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Objective: High temperatures can trigger cellular oxidative stress and disrupt spermatogenesis, potentially leading to male infertility. We in-
vestigated the effects of retinoic acid (RA), chitosan nanoparticles (CHNPs), and retinoic acid loaded with chitosan nanoparticles (RACHNPs)
on spermatogenesis in mice induced by scrotal hyperthermia (Hyp).

Methods: Thirty mice (weighing 25 to 30 g) were divided into five experimental groups of six mice each. The groups were as follows: control,
Hyp induced by a water bath (43 °C for 30 minutes/day for 5 weeks), Hyp+RA (2 mg/kg/day), Hyp+CHNPs (2 mg/kg/72 hours), and
Hyp+RACHNPs (4 mg/kg/72 hours). The mice were treated for 35 days. After the experimental treatments, the animals were euthanized.
Sperm samples were collected for analysis of sperm parameters, and blood serum was isolated for testosterone measurement. Testis samples
were also collected for histopathology assessment, reactive oxygen species (ROS) evaluation, and RNA extraction, which was done to com-
pare the expression levels of the bax, bcl2, p53, Fas, and FasL genes among groups. Additionally, immunohistochemical staining was per-
formed.

Results: Treatment with RACHNPs significantly increased stereological parameters such as testicular volume, seminiferous tubule length,
and testicular cell count. Additionally, it increased testosterone concentration and improved sperm parameters. We observed significant de-
creases in ROS production and caspase-3 immunostaining in the RACHNP group. Moreover, the expression levels of bax, p53, Fas, and FasL
significantly decreased in the groups treated with RACHNPs and RA.

Conclusion: RACHNPs can be considered a potent antioxidative and antiapoptotic agent for therapeutic strategies in reproductive and re-
generative medicine.
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Spermatogenesis and fertility require a testicular temperature that
is approximately 2 to 4 °C below the core body temperature [1], as
research has demonstrated that scrotal hyperthermia (Hyp) can
harm sperm and testicular germ cells [2]. Several lifestyle factors, in-
cluding clothing [3], laptop use [4], microwave oven exposure [5],
mobile phone use [6], clinical diseases such as cryptorchidism and
varicocele [7,8], and occupational hazards can disrupt testicular tem-
perature [3]. Elevated testicular temperature can result in a signifi-
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cant but reversible decrease in spermatogenesis and total sperm
count, potentially leading to azoospermia. This is due to an increased
loss of germ cells, reduced expression of proliferating cell nuclear an-
tigen, and an imbalance between oxidative stress and antioxidant
capacity [9-11]. Various treatments aimed at enhancing spermato-
genesis have been investigated, including the use of vitamin C and/
or vitamin E along with other antioxidants. These treatments have
demonstrated promising results in improving semen quality [12,13].

Retinoic acid (RA), a derivative of vitamin A, is instrumental in reg-
ulating cell proliferation and differentiation in the development of
organs such as the eye, heart, pancreas, and testis. RA is required for
signaling and transcriptional control during both male and female
development. It interacts with receptor proteins that influence the
transcription of several genes vital for these processes [14,15]. A diet
deficient in vitamin A can induce infertility in feeding rats, resulting
in the inability to produce viable sperm; this underscores the impor-
tance of RA in spermatogenesis. However, the administration of ex-
ogenous RA can restore spermatogenesis in these animals [16]. The
importance of substances such as RA has been proposed for many
spermatogenic processes, including the differentiation of sper-
matogonia [17], the establishment of the blood-testis barrier, and
the release of mature spermatids into the lumen [18,19].

Vitamin A is a hydrophobic compound that can easily become in-
active or rapidly degrade in aqueous systems. It is poorly soluble in
water and has low stability in the presence of oxidants, light, heat,
temperature, and moisture. These factors limit its clinical application.
However, the stability and dispersibility of vitamin A can be increased
by incorporating it into a carrier with beneficial physical and chemi-
cal properties [20]. Recent advancements in nanotechnology have
broadened the potential medical applications of such carriers [21,22].
Nanoparticles (NPs) have biological effects that may enhance male
fertility by improving the quality of sperm cells in vivo or in vitro.
However, the effects of NPs at the cellular and tissue levels are not
fully understood [23]. Chitosan, a derivative of chitin, is the second
most abundant biomass on earth. It has been used as a delivery sys-
tem for proteins, nutraceuticals, genes, growth factors, and drugs
due to its low toxicity, biocompatibility, biodegradability, mucoadhe-
sion, and low production cost [24-26]. Chitosan nanoparticles
(CHNPs), which are positively charged at low pH levels, can form
polyelectrolytes in solution by associating with anions [27]. CHNPs
containing RA may positively impact sperm parameters and testicu-
lar tissue characteristics. In the current study, we investigated the use
of retinoic acid loaded with chitosan nanoparticles (RACHNPs), an ef-
fective technique for the slow release of vitamin A, to promote the
proliferation and differentiation of spermatogonia and sperm pa-
rameters in mice subjected to Hyp.
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Methods

1. Synthesis and characterization of CHNPs

The CHNPs were synthesized using a method similar to the pro-
cess detailed in our prior research [28]. In brief, 0.9 mg/mL of medi-
um-molecular-weight chitosan (50,000 to 190,000, Sigma-Aldrich)
was mixed into 5 mL of 0.5% acetic acid. This mixture underwent
continuous magnetic stirring at room temperature for 24 hours. The
pH of the chitosan solution was adjusted to 5.5 using a 2 M NaOH
solution. Separately, polyanion sodium tripolyphosphate (TPP) (Sig-
ma-Aldrich) was dissolved in deionized water to attain a final con-
centration of 0.25 mg/mL. Then, 2 mL of TPP solution was added to
the chitosan solution at a rate of 0.2 mL/min while stirring the mix-
ture for 1 hour to form CHNPs. These CHNPs were obtained after
freeze-drying for 24 hours. The average particle size was determined
using dynamic light scattering (5Z-100Z; HORIBA Jobin Yvon), and
the surface charge of the NPs was measured with a zeta potential
analyzer (HORIBA Jobin Yvon).

2. Preparation of RACHNPs

Initially, 25 mg of CHNP powder was dispersed in a 5-mL mixture
of deionized water and alcohol in equal proportions. Separately, RA
was dissolved to a concentration of 20 mg/mL in dimethyl forma-
mide (DMF). This solution was then added dropwise to the pre-pre-
pared CHNP suspension (5 mL) under the action of a magnetic stirrer
operating at 150 rpm. This was done for 1 hour at room temperature
in a dark environment. The resulting solution was then placed on a
shaker for 24 hours. Subsequently, drug loaded NPs were dialyzed
using a dialysis membrane with a cut-off value of 12 to 14 kDa
(D9402; Sigma-Aldrich), to completely remove non-reactive and oxi-
dant substances. The dialyzed sample was centrifuged at 10,000
rpm for 1 hour, and the resulting precipitate was placed in a freeze
dryer to dry for 24 hours. The powder obtained was used to perform
Fourier-transform infrared spectroscopy (FTIR) testing, to calculate
the amount of drug loaded into the CHNPs, and to assess drug re-
lease.

To quantify the loaded drug, a specific weight of RACHNPs was
dissolved in 1 mL of DMF and agitated on a shaker. The mixture was
then centrifuged at 4,000 rpm for 5 minutes, and the optical absorp-
tion of the supernatant was measured using a spectrophotometer
(BioTek Synergy HTX; Agilent Technologies Inc.). For this study, a
standard curve for RA was established by preparing a series of RA
concentrations in DMF, measured at a wavelength of 352 nm. The
loading capacity (LC %) was then calculated using the equation de-
rived from the standard curve:
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Equation 1. LC% = Wf/Wn x 100
(Wn =weight of NPs; Wf= concentration of loaded retinoic acid in
the NPs)

3. Fourier-transform infrared spectroscopy

The chemical structures of RA, CHNPs, and RACHNPs were ana-
lyzed using FTIR in the wavenumber range of 4,000 to 400 cm ™' reso-
lution (Thermo-Avatar; Thermo Fisher Scientific).

4. Examination of RA release from CHNPs

The drug release investigation was adapted from previous re-
search [29]. To evaluate the release of RA from the RACHNPs, 2.5 mg
of RACHNPs was incubated in 500 L of phosphate-buffered saline
(PBS; pH=7.4) at 37 °C. The suspension was then centrifuged at
10,000 rpm for 30 minutes at reqular intervals of 2, 4, 6, 8, 12, 16, 20,
24,36, 48,60, 72, 84,96, 108, and 120 hours. At specific time points, a
400-uL sample of PBS solution was collected and its absorbance
measured using a spectrophotometer (BioTek Synergy HTX) at 352
nm. After each measurement, the sample was replaced with fresh
PBS. Finally, the cumulative percentage of RA released from the
CHNPs at different time intervals was calculated, using the equation
derived from the standard curve.

5. Animal study

This study adhered to the guidelines and regulations established
by the Ethics Committee of Kermanshah University of Medical Sci-
ences (IR.KUMS.AEC.1400.024). Thirty healthy adult male Naval Med-
ical Research Institute mice, weighing 25 to 30 g, were selected and
housed under standard laboratory conditions. The animals were ran-
domly assigned to five groups of six mice each. The first group served
as the control, while the second (Hyp) was exposed to Hyp without
any treatment. A third group (the RA group) received an intraperito-
neal (IP) injection of RA (2 mg/kg), as per previous studies [30], fol-
lowing 35 days of Hyp. A fourth (the CHNP group) received an IP in-
jection of CHNPs (2.5 mg/kg/72 h) after 35 days of Hyp. Finally, the
RACHNP group received an IP injection of RACHNPs (2 mg/kg/72
hours) after 35 days of Hyp.

6. Hyperthermia induction

The animals underwent 30-minute heat shocks for 35 days. Before
the daily induction of hyperthermia, each animal was anesthetized
using IP injections of ketamine (100 mg/kg) and xylazine (5 mg/kg).
Its scrotum and hind legs were then immersed in a water bath main-
tained at 43 °C[31].

7.Semen analysis
After a 70-day hyperthermia induction period, sperm samples
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were collected from the epididymal tail 24 hours after administration
of NPs and RA. These samples were then transferred to 1 mL of Ham's
F-10 medium (Product No. N6635; Sigma-Aldrich) and incubated for
20 minutes at 37 °C. Subsequently, 10 pL of the sample was placed
on a slide, and sperm motility was examined under an inverted mi-
croscope. The sperm count was then determined by counting the
chambers of the hemocytometer. For viability and morphology anal-
yses, the sperm smear was placed on a slide, air-dried at room tem-
perature, fixed in methyl alcohol, and stained with eosin-nigrosin.

8. Serum testosterone measurement

With the animals under general anesthesia, blood samples were
collected from the heart. These samples were then centrifuged at
6,000 x g for 5 minutes at 4 °C before being stored at —80 °C for fu-
ture use. We measured the serum levels of testosterone in the mice
using a mouse-specific enzyme-linked immunosorbent assay kit
(catalog no. CSB-E11162r).

9.Tissue preparation

Before the final phase of the experiment, the animals were given a
lethal dose of xylazine hydrochloride and ketamine to induce anes-
thesia. Tissue samples were collected from the testes and preserved
in Bouin solution for 48 hours. Next, the samples were fixed in a tis-
sue processor and subsequently embedded in paraffin. Stereological
methods were employed to cut serial sections (5 um thick for volume
estimation and 25 pum thick for number estimation) using a micro-
tome (Leica RM2125 RTS; Leica Biosystems). Each sample consisted
of 10 parts between 1 and 10 randomly selected using the systemat-
ic uniform random sampling method. Hematoxylin and eosin stain-
ing (Sigma) was utilized. Notably, morphological distinctions were
used to identify the cells of the testis. Leydig cells, which are polyhe-
dral and have a round nucleus and eosinophilic cytoplasm, can be
found in the interstitial tissue between seminiferous tubules. Sertoli
cells, which are rare and large, may be located toward the base of the
epithelium. Dome-shaped spermatogonia can be found at the epi-
thelial basement membrane, and their nuclei may be either dark or
bright. Primary spermatocytes, the largest cells of the seminiferous
epithelium, can be found in the germinal epithelium. Round sper-
matids are visible towards the lumen.

10. Total volumes of the testis
The total testicular volume (in mm?) was determined using equa-
tion 2, and a projection microscope was developed at the Stereology

Research Center according to the Cavalieri principle.

Equation 2.V=3P xa/pxt
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YP represents the total number of points counted. The quantity a/p
denotes the probe point area divided by the magnification factor,
while t indicates the tissue section separation (or thickness of sec-
tions) [32,331.

11. Length and density of seminiferous tubules
The length and density of the seminiferous tubules were estimat-
ed using the following formula:

Equation 3. Lv=(2Q)/(Xp x a/f)

where 3Q represents the total number of seminiferous tubules, P
denotes the total number of points superimposed on the testis tis-
sue, and a/f indicates the area per frame. The total length of the sem-
iniferous tubules was estimated by multiplying the length density
(Lv) by the total volume of the testis [32,33].

12. Number of testicular cells

An unbiased counting frame and an optical dissecting technique
were used to determine the total number of testicular cells. Each im-
age of a testis segment was overlaid with a neutral counting frame.
We mounted a microcator (Heidenhain) on the microscope stage to
take z-axis measurements. The height of the dissector was defined as
the thickness of the section, subtracting 20% from both the top and
bottom. The distinct morphology of the testicular cells aided in their
identification. Leydig cells, which can be found in the interstitial tis-
sue, are polyhedral and possess eosinophilic cytoplasm. The Sertoli
cells of the seminiferous tubule have a small, oval, pale nucleus locat-
ed at their base. Spermatogonia are dome-shaped cells with either
dark or light, spherical nuclei, situated at the base of the seminifer-
ous epithelium. Primary spermatocytes, the largest cells of the semi-
niferous epithelium, are found in the center of the germinal epitheli-
um. Spermatids have a rounded appearance on the luminal side. We
used equation 4 to estimate the density of testicular cells (Nv).

Equation 4. Nv=[3Q/(ZP x a/f x h) x t/BA]

where h represents the height of the dissector, t denotes the actual
section thickness measured with the micrometer (here, approxi-
mately 20 um), BA indicates the tissue section thickness as deter-
mined by cutting the sections at 25 pm, 2Q denotes the number of
counted cells, a/f indicates the area per frame, and XP represents the
number of counting frames for all the fields. The total testicular cell
count was calculated using equation 5:

Equation 5. N_((total)) = Nvx V_((final))
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where Nv represents the testicular cell density and V denotes the
testicular volume.

13. Measurement of reactive oxygen species

We utilized a modified fluorometric technique to measure reactive
oxygen species (ROS) in the testis, with 2,7'-dichlorofluorescein diac-
etate (DCFH-DA; Sigma-Aldrich) serving as both a ROS and a cellular
marker of oxidative stress. Specifically, 50 mg of testis tissue was ho-
mogenized in 600 pL of 0.1 M PBS (pH 7.4) and pre-incubated with
DCFH-DA (20 uM) at 37 °C. This process allowed the probe to inte-
grate into membrane-bound vesicles and facilitated the cleavage of
the diacetate group by esterases. The conversion of DCFH into the
fluorescent product 2,7'-dichlorofluorescein (DCF) was recorded us-
ing a DTX 880 multimodal detector fluorescent spectrophotometer
(Beckman Coulter). This was done with excitation at 485 nm and
emission at 535 nm after a 30-minute incubation period. Protein
concentrations were measured following sample collection from
each well, and data were reported as the percentage of the maxi-
mum fluorescence.

14. Immunohistochemical staining

The testicular tissues were first fixed, then embedded in paraffin
wax. These tissues were sectioned using a microtome to a thickness
of 5 um. The tissue slices were subsequently deparaffinized and
rinsed with xylene to remove the paraffin. They were then dehydrat-
ed through a series of graded ethanol baths to displace the water, ef-
fectively rehydrating them in an alcohol gradient. Blocks of 10% hy-
drogen peroxide were placed over the sections and incubated for 10
minutes in darkness. The sections were then incubated with the pri-
mary antibody against caspase-3 (catalog number CPP324-1-18, di-
lution 1:100) for 50 minutes at room temperature. The slides were
further incubated with horseradish peroxidase-conjugated anti-rab-
bit immunoglobulin G for 40 minutes at room temperature. After
this, diaminobenzidine tetrahydrochloride chromogen was added
for 10 minutes, and the slides were washed three times in buffer. The
final step involved counterstaining with hematoxylin for nuclear
staining.

15. Quantitative real-time PCR findings

In this experiment, total RNA was isolated from mouse testicles us-
ing a high-purity RNA isolation kit (Invitrogen). After collection, the
RNA samples were treated with DNase | enzyme. Next, the total puri-
ty of the extracted RNA was determined using a NanoDrop spectro-
photometer (ND-1000; Thermo Scientific), measuring absorbance at
260 and 280 nm. Complementary DNA (cDNA) was synthesized with
a cDNA synthesis kit (Invitrogen) according to the manufacturer’s in-
structions. To quantify relative gene expression, quantitative re-
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al-time polymerase chain reaction (QRT-PCR; TagMan) was utilized
with the QuantiTect SYBR green master mix no. RUX RT-PCR kit
(21H0601).

Primers for bax, bcl2, p53, FAS, and FasL were designed using Oli-
go 6 software (Molecular Biology Insights Inc.) and are shown in Ta-
ble 1. Subsequently, the efficacy of these PCR primers was evaluated
using the Primer-Blast tool from the National Center for Biotechnolo-
gy Information, which can be accessed at www.ncbi.nlm.nih.gov/
tools/primer-blast (Table 1).

16. Statistical analysis

Statistical analysis was performed using SPSS version 17.0 (SPSS
Inc.). The data are displayed as the mean + standard error (SE). To an-
alyze the data, we used one-way analysis of variance and the Tukey
post hoc test for multiple comparisons. A p-value of less than 0.05
was considered to indicate statistical significance.

Results

1. Synthesis and characterization of CHNPs and RACHNPs: size
and zeta potential

CHNPs were produced using the ionic gelation method. The for-
mation of CHNPs occurred through electrostatic interaction between
the positively charged amine groups in chitosan and the negatively
charged sodium TPP. Table 2 presents the dynamic light scattering
results indicating the sizes of the purified CHNPs and RACHNPs. The
mean size of the CHNPs was 228.20 + 22.78 nm, while the RACHNPs
had a mean size of 324+ 29.9 nm. Consequently, the NPs synthe-
sized in this study can be considered suitable as a nanocarrier for RA
delivery. The zeta potentials of the CHNPs and RACHNPs were found
to be 32.65 and 10.8 MV, respectively.

Table 1. Primers used

Clin Exp Reprod Med 2023;50(4):230-243

2. Fourier-transform infrared spectroscopy

To determine the chemical structures of RA, CHNPs, and RACHNPs,
we generated FTIR spectra, as depicted in Figure TA. The FTIR ab-
sorption spectrum of chitosan revealed the peaks of the amine and
carbonyl groups of the O=C-NHR of chitosan at 15,780 and 16,380
am’, respectively. Furthermore, the FTIR peak ranging from 3,500 to
3,300 cm™' was attributed to the O-H group of chitosan. The FTIR
spectrum for RA indicated the presence of absorption bands of the
carbonyl group at 1,685 cm™" and aliphatic alkanes at approximately
2,900 cm ™. In the RACHNP spectra, an additional absorption band
appearing at 1,704 cm™' demonstrates the conjugation between RA
and CHNPs. Lastly, the presence of other reference bands of RA and
CHNPs indicates the formation of an RACHNP copolymer, resulting
from the interaction between the RA carbonyl group and the chi-
tosan amino group.

3. Loading capacity of CHNPs

First, the standard curve of ultraviolet absorbance was calculated
for RA. Then, the equation relating the optical density (OD) and the
concentration (C) of RA was determined, as displayed below:

0D =0.0106C+0.0403 (R’ =0.9888)

Based on the equation, the LC% of RA for RACHNPs was 50.97% (Fig-
ure 1B).

Table 2. Size and zeta potential of CHNP and RACHNP

Sample Size £ SD (nm) Zeta potential (mV)
CHNP 228+22.78 326
RACHNP 324+299 10.8

CHNP, chitosan nanoparticle; RACHNP, retinoic acid loaded with chitosan
nanoparticle; SD, standard deviation.

Genes Primer sequences Product length (nt) T™(° Q)
Bax F: GGATGATTGCTGACGTGGAC 91 58
R: CCCCAGTTGAAGTTGCCATC
Bcl2 F: TCGCAGAGATGTCCAGTCAG 92 58
R: CACCCCATCCCTGAAGAGTT
P53 F: ACCCTGGCACCTACAATGAA 102 58
R: TGGAAGGAAAGTAGGCCCTG
Fas F: ACCTCAGTTCCAGCCATGAA 111 60
R: TGCTGGCAAAGAGAACACAC
FasL F: GAACCGCTCTGATCTCTGGA 117 60

R: GCTGGTTGTTGCAAGACTGA

nt, nucleotide; TM, melting temperature; F, forward; R, reverse.

https://doi.org/10.5653/cerm.2023.06149
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4, In vitro release of RA from CHNPs

Figure 1C illustrates the cumulative release of RA from RACHNPs
over a span of 120 hours. The RA release rate was 59.3% within this
period, with approximately half of this release taking place in the ini-
tial 60 hours. This is attributed to the quantity of RA absorbed on the
CHNP surface. The release rate then proceeded more slowly over the
subsequent hours, which is associated with the amount of RA em-
bedded in the CHNP matrix.

5. Effects of RA, CHNPs, and RACHNPs on sperm parameters
The total number of spermatozoa was significantly lower in the
Hyp group than in the RA, CHNP, and RACHNP groups (p < 0.001 for
all). The total numbers of spermatozoa in the RA, CHNP, and Hyp
groups were significantly lower than in the control group (p <0.001),
but the sperm count in the RACHNP group did not significantly differ
from that in the control group. A significant difference was observed
between the RACHNP and both the CHNP and RA groups. The data
also showed a higher rate of improvement in the group treated with
RACHNPs compared to the RA and CHNP groups (Figure 2A). Relative
to the control group, sperm viability was significantly lower in the
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Hyp group (p <0.001), but no significant difference was observed
between the Hyp and CHNP groups. The proportion of viable sperm
in the RA and RACHNP groups was statistically higher than in the
Hyp group (p < 0.001 for both). Sperm viability in the RA group was
significantly lower than in the control group (p < 0.001), but no sig-
nificant difference was found between the RACHNP and control
groups (Figure 2B). The study results showed a statistically significant
decrease in sperm motility in the Hyp group compared to the control
group (p <0.001). Statistically significant differences were also ob-
served in sperm motility between the CHNP, RA, and RACHNP groups
and the Hyp group (p<0.01, p<0.001, and p < 0.001, respectively).
The groups treated with CHNPs, RA, and RACHNPs showed greater
increases in sperm motility relative to the Hyp group, but no signifi-
cant difference was noted between the RACHNP and control groups
(Figure 2C). Sperm morphology in the Hyp group was significantly
poorer than in the RA, RACHNP, and control groups (p < 0.001). A sig-
nificant difference in sperm morphology was observed between the
RACHNP and CHNP groups, but no significant difference was found
between the RACHNP, RA, and control groups (Figure 2D).

B
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Figure 1. (A) Fourier-transform infrared spectroscopy analysis of chitosan nanoparticles, retinoic acid, and retinoic acid loaded chitosan
nanoparticles. (B) Standard curve of retinoic acid ultraviolet absorbance. (C) In vitro release profile of retinoic acid from chitosan nanoparticles.

OD, optical density; RA, retinoic acid.

www.eCERM.org

235



BCERM
e 16 —

14
12

-
o
|

b),e),h)

8 b),e)h)

6 -
4 —
2
0 -

Sperm count x10°

Control Hyp Hyp+RA  Hyp+CHNP Hyp+RACHNP
@~
e)
70
a).d)f)
< 60 b),c),9)

e

2 50

g 40—
£

s 30—
&

20

10+

0 —

Control Hyp+RA  Hyp+CHNP Hyp+RACHNP

Clin Exp Reprod Med 2023;50(4):230-243

e 100
90
e)
80 —
X 704
= b).e)
£ 60
8 b)
S 50
>
£ 40—
& 304
20
10
0 —
Control Hyp+RA  Hyp+CHNP Hyp-+RACHNP
0 100
90
e)
s 80+ b)e)
§ 70 bh)
S 60
<
2 50
(=}
g 40 —
s 30
Q
Y20
10
0 —
Control Hyp+RA  Hyp+CHNP Hyp+RACHNP

Figure 2. Effects of retinoic acid (RA), chitosan nanoparticle (CHNP), and retinoic acid loaded with chitosan nanoparticle (RACHNP)
administration on sperm parameters. (A) Sperm count. (B) Sperm morphology. (C) Sperm motility. (D) Sperm viability. Data are presented as
meanzstandard error. Hyp, scrotal hyperthermia. *p<0.01 and ”p<0.001 compared to the control group; °p<0.05, ?p<0.01, and ®p<0.001
compared to the Hyp group; "p<0.05, ?p<0.01, and "p<0.001 compared to the RACHNP group.

6. Effects of RA, CHNPs, and RACHNPs on serum testosterone
levels

The hormone assay revealed a decrease in serum testosterone
concentration in animals subjected to Hyp, compared to both the
control and RACHNP groups (p <0.001, p < 0.05). Our findings indi-
cated no significant difference in serum testosterone levels between
the RA and CHNP groups and the Hyp group. However, a significant
difference was observed between the RACHNP group and the con-
trol group (p < 0.05). Additionally, significant differences were found
when comparing the RACHNP group to both the CHNP and RA
groups (p < 0.01 and p < 0.05, respectively) (Figure 3A).

7. Effects of RA, CHNPs, and RACHNPs on ROS measurement
The data revealed significant increases in ROS levels in the Hyp
group when compared to the RACHNPs, RA, and control groups
(p<0.001, p<0.001, p < 0.001) based on testis tissue measurements.
Furthermore, the results indicated that ROS levels were notably low-
er in the RACHNP and RA groups than in the Hyp group (p <0.001).
However, no significant difference was present between the Hyp and
CHNP groups. The ROS measurements revealed a statistically signifi-
cant difference between the RA and control groups (p < 0.05), but no
such difference was found between the RACHNP and control groups.
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Additionally, our results showed a significant difference between the
RACHNP therapy group and the CHNP group, but no significant dif-
ference was observed between the RACHNP and RA groups (Figure
3B).

8. Effects of RA, CHNPs, and RACHNPs on stereological parameters

Stereological test results revealed a significantly reduced testicular
volume in the Hyp group compared to the control group (p < 0.001).
While the RACHNP treatment group showed a statistically significant
increase in testicular volume compared to the Hyp group (p <0.001),
no difference was observed between the Hyp group and the RA or
CHNP treatment groups. Similarly, no significant change in testicular
volume was detected between the RACHNP and control groups (Fig-
ures 4 and 5A).

The findings revealed a significantly lower count of spermatogonia
in the Hyp group compared to both the control and RACHNP groups
(p<0.001 for both). No statistically significant difference was found
in the number of spermatogonia between either the RA or CHNP
groups and the Hyp group. Although RACHNP treatment significant-
ly increased the count of spermatogonia, it did not reach the level
observed in the control group (Figure 5B).

Stereological data revealed a significant decrease in the number of
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administration on: (A) testosterone hormone levels across groups. (B) Reactive oxygen species (ROS) level across groups (n=6). Data are
presented as meanzstandard error. Hyp, scrotal hyperthermia. ?p<0.01 and "p<0.001 compared to the control group; °p<0.01 and “p<0.001
compared to the Hyp group; °p<0.05 and "p<0.01 compared to the RACHNP group.

Control

Hyp+RACHNP

oF e R
[\ . S

Hyp+CHNP

Figure 4. Photomicrograph of the testis stained with hematoxylin and eosin (x4, x10, and x40) in the study groups. Histological findings
showed normal spermatogenesis in the control group. Testicular tissue showed impaired spermatogenesis with degeneration of seminiferous
tubules in the scrotal hyperthermia (Hyp) group and improvement in the retinoic acid loaded with chitosan nanoparticle (RACHNP) group.
RA, retinoic acid; CHNP, chitosan nanoparticle; SC, Sertoli cell; ST, spermatid; PS, primary spermatocyte; LC, Leydig cell; SG, spermatogonia.

primary spermatocytes in the Hyp group compared to the control
and RACHNP groups (p <0.001). However, the number of primary
spermatocytes in the Hyp group did not significantly differ from
those in the RA and CHNP groups. Interestingly, the RACHNP group
exhibited a notable increase in the number of primary spermato-
cytes relative to the RA and CHNP groups (p < 0.001 for both). These
results suggest that RACHNPs significantly mitigated the detrimental
effects of heat stress (Figure 5C). The data also indicated a significant
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decrease in the number of round spermatids in the testis tissue of
the Hyp group compared to the control and RACHNP groups
(p<0.001 for both). While the RACHNP group showed a notable in-
crease in the number of round spermatids, this increase was not sta-
tistically significant relative to the control group (Figure 5D).

The findings indicate a significant decrease in the number of Ley-
dig cells in the Hyp group when compared to both the RACHNP
(p<0.001) and control (p <0.001) groups. Conversely, the RACHNP
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treatment group demonstrated an increase in the number of Leydig
cells, with no significant difference observed between the RACHNP
and control groups (Figure 5E).

The length of the seminiferous tubules was significantly shorter in
the Hyp group compared to the control, RACHNP, and RA groups
(p<0.001, p<0.001, and p < 0.01, respectively). Relative to the Hyp
group, an increase was observed in the length of the seminiferous
tubules after the mice were administered RA and RACHNPs (Figure
5F). The statistical data indicated that the total count of Sertoli cells
remained consistent across all study groups. The Sertoli cells demon-
strated resilience to the rising temperature within the testis.

9. Effects of RA, CHNPs, and RACHNPs on immunohistochemical
staining

The percentage of apoptotic factor immunoreactivity in testicular
cells was assessed using immunohistochemical (IHC) staining. Figure
6 illustrates the caspase-3 immunoreactivity in testicular tissues after
the induction of Hyp. A significant increase in caspase-3 immunore-
activity was observed in the Hyp group compared to the control
(p<0.001), RA (p<0.01), RACHNP (p<0.001), and CHNP (p<0.01)
groups. Additionally, a significant increase in apoptosis was noted in
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the RA and CHNP groups compared to the control group (p < 0.01 for
both). However, no significant difference was found between the
RACHNP and control groups. In this study, a significant difference
was noted between the RACHNP group and both RA and CHNP
groups (p < 0.05 for both) (Figure 6).

10. Effects of RA, CHNPs, and RACHNPs on gRT-PCR findings
The relative messenger RNA (mRNA) expression levels of Bax, bcl2,
p53, Fas, and FasL were normalized to the control and quantified
across different groups. As indicated in Table 3, the Hyp group exhib-
ited a significant increase in the relative mRNA expression levels of
p53, Fas, and FasL compared to the control group (p <0.001,
p<0.05, and p<0.01, respectively) (Table 3). The statistical analysis
revealed that the expression level of Bax was elevated in the Hyp
group compared to both the RA and RACHNP groups (p < 0.05 for
both). The expression of p53 was also higher in the Hyp group com-
pared to the control, RA, CHNP, and RACHNP groups (p < 0.001 for
all). Similarly, Fas expression was increased in the Hyp group com-
pared to the control, CHNP, RA, and RACHNP groups (p <0.05,
p<0.05, p<0.01, and p <0.01, respectively). FasL expression was
also elevated in the Hyp group compared to the control, CHNP, RA,
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Figure 6. (A) Photomicrograph of immunohistochemistry
(IHC) staining of the testis for caspase-3 in the study groups
(n=6). (B) Effects of retinoic acid (RA), chitosan nanoparticle
(CHNP), and retinoic acid loaded with chitosan nanoparticle
(RACHNP) administration on IHC results. Data are presented
as mean=+standard error. Hyp, scrotal hyperthermia. *p<0.01
and ”p<0.001 compared to the control group; “p<0.01 and
9p<0.001 compared to the Hyp group; p<0.05 compared to the
RACHNP group.

Table 3. mRNA expression levels of Bax, p53, Fas, FasL, and Bcl2 in the testis across groups

Group P53 Bax Fas FasL Bcl2
Control 1+0.00” 1+0.00 1+0.00” 1+0.00° 1+.00"
Hyp 7.53+0.305° 344+0.80 415+054" 447+054"" 0.005 +0.00015"
CHNP 0.18+0.12° 125+0.76 1.03+0.71? 0.34+0.17" 0.015+0.003"
RA 0.015+0.001" 0.25+0.05? 0.17+0.009° 0.098+0.022" 0.105+0.050°
RACHNP 0.012+0.005>" 0.012+0.007% 0.05+0.04° 0.040+ 0.0048" 0.118+0.0237

Values are presented as meanzstandard error.

mRNA, messenger RNA; Hyp, scrotal hyperthermia; CHNP, chitosan nanoparticle; RA, retinoic acid; RACHNP, retinoic acid loaded with chitosan nanoparticle.
Ip<0.05, ’p<0.01, and “p<0.001 in comparison to the control group; *p<0.05, °p<0.01, and "p<0.001 compared to the Hyp group.

and RACHNP groups (p<0.01, p<0.01, p<0.001, and p <0.001, re-
spectively). In contrast, the mRNA expression level of bcl2 was re-
duced in the Hyp group compared to the control group (p <0.001).
A significant difference was found in the expression level of bc/2 be-
tween the control group and all other groups (p < 0.001) (Table 3).

Discussion

In line with previous studies on the effects of heat stress on sper-
matogenesis [11,34], our research found that Hyp leads to reproduc-
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tive toxicity and azoospermia in animals. The sperm parameter anal-
ysis showed significant improvements in sperm count, motility, via-
bility, morphology, and serum testosterone levels, along with a no-
ticeable decrease in ROS production levels in animals treated with
RACHNPs. Additionally, substantial improvements were observed in
testis volume, seminiferous tubule length, and testicular cell count in
the group that received RACHNPs. A reduction in the caspase-3 pro-
tein expression level was also noted in animals treated with
RACHNPs. This study presents the first evidence of the increased ef-
fectiveness of RACHNPs in alleviating testicular damage caused by
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hyperthermia in mice.

CHNP formulations appear to be an ideal slow release mechanism
for drugs with unfavorable kinetics, such as RA. Formulations with a
high RA load often display a delayed drug release profile. Techniques
for delivering RA help to overcome challenges such as poor solubility
in water, a short half-life of only a few hours, and adverse side effects
like dryness, headaches, and hypertriglyceridemia when adminis-
tered in high doses [35,36]. Studies have shown that considerable
plasma levels of RACHNPs persist for a longer duration following IP
delivery compared to administration without RA. RA is a free radical
scavenger with antioxidant properties. Both laboratory and animal
studies have demonstrated that RACHNPs are more effective than
RA-free formulations in enhancing the antioxidant effects of RA [37].

The histological analysis revealed that Hyp led to a decrease in the
count of spermatogonia, primary spermatocytes, and round sperma-
tids. It also caused atrophic changes in the seminiferous tubules, in-
cluding the degeneration, reduction, and disorganization of germ
cells. Additionally, Leydig cells in the interstitial tissues underwent
degeneration, developed small to large vacuoles, and displayed ir-
regular gaps; additionally, a significant decrease in testicular volume
was observed [3,11,38]. However, the injection of RACHNPs restored
the spermatogenic processes, testis weight, testicular histoarchitec-
ture, and pathophysiological parameters in the testes affected by
Hyp. Neither CHNPs nor the absence of RA yielded positive results in
the testicular cells of the heat-stressed group, suggesting that
RACHNPs could rectify the spermatogenesis abnormalities induced
by Hyp. The present study showed that RACHNPs significantly en-
hanced the proliferation of germ cells, resulting in increases in the
number of spermatogonia, primary spermatocytes, and round sper-
matids. Consistent with previous studies, long-term Hyp inflicted se-
vere damage on the testis tissue. The antioxidative properties of
RACHNPs and their protective effects on mitochondria may be the
key factors in counteracting the effects of heat stress and restoring
spermatogenesis following RACHNP consumption.

Heat stress, or hyperthermia, can negatively impact the function
of Leydig cells and the production of testosterone. This aligns with
previous research that has shown a dramatic decrease in serum tes-
tosterone levels due to heat stress [39,40]. However, treatment with
RACHNPs can counteract the reproductive damage caused by heat
exposure in male mice. This treatment regulates Leydig cell ste-
roidogenesis, leading to an increase in testosterone levels. The ob-
served increase in testosterone levels in mice treated with RACHNPs
underscores its potential to mitigate the reproductive toxicity caused
by heat stress. Consequently, RACHNPs enhance spermatogenesis
and reduce testicular dysfunction arising from heat exposure.

[HC analysis was performed to detect caspase-3 and illustrate
apoptosis in the seminiferous tubules. Hyp heightened the immuno-
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reactivity of sperm cells to caspase-3, suggesting that oxidative stress
induced by hyperthermia could result in cell death. However, the ap-
plication of RA, CHNPs, and RACHNPs mitigated the apoptotic dam-
age instigated by hyperthermia. Prior research has indicated that
CHNP may aid in alleviating testicular damage by diminishing antia-
poptotic activity [41]. Meanwhile, RA, functioning as an antioxidant,
can neutralize free radicals and impede apoptosis to safeguard sper-
matogenic cells [42,43]. In the current study, mice treated with
RACHNPs did not exhibit significant differences from the control
group, while mice treated with RA and CHNPs demonstrated notable
differences compared to the control group.

Interestingly, treatment with RACHNPs led to a decrease in the lo-
calization of the caspase-3 immunoreactive protein, which suggests
a reduction in apoptotic cells. This observation implies that RACHNPs
have a strong antioxidant activity and are more effective at scaveng-
ing free radicals than RA alone. Furthermore, RACHNPs may employ a
unique method of cellular internalization, triggering a more potent
antiapoptotic response than that elicited by RA alone. The diminished
efficacy of RA, when compared to RACHNPs, could be attributed to its
short half-life and swift conversion to an inactive metabolite. In con-
trast, RACHNPs exhibit a longer lifespan and increased effectiveness.

Previous research has demonstrated that elevated temperatures
significantly increase the production of caspase-3 mRNA and the
amount of cleaved caspase-3 protein [44]. However, the application
of RA therapy has been found to significantly reduce the increase in
cleaved caspase-3 protein levels and caspase-3 mRNA expression
caused by heat stress [45]. These results imply that RACHNPs could
potentially inhibit the caspase-3-mediated apoptosis pathway,
thereby reducing cell death. This conclusion aligns with our own re-
search findings [46]. Caspase-3, a common executor of cell death, is
crucial for the induction of apoptosis by heat stress.

Research has established a strong link between oxidative stress
caused by ROS and both death receptor-mediated and mitochondri-
al-mediated apoptosis. Numerous studies suggest that ROS contrib-
utes to heat-induced apoptosis by encouraging ROS accumulation.
Our research suggests that heat significantly increases the buildup of
ROS in testicular cells. However, treatment with RA and RACHNPs no-
tably decreases the increase in ROS" cell count and ROS concentra-
tion triggered by thermal stress. We observed that mice treated with
RACHNPs showed no significant differences from the control group,
while the RA and CHNP groups displayed considerable differences
compared to the control group. This could be due to the antioxidant
properties of RA and CHNPs.

Rao et al. [47] found that RA enhanced the activity of superoxide
dismutase (SOD) and decreased the production of malondialdehyde
(MDA) in rats, thereby mitigating the effects of hepatic ischemia/
reperfusion injury. Similarly, Khafaga and El-Sayed [45] discovered
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that all-trans-retinoic acid (ATRA) lessened the amount of MDA and
alleviated doxorubicin-induced cardiac oxidative damage in rats by
promoting the activities of antioxidant enzymes such as glutathione
peroxidase, SOD, and catalase (CAT). A previous study revealed that
RA treatment significantly elevated the activities of SOD, CAT, and to-
tal antioxidant capacity, while also reducing MDA levels. That study
also examined the cellular expression of genes associated with anti-
oxidants, finding that RA diminished oxidative stress related to cell
damage by improving antioxidant capacity [48]. RACHNPs, known
for their antioxidant properties, have the potential to actively inhibit
apoptosis in spermatogenic cells and perform free radical scaveng-
ing functions.

Furthermore, several apoptotic signaling pathways, including the
mitogen-activated protein kinase (MAPK) and p53 pathways, have
been associated with ROS. To determine whether the P38MAPK sig-
naling pathway plays a role in the mechanism by which ATRA reduc-
es cell apoptosis, researchers used Western blot analysis to assess the
level of P38MAPK phosphorylation. Prior research has shown that
damaged cells display a significant increase in P38MAPK phosphory-
lation. The findings of this study suggest that ATRA effectively miti-
gates cellular damage caused by oxidative stress and ROS by inhibit-
ing the P38MAPK signaling pathway. However, further research is
needed to definitively confirm whether ATRA inhibits the ROS-medi-
ated P38MAPK signaling pathway, thereby reducing cellular damage
and apoptosis [47]. Antioxidant supplements, such as RA and
RACHNPs, could potentially shield against the detrimental effects of
high ROS production caused by testicular hyperthermia. The primary
ROS species, including superoxide anion, hydroxyl radical, and hy-
drogen peroxide, may be absorbed by RACHNPs via their amino
group chelation sites. The positive charges present in the RACHNP
complex may allow it to neutralize negatively charged radicals, such
as superoxide and hydroxyl.

We examined the relative mRNA expression levels of the bax, p53,
Fas, and FasL genes in testicular tissue due to the extensive cell
death observed at 43 °C. Our findings revealed that mice subjected
to high temperatures exhibited increased transcription levels of
these genes compared to the control group. Furthermore, we found
that animals subjected to Hyp demonstrated reduced relative levels
of bc/2 mRNA expression. Following heat treatment, we observed
evidence of the upregulation of the p53, Fas, and FasL proteins,
along with the downregulation of bcl2.

We observed that mice treated with RA and RACHNPs exhibited
reduced apoptosis when exposed to heat. Our findings indicated
that the expression levels of apoptotic genes in the RA and RACHNP
treatment groups were lower than those in the control group. This
could be attributed to the increased expression of the hsp90 and
hsp70 genes during hyperthermia. These genes possess antiapop-
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totic properties, which are further enhanced by the antiapoptotic ef-
fects of RA and RACHNP [49,50].

In conclusion, the results of this study indicate that the RACHNP
formulation is biocompatible and shows superior effectiveness in re-
ducing Hyp in male mice, compared to free RA. The protective im-
pact of this formulation on spermatogenesis underscores the poten-
tial of CHNPs as an effective nanocarrier for RA delivery. The in-
creased therapeutic effectiveness of RACHNPs could be due to their
enhanced absorption and sustained-release properties, as previously
discussed. Therefore, the RACHNP formulation could serve as a
promising alternative to traditional RA formulations and CHNP-
based treatments for male infertility. These findings are likely to stim-
ulate further research into the protective role of RACHNPs in male re-
productive health.
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