and this procedure was repeated every other day for 14
days.

EVs and the conditioned medium were separated by a
differential centrifugation process. Initially, dead cells and
cell debris were precipitated by centrifuging the sample
and the resulting product was ultra-spun for a period of 70
minutes at 100,000 x g using a Beckman Coulter Optima
XE-100 Ultracentrifuge (rotor 50.2 Ti) at the Institute
of Graduate Studies and Research (IGSR), Alexandria
University, to create an EVs pellet at 4 °C. Ultimately, in the
laminar flow hood at CERRMA, the pellet was dissolved
in 100 pl of sterile PBS to produce an EVs suspension.

Evaluation of EVs*2!

Zeta sizer nanoparticle analyser: At Alexandria
University's Faculty of Pharmacy, the mean size of BM-
MSCs-EVs was measured. In 1 milliliter of filtered PBS,
10 microliters of BM-MSCs-EVs were diluted for the
analysis. Software for nanoparticle tracking analysis (NTA)
was used to analyze the data from digital micrographs that
had been acquired.

Transmission Electron Microscopy (TEM): The
morphology and size of EVs were assessed by TEM
(JEOL- JSM 1400 Plus, Japan). EVs were diluted with
PBS in this procedure, and copper grids were coated with
a drop of the solution. After being stained with 1% uranyl
acetate and left to dry naturally afterwards, the specimen
was examined.

At Alexandria University's Faculty of Medicine's
Biochemistry Department, the Lowry technique was
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applied to determine the whole amount of protein in the
mixture of EVs.

Experimental design

Fifty-eight mature male albino rats, with weight
range 200 to 250 gms, were kept in the Animal House.
The Research Ethics Committee of Faculty of Medicine
permitted the research ethics code for this study (serial
number 0201750).

Rats were haphazardly divided as follows (Figure 1):
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Fig. 1 (a,b): Phase contrast inverted microscopic photomicrographs
of cultured BM-MSCs x100: a) Passage 3 showing 80-90% confluent
spindle shaped fibroblast like cells. b) CFU assay of p3 cells with crystal

violet stain showing 2 colonies.

Group I: Twenty-four rats were included in control
group and sacrificed after 28 days of injection:

e Subgroup IA: 8 rats, each took a single
intraperitoneal injection of 2 ml of dimethyl
sulfoxide ("DMSOQO", vehicle of busulfan) diluted
in phosphate buffer saline (PBS)?22!.

*  Subgroup IB: 8 rats were injected once with one
ml of culture medium free of cells, vehicle of BM-
MSCs into the efferent ducts of each testis?.

o Subgroup IC: 8 rats were injected once with one
ml of phosphate buffer saline (vehicle of EVs) into
the efferent ducts of their testes®*!.

Group II: Eight rats, each rat was intraperitoneally
injected by 40 mg/Kg body weight busulfan once. Later
rats were put to death after 28 days/?.

Group III: Ten rats following 28 days from BU
administration, on the 29th day, received a single injection
of BM-MSCs within the culture medium (1x 10° cells/ 1
ml), into the efferent ducts of each testis.

Two randomly selected rats of this group were
euthanized after 48 hours, for detection of homing of
the cells in the seminiferous tubules. Fluorescent probe
(chloromethyl - benzamide octadecyl indocarbocyanines,
or CM-Dil) was applied to label BM-MSCs. Blue Hoechst
33342 stain Solution (20 mM) (Thermo Fisher, USA) was
utilized to counterstain DNA. Confocal laser microscopy
was used to visualize the labelled cells. The remaining 8
rats were euthanized after another 28 days!***,

Group IV: (Busulfan +extracellular vesicles derived
from BM-MSCs group): Eight rats following 28 days from
BU administration, on the 29" day, received a single dose

of 40 pg MSC-EVs (dissolved in PBS) into the efferent
ducts of each testis. The rats were euthanized after another
28 days®.

Group V: (Recovery group): Eight rats following 28
days from BU administration, were left with no further
intervention for another 28 days, and then they were
euthanized, in order to assess the potentials for spontaneous
recovery.

Sampling

All of the rats were put to death at the end of the study by
intraperitoneal injection with 100 mg/kg of phenobarbital.
To assess the levels of total antioxidant capacity (TAC)
and testosterone, blood samples were gathered from the
abdominal aorta and centrifuged to produce serum. The
epididymides were removed and processed for sperm
count and motile sperm percent. The right and left testes
were excised and managed for histological examination.
Also, testicular homogenate was prepared to determine
malondialdehyde (MDA) and glutathione peroxidase
levels.

Biochemical assessment
a) Hormonal assay of serum testosterone

Enzyme-linked immunosorbent assay (ELISA) kit
(Chongqing Biospes, USA) was used following the kit
protocol for the quantitative measurement of testosterone
expressed in nmol/L2%,

b) The oxidant markers
Malondialdehyde (MDA) in tissue homogenate

As a marker of oxidative stress, MDA is a byproduct of
lipid peroxidation. Testicular samples were homogenized
ten times (w/v) in cold PBS with inhibitor of protease.
The Humalyzer junior photometer (Human Diagnostics,
Germany) was used for colorimetric analysis of MDA in
nmol/gm tissue using kits from Bio diagnostic, Egypt?.

¢) The antioxidant markers
Serum total antioxidant capacity (TAC)

The antioxidative capacity was assessed by ELISA
according to the manufacturer’s protocol of Chongging
Biospes company. Results were expressed in U/m1?8.

Glutathione peroxidase in tissue homogenate

The colorimetric method was utilized via kits acquired
from Biodiagnostic, Egypt in order to assess the glutathione
peroxidase levels in testicular homogenate. The results
were expressed in U/g tissue and the method was carried
out in accordance with the manufacturer's instructions?.

Epididymal sperm count & total sperm motility

Using sharp scissors, the dissected cauda epididymis
from each rat was cut and placed in a preheated Petri
dish with 1 ml of PBS. A sperm suspension was made by
pipetting repeatedly. The suspension was then diluted with
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PBS 1:20 for sperm counting on a hemocytometer slide.
The total sperm count was calculated by counting the motile
sperm and sperm in eight squares and multiplying the result
by 5x104. To assess the total percentage of motility of the
sperm, a single drop (50pul) of the suspension was put on a
slide that had been pre-heated and inspected utilizing x400
lens of light microscopel.

Histological examination
Light microscopic examination

All rats' right testes were first fixed for 24 hours in
Bouin's solution, then they were fixed in 10% formol saline.
After formation of paraffin blocks containing testicular
tissues were sectioned at 5 um thickness that were stained
with hematoxylin and eosin (H&E) stain ,observed and
photographed®!l.

Johnsen score

The Johnsen score was used to evaluate the rats’
seminiferous tubules. Based on a score ranging from
one to ten for the maturity of the germ cells. Maximum
spermatogenesis activity was reflected by a score of 10,
while total absence of germ cells was indicated by a score
of 1. The total number of scores was mathematically
divided by the number of tubules analyzed to obtain the
mean scorel?.

Transmission electron microscopic examination

A portion of the left testis was cut into 1 mm3 cubes
and preserved in 2.5% glutaraldehyde for ultra-structural
analysis. After being rinsed, the specimens were post-fixed
with 1% osmium tetroxide, dehydrated, and then embedded
in epoxy resin and cut to form ultrathin (90 nm) sections
for application of lead citrate and uranyl acetate dyes?**!.

Statistical analysis

The data, including serum testosterone levels, oxidant
and antioxidant markers, semen parameters, and Johnsen
score, were analyzed using a statistical software application
and shown as the mean plus or minus the standard
deviation. ANOVA and post hoc tests were applied for
statistical analysis. A statistically significant p-value was
interpreted to be < 0.05.

RESULTS
Evaluation of BM-MSCs

At passage 3 showed confluent spindle fibroblast like
cells reached 80-90% confluency (Figure 1a). CFU-F assay
of BM-MSCs revealed small stained colonies on day 14 of
passage 3. (Figure 1b). The results of the flow cytometric
examination of the BM-MSCs' cell-surface markers
showed that 98.94% of cells were positive for anti-CD44
and 98.92% of cells were positive for anti-CD90. No cells
were detected positive for anti CD45 (Figures 2a,b).

Evaluation of extracellular vesicles

EVs appeared double layered membrane-bound

spherical vesicles with different sizes by transmission
electron microscopy (Figure 3a). The hydrodynamic size
distribution of BM-MSCs-EVs was estimated by zeta sizer
nanoparticle analyzer and average size was 225 nm peak
diameter (Figure 3b). The average total protein content of
the extracellular vesicles' (EVs) suspension was estimated
to be 0.9 mg/ml using the Lowry method.

BM-MSCs homing within testicular tissue

Labelled BM-MSCs were traced in testes 48 hours after
insertion into efferent ducts and observed by confocal laser
microscope.BM-MSCs expressed red fluorescence of CM-
Dil in their cytoplasm and tissue was counterstained in
blue with DNA binding Hoechst stain (Figure 4).

Biochemical results
Serum testosterone

There was no statistical difference between subgroups
IA, IB &IC of group I. The mean of serum testosterone
was significantly lower in group II. Meanwhile in group
IIT testosterone level boosted when compared to group
IT with no statistical significance between both groups.
Nevertheless, after injection of group IV, a noteworthy
elevation was noticed when compared to group II and III.
Group V was significantly lower than group II (Figure 5a)

Oxidative stress marker malondialdehyde (MDA)

Tissue MDA levels showed significant increase in
group II compared to subgroups 1A, IB &IC. Moreover,
mean values of groups III, IV &V were significantly higher
than group I. MDA in groups III and IV were expressively
less than group II. However, group IV was significantly
lower. Additionally, there was a significant decline in
MDA level in group IV in comparison to group III. The
MDA of group V was expressively elevated than all other
groups (Figure 5b).

Total serum antioxidant capacity (TAC)

The mean of serum TAC was significantly lower in
group II when compared to subgroups IA, IB & IC. There
was a noteworthy alteration between group I, III &V. Yet,
in group IV the mean value was lower than subgroups of
group L. In group III, there was significant increase in TAC
level when compared to group II. Moreover, in group IV, a
noteworthy rise in TAC level was detected in comparison to
group II. Also, the mean value of group V was significantly
lower than all groups (Figure 5c).

Glutathione peroxidase (antioxidant marker)

Tissue glutathione peroxidase levels exhibited
significant decrease in group II and group V when
compared to subgroups 1A, IB& IC. furthermore, showing
statistical difference between group II and V. However, the
mean value of group III was slightly lower than group II
with no statistical significance, but in group IV, the mean
value had significantly dropped in comparison to control
subgroups and it was significantly higher than groups II
&III as well (Figure 5d).
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Epididymal sperm count

Epididymal sperm count was almost the same in
subgroups 1A, IB, and IC. In contrast to the first group,
groups 11, III, and IV showed a considerable decline. The
sperm count in group IV, exhibited a significant elevation
compared to group III. However, this apparent increase in
the sperm count was statistically still less than the mean
value of subgroups IA, IB & IC. Moreover, group V
showed significant decrease in mean value when compared
to all other groups (Figure 6a).

Total percentage of sperm motility

The % of sperm motility did not vary by a significant
margin amongst subgroups IA, IB, and IC.

Conversely, a statistically significant rise in the motile
sperm percentage was observed in group IV in comparison
to group III. Group V depicted a statistically significant
lower total sperm motility percentage than all groups
(Figure 6b).

Johnson score

A statistically significant lower Johnsen score was
detected in group V and group II in comparison to rest of
groups. Though, there wasn’t statistical variance between
subgroups IA, IB and IC. Furthermore, there was a
noteworthy statistical variation among groups III and IV
but still significantly lower than subgroups IA, IB and IC
yet higher than group II (Figure 6c¢).

LM examination

Group I (Control group): Inspection of the
seminiferous tubules by LM of group I, revealed normal
histological findings, which were almost the same in the
three subgroups (IA, IB, and IC). The germinal epithelium
of seminiferous tubules comprising Sertoli cells and
spermatogenic cells resting on regular basement membrane.
Basal spermatogonia showed dark rounded nuclei. Huge,
spherical nuclei with distinctive chromatin condensation
were visible in primary spermatocytes. Multiple layers
of early spermatids were detected with their pale rounded
nuclei. Elongated spermatids & multiple spermatozoa were
also seen. Sertoli cells showed pale nuclei and evident
nucleoli. (Figure 7).

Group II (Busulfan group): Group II revealed
by LM distorted seminiferous tubules with irregular
thickened basement membrane. Widened lumen was
seen with a decrease in the dark& widely separated
spermatogenic cells lining the tubules. Some sloughed
pyknotic cells were seen within lumen Sertoli cells showed
cytoplasmic vacuolations. Leydig cells appeared scattered.
(Figures 8a,b).

Group III (BM-MSCs group): Few areas of
seminiferous tubules were improved showing organized
arrangement of its cells with minimal intercellular spaces in
between. Primary spermatocytes appeared with vacuolated
cytoplasm. Few rows of early spermatids were depicted.

Few vacuolations were present in between Leydig cells
(Figure 9).

Group IV (Extracellular vesicles group): The
major portion of the seminiferous tubules showed an
obvious improvement, having an architecture that was
approximately normal in appearance. Numerous lines
of various germ cells, such as spermatogonia, primary
spermatocytes, spermatids, and many spermatozoa
filled the lumen. Among some spermatogenic cells tiny
vacuoles appeared. Leydig cells were more or less normal
(Figure 10).

Group V (Recovery group): Group V exhibited
seminiferous tubules with massive disrupted architecture.
More or less all germinal epithelium was replaced by large
vacuoles leaving few Sertoli &spermatogonia. Interstitial
space was filled with abundant inter-tubular amorphous
eosinophilic material among numerous blood vessels
&abundant Leydig cells (Figure 11).

EM examination

Group I (Control group): Ultrastructural examination
of control rat seminiferous tubules revealed Sertoli cells
with large, euchromatic nuclei and prominent nucleolus.
Type A spermatogonium with its oval nucleus and type
B spermatogonium with its rounded nucleus were both
encountered. Primary spermatocytes depicted large rounded
nuclei. An intact BTB was also noticed. Early spermatids
were identified by their pale nuclei with acrosomal vesicle
and multiple peripherally situated mitochondria. Multiple
spermatozoa were frequently encountered in the lumen of
the tubules with their characteristic tails (Figures 12a-f).

Group II (Busulfan group): Ultrastructural inspection
of group II revealed spermatogenic cells on irregular
basal lamina. Disruption of the normal architecture of the
seminiferous tubules was noticed with appearance of large
spaces in between the lining cells. Sertoli & spermatogenic
cells revealed degenerative changes as abnormal
chromatin distribution in their nuclei, cytoplasmic
rarefaction, vacuolations and dilated perinuclear cisternae.
Mitochondria appeared swollen with focal loss of cristae.
The BTB exhibited focal interruptions. In addition to,
Middle pieces of tail region were associated with swollen
mitochondria & interruptions in the outer dense fibers.
(Figures 13 a-f).

GroupIII(BM-MSCsgroup): Wideninginintercellular
spaces was still seen between the spermatogenic cells
which showed vacuolated rarefied cytoplasm in certain
areas. BTB still exhibited focal interruptions. Alternatively,
in other areas normal appearance of spermatogenic cells
was observed with mild widening of intercellular space.
Some segments in principal pieces showed focal defect in
the circumferential ribs (Figures 14a-d).

Group IV (Extracellular vesicles group): Marked
improvement in the spermatogenic and Sertoli cells except
for few vacuolation present in cytoplasm of SgB. The
majority of sperms appeared normal, only few middle
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pieces showed focal disruption in mitochondrial sheath and
some end pieces exhibited excessive residual cytoplasm
(Figures 15a-f).

Group V (Recovery group): Sertoli cells
&spermatogenic cells cytoplasm was dense, full of
multiple sized vacuoles and rarefaction in several areas.
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Spermatogonia rested on irregular basal lamina. Dilatation
in perinuclear cisternae was seen. Massive ballooning in
mitochondrial sheaths of middle pieces were noticed with
excessive residual cytoplasm &interrupted outer dense
fibers. (Figures 16a-f).
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Fig. 2 (a, b): Flow cytometric analysis of cell-surface markers of BM-MSCs at passage3.a) 98.94% of the cultured cells express CD44 in lower right quadrant.
b) 98.92% of the cultured cells express CD90 in lower right quadrant, while they are negative for the CD 45 in upper left quadrant.
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Fig. 3 (a, b): Characterization of EVs: a; TEM of EVs shows variable sized spherical vesicles. Inset: higher magnification of three vesicles surrounded by a
double membrane. (Magnification ax15000, inset x100000). b; Size of EVs estimated by zeta sizer nanoparticle analyzer.
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Fig. 4: Photomicrograph of confocal laser microscope of seminiferous tubules showing homed cultured cells expressing red fluorescence of CM-Dil in their
cytoplasm (arrows) and nuclei are counterstained in blue with Hoechst stain. (Confocal laser scanning microscope, magnification x 200)
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Fig. 5 a-d: Bar charts show mean levels of: a) testosterone in nmol/L, b) MDA in mol/g tissue, ¢) TAC in U/ml, d) glutathione peroxidase in U/g tissue.
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Fig. 6a-c: Bar charts showing comparison between the studied groups according to: a) Sperm count, b) total percentage of sperm motility, c) Johnsen score.

Fig. 7: Light photomicrograph of seminiferous tubule of group I lined by: Sertoli cell (S), Spermatogonia (Sg), primary spermatocytes (P), early spermatids
(ES), elongated spermatids (LS) and numerous spermatozoa (SZ) filling the lumen. (1); basement membrane, (*); myoid cells, L; Leydig cells. (Mag. x 400).
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Fig. 8 (a,b): Light photomicrograph of distorted seminiferous tubules of group II showing shrunken spermatogenic cells having deeply stained nuclei (blue
arrow) &widened intercellular spaces (chevron arrow). Sertoli cells cytoplasm (S) contain multiple vacuoles. Empty lumen (Lu) with detached spermatogenic
cells (). L; scattered Leydig cell (Mag a, b x 400).

Fig. 9: Light photomicrograph of rat testis of group III revealing shrunken spermatogenic cells with vacuolation in between the cells (chevron arrow). Primary
spermatocytes (P) and early spermatids (ES) are seen with widened intercellular spaces. Vacuolations were seen among Leydig cell(L) (Mag. x 400)
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Fig. 10: Light photomicrograph of a rat testis of group IV showing seminiferous tubule with organized multiple layers of spermatogenic cells with minute
vacuolar spaces in-between (black arrow). Notice multiple sperms (SZ) inside lumen &apparently normal Leydig cells (Mag. x 400).

Fig. 11: Light photomicrograph of rat testis of group V, large vacuoles (V) appear within tubular epithelium with nearly total loss of germ cells except few
spermatogonia (sg) &few Sertoli cells (). Amorphous inter-tubular eosinophilic material (*). Apparent increased number of Leydig cells (L) around numerous
blood vessels (BV) (Mag. x 400).
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Fig. 12 (a-f): Electron micrographs showing part of seminiferous tubule of group I: a- Sertoli cell (S) with large, pale nucleus (N) and prominent nucleolus
(n) resting on basal lamina (b), Type B spermatogonium (SgB) is seen with rounded nucleus (N). Intact blood testis barrier (1) is detected. b- Type A
spermatogonium (SgA) with oval pale nucleus (N).C -Primary spermatocyte with spherical nucleus (N) d- Early spermatids (Sd), with a pale rounded nucleus
(N) and acrosomal vesicle (1). Multiple mitochondria (m) are arranged peripherally. E, f: Multiple cut sections of sperm tails: middle piece (MP), principal
piece (PP) and end piece (EP). Mic. Mag. a, ¢, d x3000, b x4000, e x15000, f x12000.
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— 0

Fig. 13 (a-f): Electron micrographs revealing part of rat seminiferous tubule of group II:a- Sertoli cell (S) resting on irregular basal lamina (b), rarefied
cytoplasm (*) and multiple cytoplasmic vacuoles (V). b- Type A spermatogonium (SgA) with mitochondria (m1) showing focal loss of cristae. Disruption of
BTB (1) and widening of intercellular spaces is detected (*).c- Type B spermatogonium (SgB) and primary spermatocyte (P) with vacuoles (V) and rarefaction
in its cytoplasm (*). d- Early spermatids (Sd), some mitochondria are swollen (m1). (e,f)-middle piece shows defect & interruptions in the nine outer dense
fibers (arrow). Swollen and disorganized mitochondria (m) in mitochondrial sheath. Mic. Mag. a, cx2000, b x3000, dx2500, e x20000, f x15000.
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Fig. 14(a-d): Electron micrographs of rat seminiferous tubule of group III: a- type B spermatogonium (SgB) showing apparently normal mitochondria (m).
Sertoli cell (S) appears more or less normal. Primary spermatocyte (P) depicts several cytoplasmic vacuoles (V). BTB exhibits focal interruptions (1). Widening
of intercellular spaces is seen (*). b- Type A spermatogonium (SgA) &Primary spermatocyte (P) seen with mild intercellular spaces (*). c- Early spermatids

(Sd) surrounded by slightly focal dilated perinuclear cisternae (). d-Principal piece depicts focal interruption (arrow) of the circumferential ribs. Mic. mag
ax2000, b, ¢ x2500, d x 20000.
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Fig. 15(a-f): Electron micrographs of rat seminiferous tubule of group I'V: a- Sertoli cell (S) with pale nucleus (N). b- two adjacent type B spermatogonia (SgB)
resting on a basal lamina (b). The cytoplasm in SgB1 shows mild vacuolation(V). Focal interruption (1) in BTB is noticed. ¢,d-,e: apparently normal type A
spermatogonium (SgA),spermatids(sd), primary spermatocyte (P) cytoplasm exhibits mitochondria (m),few show disrupted cristae (11). f-Middle piece (MP)
exhibits focal disruption (1) in mitochondrial sheath and end piece (EP) exhibit excess residual cytoplasm (*). Inset, cross sections of normal principal pieces
(PP) and end pieces (EP) Mic. mag a, dx2500, b, e x3000, ¢ x4000, f & inset x12000.

918



Abdelrahman et. al.,
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Fig. 16(a-f): Electron micrographs of rat seminiferous tubule of group V: a- revealing Sertoli cell (S) resting on irregular basal lamina (b). Its cytoplasm
exhibits multiple vacuoles(V)and rarefaction (*).b- spermatogonium type A (SgA) with vacuoles(V) c-2 adjacent primary spermatocytes (P) with dilated
perinuclear cisterna () and rarefied cytoplasm (*). mitochondria with focal loss of cristae (11), disrupted BTB (1). d- early spermatids (Sd) cytoplasm full of
vacuoles (V) .e- middle pieces (MP) of sperm tail with massive ballooning in mitochondrial sheath and excess residual cytoplasm is noticed (*). f-MP depicts
focal interruptions (arrow) in the nine outer dense fibers and excessive residual cytoplasm (*) Mag. a, cx2500 b x3000, dx2000, e x20000, f x12000.

DISCUSSION BU has the capability to alkylate DNA at guanine &
adenine bases, leading to the formation of intra-strand
crosslinks. As a consequence, hinders transcription of
DNA, ultimately impeding cellular division. Busulfan
also initiates the extrinsic apoptotic pathway and triggers
execution caspases 3, 7&8. Caspase 3 controls DNA
fragmentation and morphologic changes of apoptosis &
Caspase-7, is responsible for ROS production &aids in
cell detachment during apoptosisi*?. BU treatment induced
ferroptosis in spermatogenic cells by down-regulating
nuclear factor-E2-related factor 2 (Nrf2) and glutathione
peroxidase 4 (GPX4) expressions, and decreasing

Onemajorissue affecting reproductive health worldwide
is infertility half of the cases involve a male factor’®. The
most problematic long-term side effect of cancer treatment
is testicular dysfunction following chemotherapy®s.
Patients with chronic and juvenile myelogenous leukemia
receive busulfan (BU) as part of their conditioning regimen
prior to hematopoietic cell transplantation (HCT)P¢. In
addition to its gonadotoxic effects, alterations in sperms
number& hormonal levels leading to diminished testicular
size, and ultimately male infertility®”-%],

Each rat in the current study was injected once iron efflux through reduction of ferroportin 1 (FPNI1)
intraperitoneally with 40 mg/kg body weight BU. It has expression®. This could clarify the histological changes
been established by previous researches** that this dose observed attributed to busulfan-induced ferroptosis such as
effectively inhibits spermatogenesis, &lowers testosterone dark pyknotic nuclei in spermatogenic cells with increased
levels after a single injection. The 50 mg/kg dosage of BU intercellular spaces, disruption of mitochondrial®#4,
was reported to be deadly by Wang et al.**) most likely as a Furthermore, the rapid cell division rate and the prevalence
result of the hematopoietic system's cytotoxic reactions to of unsaturated fatty acids make male germ cells prone to
the medication. After 28 days of BU administration, light DNA deterioration®].

microscopic examination of group II (BU group), revealed
distorted seminiferous tubules. Spermatogenic cells&
Sertoli cells displayed signs of degeneration. These findings
were in accordance with several studies investigating the
effect of BU induced testicular injury®4!.,

Vacuolations observed within Sertoli cells represents
dilatation in smooth endoplasmic reticulum (sER). Possible
mechanisms include alterations in secretion or transport of
proteins out of the sER, disruption of sER ionic pumps,
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or changes in the cytoskeleton supporting the sER. TEM
findings of enlarged mitochondria, dilated perinuclear
cisternaec around spermatogenic cells and vacuolated
rarefied cytoplasm were due to lipid peroxidation and
oxidative stress induced by BUB#46],

Moreover, the expression of intercellular adhesion
molecule-1 (ICAM-1), that directs the discharge of
spermatids to the lumen is also significantly reduced
by BU.'81 According to Jiang et al™, BU causes
disruptions to the blood testes barrier(BTB) and hinders the
process of sperm formation by increasing the level of non-
collagenous 1 domain peptide (NC1) .These could provide
an explanation for the BTB disrupted junctional complex.
Additionally, it was discovered that busulfan administration
activated the production of proteins such tumour necrosis
factor-o. and macrophage chemotactic protein 1, which
caused inflammation in the mice's testes?".

In the current study, serum and tissue homogenates of
rats injected with busulfan showed a substantial increase
in the oxidant marker MDA together with a sharp decline
in antioxidants total TAC and glutathione peroxidase).
Together with a decline in sperm parameters, the Johnsen
score, and serum testosterone. This dramatic decrease in
hormone testosterone may be related to the significant
damage busulfan caused to Leydig and Sertoli cells,
possibly as a result of increased production of free radicals.
Additionally, disruption of the Luteinizing Hormone (LH)
receptor's production and suppression of the passage of
cholesterol to cytochrome P-450 of the mitochondria
affecting the initial steps in testosterone production!.

The stimulation of oxidative stress and lipid peroxidation
can be used to explain the reduction in sperm quantity and
total percentage of motility reported in this study. Because
sperm plasma membranes have a high concentration of
unsaturated fatty acids and weak antioxidant defenses, they
are especially susceptible to oxidative damagel®?.

Rats of group III which were injected by BM-MSCs
showed partial improvement detected by both biochemical
profile and microscopic examinations. These findings
were confirmed by improvements in the epididymal sperm
count, Johnson score and hormonal levels of testosterone
in comparison with the busulfan group. In the current
study, the steps of isolation, culture and passaging of BM-
MSCs were adopted with several previous studies Moussa
et al and Rostom et a/l'*33,

Because the large diameter of stem cells (20-30 pm),
worries regarding cell entrapment in the lungs led to
the exclusion of the systemic intravenous route for the
injection®™. Furthermore, physiological BTB prevent
MSCs from penetrating testes®>>¢, The decision made was
to inject cells into the efferent ducts instead. BM-MSCs are
simple to harvest and exhibit minimal immune suppression
and rejection rates®”. That’s why BM-MSCs were used in
this study.

LM &ultrastructure of group III (BU+BM-MSCs)
depicted seminiferous tubules with varying response to
treatment, partial enhancement in spermatogenic cells
was detected in comparison to BU group. Some tubules
depicted developing spermatogenic cells with spermatozoa
in their lumina. These findings align with studies by
Monsefi et al.P® & Tamadon et al.% reported the transition
from stem cells to spermatogenic cells and spermatozoa
in vitro, as transforming growth factor beta (TGF-B) and
bone morphogenetic proteins (BMPs) discharged by the
transplanted cells can aid in the recipient's cellular function
recovering back to normal. However, contrary results were
presented by Van Saen et al.®¥ declaring that BM-MSCs
were incapable of differentiating into sperm.

The results of the current study confirmed that BM-
MSCs administration enhanced testosterone levels, which
is consistent with Hassen et al.[®] Remarkably, another
study verified MSCs' capacity to develop into Leydig
cellst®?,

Additionally, by boosting the expression of anti-oxidant
enzymes including glutathione (GSH) and glutathione
S-transferase (GST), which capture reactive oxygen
species secreting factors that block the oxidation process,
such as prostaglandin E2 and nitric oxide, stem cells
alleviate oxidative-stressi®*. By inhibiting ROS, the cells
enhance oxidative stress injury, according to Zickri et al.[¥
TNF-a is a major factor that BM-MSCs use to actively
participate in anti-inflammatory actions by lowering its
level. These could explain noteworthy reduction in tissue
MDA level and great surge in serum TAC and tissue
glutathione peroxidase level, enhanced total sperm number
and total percentage of sperm motility in the stem cells’
treated group if compared to the rats given BU.

However, a number of obstacles restrict using BM-
MSCs as cells numbers and proliferative potential
noticeably decline with agel®). In proportion to this issue,
an alternative option is proposed utilizing the paracrine
pathway such as exosomes.

Histological examination of group IV (BU+BM derived
extracellular vesicles) revealed massive improvement in
most of the seminiferous tubules with regaining normal
architecture. Secretory factors from EVs were found to
successfully delay spermatogenesis in busulfan-induced
rats in a study conducted by Cai et al.[*! Spermatogonia
were shown to be able to internalize exosomes from bone
marrow mesenchymal stem cells as demonstrated by Guo
et al 1",

One of the mechanisms by which EVs can restore
spermatogenesis is their ability to cross the BTB delivering
their cargos. Following the injection of labelled stem cell-
derived EVs into the rat efferent duct, their presence was
detected in both seminiferous tubules and the interstitial
space. This finding suggests that EVs have the capability
to traverse the BTB, moving from seminiferous tubules to
the interstitium™®®. According to Zhou et al.1!, BM-derived
exosomes can improve BTB function in ageing testes by
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strengthening the tight junction function &reducing ROS
generation .All of these account for the improvement in
group [V's BTB configuration.

One of the fundamental cargoes of BM-MSCs-EVs is
miRNAs. miR-34 family members (miR-34b and miR-34c)
control apoptosis and the differentiation of cells. Exosomes
generated from Sertoli cells express miR-486 to support
further differentiation of spermatogonial’’l. Moreover,
miR-223 and miR-124-3p present in BM-MSCs-EVs have
the capability to induce anti-inflammatory effects. This is
achieved by downregulating proinflammatory mediators
and adhesion molecules, including IL-6, TNF-o and
ICAM-117072],

Biochemical tests of group IV (BM-MSCs -EVs)
revealed significant elevation of testosterone levels &TAC
level was noticed, together with significant reduction
in mean values of glutathione peroxidase and MDA. A
study demonstrated exosomes augmented the activity of
superoxide dismutase (SOD) in testicular tissue subjected
to ischemia-reperfusion injury. Additionally, there was a
reduction in the content of MDA, indicating a potential
antioxidative effect of extracellular vesicles secreted from
BM-MSCs in the treated testicular tissue!”. Sperm count
and motility were greatly improved in group IV as EVs
transport several cytokines and factors to spermatozoa,
such as sorbitol dehydrogenase and macrophage migration
inhibitory factor. By activating cation channels of sperms
and the acrosome reaction, this process increases Ca2+
signaling and improves integrity of sperm membrane!™.

In group V, whererats were left for spontaneous recovery,
the seminiferous tubules exhibited similar degenerative
changes to group II, with massive exacerbation. The
inability of autonomous tubular regeneration following BU
administration has similarly been documented by Ibrahim
et al.P2. This restricted regeneration may be explained
by spermatogonial stem cells' inability to multiply and
differentiate in the unfavorable environment created by
chemotherapy. On the other hand, another study found
that the amount and duration of exposure to busulfan
affect germ cell recovery. High doses of chemotherapy
may cause the seminiferous tubules to completely deplete,
leaving a patient permanently sterile. Alternatively, germ
cell recovery may be possible at lower busulfan dosages,
suggesting a reversible impact on spermatogenesis’.

Significant inter-tubular eosinophilic material was
found in groups II and V. This observation may have been
affected by busulfan's ability to up-regulate in Sertoli cells
TNF-a and monocyte chemoattractant protein-1 (MCP-1).
Furthermore, it has been suggested that nuclear factor-
kappa beta (NF-kf) signaling pathway is triggered by
reactive oxygen species, hence increasing the transcription
of many genes that are associated with inflammation7.

All of these elements combined created inflammatory
state in the testis, which interfered with the testicular
venous drainage system, lymphatic vessels blockage and
resulted in massive appearance of eosinophilic material

and congested vessels in between the tubules.The increased
number of Leydig cells &interstitial blood vessels observed
in this experimental group further indicated inflammatory&
oxidative stress processes!’®.

Johnsen's score evaluation system has been widely
utilized in various studies to assess testicular histopathology.
This system provides a comprehensive grading system,
assigning scores from 10 to 1 based on the degree of
spermatogenesis within the testicular tubules. A lower
score is associated with a reduction in the quantity of cells
in the tubule lumen. Several studies have demonstrated the
utility of Johnsen's scorel’”7l. In the context of our study,
we employed Johnsen's criteria to evaluate rats’ testicular
histopathology following exposure to BU. Our results
indicated a significant reduction in Johnsen's score in the
BU and recovery groups in comparison to the first group
and elevated Johnson score after administration of BM-
MSCs and EVs highlighting the beneficial effects of them
on improving testicular injury.

CONCLUSION

EVs as a cell-free therapy present a novel and promising
approach in the treatment of busulfan induced testicular
injury showing better results & several advantages such as
miRNAs cargo and beneficial growth factors and cytokine
production over traditional MSC transplantation
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