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activate key genes related to fertility. This

study aimed to investigate the effects of LLLT on sperm production in azoospermic mice using in
vitro and in vivo experimental models.

Methods: Adult male NMRI mice (8-9 weeks old, 30-35 g) were divided into the negative control
(healthy), positive control (azoospermia via intraperitoneal busulfan, 30 mg/kg), and experimental
(azoospermia with 808 nm LLLT at 8 J/cm?) groups (8 mice per group) for in vivo experiments.
For the in vitro part, spermatogonial stem cells were cultured from 6 azoospermic mice under
control conditions or treated with laser (808 nm LLLT at 4 J/cm?). Morphological examination
and real-time polymerase chain reaction were used to assess testicular structure and expression
of several genes, such as deleted in azoospermia-like (DAZL), G protein-coupled receptor 125
(GPR125), synaptonemal complex protein 3 (SYCP3), DEAD-box helicase 4 (VASA/DDX4),
protamine (PRM), acrosin (ACR), and tripartite motif containing 36 (Haprin/TRIM36).

Results: In vivo, LLLT increased VASA expression, improved germ cell activity, and increased
sperm production compared with untreated azoospermic control groups, although these changes
were not statistically significant. In vitro, 4 J/cm?” radiation modulated several genes related to
spermatogenesis, supporting its role in germ cell differentiation.

Conclusion: LLLT with a wavelength of 808 nm could improve spermatogenesis and sperm
production in a mouse model of busulfan-induced azoospermia in vivo and in vitro. These results
demonstrated its potential as a supportive treatment for male infertility.

conditions, such as bacterial infections, reproductive

Research indicates that approximately 8-12% of couples
of reproductive age globally have infertility issues, with
male factors contributing to 50% of these instances.'?
Azoospermia and oligospermia represent some of the
most severe forms of male infertility, impacting 20-30%
of patients.’Azoospermia can be caused by various

system malignancies, and genetic syndromes (e.g., Prader-
Willi syndrome).* Recent studies have suggested advanced
treatment methods, including hormone replacement
therapy and intracytoplasmic sperm injection, as
potential solutions for male infertility. However, current
methods seem to be less effective and have negative
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effects on azoospermic patients, especially those with
nonobstructive azoospermia. Therefore, there is a need
for an effective medical treatment plan to minimize side
effects.’*

Recent years have witnessed the consideration of
laser therapy, a commonly used method in modern
medicine, for the treatment of male infertility due to its
high effectiveness, simplicity of use, and lack of adverse
effects®” Laser therapy is a non-invasive approach that is
able to activate various cellular mechanisms and induce
new biological responses.®* When applied in vivo at the
appropriate wavelengths and optimal energy doses, laser
therapy can produce a wide range of molecular, cellular,
and tissue-level effects.’***

The effects of laser radiation on sperm function have
been extensively studied in animal models. The research
results on lasers with different powers, various radiation
energies, and different radiation durations revealed that
lasers with low power and energy density have the most
positive effect on sperm quantitative and qualitative
indicators.®'® Cellular function through low-level laser
therapy (LLLT) is mainly caused by stimulating adenosine
triphosphate production and reducing oxidative stress.
These effects depend on the dose, intensity, and duration
of radiation. According to these studies, LLLT can increase
human sperm motility.” Gabel et al., investigating the
effects of LLLT on the function, motility, and DNA
integrity of human sperm, reported that the effects of
laser depend on the radiation dose and duration and
can lead to a fourfold increase in adenosine triphosphate
production in sperm compared to the control group."”

Previous studies have demonstrated that LLLT
can significantly enhance tissue repair and decrease
inflammation.”*" Moreover, other investigations have
shown that it enhances sperm characteristics, such as
motility and survival” As indicated by our previous
research, using LLLT may help increase the number of
germ cells and sperm produced.”® The mechanism by
which lasers affect chemical pathways, however, remains
unknown. Therefore, the current study has focused
on investigating how laser therapy might affect the
expression of genes involved in spermatogenesis as well
as the activation of molecular pathways.

The process of spermatogenesis plays a crucial role in the
transmission of genetic information to the next generation.
Understanding this process is crucial for progress in the
treatment of human infertility. Spermatogenesis relies on
the coordinated activity of multiple genes whose encoded
proteins are involved in the proper testis development,
accurate germ cell differentiation, and correct sperm
formation and motility. Studying expression patterns in
these proteins within different germ cells at various stages
can help better understand human spermatogenesis.”!
Deleted in azoospermia-like (DAZL) and (DEAD-box
helicase 4, DDX4; VASA) genes encode germ cell-specific

RNA-binding proteins essential for germ cell development
and sperm formation.”** Synaptonemal complex protein
3 (SYCP3) is a structural component of the synaptonemal
complex required for meiotic chromosome pairing,
with mutations linked to azoospermia.*** TRIM36
(Haprin) functions in acrosome reaction and cytoskeletal
organization,” while PRM (protamine) is crucial for
chromatin condensation in spermatozoa.” The cation
channel of sperm (CatSper) mediates calcium influx and
controls sperm motility,?® and G protein-coupled receptor
125 (GPR125; ADGRA3) is a marker of spermatogonial
stem cells (SSCs).* In addition, Acrosin (ACR) is a sperm-
specific protease that enables zona pellucida penetration
during fertilization.”® These genes ensure proper testicular
development, germ cell differentiation, and normal sperm
function.

This research focuses on the induction effects of LLLT
on spermatogonial stimulation and the underlying
mechanisms involved. The study seeks to determine
the effects of low-power laser on spermatogenesis in
mouse models that present azoospermia. Additionally,
the expression levels of key genes associated with
differentiation and reproductive processes were analyzed
using real-time polymerase chain reaction (RT-PCR).

Methods

Preparation and maintenance of laboratory animals
Adult male NMRI mice, 8-9 weeks old and weighing 30—
35 g, were used in this study. All mice were obtained from
Drug Applied Research Center and then were kept under
controlled temperature conditions (22+2 °‘C) with a 12-h
light/dark cycle and had free access to food and water.
All laboratory procedures on mice were conducted in
accordance with the guidelines approved by the National
Committee for Ethics in Biomedical Research (IRB
approval No. IRTAU.TABRIZ.REC.1403.166).*!

In vivo study design

Twenty-four mice were randomly assigned to three groups,
each containing 8 animals. The negative control group
remained healthy without any treatment. The positive
control group included mice in which azoospermia was
induced by a single intraperitoneal injection of busulfan
(B-2635; Sigma-Aldrich, USA) at 30 mg/kg, dissolved in
0.2 ml of a 1:1 mixture of dimethyl sulfoxide and distilled
water, following previously described protocols.”? The
experimental group also received busulfan in the same
manner and, after 30 days, underwent LLLT using a pulsed
diode laser treatment with an energy density of 8 J/cm?, a
working frequency of 5 Hz, and a wavelength of 808 nm,
applied on a 0.25 cm? area. The laser was transcutaneously
applied to the testicular area for 80 seconds per session,
every other day for 3 weeks. During the entire laser
treatment, the temperature of the irradiated area was
monitored with a thermometer and maintained at 37 'C.
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In vitro study design

For the in vitro experiment, testicular tissue was collected
from 6 busulfan-treated azoospermic mice, and SSCs
were isolated and cultured under standard conditions
(37 °C, 5% CO,). The cultured cells were divided into two
groups; the control group was not exposed to a laser, and
the other received continuous-wave diode laser treatment
with an 808 nm wavelength and an energy density of 4 J/
cm’ for 53 seconds on a 2.5 cm? cross-section, with four
repetitions every other day. During the laser treatment,
the temperature of the irradiated area was monitored
using a thermometer and maintained at 37 °C.

Histomorphometric examination of testicular tissue
Following the experimental period's completion, the mice
studied in vivo were euthanized for the histomorphometric
analysis of the testicular tissue. The testicular tissue
was extracted and prepared for staining through tissue
sectioning. These sections were then immersed in 10%
formalin and stained using hematoxylin-eosin. The
morphometric analysis involved the comparison of the
epithelium thickness of the seminiferous tubules, the
diameter of the seminiferous tubules, and the thickness of
the interstitial tissue.

Examining testicular tissue for spermatogenesis

Three fundamental factors, including the differentiation
index, the renewability index, and the spermatogenesis
index, wereanalyzed to assess spermatogenesisin testicular
tissue. The tubular differentiation index reflects the
vitality and differentiation of SSCs, and the renewability
index determines the ratio of active spermatogonia to
inactive spermatogonia in seminiferous tubules. Further,
the spermatogenesis index indicates the proportion of
seminiferous tubules containing sperm to those without
sperm. In this regard, the cross-sectional areas of the
seminiferous tubules were counted and calculated.

Isolation and culture of spermatogonial cells of mouse
testicular tissue

Testicular tissue obtained from normal and azoospermic
mice was placed in Petri dishes filled with Hank’s balanced
salt solution supplemented with 1% antibiotic penicillin
(5000 U/mL; Sigma-Aldrich, USA) and streptomycin
(5000 mg/mL; Sigma-Aldrich, USA). The -capsule
surrounding the testicle and epididymis was removed
and discarded, after which the testicular tissue was finely
chopped using a scalpel. These tissue fragments were then
exposed to an enzymatic digestion solution containing
ethylene diamine tetra acetic acid -Trypsin (I mg/mL;
Sigma-Aldrich, USA) and type IV collagenase enzyme (1
mg/mL; Sigma-Aldrich, USA). Next, the mixture of cells
and enzymes was placed in an incubator set at 37 ‘C with
5% carbon dioxide for 15 minutes. Throughout this period,
pipetting was performed multiple times to ensure proper

separation of tissue fragments. Subsequently, the mixture
was vortexed for 5 minutes and returned to the incubator
for an additional 20 minutes to complete the enzymatic
digestion and cell separation process. To counteract the
enzyme activity, a complete culture medium consisting
of DMEM-F12 (Gibco, USA), supplemented with 10%
fetal bovine serum (FBS; Gibco, USA) and 1% Pen/
Strep antibiotic, was added, followed by centrifugation
at 1,500 rpm for 5 minutes at 4 “C. The supernatant was
removed, and the remaining cell pellet was treated with
the DMEM-F12 complete culture medium containing
20% FBS and 1% Pen/Strep antibiotic. Cell viability was
assessed using a 0.04% trypan blue solution (Sigma-
Aldrich, USA) and a hemocytometer. Finally, the cell
suspension was transferred to cell culture flasks and
maintained at 37°C with 96% humidity and 5% CO,.”

Spermatogonial cells colonization

The colonies of SSCs were observed in testicular tissue
culture after 10 days. After mechanical separation,
spermatogonial cells were transferred to another flask
containing the DMEM-F12 complete culture medium
with 20% FBS and 1% Pen/Strep antibiotic. After the first
day of cell culture, the culture flask was microscopically
examined every day, and the culture medium of the flask
was replaced with a new culture medium every 3 days.

Extraction and RT-PCR

Total RNA was isolated from testicular tissue cells and
spermatogonial cells using a Trizol-based kit (Sinaclon,
Iran) following the manufacturer’s protocol for in vivo and
in vitro conditions. Subsequently, the purified RNA was
quantified using nanodrop to assess protein or mineral
contamination, and its quality was evaluated through
electrophoresis on 1% agarose gel. Next, complementary
DNA was synthesized using the company’s synthesis
kit (Yektatajhiz, Iran). The quantitative changes in the
messenger RNA expression of GPR125, VASA, DAZL,
SYCP3, ACR, PRM, and TRIM36 genes were analyzed
using the RT-PCR technique and the StepOne device
(Applied Biosystems, USA). The RT-PCR was performed
in 3 replicates using the SYBER Green kit (Ampliqon,
Denmark). The master mix of the RT-PCR was prepared
with a final volume of 25 pl, consisting of 12.5 pl of SYBR
Green, 0.5 pl of the forward primer, 0.5 pl of the reverse
primer, 10.5 pl of deoxyribonuclease-free water, and 1
ul of the complementary DNA template added to each
microtube. Additionally, the GAPDH gene was utilized
as a housekeeping gene. The primers were designed
using Oligo Analyzer and Oligo7 software (Table 1),
and specific primers for each gene were synthesized by
Metabion Company (Germany).

Statistical analysis
The quantitative data were statistically analyzed using
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Tajalli et al

GraphPad Prism 8 software. The results are presented as
means tstandard deviations. Statistical significance was
assessed through the Student’s t-test and one-way analysis
of variance (ANOVA), with differences deemed significant
at P<0.05. The fold-change expression of target genes
after treatment was calculated by the AACT method.

Results

Morphological findings of testicular tissue in in vivo
studied groups

In the examination of testicular morphology in the
azoospermic group, there was a significant reduction in the
quantity of germinal epithelial cells within the seminiferous

Table 1. The sequence and properties of applied primers

tubules. A minimal population of spermatogenic
cells, predominantly spermatogonia, was detected.
Concurrently, there was an expansion of interstitial tissue
and a reduction in the diameter of the seminiferous tubules.
The majority of seminiferous tubules exhibited the absence
of spermatogenic cells within their walls (Fig. 1).

In the group that received a dose of 8 J/cm?, the repair
process of the testicular tissue was faster. In addition, there
was a notable increase in the diameter of the seminiferous
tubules and the thickness of their epithelial lining,
signifying a positive healing response to the pathological
lesions in the testicle. Additionally, there was a rise in the
quantity of germ cells within the tubular walls (Fig. 2).

Gene Accession Number Primer Sequence Length ™
40GRA3 (GPA125 NM_133011.1 FACCTGACGAACAACCOARTAG 137 p s7c
oazt NM_001277863.2 FATOACGTGGATGTGCAGAAG 152 s7c
VASA (DDX4) NM_010029.2 ::: $(65:$ g:gééf GA (;gigér%iCA 126 bp 58°C
sves NM_o11517. P GOTITCCTCAGATGCTTCS 200bp s7c
s aw e
s NM_0012772¢7.2 FAATACCCCACACCTGCTACG 166 bp s7c
HAPRIN (TRIM36) NM_001170855.1 F: CAACAGTCCCTATGCGTTCC 159 bp 57°C

R: TTCAGGTTCAGCAAGAGGTG

Note. TM: Temperature.

Fig. 1. Microscopic view of testicular tissue in the positive control azoospermia group. Note. There is a reduction in the diameter of the seminiferous tubules.
In addition, there is a severe reduction in the thickness of the tubular epithelium. Spermatogenesis cells are found in very small numbers in the walls of the

tubes (40x, 100x, and 200x magnification, hematoxylin-eosin staining).

Fig. 2. Microscopic view of testicular tissue in the azoospermia group with 8J/cm? energy density irradiation. Note. Testicular tissue has repaired, and there
is an increase in the diameter of the seminiferous tubule. Moreover, the tubular epithelium has been repaired. The number of spermatogenesis cells has
increased sharply (40x, 100x, and 200x magnification, hematoxylin-eosin staining).
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Testicular spermatogenesis results

The analysis results of the tubular differentiation
index coefficient indicated a significant increase in the
group that received 8 J/cm? laser energy compared to
the positive control group (P<0.05). No significant
differences were found between the groups in terms of
the spermatogenesis index coefficient (P>0.05). In the
analysis of the renewability index, a significant increase
was observed in the group exposed to 8 J/cm? laser energy
compared to the positive control group (P<0.05).

Gene expression analysis of the in vivo study

The expression levels of VASA and DAZL, genes associated
with spermatogenesis, were evaluated to confirm the
morphological impact of LLLP on azoospermia. The
results of our study confirmed a significant reduction
in VASA expression (P<0.05) observed four weeks
following the administration of busulfan (Fig. 3A). On the
other hand, VASA expression was upregulated after the
irradiation of the diode laser at 8]/cm? (Fig. 3B).

It was observed that the expression of DAZL was
significantly increased in the azoospermic model (P < 0.05,
Fig. 3D). However, a significant down-regulation was
noted after the application of laser treatment (P<0.05).
Table 2 presents the fold-change results of the comparison
between the positive and negative control groups, as
well as the comparison of the treatment group with the
positive control group.

Culture and colony formation of spermatogonial stem
cells (in vitro)

SSCs were isolated from the testicular tissue of adult
mice, which were subsequently cultured and expanded.
The testicular tissue underwent a two-day incubation
period, during which the cells adhered to the flask’s
surface and began to proliferate. The spermatogonial
cells are characterized by their large size and smooth,
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regular morphology, often exhibiting 2-3 eccentric nuclei
(Fig. 4A).

The cultivation of spermatogonial cells in a culture
medium initiates a process of growth and division,
resulting in the formation of cell clusters. Over a period
of 5-7 days, these clusters develop into dense, typically
spherical masses known as colonies. Initially, these
colonies can be observed at low cell densities. After two
weeks, the cells achieve a significantly increased density in
terms of the number of colonies and the area they occupy
(Fig. 4B).

Induction of spermatogonial stem cells by laser (in vitro)
The testicular tissue of adult mice that were treated with
busulfan was utilized for the production of SSCs. After
being cultivated in 24-well plates, the SSCs were subjected
to an 808 nm wavelength, 75 mW of power, 53 seconds of
irradiation time, and 4 J/cm?® of energy. One side of the cells
swelled and acquired a semi-sperm shape after a week, and
the appendages on both sides of the cell appeared more
elongated due to the laser’s impact on the cells.

The morphology of SSCs continued to change toward
sperm production after two weeks; in the second week,
there was a rise in resemblance and a denser nuclear area
(Figs. 4C and 4D).

The cells changed in form, became more similar to
each other, and resembled sperm in the third week after
induction. Their cytoplasm lengthened, nuclei became

Table 2. Fold changes between the studied groups

Ctrl + /Ctrl- 8J/Ctrl +
Gene
Fold change P value Fold change P value
DAZL +6.8824 0.0087 -14.6498 0.0017
VASA -11.3858 0.0055 +1.75828 0.5205

Note. Ctrl +: Control positive; Ctrl-: Control negative; 8J: Laser density
at 8J/cm?.
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Fig. 3. Comparison of the expression ratios of DAZL and VASA between the two groups using a t-test under in vivo study conditions, with 8 mice per group.
Note. To make the expression differences between the groups visible and understandable, the graphs are based on the t-test. (A) and (B) Comparison of
expression levels in the positive control versus negative control groups for DAZL and VASA. In this comparison, DAZL expression showed a significant
increase (P<0.05) after busulfan injection in the positive control group, while VASA expression displayed a significant decrease (P<0.05). (C) and (D)
Comparison of expression levels in the positive control versus laser treatment groups for DAZL and VASA. Following laser irradiation, DAZL expression
demonstrated a noticeable decrease (P<0.05), whereas VASA expression depicted a slight, non-significant increase. ns indicates non-significance. ** and

Hkk,

represent significant differences.
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more compressed, the head took on an oval shape, and
they developed a long appendage resembling a tail (Figs.
4E and 4F).

Gene expression analysis of the in vitro study
Gene expression analysis was performed at two specific
stages: after busulfan injection and after laser treatment.
The expression level of the marker genes involved
in the spermatogenesis process was investigated at
two-week and three-week intervals after the culture of
spermatogonial cells and exposure to an energy dose of 4
J/cm? in 4 repetitions with an interval of one day.

After busulfan injection, the gene expression level was
evaluated in the positive control group two weeks later.
The expression of each gene significantly decreased
compared to the healthy negative control group, as
indicated by RT-PCR data analysis results. DAZL and
VASA genes in this group exhibited a slight change,
which was not statistically significant, while the SYCP3
gene showed the most significant alteration. Moreover,
there was a notable increase (P <0.05) in the GPR125 gene
expression levels compared to the negative control group.
Details regarding fold change and P-value are provided
in Table 3. Graphs illustrating the comparison between

Fig. 4. Microscopic images obtained from the culture of spermatogonial cells and their differentiation toward mature sperm production: (A) Testicular
tissue culture and colony growth of spermatogonial stem cells two days after primary culture, (B) Increased density and area of spermatogonial colonies
seven days after primary culture, (C, D) Microscopic image of cell differentiation after two weeks of laser irradiation, and (E, F) Microscopic image of cell

differentiation into sperm cells after three weeks of laser irradiation.
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each gene in the positive and negative control groups are
depicted in Fig. 5.

Most genes analyzed in this study demonstrated
significant increases following irradiation with an energy
dose of 4 J/cm? during laser treatment. Two treatment
groups, the 3-week and 2-week radiation groups, were
compared, and the results revealed that genes such as ACR,
PRM, and Sycp3 exhibited higher expression levels after
two weeks of radiation than after three weeks. Conversely,
DAZL, GPR125, TRIM36, and VASA displayed increased
expression after three weeks of radiation exposure. The data
related to fold change and P value are presented in Table 4,
along with graphs depicting the comparison between each
gene’s positive and negative control groups (Fig. 6).

Discussion
Despite recent studies demonstrating the effect of low-

Table 3. Comparison of the expression level of the busulfan positive control
group with the negative control group

Ctrl-/Ctrl +
Gene
Fold change P value
DAZL -1.2022 0.7430
VASA -1.1019 0.0761
GPR125 2.2501 0.0098
SYCP3 -7.2358 0.0459
ACR -2.5053 0.0443
TRIM36 -3.0194 0.0010
PRM -2.2345 0.0351
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power lasers on the normal growth of the testis and the
treatment of male infertility, a thorough understanding of
how laser affects molecular pathways and the mechanism
underlying its effect on normal spermatogenesis remains
unknown. This study evaluated the impact of laser light on
the sperm production process in the infertile azoospermia
mouse model. The results indicated that, at an appropriate
dosage, laser irradiation can be a successful treatment
for azoospermia caused by busulfan. These findings are
supported by concurrent in vivo and in vitro observations,
suggesting photobiomodulation's dose-dependent, stage-
specific effect on spermatogenesis.

In-vivo, exposure to 8 J/cm? laser irradiation produced
accelerated testicular healing, with an increased number
of germ cells within the testicular wall and enhancements

Table 4. Comparison of the expression of the 4 J/cm? treatment group for
2 weeks and 3 weeks

Ctrl + /4)-2W Ctrl + /4)-3W

Gene

Fold change P value Fold change P value
DAZL +1.5910 0.0432 +2.3254 0.0127
VASA +1.6330 0.0915 +1.9976 0.0420
GPR125 -2.7368 0.3429 +2.3254 0.1328
SYCP3 +3.9449 0.0346 +2.9173 0.0980
ACR +2.1983 0.0242 +2.0244 0.2491
TRIM36 -1.2989 0.9027 +2.8664 0.0254
PRM +2.0326 0.0086 +1.9690 0.0079

Note. Ctrl+: Control positive; 4J-2w: Laser density at 4)J/cm? after 2
weeks; 4)-3w: Laser density at 4J/cm? after 3 weeks.

*
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Fig. 5. Comparison of the expression levels of seven genes (GPR125, VASA, DAZL, SYCP3, ACR, PRM, and TRIM36) between the two control groups
(negative and positive) using a t-test under in vitro study conditions in 6 test mice. Note. All genes, except for GPR125, showed decreased expression in
the positive control group after busulfan injection. Although these decreases were statistically significant (P<0.05) for all genes, VASA and DAZL did not
display significant differences. ns represents non-significant difference. * and **represent significant differences.
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Fig. 6. Comparison of the expression levels of seven studied genes (GPR125, VASA, DAZL, SYCP3, ACR, PRM, and TRIM36) in three positive control
groups and under laser treatment for two weeks and three weeks. Note. ANOVA: One-way analysis of variance. This comparison was conducted using
one-way ANOVA under in vitro study conditions. In the second week following laser irradiation, an increase was observed in the expression of the studied
genes, with most changes reaching statistical significance (P<0.05); however, a slight, non-significant decrease was noted for GPR125 and TRIM36. In
the third week, the expression of all genes increased, although the increase was not statistically significant for some genes. ns represents non-significant

difference. * and ** represent significant differences.

in the diameter and thickness of the tubular epithelium. In
vitro, laser treatment at 4 J/cm? induced a morphological
shift in cultured SSCs from a fibroblast like to a sperm like
phenotype during weeks 2-3, indicating the initiation of
spermatogenic progression under photobiomodulation.
Opverall, these structural and morphological changes align
with subsequent gene expression findings, supporting the
coordinated laser-induced promotion of spermatogenesis.

To study the impact of lasers, the expression levels of
some important genes were assessed, including those
involved in sperm production and differentiation
both in vitro and in vivo (i.e., VASA, DAZ L, GPRI125,
SYCP3, ACR, TRIM36, and PRM). Busulfan disrupts the
expression of these genes, which is consistent with its
known antifertility effects. In contrast, laser irradiation
reversed these disruptions, with dose- and context-
dependent trajectories.

Busulfan is known to induce azoospermia by germ cell
loss and suppression of germ cell gene expression, as well
as apoptosis promotion and differentiation inhibition
within the spermatogenic lineage. Our data align with
this understanding and extend it by demonstrating
that photobiomodulation can counteract busulfan’s
antifertility effects, at least at the examined doses. The
observed upregulation of germ cell- and maturation-
associated genes under laser treatment is in line with

the broader literature, reporting the regenerative effects
of low-power lasers on testicular tissue and germ
cell markers in related models. The previous study’s
morphological and histomorphological results confirmed
that busulfan, at an effective dose of 30 mg, causes
azoospermia by reducing the number of sperm cells***;
however, this study’s examination and comparison of
the expression level of marker genes in the control group
and the busulfan experimental group in both in vivo
and in vitro conditions indicated that busulfan injection
significantly reduces the expression of testicular specific
genes. This alkylating drug inhibits cell division by
binding to the DNA chain. It further causes damage to
germ cells and disrupts the process of spermatogenesis,
resulting in a decrease in the weight of the testicles.***
In vitro experiments showed that the expression of genes
associated with spermiogenesis, such as SYCP3, ACR,
TRIM36, and PRM, decreased significantly. Similarly, it
was found that the expression of the VASA gene, which
usually begins with the onset of spermatogenesis, also
decreased significantly in-vivo. However, three weeks
after the administration of busulfan, the expression
of GPRI25 and DAZL genes showed a considerable
increase. In our in vitro study, SSCs were isolated from
mouse testicular tissue treated with busulfan and then
cultured. Despite the inhibitory effect of busulfan, we
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anticipated an increase in the expression of the GPRI25
gene compared to the control group, which consists
of various differentiated cells. GPRI25 is a marker of
undifferentiated spermatogonial germ cells and is believed
to denote the initial cells entering the spermatogenesis
stage.”**° Furthermore, it was revealed that, in contrast to
what was anticipated, the expression of DAZL, a hallmark
of spermatogonia and primary germ cells, was elevated
in-vivo.** The histological inspection of the testis in the
azoospermic group in the previous work demonstrated
the presence of several spermatogenic cell types, primarily
spermatogonial cells, even after a thorough evaluation of
the seminiferous tubules following busulfan injection.*’
Therefore, it makes sense that DAZL gene expression
would still be high in azoospermic settings. Even though
the in vitro study showed a reduction in this gene’s
expression, it was not statistically significant, and more
research is required in this regard.

Busulfan generally destroys germ cell lines by promoting
apoptosis and reducing cell division. It also stops the few
spermatogonial cells that remain from differentiating into
mature sperm and from advancing the spermatogenesis
process.* Studies have been performed thus far to reduce
and even reverse busulfan’s antifertility impact.**¢ These
investigations demonstrate that the antifertility effect
of busulfan is curable and offers a means of utilizing
less complex and risky therapy techniques, including
photobiomodulation.

In recent years, many infertility-related illnesses have
been treated using the photobiomodulation approach.
Our findings conform to those of previous studies'”*
about the use of laser therapy to treat infertility. Low-
power lasers have been shown to have a regenerative
impact on testicular tissue. According to our results,
using an energy density of 4 J/cm? for two or three weeks
significantly boosted marker gene expression and initiated
the spermatogenesis process in vitro study circumstances.

Our findings confirmed that the expression of these
genes significantly increased two weeks after the laser
irradiation, and they had somewhat maintained their
increasing trend in the third week. These markers of germ
cells include GPR125, VASA, and DAZL genes, which
are expressed in the early stages of the development and
differentiation of spermatogonial cells,”® and the four
genes SYCP3, ACR, TRIM36, and PRM, which are markers
of differentiated spermatogonial and sperm maturation.

The GPRI125 gene expression represented a slight
declining trend after two weeks of laser irradiation, which
was statistically insignificant. Three weeks later, however,
its expression began to be upregulated with an energy
density of 4 J/cm?* therefore, the population of SSCs
increased. Some studies reported that the expression of
this gene is unnecessary for normal spermatogenesis, but
the lack of GPRI125 gene expression prevents the proper
maturation of sperm and fertility. According to research

performed by Nybo et al, 55% of mouse models with
no expression of the GPRI25 gene were infertile from
puberty, even though they had normal spermatogenesis
and several epididymal sperm. These mice also had
transiently enlarged epididymis, decreased alpha estrogen
receptors, and increased production of estradiol. The
GPRI25 gene is essential for the growth of the male
reproductive system because it’s functions in tandem
with estrogen signaling. When this gene is not expressed,
hormonal imbalances occur after puberty, obstructing the
distal reproductive system and resulting in the buildup of
fluid and sperm in the epididymis.* This work increased
the expression of the GPRI25 gene in the culture of
spermatogonial cells isolated from the testis treated with
busulfan. This upward trend continued after the laser’s
effect, suggesting that the GPR125 gene is active from the
start of cell development. Fertility and sperm maturation
depend on the spermatogonia foundation.

Two and three weeks of laser radiation at a dosage of
4 J/cm? resulted in a slow but significant rise in the level
of DAZL and VASA gene expression. These particular
germ cell genes have protective roles in the development
and fertility of both humans and animals.”® The DAZL
gene product can be regarded as a marker gene in the
male gametogenesis process since it causes the germ cell
to progress toward meiosis and produce a haploid cell.
Numerous abnormalities in mouse spermatogenesis,
including mitotic dysregulation and meiotic arrest, can
result from the loss of DAZL expression and function.”
Additionally, a study has shown that by inhibiting
the pluripotency program and hindering somatic cell
differentiation, primordial germ cells can reduce the
risk of testicular teratoma formation by suppressing
pluripotency factors through DAZL in vitro.”> On the
other hand, since the VASA gene generates a protein that
enhances sperm motility and germ cell differentiation
in the testis, its presence is crucial during the entire
process of spermatogenesis.”>** Mice that had the VASA
gene deleted were rendered infertile despite the creation
of primary germ cells as a result of aberrant zygote
spermatocyte growth, colonization, and death.” Some
studies®® indicate that these two genes co-express each
other. However, there is no proof that the expression
of one of these genes leads to the upregulation of
another. Although the enhanced expression of DAZL
and VASA was observed in the current investigation
in vitro up to the third week, the in vivo trial with the
8 J/cm? radiation dose showed the opposite amount of
expression. Following laser irradiation, DAZL displayed
a considerable decrease compared to the busulfan group,
despite VASA gene expression rising dramatically. This
phenomenon may be explained by several theories,
such as variations in how cells react to laser treatment,
the impact of microenvironmental elements, and the
influence of systemic components that are absent in vitro
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but present in vivo.

DAZL and VASA do not appear to work in concert,
but their overexpression raises the percentage of ACR
positive cells, suggesting that both proteins may serve
as indicators for ACR gene expression.”**’ According to
this study, the elevated levels of DAZL and VASA are
linked to elevated expression of the ACR gene. Under
the low-power laser irradiation of 4 J/cm? this gene's
expression gradually increased significantly compared to
the busulfan positive control group. In a different recent
work, human Wharton’s jelly mesenchyme cells were
exposed to LED radiation at a wavelength of 625 nm and
an energy of 1.9 J/cm?, which led to the differentiation of
the cells toward gametogenesis in vitro and an increase
in the expression of DAZL and VASA genes, along with
ACR.® It can be concluded that while the laser itself can
induce the expression of the ACR gene by triggering a
cascade of events or factors, the high expression of the two
pre-meiotic genes (DAZL and VASA) also contributes to
the effective expression of the ACR gene.

SYCP3% is another gene linked to the expression of
DAZL and VASA. The second week of laser irradiation
in this investigation was when the expression of this gene
increased the most. This gene is exclusively expressed in
testicular tissue, and its protein induces the formation
of a synaptonemal complex between homologous
chromosomes during the meiotic prophase of
spermatogenesis. As a result, it is commonly referred to as
a meiosis marker.** Male advanced zygote spermatocytes
may undergo apoptosis if SYCP3 is absent.”® This gene’s
expression starts in primary spermatocytes, which is
consistent with its function in promoting meiosis.** In the
second week oflaserirradiation, these geneshad the highest
expression, indicating the density of spermatogonial cells
and spermatocytes in the environment. This was observed
in this study by analyzing the expression level of the
SYCP3 gene and comparing it with the level of expression
of markers of the early stages of sperm development.

Although they began to increase from the second
week, the expression of TRIM36 and PRM genes, which
are thought to be markers of sperm maturation and are
expressed in spermatid and spermatozoa,”*” showed
less expression until the second week in comparison to
pre-puberty genes. The expression of these two genes
rose during the third week of laser irradiation, and
spermatogonial cell cultures were examined under
a microscope during this same period, revealing the
presence of mature sperm with proper morphology.
The TRIM36 gene is highly expressed in the testis and
haploid germ cells. It generates a ubiquitinating protein
that, by breaking down target proteins with the aid
of the proteasome complex, assists in chromosomal
movement during the cell cycle. This protein is essential
to the sperm acrosome region’s proper functioning.®®*
Thus, as spermatogenesis progresses, its expression

progressively rises. While normal spermatogenesis was
previously observed in a homozygous heparin-deficient
mouse model, sperm quality, morphology, and motility
were lower than in wild-type animals,” indicating
the importance of this gene expression during proper
spermatogenesis. Additionally, the PRM gene encodes
chromatin-bound proteins that help the sperm head’s
DNA condense and organize.®® Histone retention and
an increase in reactive oxygen species are the two main
causes of DNA damage caused by low protamine gene
expression, leading to less healthy sperm and an increase
in sperm motility issues.”

Based on in vitro results, laser irradiation at 4 J/
cm? led to a significant upregulation of germ cell gene
expression over 2-3 weeks, indicating the initiation and
progression of spermatogenesis-like processes in the
SSC cultures. Conversely, in vivo model results at 8 J/
cm’ revealed structural and cellular improvements in
the testicular tissue and gene expression changes that
support the restoration of spermatogenic programs,
though temporal and magnitude differences between in
vitro and in vivo contexts reflect systemic influences, the
microenvironment, and the complex regulation in a living
organism. These data suggest that noninvasive tissue
photobiomodulation could mitigate busulfan-induced
infertility by promoting germ cell gene expression and
activity, facilitating meiosis and supporting germ cell
maturation. Potential mechanisms may include shifts in
cellular metabolism and mitochondrial activity, signaling
pathways governing differentiation, and changes in the
testicular niche that support spermatogenesis. However,
functional assessments (e.g., sperm counts, motility, and
fertilization capacity), long-term safety evaluations, and
genetic integrity are needed before clinical translation.
The strengths of this study were, a comprehensive design
across in vitro and in vivo models, dose-consistent
effects, multi-gene expression profiling across stages
of spermatogenesis, and demonstration of a plausible,
dose-dependent therapeutic window exist. On the
other hand, the limitations of this study included gene-
expression-based evidence without full functional sperm
outputs, lack of longer-term safety data, and the caution
required when extrapolating differences between in vitro
and in vivo conditions to humans. Safety considerations
involve more precise assessments of genetic integrity and
any off-target effects to remain safe prior to any clinical
application. Future implications include expanding
functional assessments to examine sperm counts, motility,
and fertilization capacity, evaluating DNA health after
laser treatment, examining a broader range of doses and
exposure patternsto definean optimal therapeuticwindow,
investigating molecular pathways and signaling cascades
that mediate photobiomodulation effects in germ cells
and the testicular niche, and validating findings in larger
animal models and, where appropriate and safe, in human
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tissue or cells under rigorous ethical and safety controls.
In general, noninvasive laser therapy, at appropriate
doses, is capable of mitigating busulfan-induced
infertility by promoting germ cell gene expression and
spermatogenesis progression in vitro and by improving
testicular tissue structure in-vivo. These findings support
the potential of photobiomodulation as a therapeutic
avenue for male infertility while emphasizing the need
for replication across models, a deeper understanding
of underlying mechanisms, thorough safety evaluations,
and demonstration of functional fertility outcomes before
clinical application.

Conclusion

The process of producing sperm from the mouse models of
azoospermia was studied in this study, both in vitro and in
vivo. The in vitro results revealed that laser therapy with an
energy density of 8]/cm? could enhance germ cells. Sperm
production also had benefits. Conversely, the energy density
of 4J/cm? which was employed to investigate the level
of gene expression associated with the spermatogenesis
process in a laboratory setting, demonstrated the efficacy
of this radiation dosage in vitro. As a result, our findings
confirmed that increasing the generation of natural sperm
and treating infertility can be achieved by the employment
of alow-power diode laser with a wavelength of 808 nm in
both laboratory and in vivo settings.
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