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ATRA-mediated RAR-α activation 
attenuates acrylamide-induced 
testicular toxicity
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Acrylamide (ACR) is an environmental reproductive toxicant with unclear testicular toxicity 
mechanisms. Retinoids are a group of vitamin A-related compounds that function by activating 
retinoid receptors. We  aimed in this study to further explore All-trans retinoic acid’s (ATRA) 
protective response against an acrylamide-induced testicular insult model and the underlying possible 
mechanisms. Fifty male rats were allocated into control, DMSO, ACR (40 mg/kg bwt, i.p. daily for 
14 days), ATRA (7.5 mg/kg bwt, i.p. daily), and ACR + ATRA groups. Body and testes weights, sperm 
parameters, testosterone level, and lactate dehydrogenase-X (LDH-X) activity were measured. 
In addition, testicular levels of glutathione (GSH), superoxide dismutase (SOD), catalase (CAT), 
malondialdehyde (MDA), tumor necrosis factor-alpha (TNF-α), interleukin-1β (IL-1β), interleukin-6 
(IL-6), caspase-3, Bax, and Bcl-2 were determined. Also, tissues were examined for histopathologic 
changes and immune expression of retinoic acid receptor-alpha (RAR-α). ACR exposure led to 
reduced body and testicular weights, impaired sperm parameters, and suppressed reproductive 
hormones (testosterone, FSH, LH). Testicular LDH-X activity decreased, along with reduced testicular 
RAR-α expression. Oxidative stress resulted in GSH depletion, reduced CAT and SOD activities, and 
increased MDA. ACR also triggered inflammation and apoptosis, with elevated TNF-α, IL-1β, IL-6, 
caspase-3, Bax. In contrast, ATRA improved sperm parameters and levels of hormones, restored 
RAR-α expression, mitigated oxidative stress, and decreased inflammation and apoptosis markers. 
Morphometric and histopathologic studies supported these biochemical observations. Overall, RAR-α 
agonist (ATRA) is linked to attenuation against ACR-induced testicular damage, along with a reduction 
in oxidative stress, inflammation, and cell death. These findings suggest that retinoid signaling might 
serve as a possible therapeutic target for reproductive toxicities induced by ACR, necessitating further 
mechanistic exploration.
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Acrylamide is an organic substance with substantial applications in industrial, environmental, and medical 
fields1. It is primarily utilized to synthesize polyacrylamide, a polymer with applications in water treatment, 
paper manufacturing, improved oil recovery, and mining23. It is also formed when foods rich in carbohydrates 
are exposed to high temperatures during culinary procedures including frying, baking, and roasting. Notably, 
it is an outcome of the chemical reaction between reducing sugars and amino acids known as the Maillard 
reaction4.
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Exposure to acrylamide can happen through environmental contamination, occupational contact, and food 
consumption5. In both humans and animals, long-term exposure has been associated with peripheral neuropathy, 
cognitive impairments, motor dysfunction, detrimental outcomes on male reproduction, and increased cancer 
risk in various organs6–910. After consumption, the cytochrome P450 enzymes in the liver predominantly 
metabolize acrylamide, producing the genotoxic metabolite glycidamide. The mutagenic and carcinogenic 
potential of glycidamide is attributed to the formation of DNA adducts11. According to several in vivo studies, 
rats exposed to acrylamide over an extended period have been shown to develop testicular toxicity12, liver and 
kidney toxicity13, and neurotoxicity14. Acrylamide’s toxic consequences are mainly mediated by the induction 
of oxidative stress, which can hamper immune function and promote inflammation15. In testicular tissue 
specifically, acrylamide causes significant damage by inducing oxidative stress, depleting protective molecules 
like GSH, SOD, and CAT, and increasing harmful MDA, leading to mitochondrial dysfunction and germ cell 
death via the Bax/Bcl-2/caspase-3 pathway. It also activates inflammation via the NF-κB pathway, damaging the 
blood-testis barrier and Sertoli and Leydig cells151617.,.

Carotenoids and vitamin A have powerful antioxidant characteristics. Retinal, retinol, and retinoic acid (RA) 
are the body’s forms of vitamin A18. Through its chain-breaking action, retinoic acid suppresses the generation of 
free radicals and hinders them without interaction with biologically relevant targets19. Notably, all-trans retinoic 
acid (ATRA) represses lipid peroxidation in the cellular plasma membranes. Besides, it diminishes inflammation 
and cellular proliferation, and exerts anticancer activity2021. There are two distinct groups of retinoid receptors 
documented to have evolved: the retinoid X receptors (RXRs), which exclusively recognize 9-cis RA, and the RA 
receptors (RARs), which detect both 9-cis RA and ATRA stereoisomers. Additionally, there are three distinct 
forms of receptors in each group: α, β, and γ22.

Although acrylamide is known to cause testicular damage, including decreased sperm count, hormonal 
imbalance, oxidative stress, and apoptosis, the precise signaling pathways and molecular starting events 
involved are still unclear. The major research gap is the absence of a clear, mechanistic connection between 
acrylamide exposure and the dysregulation of particular nuclear receptors, which are master regulators of 
steroidogenesis, antioxidant defense, and testicular function. As a result, our preliminary research showed that 
retinoic acid receptor (RAR) expression is downregulated in testicular tissues following acrylamide exposure 
during screening trials for certain nuclear receptors. Therefore, we suppose that RAR agonist (ATRA) may have 
a role in modulating acrylamide actions. To the best of our knowledge, the impact of ATRA on acrylamide-
mediated testicular toxicity has not been assessed yet. Thus, this in vivo study was conducted to evaluate the 
possible mitigating effect of ATRA towards acrylamide-mediated testicular toxicity and elucidate some possible 
fundamental mechanisms that could be involved.

Materials and methods
Materials
Acrylamide and All Trans-Retinoic acid (ATRA) were purchased from Sigma-Aldrich (St Louis, MO, USA).

Animals
Fifty Sprague-Dawley rats, aged 14–15 weeks and weighing between 140 and 150 g, were obtained from El-Nile 
Company in Cairo, Egypt. Rats were kept in well-ventilated enclosures under stable conditions of 22 ± 2  °C 
room temperature, 50–70% humidity, and a 12-hour light/dark cycle. Animals were provided with a regular diet 
and access to water as needed, and they had a week to adjust to the new environment prior to the start of the 
experiment.

Experimental design
At the start of the experiment, rats were weighed and randomly assigned to five groups (10 rats each): one 
group received normal saline (control group), other groups received 0.1 ml/kg (DMSO), 40 mg/kg of ACR (ACR 
group)16, 7.5 mg/kg of ATRA23,2425(ATRA group), and the final group received 7.5 mg/kg of ATRA followed 
by 40 mg/kg of ACR (ACR with ATRA group). Saline, ACR, and ATRA were given daily via intraperitoneal 
injection for a continuous period of 14 days. Group allocation was performed by simple randomization using 
a random number table. Conducting biochemical assays and histopathological assessments were blinded to 
group assignments throughout the study to minimize observer bias. The sample size of 10 rats per group was 
determined a priori by power analysis (α = 0.05, power = 0.80). The study is reported in accordance with ARRIVE 
guidelines (https://arriveguidelines.org). Twenty-four hours post the final dose, the animals were weighed and 
anesthetized with intraperitoneal ketamine (50 mg/kg) and xylazine (5 mg/kg). After which blood samples were 
drawn from the retro-orbital sinus and centrifuged to isolate the serum, which was then kept at − 80 °C until 
needed.

Euthanasia and tissue collection
All animals were euthanized under deep anesthesia via an overdose of ketamine (80 mg/kg) and xylazine (10 mg/
kg). No outdated agents (e.g., chloral hydrate, ether, or chloroform) were used. All experimental protocols were 
reported in accordance with the ARRIVE guidelines (https://arriveguidelines.org). (PLoS Biol 8(6), e1000412, 
2010). The testes along with the caudal epididymis were removed, weighed, and rinsed with ice-cold saline. The 
right testis from each rat was prepared for histological assessment, while the left testis was homogenized in ice-
cold 0.15 M KC1 (10% w/v), subsequently centrifuged at 9,000 g for 10 min at 4 °C, and the supernatant was 
promptly gathered and utilized for biochemical analysis and enzyme activity measurements. All methods were 
performed in accordance with the relevant guidelines and regulations.

https://arriveguidelines.org
https://arriveguidelines.org
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Determination of sperm parameters
The epididymis was finely minced with anatomical scissors in 5 mL of physiological saline, placed on a rocker 
for 10 min, then allowed to sit at room temperature for 2 min. A single drop of sperm suspension was put on a 
glass slide to examine 200 motile sperm across 4 various fields. The motility of the sperm from the epididymis 
was assessed with a phase-contrast microscope at a magnification of 400x within 2 to 4 min after their extraction 
from the epididymis. Motility was defined as any detectable movement of the sperm flagellum within a 30-second 
observation window, and the motility rate was represented as a percentage of motile sperm relative to the total 
sperm count. The overall sperm count was assessed using a Neubauer hemocytometer as outlined by Yokoi et 
al.26.

Enzyme linked immunosorbent assay (ELISA) for all biochemical parameters
According to the manufacturer’s guidelines, the standard and serum samples were introduced and adsorbed into 
the wells of an ELISA plate, which were then covered with microplate sealers and incubated at 37 °C for 30 min. 
Subsequently, the wash buffer was utilized to rinse the plate five times (30 s each), followed by the addition of 
50 µl of horseradish peroxidase (HRP)-conjugated reagent to each well, incubating at 37 °C for 30 min. The plate 
was then washed five more times, after which 50 µl of TMB substrate solutions A and B were added alternately 
to each well and incubated at 37 °C for 10 min27.

Determination of serum hormone levels
Serum hormonal levels were measured using the rat testosterone, FSH and LH competitive ELISA kit (LifeSpan 
Bioscience, Inc, USA) with catalog number. LS-F28083, LS-F6305 and LS-F20636, respectively, following the 
manufacturer’s guidelines.

Determination of Lactate dehydrogenase isoenzyme-x (LDH-X)
Lactate dehydrogenase isoenzyme-x (LDH-X) was assessed in the supernatant of tissue homogenate utilizing 
the Rat LDH-X ELISA Kit (MyBioSource, CA, USA) with catalog No. MBS3808917 follows the guidelines set 
by the manufacturer.

Determination of testicular oxidative stress
Lipid peroxidation was assessed by evaluating the MDA levels through the thiobarbituric acid (TBA) test28. The 
MDA concentration was represented as nmol/g of tissue. Reduced glutathione was evaluated using the method 
of Beutler and Mary29with a colorimetric assay kit (Bio-Diagnostic, Egypt), following the manufacturer’s 
guidelines, and GSH levels were reported as mg/g of tissue. The activities of the antioxidant enzymes CAT and 
SOD in the testis were assessed using the method of Aebi, H30. and31 respectively, through a colorimetric assay 
kit (Bio-Diagnostic, Egypt) following the manufacturer’s guidelines; the activities were reported as U/g of tissue.

Immunofluorescence staining for determination of retinoic acid receptors (RAR-α)
Procedures for immunofluorescence staining were carried out using Abdel-Bakky et al.‘s methodology32. In 
short, tissue slices that had been paraffinized were dissolved in an oven set to 60 °C for 20 min, and then they were 
de-paraffinized in 100% xylene for 15 min. The sections were rehydrated by immersing them for five minutes 
in ethanol concentrations that were graded: 100%, 90%, 70%, 50%, and 30%. Tissue slices were rehydrated, 
rinsed with distilled water for 15 min, and then incubated for 20 min in a microwave oven using Dako solution 
(0.01  M sodium citrate buffer, pH 6). Following cooling, tissue slices were fixed with methanol for 10  min, 
blocked with blocking buffer for 1 h at room temperature, and then rinsed for 15 min with phosphate-buffered 
saline containing 0.05% TWEEN 20 (PBST) at pH 7.4. The tissue sections were then treated for the entire night 
at 4 °C in a cool, dark environment with the primary antibodies (mouse polyclonal RAR-α “sc-515796”) at a 
concentration of 1:500. Following three 5-minute PBST washes of the stained sections, secondary antibodies 
(Alexa Fluor 488) were used for 30 min to identify the bound antibodies. Following a 30-minute PBST wash, the 
nuclei were counterstained with 4′,6′-diamidino-2-phenylindole (DAPI) fluorescent stain. Lastly, tissue sections 
were examined using a Leica DM5000 B fluorescent microscope (Leica, Germany) and mounted using the anti-
fade mounting solution Fluoromount® (Sigma Aldrich, St. Louis, MO). Using Image-J/NIH software, the average 
fluorescence intensity of three to five microscopic fields was determined for every tissue section and adjusted to 
DAPI intensity.

Determination of testicular proinflammatory cytokines (TNF-α, IL-1β and IL-6)
Using an ELISA kit specifically designed for rats (Cloud-Clone Corp., Houston, USA) with catalog numbers 
SEA133Ra, SEA563Ra, and SEA079Ra, the amounts of TNF-α, IL-1β, and IL-6 in testicular tissue homogenate 
were estimated. The test methods were carried out according to the manufacturer’s instructions.

Determination of testicular apoptotic markers (Caspase-3, Bax and Bcl-2)
Using an ELISA kit specifically designed for rats (Cloud-Clone Corp., Houston, USA) with catalog numbers 
SEA626Ra, SEB343Ra, and SEA778Ra, the amounts of Caspase-3, Bax and Bcl-2 in testicular tissue homogenate 
were estimated. The test methods were carried out according to the manufacturer’s instructions.

Isolation of total RNA, synthesis of cDNA, and analysis via real-time PCR in testicular tissue
Total RNA extraction from testicular tissue was conducted using QIAzol Lysis Reagent (Qiagen, Cat: 79306, 
Germany). The manufacturer’s guidelines for isolation were followed meticulously, in sequence. The total RNA 
concentrations measured were assessed using the NanoDrop device (BIO-TEK INSTRUMENTS EPOCH, 
USA), and total RNA normalization was conducted based on the results obtained. Subsequently, cDNA synthesis 
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was conducted from the total RNAs utilizing the iScript™ cDNA Synthesis Kit (BIO-RAD, USA), following the 
guidelines provided by the manufacturer. The resulting cDNAs were employed to measure the mRNA transcript 
levels of the genes listed in Supplementary Table 1. During the RT-PCR phase, the primers for the genes of 
caspase-3, Bax and Bcl-2 were created by combining the QuantiTect SYBR Green PCR Master Mix (Qiagen, 
Cat: 204143, Germany), RNase-free water, and the cDNAs. Reactions were performed in triplicate utilizing the 
ROTOR-GENE Q (Qiagen, Germany). Internal control was established with β-actin, and the fold change from 
the CT values acquired was calculated using Livak and Schmittgen’s 2 − ΔΔCT method.

Histopathological assessment
Following Bancroft and Gamble’s procedure33,. testes were preserved in Bouin’s solution, and tissue was processed 
and embedded in paraffin blocks to provide 5-µm thick sections that could be used to examine histological 
changes using hematoxylin and eosin stain. Following that, a light microscope (Olympus BX 41, Japan) was used 
to view and take pictures of the stained sections.

Spermatogenesis was quantitatively assessed using the Johnsen score34 by evaluating 30 seminiferous tubules 
per animal. Each tubule was assigned a score from 1 to 10 as follows: 10 = complete spermatogenesis with many 
spermatozoa; 9 = many spermatozoa but disorganized epithelium; 8 = only few spermatozoa; 7 = no spermatozoa 
but many spermatids; 6 = only few spermatids; 5 = no spermatozoa/spermatids but many spermatocytes; 4 = only 
few spermatocytes; 3 = only spermatogonia; 2 = only Sertoli cells; 1 = no cells in tubular lumen. The mean score 
per animal was calculated and used for statistical comparison. The severity of testicular injury was also graded 
according to the Cosentino scoring system3536 based on the degree of germinal epithelial damage:

Grade 1 - Normal testicular architecture with orderly germ cell arrangement;
Grade 2 - Less orderly, non-cohesive germ cells and closely packed tubules;
Grade 3 - Disordered, sloughed germ cells with shrunken pyknotic nuclei and less distinct seminiferous 

tubule borders;
Grade 4 - Seminiferous tubules closely packed with coagulative necrosis of germ cells.

 Statistical analysis
All statistical analysis was performed using GraphPad Prism software, version 6. Data were expressed as 
mean ± SD, where SD stands for standard deviation (SD). Data normality was confirmed using the Shapiro-Wilk 
test; Homogeneity of variance was assessed using Brown-Forsythe test. Differences between obtained values 
were compared by one-way analysis of variance (ANOVA) followed by Tukey’s test as a post hoc for multiple 
comparisons. Differences were considered statistically significant at a p < 0.05 versus control, b p < 0.05 versus 
DMSO, c p < 0.05 versus ACR, d p < 0.05 versus ATRA + ACR.

Results
Effect of ACR and ATRA on body and testis weights
The results in Table 1 illustrate the effects of ACR and ATRA treatments on the body and testes weights.

Administration of ACR for 14 consecutive days significantly decreased the final BW (12.8%), percent of 
weight gain (53.27%), final absolute testes weight (24.6%) and relative weight of testes (29.11%), compared 
to normal control group. At the same time, treatment with ATRA for 14 consecutive days did not show any 
significant effect on weight parameters. However, treatment with ATRA before ACR administration resulted in 
a significant increase in final BW (8.5%), BW gain (88.45%), final absolute testes weight (32.3%) and the relative 
testes weight (16.38%) with respect to ACR alone treatment. (Table 1).

Table 1.  Effect of ATRA and/or ACR body and testes weights. The effects of ACR and/or ATRA on the body 
and testes weights. Data are mean ± SD; N = 10. a Significant from CTR. b Significant from DMSO. c Significant 
from ACR. d Significant from ATRA at P < 0.05, one-way ANOVA followed by post-hoc Tukey's test. One-way 
ANOVA revealed significant treatment effects on all weight parameters, including final body weight [F(4, 
45) = 10.93, p = 0.001], body weight gain [F(4, 45) = 9.29, p = 0.001], absolute testis weight [F(4, 45) = 3.535, 
p = 0.014], and relative testis weight [F(4, 45) = 3.144, p = 0.023].
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Impact of ACR and ATRA on sperm parameters (count and motility)
Data in Table 2 and Fig. 1 show the effect of ACR and ATRA treatments on the sperm parameters. Treatment 
with ACR resulted in a significant decrease in the normal sperm count and motility amounted by about 49% 
and 44.5%, respectively. Additionally, pre-administration of ATRA before ACR resulted in significant increase 
in the sperm count and motility by about 89.47% and 77.43%, respectively, with respect to ACR alone treatment.

Effect of ACR and ATRA on serum FSH, LH, testosterone levels and testicular LDH-X activity
Figure 2 illustrates the effects of ACR and ATRA treatments on serum levels of testosterone (A), FSH (B), and 
LH (C), as well as testicular LDH-X activity (D). ACR treatment significantly reduced serum testosterone levels 
compared with the control (CTR) group (2.126 ± 0.467 vs. 4.624 ± 0.518 ng/mL), representing a decrease of 
approximately 54.0% (p = 0.0001). In contrast, ATRA treatment alone significantly increased serum testosterone 
levels compared with the CTR group (5.740 ± 0.683 ng/mL), reflecting an increase of approximately 19.4% 
(p = 0.041). Moreover, ATRA pre-treatment prior to ACR exposure significantly increased serum testosterone 
levels compared with the ACR group (3.80 ± 0.625 vs. 2.126 ± 0.467 ng/mL), corresponding to an increase of 
approximately 44.0% (p = 0.001).

Similarly, serum FSH levels were significantly reduced in the ACR group compared with the CTR group 
(4.433 ± 0.686 vs. 7.5 ± 0.903 mIU/mL), representing a decrease of approximately 40.9% (p = 0.0001). ATRA co-
administration significantly restored FSH levels compared with the ACR group (6.233 ± 0.839 vs. 4.433 ± 0.686 
mIU/mL), reflecting an increase of approximately 40.6% (p = 0.004).

Conversely, serum LH levels were significantly elevated in the ACR group compared with the CTR group 
(10.32 ± 1.346 vs. 6.85 ± 1.169 mIU/mL), indicating an increase of approximately 46.4% (p = 0.0001). ATRA co-
administration significantly attenuated this elevation compared with the ACR group (7.75 ± 0.872 vs. 10.32 ± 1.346 
mIU/mL), corresponding to a reduction of approximately 24.9% (p = 0.0001), with levels approaching those of 
the CTR group.

Fig. 1.  Percentage change of the effect of ATRA and/or ACR on epididymal sperm count (A) and percent of 
sperm motility (B). The data represent the percentage change of sperm parameters after different treatments. 
Data are mean ± SD; N = 10. a Significant from CTR. b Significant from DMSO. c Significant from ACR. d 
Significant from ATRA at P < 0.05, one-way ANOVA followed by post-hoc Tukey's test. One-way ANOVA 
revealed significant treatment effects on sperm count [F(4, 45) = 21.34, p < 0.0001] and sperm motility [F(4, 
45) = 50.05, p < 0.0001].

 

Group Sperm count x 106 (mean +/- SD) Sperm motility (%) (mean +/- SD)

CTR 358.3 +/- 45.46 86.13 +/- 3.02

DMSO 329.2 +/- 44.66 81 +/- 9.5

ACR 182.5 +/- 38.31 a 39.92 +/- 7.24 a

ATRA 456.7 +/- 50.07 a,b,c 85.41 +/- 5.63 a

ATRA+ACR 345.8 +/- 74.73 c,d 70.76+/-6.26 a,b,c

Table 2.  Effect of ATRA and /or ACR on epididymal sperm count and percent of sperm motility. The effects 
of ACR and/or ATRA on sperm parameters. Data are mean ± SD; N = 10.a Significant from CTR. b Significant 
from DMSO. c Significant from ACR. d Significant from ATRA at P < 0.05, one-way ANOVA followed by post-
hoc Tukey's test. One-way ANOVA revealed significant treatment effects on sperm count [F(4, 45) = 28.84, p < 
0.0001] and sperm motility [F(4, 45) = 32.05, p < 0.0001].
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Testicular lactate dehydrogenase isoenzyme X (LDH-X) activity was significantly reduced following ACR 
treatment compared with the CTR group (3.46 ± 0.401 vs. 10.45 ± 1.63 ng/mg), representing a decrease of 
approximately 67% (p = 0.0001). In contrast, ATRA pre-treatment prior to ACR exposure significantly increased 
LDH-X activity compared with the ACR group (6.588 ± 1.45 vs. 3.46 ± 0.401 ng/mg), reflecting an increase of 
approximately 47.5% (p = 0.013).

Effect of ATRA and/or ACR treatment on retinoic acid receptor (RAR-α) protein expression
The results illustrated in Fig. 3 show that RAR-α protein is constitutively expressed in the seminiferous tubules 
(A). ACR treatment significantly downregulated RAR-α expression compared with the control (CTR) group 
(57.26 ± 6.74), representing a decrease of approximately 41.13% (p = 0.01). In contrast, ATRA treatment 
significantly upregulated RAR-α expression compared with the CTR group (182.2 ± 22.94), corresponding to 
an increase of approximately 87.3% (p = 0.0001). Furthermore, co-treatment with ACR and ATRA significantly 
increased RAR-α expression compared with ACR treatment alone (119.8 ± 32.85), reflecting an increase of 
approximately 109.2% (p = 0.0001).

Assessment of testicular oxidative stress parameters
Figure 4 illustrates the effects of ACR and/or ATRA treatments on GSH (A), MDA (B), SOD (C), and CAT 
(D) levels in testicular tissues. ACR treatment significantly depleted testicular GSH levels compared with the 
control (CTR) group (1.877 ± 0.354 vs. 6.063 ± 0.605 mmol/g), representing a reduction of approximately 69% 
(p = 0.0001). ATRA pre-treatment significantly restored GSH levels compared with the ACR group (4.348 ± 0.902 
mmol/g), corresponding to an increase of approximately 131.6% (p = 0.0014).

Conversely, MDA levels were significantly elevated in the ACR group compared with the CTR group 
(5.394 ± 0.980 vs. 0.984 ± 0.208 nmol/g), reflecting an increase of approximately 448.17% (p = 0.0001). ATRA 
co-treatment significantly reduced MDA levels compared with the ACR group (3.234 ± 0.579 vs. 5.394 ± 0.980 
nmol/g), corresponding to a reduction of approximately 40.0% (p = 0.0001); however, levels remained significantly 
higher than those in the CTR group (p = 0.0001).

Furthermore, SOD activity was significantly reduced in the ACR group compared with the CTR group 
(0.963 ± 0.1095 vs. 3.320 ± 0.592 U/g), indicating a decrease of approximately 70.9% (p = 0.0001). ATRA pre-
treatment significantly restored SOD activity compared with the ACR group (2.665 ± 0.618 vs. 0.963 ± 0.109 
U/g), representing an increase of approximately 175.8% (p = 0.0003).

Similarly, CAT activity was significantly suppressed in the ACR group compared with the CTR group 
(2.253 ± 0.480 vs. 8.965 ± 1.383 U/g), corresponding to a reduction of approximately 74.8% (p = 0.0001). ATRA 
pre-treatment significantly enhanced CAT activity compared with the ACR group (5.665 ± 0.884 vs. 2.253 ± 0.480 
U/g), reflecting an increase of approximately 151.4% (p = 0.0006).

Effect of ATRA and/or ACR treatment on Pro-inflammatory cytokines
As shown in Fig.  5, ACR administration significantly increased testicular levels of IL-1β, IL-6, and TNF-α. 
Specifically, IL-1β levels were significantly higher in the ACR group compared with the control (CTR) group 

Fig. 2.  Effects of ATRA and/or ACR administration on the serum testosterone (A), FSH (B), LH (C) and 
testicular LDH-X (D) in rats. Data are mean ± SD; N = 10. a Significant from CTR. b Significant from DMSO. c 
Significant from ACR. d Significant from ATRA at P < 0.05, one-way ANOVA followed by post-hoc Tukey's test. 
One-way ANOVA revealed significant treatment effects on serum testosterone [F(4, 45) = 26.48, p = 0.0001], 
serum FSH [F(4, 45) = 15.10, p = 0.0001], serum LH [F(4, 45) = 24.76, p = 0.0001], and testicular LDH-X activity 
[F(4, 45) = 28.45, p = 0.0001].
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(168.4 ± 8.968 vs. 22.49 ± 3.316 pg/g), representing an increase of approximately 648.7% (p = 0.0001). In contrast, 
ATRA pre-treatment prior to ACR exposure significantly reduced IL-1β levels compared with the ACR group 
(83.24 ± 9.167 vs. 168.4 ± 8.968 pg/g), corresponding to a decrease of 50.57% (p = 0.0001).

Similarly, IL-6 levels were significantly elevated in the ACR group compared with the CTR group 
(183.6 ± 11.13 vs. 25.98 ± 3.47 pg/g), showing an increase of approximately 606.7% (p = 0.0001). ATRA pre-
treatment significantly attenuated this increase, reducing IL-6 levels compared with the ACR group (65.5 ± 6.920 
vs. 183.6 ± 11.13 pg/g), corresponding to a reduction of approximately 64.3% (p = 0.0001).

In addition, TNF-α levels were significantly higher in the ACR group than in the CTR group (299.9 ± 16.93 
vs. 100.9 ± 6.502 pg/g), reflecting an increase of approximately 197.9% (p = 0.0001). Conversely, ATRA pre-
treatment significantly reduced TNF-α levels compared with the ACR group (125.5 ± 13.16 vs. 299.9 ± 16.93 
pg/g), representing a decrease of approximately 58.15% (p = 0.0001).

Effect of ATRA and/or ACR treatment on apoptosis markers
Figure 6 illustrates the effects of ACR and/or ATRA treatments on caspase-3 (A), Bax (B), and Bcl-2 (C) levels in 
testicular tissues. ACR treatment significantly increased caspase-3 levels compared with the control (CTR) group 
(8.380 ± 0.783 vs. 1.010 ± 0.208 ng/mg), representing an increase of approximately 729.7% (p = 0.0001), and Bax 
levels (273.9 ± 24.14 vs. 83.51 ± 3.724 ng/mg), reflecting an increase of approximately 227.9% (p = 0.0001). In 
contrast, Bcl-2 levels were significantly reduced in the ACR group compared with the CTR group (88.91 ± 9.409 
vs. 227.3 ± 15.17 ng/mg), corresponding to a decrease of approximately 60.8% (p = 0.0001).

Conversely, ATRA pre-treatment prior to ACR exposure significantly reduced caspase-3 levels compared 
with the ACR group (3.560 ± 0.3724 vs. 8.380 ± 0.783 ng/mg), indicating a reduction of approximately 57.7% 
(p = 0.0001), and Bax levels (106.3 ± 6.447 vs. 273.9 ± 24.14 ng/mg), corresponding to a decrease of approximately 
61.2% (p = 0.0001). In addition, ATRA pre-treatment significantly increased Bcl-2 levels compared with the ACR 
group (186.5 ± 6.205 vs. 88.91 ± 9.409 ng/mg), representing an increase of approximately 109.7% (p = 0.001).

Similarly, mRNA expression levels of apoptosis markers caspase-3, Bax and Bcl-2 were shown in 
supplementary Fig. 1A, B and C. ACR intoxication induced a striking upregulation of testicular Caspase-3 
mRNA expression (5.29 ± 0.50) relative to control rats (1.01 ± 0.21), corresponding to a 424.0% increase (p < 0.05), 

Fig. 3.  Effects of ATRA and/or ACR on RAR-alpha expression in the testes. The upper panel represents 
representative fluorescence photomicrographs of testis obtained from control (A), ACR (B), ATRA (C), and 
ATRA + ACR (D) treated rats, probed for RAR (green fluorescence) (arrows) and DAPI as the counterstain 
(blue fluorescence). The lower panel shows fluorescence intensity measured from the testes was obtained from 
five fields of each section (minimally two rats in each group), using ImageJ software. Values are presented as 
the mean ± SD (n = 10). a Significant from CTR. b Significant from ACR. c Significant from ATRA at P < 0.05, 
one-way ANOVA followed by post-hoc Tukey's test. One-way ANOVA identified a significant treatment effect 
on RAR-α fluorescence intensity [F (3, 36) = 26.8, p = 0.001].
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indicative of robust activation of the executioner apoptotic pathway. ATRA monotherapy maintained Caspase-3 
expression at levels slightly below control values (0.79 ± 0.09), confirming its intrinsic anti-apoptotic potential 
under physiological conditions. Co-administration of ATRA with ACR significantly suppressed ACR-induced 
Caspase-3 overexpression by 43.5% (2.99 ± 0.64 vs. 5.29 ± 0.50; p < 0.05), reflecting meaningful attenuation of 
apoptotic signaling. Additionally, testicular Bax mRNA expression was significantly elevated in ACR-intoxicated 
rats (1.82 ± 0.25) compared to controls (1.00 ± 0.04), reflecting an 82.0% increase consistent with ACR-induced 
pro-apoptotic signaling (p < 0.0001). ATRA monotherapy slightly reduced Bax expression below baseline levels 
(0.79 ± 0.07; −21.0% vs. CTR), demonstrating its intrinsic capacity to suppress apoptotic gene transcription 

Fig. 5.  Effects of ATRA and/or ACR on proinflammatory cytokine biomarkers. IL-1β (A), IL-6 (B) and TNF- 
α (C) levels in testicular tissues of rats treated with acrylamide (ACR). Results expressed as the mean ± SD 
(n = 10). a Significant from CTR. b Significant from DMSO. c Significant from ACR. d Significant from ATRA at 
P ≤ 0.05, one-way ANOVA followed by post-hoc Tukey's test. One-way ANOVA revealed significant treatment 
effects on IL-1β [F(4, 45) = 32.00, p = 0.0001], IL-6 [F(4, 45) = 39.80, p = 0.0001], and TNF-α [F(4, 45) = 23.00, 
p = 0.0001].

 

Fig. 4.  Effects of ATRA and/or ACR on the oxidative stress markers; GSH (A), CAT (B), SOD (C) and MDA 
(D) levels in testicular tissues of rats treated with acrylamide (ACR). Data are mean ± SD; N = 10. a Significant 
from CTR. b Significant from DMSO. c Significant from ACR. d Significant from ATRA at P < 0.05, one-way 
ANOVA followed by post-hoc Tukey's test. One-way ANOVA revealed significant treatment effects on GSH 
[F(4, 45) = 39.69, p = 0.0001], MDA [F(4, 45) = 74.58, p = 0.0001], SOD activity [F(4, 45) = 27.26, p = 0.0001], and 
CAT activity [F(4, 45) = 35.18, p = 0.0001]..
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under non-toxic conditions. Co-administration of ATRA with ACR significantly attenuated Bax overexpression 
by 29.7% relative to the ACR group (1.28 ± 0.08 vs. 1.82 ± 0.25; p < 0.0001).

In contrast to the pro-apoptotic pattern observed for Bax, testicular Bcl-2 mRNA expression was markedly 
downregulated in ACR-intoxicated rats (0.489 ± 0.076) relative to controls (1.000 ± 0.118), representing a 51.1% 
reduction consistent with ACR-mediated suppression of pro-survival signaling (p < 0.001). ATRA monotherapy 
significantly upregulated Bcl-2 expression (1.411 ± 0.092; +41.1% vs. CTR; p < 0.0001), affirming its capacity 
to reinforce the anti-apoptotic transcriptional program. Co-administration of ATRA with ACR substantially 
restored Bcl-2 levels (0.808 ± 0.068), yielding a 65.2% increase over the ACR group (p < 0.0001).

Histopathological examination of the testicular tissue specimens
The control group (Fig. 7A and B) showed no detectable alterations, with normal histological architecture of 
mature seminiferous tubules with complete spermatogenesis, along with intact Sertoli cells and interstitial 
Leydig cells. In contrast, the ACR-treated group (Fig. 7C and D) demonstrated marked pathological changes, 
including numerous multinucleated giant cell formations within the seminiferous tubules, tubular atrophy, 
and severely congested blood vessels. The ATRA-treated group (Fig. 7E and F) showed no histopathological 
alterations, maintaining normal, intact seminiferous tubules with a complete spermatogenic series. Meanwhile, 
the ACR+ATRA-treated group (Fig.  7G and H) exhibited largely preserved histological structures in most 
seminiferous tubules, although a few tubules displayed mild vacuolar degeneration.

To confirm the above histological findings, scoring was done by Johnsen’s and Cosentino scoring system 
(Fig.  7I and J). Histopathological evaluation of spermatogenesis using Johnsen’s scoring system revealed a 
profound reduction in mean scores in ACR-intoxicated rats (3.48 ± 0.72) compared to controls (8.98 ± 0.48), 
reflecting a 61.2% decline indicative of severe disruption of the spermatogenic process (p < 0.001). ATRA-treated 
rats maintained near-normal Johnsen scores (8.28 ± 0.52), with no statistically significant difference from the 
CTR group, confirming the absence of intrinsic retinoid toxicity on testicular histoarchitecture. Importantly, co-
administration of ATRA with ACR resulted in a substantial recovery of Johnsen scores (6.37 ± 0.64), representing 
an 83.0% improvement relative to the ACR group (p < 0.05), though scores remained moderately below control 
values, suggesting partial rather than complete histological restoration.

ACR intoxication caused a marked elevation in Cosentino scoring (4.15 ± 0.51) compared to control rats 
(0.98 ± 0.21), representing a 322.8% increase (p < 0.001). ATRA monotherapy maintained scoring close to control 
values (1.25 ± 0.28), with no statistically significant difference from the CTR group. Notably, co-administration 
of ATRA with ACR significantly attenuated ACR-induced elevation, reducing Cosentino scoring by 44.1% 
relative to the ACR group (2.32 ± 0.46 vs. 4.15 ± 0.51; p < 0.001).

Discussion
The study assessed the protective effects of All-trans retinoic acid (ATRA) against ACR-induced testicular 
toxicity in male rats. ACR exposure significantly impaired reproductive function, reducing body weight, 

Fig. 6.  Effects of ATRA and/or ACR on apoptosis biomarkers: Caspase-3 (A), Bax (B), and BCL-2 (C) levels 
in testicular tissues of rats treated with acrylamide (ACR). Results expressed as the mean ± SD (n = 10). a 
Significant from CTR. b Significant from DMSO. c Significant from ACR. d Significant from ATRA at P < 0.05, 
one-way ANOVA followed by post-hoc Tukey's test. One-way ANOVA revealed significant treatment effects 
on caspase-3 protein [F(4, 45) = 48.50, p = 0.0001], Bax protein [F(4, 45) = 34.60, p = 0.0001], and Bcl-2 protein 
[F(4, 45) = 21.00, p = 0.0001]..
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testicular weight, sperm count, motility, LDH-X and serum testosterone, FSH and LH levels. It also induced 
oxidative stress, inflammation, and apoptosis, shown by increased MDA levels and decreased antioxidant 
enzyme activities (GSH, SOD, CAT). Elevated pro-inflammatory cytokines (TNF-α, IL-1β, IL-6) and pro-
apoptotic markers (caspase-3, Bax) correlated with histopathological testicular damage, including seminiferous 
tubule degeneration.

Co-administration of ATRA improved ACR-induced adverse effects by restoring antioxidant enzyme activities 
and reducing lipid peroxidation, relieving oxidative stress. It decreased inflammatory cytokines, favoring cell 
survival by lowering caspase-3 and Bax while increasing Bcl-2 levels. ATRA also enhanced testicular histology, 
preserving seminiferous tubule structure and reducing histopathological abnormalities, thus mitigating ACR-
induced reproductive toxicity. The findings align with prior research on the protective effects of ATRA against 
toxic agents such as cisplatin. For instance, a study on cisplatin-induced testicular damage demonstrated that 
ATRA improved sperm parameters, reduced oxidative stress markers (total oxidant status and oxidative stress 
index), and ameliorated histopathological changes through its antioxidant properties25. Notably, both studies 
highlight the ability of ATRA to restore spermatogenesis and reduce oxidative damage. However, while cisplatin 
predominantly targets germ cells, leading to spermatogenesis arrest25, acrylamide induces broader damage 
involving inflammation and apoptosis pathways. This distinction underscores the versatility of ATRA as a 
protective agent across different toxicological models.

The LDH-X isoenzyme is the most important enzyme which has regulatory roles in mechanisms of metabolic 
processes that are required for spermatogenesis and sperm viability and motility3738. In parallel to our previous 
study16, the present findings showed that the administration of ACR notably reduced LDH-X activity, indicating 

Fig. 7.  Effect of ATRA and/or ACR on the histopathological features of the testes. (A and B) Normal structure 
of the testis is seen in the control group. (C and D) The appearance of multinucleated giant cells in the 
seminiferous tubules and atrophied seminiferous tubules in the ACR group (Arrow heads). (E and F). Normal 
structure is seen in the ATRA group. (G and H) Testis structure in the ATRA + ACR shows improvement of 
testicular tissue toward normal appearance, except fewer number of seminiferous tubules displaying mild 
vacuolar degeneration of the affected tubules (arrow) (H&E staining, scale bar = 100 μm at left and 25 μm at 
right). (I) Johnsen’s and (J) Cosentino score of groups are presented as mean ± SD. One-way ANOVA identified 
significant group differences in Johnsen score [F(3, 36) = 22.3, p = 0.001] and Cosentino grade [F(3, 36) = 30.5, 
p = 0.001].
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testicular and sperm damage and this observation reinforces the rationale for the decrease in sperm count and 
motility. On the other hand, pretreatment with ATRA preserved LDH-X activity and sperm count and motility 
suggesting that ATRA has a specific role in improving the spermatogenesis. Therefore, the restoration of healthy 
LDH-X levels serves as a compelling biochemical indicator that the ATRA intervention successfully protected 
the later stages of spermatogenesis from the toxic insult such as ACR.

The retinoic acid receptor alpha (RARα) is essential for the testes’ regular operation, especially for controlling 
spermatogenesis. Sertoli cells (SCs) and germ cells are among the cell types in the rat testis that have been found 
to express RARα, indicating a complicated interaction between spermatogenesis and testicular function3940. 
In the present study, ACR exposure resulted in marked downregulation of RAR-α expression in testicular 
tissue, as evidenced by immunofluorescence analysis. The suppression of RAR-α likely contributes to disrupted 
spermatogenesis, degeneration of seminiferous tubules, and decreased testosterone synthesis observed in the 
ACR-treated rats. The inhibition of RAR-α signaling may impair the transcription of RA-responsive genes, 
including Stra8 (stimulated by retinoic acid gene 8), which is essential for the transition of spermatogonia to pre-
leptotene spermatocytes41. Disruption of RAR-α signaling has previously been shown to cause asynchrony of 
the spermatogenic cycle and progressive germ cell depletion34, supporting the mechanistic connection between 
RAR-α suppression and ACR-induced testicular damage.

It was proposed that both testosterone production by Leydig cells and proliferation of Sertoli cells are 
controlled by RAR-α during the fetal period42. Additionally, blocking RA signaling in Leydig cells resulted in 
increased permeability of the blood-testis barrier, decreased levels of the steroidogenic enzyme cytochrome 
P450 17A1 and decreased testosterone levels43. In our study, the restoration of testosterone levels by ATRA in 
the ACR+ATRA group suggests that RAR-α signaling may contribute to preserving Leydig cell function under 
toxic stress. The decline in testosterone induced by ACR exposure may be attributed to Leydig cell weakening, 
triggered by elevated LH secretion44. The observed reduction in serum FSH levels in the ACR-exposed 
group is consistent with prior reports documenting that ACR acts as an endocrine disruptor, suppressing the 
hypothalamic-pituitary-gonadal axis and impairing the secretion of gonadotropins, including FSH4445. The 
partial restoration of FSH levels in the ACR+ATRA group indicates ATRA’s cytoprotective effect on Sertoli 
cells. FSH and retinoic acid (RA) signaling interact in the seminiferous epithelium, influencing spermatogonial 
differentiation and meiotic entry46. Retinoid signaling via RAR-α is crucial for germ cell differentiation, with 
ATRA promoting Sertoli cell differentiation and modulating proliferation signals47.

The current study attributes the modulatory effects to ATRA’s multifaceted actions, particularly its antioxidant 
properties that counteract oxidative stress from ACR. ATRA restores GSH, SOD, and CAT activities, reducing 
MDA levels, thereby enhancing the antioxidant defense system and minimizing free radical-induced lipid 
peroxidation and cellular injury. Additionally, ATRA shows strong anti-inflammatory effects, as evidenced by the 
significant reduction in TNF-α, IL-1β, and IL-6 levels, which helps preserve testicular architecture and function. 
Moreover, ATRA demonstrated notable anti-apoptotic properties in the current model. The balance between 
pro-apoptotic proteins (caspase-3 and Bax) and the anti-apoptotic protein Bcl-2 is critical for determining 
cell fate in testicular tissues. ATRA administration reduced the expression of pro-apoptotic markers while 
upregulating Bcl-2, thereby promoting cell survival and reducing germ cell loss. The interplay between RAR-α 
signaling and apoptosis provides further mechanistic insight into the protective role of ATRA. Previous studies 
demonstrated that activation of RARs suppresses pro-apoptotic gene expression and enhances the expression 
of anti-apoptotic genes such as Bcl-248. In the present study, ATRA decreased caspase-3 and Bax levels while 
restoring Bcl-2, consistent with anti-apoptotic actions mediated via RAR-α activation.

Several other investigations have shown that ATRA has anti-inflammatory effects across various models, 
indicating its protective role beyond reproductive toxicity. In murine ulcerative colitis, ATRA modulated the 
TLR4/NF-κB pathway, decreasing pro-inflammatory mediators like TNF-α and NOS2, thus reducing colonic 
inflammation49. ​ Similarly, in a rat model of acute lung injury, ATRA enhanced macrophage phagocytic activity 
and lowered IL-6 and IL-1β levels by inhibiting the CD14/TLR4 pathway50. Additionally, in vitro, ATRA also 
suppressed TNF-α and nitric oxide production in activated macrophages51.

Another line of evidence is derived from gut models in which ATRA was found to inhibit virus-induced 
inflammation in epithelial cells through the suppression of  RLRs/NF-κB signaling cascade52. and to repair the 
intestinal barrier  and decrease inflammation in adenoma-related diarrhea53. In addition, systemic effects of 
ATRA have been shown in mice that ATRA scavenged reactive oxygen  and nitrogen species, decreased lipid 
peroxidation, acute and chronic inflammation and majorly inhibited tumor correlated angiogenesis54. These 
findings collectively highlight the broad anti-inflammatory and antioxidant potential of ATRA in various 
pathological contexts.

In contrast to our findings, excessive intake of ATRA can adversely impact animal reproduction. High doses 
of retinoic acid can harm animal reproduction, causing testicular degeneration and impaired spermatogenesis55, 
with effects on fetal testicular development, germ cell reduction, and disrupted meiotic regulation56. The apparent 
discrepancy can be explained by the differences in dose, timing, and biological circumstances. The toxicity data 
support the notion that ATRA can be helpful when administered effectively and harmful only when mis-dosed, 
rather than contradicting our findings. They further emphasize the significance of regulated RA homeostasis.

In line with our earlier study, the histological analyses, which showed a marked disruption of the normal 
testicular architecture and the formation of multinucleated giant cells in the seminiferous tubules and atrophied 
seminiferous tubules, further validate ACR-induced testicular toxicity. When ATRA and ACR were administered 
together, multinucleated giant cells disappeared and the testicular structures returned to normal, much like in 
the control group. These results are in accordance with the study of Yucel et al., 201925. This highlights the 
cytoprotective role of ATRA against ACR-induced testicular toxicity.
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Limitations and future directions
The study acknowledges a limitation due to the 14-day duration of ACR and ATRA administration, while rat 
spermatogenesis requires about 48–52 days for full evaluation. Future research should focus on long-term 
effects of ACR and ATRA to understand chronic toxicity and protective mechanisms, including sperm viability 
and morphology analyses for a comprehensive evaluation. The reliance on RAR-α expression data necessitates 
further molecular analyses to explore gene expression and signaling pathways related to retinoids. Dose-response 
studies are vital for identifying optimal ATRA concentrations, and assessing effects on specific testicular cell 
types will provide deeper insights, along with translational studies for human relevance.

Conclusion
Collectively, our findings suggest that ATRA attenuates ACR-induced testicular toxicity and is associated with 
restoration of RAR-α expression, alongside improvements in antioxidant defenses (SOD, GSH and CAT), 
inflammatory markers (TNF-α, IL-6 and IL-1β), and apoptotic parameters (Caspase-3, Bax and Bcl-2). The 
observed ability of ATRA to enhance antioxidant defenses, suppress inflammation, and reduce apoptotic 
markers, alongside the associated upregulation of RAR-α expression, highlights its potential as a candidate for 
preserving male fertility in populations at risk of acrylamide exposure as illustrated in Fig. 8. Based on these 
results, we advocate for additional mechanistic research employing functional receptor studies, gene expression 
analyses, pathway-specific analyses and longer experimental durations to further clarify the role of ATRA and 
RAR-α signaling in male reproductive health.

Data availability
The data used for this study are available from the corresponding author upon request.
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