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Abstract: Rationale — The male reproductive system is an organ sensitive to toxins, and nicotine exposure is recognized as a detrimental 
factor for male sexual function. Taraxasterol, a bioactive compound with antioxidant and antiapoptotic properties, has potential protective 
effects against cytotoxicity. This study aimed to evaluate the protective effects of taraxasterol against nicotine toxicity in murine Leydig 
(TM3) and Sertoli (TM4) cell lines.  
Methods — Prior to the experiment, TM3/4 cells were treated with taraxasterol extract as a protective agent for 24 h. Cytotoxicity was 
then induced by exposure to nicotine for 24 h. Finally, cell viability was assessed using the MTT assay, and oxidative stress biomarkers, 
including malondialdehyde (MDA), glutathione (GSH), and reactive oxygen species (ROS), were quantified using commercial kits. The 
expression of steroidogenic and antioxidant enzyme genes was assessed using quantitative real-time PCR, while apoptosis was measured 
by assessing the DNA fragmentation rate. All experiments were performed in triplicate, and statistical data processing included analysis of 
variance (ANOVA) followed by a Tukey’s post-hoc test (p<0.05). 
Results — Although TM3/4 cytotoxicity was not detected up to a concentration of 32 μM, a decrease in viability was detected at a 
concentration of 64 μM (p<0.001). Nicotine caused a dose-dependent decrease in viability, with IC50 values of 81.67 ± 5.34 μM and 62.64 ± 
2.55 μM for Leydig and Sertoli cells, respectively. Importantly, taraxasterol improved nicotine-impaired cell viability, accelerated the 
increase in GSH levels, decreased MDA levels, reduced ROS levels, suppressed apoptosis, and downregulated the expression of 
steroidogenic and antioxidant genes. 
Conclusion — Taraxasterol effectively protects Leydig and Sertoli cells from nicotine cytotoxicity by restoring cell viability and apoptotic 
gene expression, attenuating oxidative stress, and reducing apoptosis through steroidogenesis and antioxidant protection.  
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Introduction  

Infertility is a significant global health problem, with 
approximately 50% of infertility cases due to male factors. 
Numerous studies have identified oxidative stress and apoptosis as 
critical mechanisms underlying male infertility [1]. Primary somatic 
cells of the testes are the chief sites of androgen biosynthesis, 
playing a significant role in the development of male reproductive 
organs and spermatogenesis. Moreover, oxidative stress and 
apoptotic pathways are closely linked to testicular function [2]. 

Among tobacco components, nicotine is the most potent 
addictive and toxic compound, contributing to the pathogenesis of 
cardiovascular [3] and lung diseases [4], as well as lung carcinoma 
[5]. Nicotine induces oxidative stress primarily by stimulating the 
formation of reactive oxygen species (ROS). Furthermore, nicotine 
has detrimental effects on male reproductive health and fertility. 
Several studies demonstrated that nicotine disrupts 
spermatogenesis, reduces epididymal sperm count, decreases 
sperm motility, and compromises fertilizing capacity. Furthermore, 

this substance disrupts Leydig cell function, leading to decreased 
testosterone synthesis [6].  

Accordingly, supplementation with substances possessing 
antioxidant and antiapoptotic properties is considered a promising 
therapeutic approach for the treatment of male infertility [7]. 
Phytotherapeutic agents and their bioactive compounds are 
attracting increasing attention as potential antioxidants [8]. 
Taraxasterol (3β,18α,18α)-Urs-20(30)-en-3-ol, a pentacyclic 
triterpene isolated from Taraxacum officinale (Asteraceae) [9], 
exhibits multiple protective effects, including inhibition of 
inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-
2) expression in lipopolysaccharide-stimulated RAW264.7 
macrophages and suppression of interleukin-1 beta (IL-1β)-
induced nitric oxide (NO) and prostaglandin E2 (PGE2) production 
in human bladder cancer cells [10]. The antioxidant capacity of 
taraxasterol was confirmed in numerous studies. Expanding the 
use of traditional therapies and natural compounds for disease 
treatment requires reliable scientific verification of the 
corresponding mechanisms and efficacy [11]. Taraxasterol is a 
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naturally occurring pentacyclic triterpenoid extracted primarily 
from T. officinale, a species widespread in temperate regions and 
long used in traditional herbal medicine for its wide range of 
purported therapeutic effects [11]. Historically, T. officinale has 
been used in traditional medicine to treat liver, digestive system, 
urinary tract, as well as inflammatory conditions, making it a 
valuable source of bioactive compounds, including taraxasterol. 
Pharmacological studies have since confirmed a number of these 
effects of taraxasterol, highlighting its potent anti-inflammatory, 
antioxidant, and anticancer properties, thereby making it a 
promising natural candidate for cytoprotective and therapeutic 
applications [9]. Including this information at the beginning of the 
study not only justifies the use of taraxasterol from a well-known 
plant source but also provides readers with insight into the 
rationale for its protective effects in models of oxidative stress-
induced cellular toxicity, such as nicotine exposure in testicular cell 
lines. This structure highlights the translational potential of using a 
natural phytochemical derived from a widely available medicinal 
plant with established ethnopharmacological significance [12].  

Consistent with the above findings, this study aimed to 
evaluate the protective effects of taraxasterol against nicotine-
induced oxidative stress and apoptosis in murine testicular Leydig 
(TM3) and Sertoli (TM4) cell lines. Although previous studies have 
documented the antioxidant and cytoprotective effects of 
taraxasterol against toxic oxidative damage in various tissues, the 
associated protective role in testicular cells remains unexplored. 

 

Material and methods 

Materials used in the experiment 

Murine testicular cell lines – TM3 (ATCC® CRL-1714™) and TM4 
(ATCC® CRL-1715™) – were obtained from the Pasteur Institute 
(Tehran, Iran). Cells were cultured in Roswell Park Memorial 
Institute RPMI 1640 medium (Gibco, Cat. no. 11875-093) 
supplemented with 10% fetal bovine serum (FBS) (Gibco, Cat. no. 
26140-079) and 1% penicillin-streptomycin solution (Gibco, Cat. 
no. 15140-122). Trypsin-EDTA (0.25%) for cell detachment was 
purchased from Sigma-Aldrich (Cat. no. T3924). MTT reagent used 
for the viability assay was acquired from Sigma-Aldrich (Cat. no. 
M2128) and prepared as a 5 mg/mL solution in phosphate-
buffered saline (PBS) (Gibco, Cat. no. 10010023). Dimethyl 
sulfoxide (DMSO) for solubilizing formazan was procured from 
Merck (Cat. no. 100995). Nicotine hydrogen tartrate salt (for 
cytotoxicity experiments) was obtained from Sigma-Aldrich (Cat. 
no. N3876). Taraxasterol was attained from Sigma-Aldrich (Cat. no. 
SML0193). Malondialdehyde MDA assay kits were acquired from 
Cayman Chemical Company (Cat. no. 10009055). GSH levels were 
determined using reduced GSH standards (Sigma-Aldrich, Cat. no. 
G4251), glutathione S-transferase enzyme (GST) enzyme (Sigma-
Aldrich, Cat. no. G9423), and buffer solutions from the GSH assay 
kit (Abcam, Cat. no. ab138881). ROS levels were measured using 
2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) purchased 
from Sigma-Aldrich (Cat. no. D6883). Total RNA extraction kits 
were purchased from Qiagen (RNeasy Mini Kit, Cat. no. 74106), 
while reverse transcription kits were procured from Thermo Fisher 
Scientific (RevertAid First Strand cDNA Synthesis Kit, Cat. no. 
K1622). Quantitative real-time PCR was performed using SYBR 
Green Master Mix (Applied Biosystems, Cat. no. 4309155) with 
primers designed based on sequences from the National Center 
for Biotechnology Information (NCBI). Diphenylamine (DPA) 
reagent for DNA fragmentation analysis was prepared according to 

a standard protocol using chemical reagents obtained from Sigma-
Aldrich (Cat. no. D8001). All materials and reagents were used 
according to the manufacturer’s instructions and laboratory 
quality standards to ensure the reliability and reproducibility of 
laboratory procedures [13].  

 

TM3 and TM4 cell cultures 

Murine testicular cell lines (TM3 for Leydig cells and TM4 for 
Sertoli cells) were cultured in RPMI 1640 medium supplemented 
with 10% FBS and 1% penicillin-streptomycin antibiotic solution. 
Cultures were maintained in sterile T-flasks under standard cell 
culture conditions at 37 °C in a humidified atmosphere containing 
5% CO₂. Cells were subcultured at approximately 70-80% 
confluency to ensure optimal growth and viability. The medium 
was replaced every 2-3 days. During subculturing, cells were gently 
detached with 0.25% trypsin-EDTA in PBS and reseeded at the 
appropriate density to maintain logarithmic growth. All procedures 
were performed aseptically in a biological safety cabinet to 
prevent contamination. Cell morphology and viability were 
regularly monitored using phase-contrast microscopy to confirm 
epithelium-like traits typical of TM3 and TM4 cells [14].  

 

Assessing the biological activity of taraxasterol  

To quantify the cytotoxic or proliferative effects of taraxasterol 
on testicular cell viability, TM3 and TM4 cells were seeded at a 
density of 15,000 cells/well in sterile 96-well culture plates and 
allowed to adhere for 24 h under standard culture conditions (37 
°C, 5% CO₂). The cells were then treated with serial dilutions of 
taraxasterol at concentrations of 0, 1, 2, 4, 8, 16, 32, and 64 μM 
prepared in complete culture medium and incubated for 24 h. 
Following treatment, 20 µL of MTT reagent (5 mg/mL in PBS) were 
added to each well, and the plates were incubated for 4 h at 37 °C 
to allow metabolically active cells to reduce MTT to insoluble 
formazan crystals. After incubation, the culture supernatant was 
carefully aspirated, and 100 µL of DMSO was added to each well to 
dissolve the formazan crystals. The plates were gently shaken for 
10 minutes to ensure complete dissolution. Absorbance was then 
measured using a microplate spectrophotometer at 570-nm 
wavelength, using a reference wavelength of 630 nm to correct for 
background absorbance. Percent cell viability was calculated 
relative to untreated control cells. All assays were performed in 
triplicate to ensure reproducibility [15].  

 

Nicotine cytotoxicity borderline (half-maximal inhibitory 
concentration, IC50) 

Cells were cultured and maintained at 37 °C in a humidified 
incubator with 5% CO2. Before treatment, cells were seeded in 96-
well plates at a density of 5,000 cells/well and allowed to attach 
and grow for 24 h. Nicotine stock solutions were prepared 
immediately before use and diluted in culture medium to achieve 
nine sequential concentrations: 0, 1, 2, 4, 8, 16, 32, 64, and 128 
μM. After an initial 24-h incubation, the culture medium was 
replaced with medium containing the indicated nicotine 
concentrations. After treatment, cell viability was assessed using 
the MTT assay. Specifically, 20 μL of MTT reagent (5 mg/mL) was 
added to each well, followed by incubation at 37 °C for 4 h to form 
formazan crystals. The supernatant was carefully removed, and 
150 µL of DMSO was added to each well to dissolve the formazan 
crystals. Absorbance was measured at 490 nm using a microplate 
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reader. Absorbance values were normalized to the untreated 
control group (0 µM nicotine) to calculate the percentage of cell 
viability. Each concentration assay was performed in triplicate and 
repeated in three independent experiments. Dose-response curves 
were constructed by plotting nicotine concentration (logarithmic 
scale) against normalized cell viability. The IC50 value was 
calculated using nonlinear regression analysis [15].  

 

Study groups and treatment protocol 

The study comprised four groups, including a control group 
(cells cultured under standard conditions without exposure to 
taraxasterol or nicotine), a nicotine group (cells exposed to 
nicotine at doses of 81.67 μM and 62.64 μM for Leydig and Sertoli 
cells, respectively), a taraxasterol group (cells treated with 
taraxasterol at a dose of 32 μM), and a nicotine + taraxasterol 
group (cells pretreated with taraxasterol followed by exposure to 
nicotine to determine the compound’s potential protective effect 
against nicotine cytotoxicity). 

 

Laboratory study design 

To determine the potential protective effect of taraxasterol in 
mitigating nicotine-induced oxidative damage and apoptosis in 
testicular cell cultures, cells were seeded in 96-well plates and 
allowed to adhere to the substrate under standard culture 

conditions. The cells were then treated with taraxasterol (32 μM) 
for 24 h. Subsequently, the wells were exposed to nicotine at 
concentrations of 81.67 μM and 62.64 μM for Leydig and Sertoli 
cells, respectively. Finally, the cells were harvested, and several 
assays were performed to evaluate the potential protective effect 
of taraxasterol. 

 

Cell viability assessment 

The viability of the TM3 and TM4 cell lines was assessed using 
the MTT assay. Briefly, cells were seeded in 96-well plates at a 
density of 5-15×10³ cells/well and allowed to attach for 24 h under 
standard culture conditions (37 °C, 5% CO₂). After treatment with 
varying concentrations of nicotine and taraxasterol, 20 µL of MTT 
reagent (5 mg/mL in PBS) were added to each well, and the plates 
were incubated for 4 h at 37 °C to allow viable cells to 
metabolically reduce the yellow tetrazolium salt to insoluble 
purple formazan crystals. After incubation, the culture medium 
was carefully removed, and 100-150 µL of DMSO was added to 
each well to dissolve the formazan crystals. The plates were gently 
shaken for 10 min to ensure complete dissolution. Absorbance was 
measured at 570 nm using a reference wavelength of 630 nm by a 
microplate reader to quantify cell viability. Absorbance values 
were normalized relative to untreated control cells to calculate the 
percentage of viable cells [16]. 

 

 

Table 1. The effects of Taraxasterol (after 24 hours of exposure with various concentrations of 0-64 µM) and Nicotine (after 24 hours of exposure with 
various concentrations of 0-128 µM) on viability percentage (via MTT assay) of Sertoli (TM4) and Leydig (TM3) cell lines 

 Drugs Cell lines 
Taraxasterol or Nicotine concentration (µM) 

0 1 2 4 8 16 32 64 128 

Viability 
(%) 

Taraxasterol 
exposure 

Sertoli 
100±3.12 

- 
100±1.18 

NS 
100±2.40 

NS 
100±3.22 

NS 
100±4.02 

NS 
100±1.98 

NS 
100±0.89 

NS 
89±3.12 

↓ p<0.001 
NA 

Leydig 
100±4.10 

- 
100±3.23 

NS 
100±1.83 

NS 
100±4.39 

NS 
100±2.34 

NS 
100±3.23 

NS 
100±4.02 

NS 
92±2.71 

↓ p<0.001 
NA 

Nicotine 
exposure 

Sertoli 
100±2.54 

- 
91±4.02 

↓ p<0.005 
89±3.82 

↓ p<0.001 
80±5.01 

↓ p<0.001 
66±5.92 

↓ p<0.001 
60±2.13 

↓ p<0.001 
52±5.89 

↓ p<0.001 
41±0.23 

↓ p<0.001 
36±1.92 

↓ p<0.001 

Leydig 
100±2.54 

- 
95±6.38 

↓ p<0.05 
90±3.35 

↓ p<0.05 
83±4.51 

↓ p<0.001 
78±2.91 

↓ p<0.001 
72±5.32 

↓ p<0.001 
65±4.33 

↓ p<0.001 
51±2.01 

↓ p<0.001 
40±2.28 

↓ p<0.001 

NS indicates not significant changes, and ↓or ↑ indicates significant (p<0.05) changes compared to the control group. Concentration of 128 µM is not 
applicable (NA) for Taraxasterol. 

 

Table 2. Relative expression of steroidogenic and antioxidant enzyme genes in four groups of Control, Taraxasterol, Nicotine, and Nicotine + Taraxasterol  

 Genes Cells 
Study Groups 

Control Taraxasterol Nicotine Nicotine + Taraxasterol 

Steroidogenic 
Genes 

3β-HSD 
Leydig 1 1.84±0.05 ƈ 0.67±0.02 ƈ 1.33±0.03 Ťŋ 

Sertoli 1 1.56±0.03 ƈ 0.66±0.04 ƈ 1.13±0.10 Ťŋ 

17β-HSD 
Leydig 1 1.67±0.06 ƈ 0.65±0.02 ƈ 1.35±0.04 Ťŋ 

Sertoli 1 1.70±0.07 ƈ 0.61±0.02 ƈ 1.30±0.11 Ťŋ 

StAR 
Leydig 1 2.03±0.06 ƈ 0.61±0.01 ƈ 1.46±0.04 Ťŋ 

Sertoli 1 1.91±0.81 ƈ 0.63±0.01 ƈ 1.33±0.32 Ťŋ 

Antioxidant 
Enzyme Genes 

SOD1 
Leydig 1 2.32±0.45 ƈ 0.18±0.01 ƈ 0.82±0.01 Ťŋ 
Sertoli 1 4.42±0.98 ƈ 0.70±0.12 ƈ 2.29±0.91 ƈŤŋ 

SOD2 
Leydig 1 1.67±0.03 ƈ 0.04±0.01 ƈ 1.45±0.04 Ťŋ 
Sertoli 1 3.24±1.04 ƈ 0.72±0.20 ƈ 2.34±0.71 ƈŤŋ 

SOD3 
Leydig 1 3.49±1.81 ƈ 0.78±0.02 ƈ 1.03±0.33 Ťŋ 
Sertoli 1 1.55±0.43 ƈ 0.93±0.21 ƈ 2.45±0.27 ƈŤŋ 

GPx1 
Leydig 1 2.79±0.15 ƈ 0.23±0.03 ƈ 1.20±0.03 Ťŋ 
Sertoli 1 3.09±1.01 ƈ 0.67±0.06 ƈ 2.98±0.77 ƈŤŋ 

The gene expression was assessed in two cell types of Leydig and Sertoli following 24 hours of exposure to Taraxasterol and Nicotine. Ƈ, Ť, and ŋ respectively 
represent significant (p<0.05) changes than the Control, Taraxasterol, and Nicotine groups. 
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Figure 1. The effects of Taraxasterol on levels of cell viability, MDA, GSH, ROS, and apoptosis following cytotoxicity induced by nicotine exposure in both 
Leydig and Sertoli cell lines. All levels were represented as a percentage (%). *** indicates significant changes (p<0.001). White, green, red, and gray 
columns respectively refer to Control, Taraxasterol, Nicotine, and Nicotine + Taraxasterol groups. MDA: Malondialdehyde, GSH: Glutathione, and ROS: 
Reactive Oxygen Species. 

 

MDA level measurement 

Quantification of MDA, a biomarker of lipid peroxidation and 
oxidative stress, was performed using a commercially available 
MDA assay kit. Biological samples were prepared and placed in a 
96-well microplate according to proper standards and controls. 
The assay is based on the reaction of MDA with thiobarbituric acid 
(TBA) to form a colored MDA-TBA adduct that exhibits a specific 
absorption peak. After sample incubation and reaction 
progression, absorbance was measured spectrophotometrically at 
532 nm. MDA concentration was then calculated by interpolation 
from a standard curve constructed using known MDA 

concentrations. All samples and standards were analyzed in 
duplicate to ensure accuracy and reproducibility [17]. 

 

GSH level measurement 

Cells were washed three times with PBS to remove residual 
culture medium and centrifuged at 1,500 rpm for 5 min. Cell 
pellets were lysed with 150 µLof 1X lysis buffer and vortexed. The 
lysates were incubated on ice for 15 min to facilitate protein 
solubilization. Samples were then centrifuged at 16,000 g (10 min, 
4 °C) to pellet cellular debris, and the supernatant containing 
soluble intracellular components was collected for analysis. For 
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GSH analysis, 5 µL of cell extract was dispensed into individual 
wells of a 96-well microplate, and 87.5 µL of buffer solution was 
added to each well. Standard curves were prepared in separate 
wells using reduced GSH standards at concentrations ranging from 
0 to 10 nM. These standards were prepared by diluting a 1 mM 
GSH stock solution to final volumes of 1.3, 2.5, 5, and 10 µL/well, 
for a total volume of 92.5 µL. To initiate the enzymatic reaction, 5 
µL of GST was added to all wells, including both samples and 
standards. Then, 2.5 µL of substrate solution was added, and the 
plate was incubated at 37 °C. Fluorescence intensity was measured 
using a microplate reader with excitation and emission 
wavelengths set to 360 nm and 485 nm, respectively. The 
concentration of reduced GSH in each sample was determined 
using a standard curve, with all measurements performed in 
duplicate to ensure reliability and accuracy [17].  

 

Measurement of ROS-derived molecules 

Cells were cultured in 96-well plates with black walls to 
minimize background fluorescence and allowed to adhere to the 
substrate before treatment. After the treatment period, the 
culture medium was removed, and the cells were gently washed 
with PBS to remove residual medium and unattached cells. Then, 
100 µL of DCFH-DA diluted in fresh culture medium was added to 
the wells. The plates were incubated for 1 h at 37 °C in a 
humidified atmosphere to allow cellular uptake and intracellular 
deacetylation of DCFH-DA by esterase to the nonfluorescent 
compound DCFH. In the presence of intracellular ROS, DCFH was 
oxidized to the highly fluorescent dichlorofluorescein (DCF), which 
emitted fluorescence detectable at an excitation wavelength of 
485 nm and an emission wavelength of 530 nm. Fluorescence 
intensity was measured using a fluorescence microplate reader. 
Fluorescence values obtained from untreated control wells were 
normalized to 1, and ROS levels in laboratory samples were 
expressed relative to the control [18].  

 

Gene expression analysis 

For RNA extraction, 1×10⁶ cells were placed in each well of 6-
well plates. After treatment, cells were quickly harvested and 
immediately snap-frozen in liquid nitrogen to preserve RNA 
integrity. Total RNA was isolated using a commercial RNA isolation 
kit. RNA quality was assessed by agarose gel electrophoresis. The 
concentration and purity of RNA samples were determined 
spectrophotometrically by measuring the absorbance ratio at 
260/280 nm and 230/260 nm using a NanoDrop 
spectrophotometer. Complementary DNA (cDNA) was synthesized 
from high-quality RNA using a reverse transcription kit according 
to the manufacturer’s instructions. The concentration and quality 
of the synthesized cDNA were verified using a NanoDrop 
spectrophotometer to ensure suitability for further applications. 
For quantitative PCR, the sequences of the target genes and the 
endogenous β-actin control (F: TACTGAGCTGCGTTTTACACC, R: 
TCCTGAGTCAAAAGCGCCAA) were retrieved from the NCBI 
database. Primers specific to these genes were designed using 
Gene Runner software and verified via NCBI BLAST to ensure 
specificity. Quantitative real-time PCR was performed using SYBR 
Green Master Mix in triplicate for each sample to ensure 
reproducibility. Relative quantification of gene expression levels 
(fold change) was performed using the comparative Ct method (2-

ΔΔCt), normalizing SORT1 expression relative to glyceraldehyde-3-
phosphate dehydrogenase. The genes were categorized into two 

groups of steroidogenic and antioxidant enzyme genes. The former 
included 3β-HSD (F: AGATAATCCTGAATGGCAACGA, R: 
TTTGCCCGTACAACCGAGA), 17β-HSD (F: 
TGGGTGCTGTGTTGGATGTGTGGCA, R: CAGTACACTTCGTGG), and 
StAR (F: TGCCTTAAATATCTCTAGCTC, R: 
TGCGTATCCTTCTGTGAGCC). The latter encompassed glutathione 
peroxidase 1 (GPx1) (F: ACAGTCCACCGTGTATGCC, R: 
CGTTCATCTCGGTGTAGTCCC), and the following superoxide 
dismutases (SOD): SOD1 (F: AAGCGGTGAACCAGTTGT, R: 
CCGGGCCACCAGTGTTCTTA), SOD2 (F: 
AGGAGAGTTGCTGGAGGCTA, R: TAGTAAGCGTGCTCCCACAC) and 
SOD3 (F: GAGAAGATAGGCGCAGCCGA, R: 
GAGAACCAAGCGCGTGATCT) [7].  

 

Assessing DNA fragmentation rate (apoptosis)  

Apoptosis was quantified by measuring the percentage of 
fragmented DNA using the DPA staining assay [19]. After 
laboratory treatments, 5×10⁶ cells were suspended in 
tris(hydroxymethyl)methylamino propanesulfonic acid-
ethylenediaminetetraacetic acid (tris-EDTA-TAPS) buffer and 
centrifuged at 20,000 g for 10 min at 4 °C to separate intact 
chromatin (pellet) from fragmented DNA (supernatant). The 
supernatant containing fragmented DNA was carefully transferred 
to new microtubes (sample A). The pellet was resuspended in 1 mL 
of tris-EDTA-TAPS buffer and mixed with 1 mL of 25% 
trichloroacetic acid (TCA), then incubated overnight at 4 °C to 
precipitate DNA. After incubation, the samples were centrifuged 
again, and 160 μL of 5% TCA was added to each pellet to facilitate 
DNA hydrolysis. The samples were then heated at 90 °C for 15 
minutes to cleave the DNA. After cooling, 320 μL of freshly 
prepared DPA reagent was added to each tube, and the samples 
were incubated at 37 °C for 4 h to develop a colorimetric reaction 
proportional to DNA fragmentation (sample B). Absorbance 
readings for samples A and B were measured at 600 nm using a 
spectrophotometer. The percentage of DNA fragmentation was 
calculated using the obtained absorbance values, providing a 
quantitative estimate of apoptotic DNA cleavage in the cell 
population, including DNA fragmentation (%) = 
[OD660(A)/OD660(B) − OD660(A)] × 100 [20].  

 

Data analysis 

Statistical analyses were conducted using SPSS software (v.19). 
One-way analysis of variance (ANOVA) was employed to compare 
differences among multiple groups, followed by Tukey’s post-hoc 
test for pairwise comparisons. Data are presented as mean ± 
standard deviation (SD). Statistical significance was determined at 
an appropriate p-value threshold (p<0.05), and all analyses met 
standard parametric assumptions [21].  

 

Results 

Bioactivity and IC50 assessment 

The effects of varying concentrations of taraxasterol and 
nicotine on the viability of TM3 Leydig cells and TM4 Sertoli cells 
were assessed after 24-h exposure using the MTT assay. In Sertoli 
cells, taraxasterol treatment at concentrations up to 32 μM 
showed no significant effect on viability vs. the control, while a 
significant decrease was observed at 64 μM (89±3.12%, p<0.001), 
indicating potential cytotoxicity at high doses. Similarly, Leydig 
cells were not statistically significantly affected by taraxasterol at 
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concentrations up to 32 μM, but viability was significantly reduced 
to 92±2.71% at 64 μM (p<0.001). Nicotine exposure caused a dose-
dependent, significant decrease in cell viability in both cell lines: 
we observed a progressive reduction in Sertoli cell counts from 
91±4.02% at 1 μM (p<0.005) to 36±1.92% at 128 μM (p<0.001), as 
well as in Leydig cells from 95±6.38% at 1 μM (p<0.05) to 
40±2.28% at 128 μM (p<0.001). IC50 values were calculated as 
81.67±5.34 μM for TM3 Leydig cells and 62.64±2.55 μM for TM4 
Sertoli cells, indicating similar susceptibility of these cell types to 
nicotine cytotoxicity (Table 1).  

 

Effect of taraxasterol on cell viability after nicotine exposure  

Results of the cell viability study showed that nicotine 
exposure significantly reduced viability in both Leydig (TM3) and 
Sertoli (TM4) cells, with its values falling from 100% in the control 
group to 57% and 59%, respectively. In contrast, taraxasterol 
treatment increased cell viability to approximately 116% in TM3 
cells and 120% in TM4 cells. Combined treatment with nicotine 
and taraxasterol restored cell viability to 87% in Leydig cells and 
92% in Sertoli cells. These data demonstrate that taraxasterol 
exerts a potent cytoprotective effect, effectively compensating for 
the 30-35% loss of viability caused by nicotine toxicity 
(***p<0.001), and highlight its ability to maintain testicular cell 
survival under toxic conditions (Figure 1). 

 

Effect of taraxasterol on MDA levels after nicotine exposure 

Oxidative stress analysis revealed that MDA levels, a marker of 
lipid peroxidation, significantly increased in TM3 and TM4 cells 
treated with nicotine (by 187% and 216%, respectively, relative to 
control). Taraxasterol alone had only a modest effect (110% of 
control for TM3 and 101% for TM4), while the nicotine + 
taraxasterol group restored MDA levels to 145% (Leydig cells) and 
159% (Sertoli cells). Therefore, taraxasterol significantly reduced 
nicotine-induced lipid peroxidation by approximately 42% (Leydig 
cells) and 57% (Sertoli cells) vs. nicotine alone, thereby confirming 
its antioxidant capacity (Figure 1).  

 

Effect of taraxasterol on GSH levels after nicotine exposure  

Quantification of intracellular GSH levels revealed significant 
depletion after nicotine exposure: GSH levels decreased to 43% 
and 48% of control levels in Leydig and Sertoli cells, respectively. 
Taraxasterol increased GSH levels by 135% (Leydig cells) and 138% 
(Sertoli cells), while co-administration of nicotine restored GSH 
levels to values close to baseline (98% and 93%, respectively). 
These findings confirm that taraxasterol replenishes cellular 
antioxidant defenses and counteracts the oxidative stress caused 
by nicotine toxicity (Figure 1). 

 

Effect of taraxasterol on ROS levels after nicotine exposure 

ROS levels increased sharply under nicotine exposure, reaching 
245% of control levels in Leydig cells and 294% in Sertoli cells. 
Taraxasterol alone reduced ROS levels by 86% (Leydig cells) and 
80% (Sertoli cells), while the combination treatment group showed 
an intermediate reduction (173% in Leydig cells, 171% in Sertoli 
cells). This significant reduction indicates that taraxasterol 
significantly mitigates nicotine-induced oxidative stress and helps 
maintain cellular redox balance (Figure 1). 

 

Effect of taraxasterol on apoptosis levels after nicotine 
exposure 

Nicotine exposure sharply increased DNA fragmentation, 
which triggers apoptosis, reaching 37% (Leydig cells) and 26% 
(Sertoli cells) vs. a baseline level of approximately 4-5%. 
Taraxasterol-treated cells maintained low levels of apoptosis (5% 
in Leydig cells, 4% in Sertoli cells), while taraxasterol-treated cells 
showed a marked reduction in apoptosis (19% in Leydig cells, 12% 
in Sertoli cells). This confirms the antiapoptotic and protective 
effects of taraxasterol against nicotine-induced cell death in both 
testicular cell types (Figure 1). 

 

Effect of taraxasterol on the expression of steroidogenic 
genes (3β-HSD, 17β-HSD, and StAR) after nicotine exposure  

After 24 h of exposure, the relative expression of steroidogenic 
and antioxidant enzyme genes exhibited significant changes in 
both Leydig (TM3) and Sertoli (TM4) cells across the experimental 
groups. In the steroidogenic gene category, nicotine exposure 
significantly reduced the expression of 3β-HSD, 17β-HSD, and StAR 
in both cell types (p<0.05), reaching 0.67±0.02, 0.65±0.02, and 
0.61±0.01 in TM3 cells and 0.66±0.04, 0.61±0.02, and 0.63±0.01 in 
TM4 cells vs. the control group. In contrast, treatment with 
taraxasterol alone significantly upregulated these genes, with 
expression levels increasing to 1.84±0.05, 1.67±0.06, and 
2.03±0.06 in TM3 cells and to 1.56±0.03, 1.70±0.07, and 1.91±0.81 
in TM4 cells (p<0.05). In cells pretreated with taraxasterol before 
nicotine exposure, a partial restoration of gene expression was 
observed, yielding intermediate values (1.33±0.03-1.46±0.04 in 
TM3 and 1.13±0.10-1.33±0.32 in TM4, p<0.05 vs. the nicotine-
treated group), indicating a protective effect of taraxasterol 
against the suppression of steroidogenic pathways by nicotine. 
Analysis of antioxidant enzyme genes revealed a similar pattern. 
Nicotine caused a substantial downregulation of SOD1, SOD2, 
SOD3, and GPx1 in both Leydig and Sertoli cells (p<0.05), while 
taraxasterol treatment resulted in a marked increase in 
expression, especially in TM4 cells, where SOD1 and GPx1 showed 
an increase of 4.42±0.98 and 3.09±1.01 times, respectively. In the 
group receiving combined treatment with nicotine and 
taraxasterol, gene expression values were significantly higher than 
in the group receiving nicotine alone, indicating a reduction in 
oxidative stress. For instance, SOD1 and GPx1 levels in Leydig cells 
increased from 0.18±0.01 and 0.23±0.03 in the nicotine-treated 
group to 0.82±0.01 and 1.20±0.03 after taraxasterol pretreatment. 
Similarly, in Sertoli cells, SOD gene expression increased to 
2.34±0.71-2.98±0.77 (p<0.05 vs. nicotine). Overall, these results 
indicate that nicotine significantly suppresses the expression of 
steroidogenic and antioxidant defense genes, leading to potential 
cytotoxic and oxidative effects in testicular cells, while taraxasterol 
administration not only enhances the baseline expression of these 
genes but also exerts significant cytoprotective and restorative 
effects against the nicotine-induced transcriptional decline (Table 
2).  

 

Effect of taraxasterol on the expression of antioxidant 
enzymes (SOD1, SOD2, SOD3, and GPx1) after nicotine exposure 

Concerning antioxidant enzyme genes, nicotine significantly 
suppressed the expression of SOD1, SOD2, SOD3, and GPx1 in 
Leydig and Sertoli cells vs. the control group (p<0.05), consistent 
with impaired cellular defenses caused by oxidative stress. 
Conversely, taraxasterol alone significantly increased the 
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transcription levels of these antioxidant enzymes (p<0.05), 
indicating enhanced antioxidant capacity. Furthermore, cells 
treated with nicotine and taraxasterol exhibited a significant 
increase in antioxidant gene expression, compared with nicotine-
only treated cells (p<0.05), thereby suggesting that taraxasterol 
attenuates nicotine-induced oxidative damage by restoring 
antioxidant enzyme expression (Table 2). 

 

Discussion 

This study provided valuable insights into the protective 
effects of taraxasterol against nicotine cytotoxicity in Leydig (TM3) 
and Sertoli (TM4) cells, which are critical for maintaining male 
reproductive health. Given the widespread availability of nicotine 
and its documented detrimental effects on testicular function, 
identifying compounds that can mitigate this damage is essential 
for the development of potential therapeutic interventions. Our 
results demonstrated that taraxasterol plays a significant 
cytoprotective role by improving cell viability, reducing oxidative 
stress markers, and attenuating apoptosis in nicotine-exposed 
testicular cells. Specifically, taraxasterol alone was nontoxic to 
both cell types at low concentrations. In addition to maintaining 
cell viability, taraxasterol significantly reduced lipid peroxidation, 
as evidenced by decreased MDA levels, replenishment of 
intracellular GSH concentrations, and a reduction in intracellular 
ROS accumulation, thereby restoring the redox balance disrupted 
by nicotine. Importantly, taraxasterol also mitigated nicotine-
induced apoptotic cell death, highlighting its potential to preserve 
testicular cell integrity. At the molecular level, key steroidogenic 
genes required for testosterone biosynthesis (including 3β-HSD, 
17β-HSD, and StAR) were downregulated by nicotine and 
effectively upregulated by taraxasterol, indicating restoration of 
steroidogenic capacity. Similarly, the gene expression of 
antioxidant enzymes (SOD1, SOD2, SOD3, and GPx1) was impaired 
by nicotine but significantly restored by taraxasterol treatment, 
thereby highlighting its role in strengthening the antioxidant 
defense system.  

In the present study, the cytotoxic effects of taraxasterol and 
nicotine were determined by the half-maximal IC50 using the MTT 
assay. Taraxasterol at concentrations up to 32 μM showed no 
significant toxicity in Sertoli and Leydig cells, maintaining cell 
viability at levels similar to control values, which was consistent 
with previously reported nontoxic doses of plant triterpenoids in 
similar testicular cell models [11]. However, at a concentration of 
64 μM, taraxasterol caused a significant decrease in viability, 
indicating potential cytotoxicity at elevated concentrations, which 
was consistent with the known dose-dependent cytotoxicity 
thresholds observed for related phytochemicals. Nicotine 
exposure showed a clear dose-dependent cytotoxic effect on 
Leydig and Sertoli cells, highlighting the slightly higher sensitivity 
of Sertoli cells to nicotine toxicity. These results confirm previous 
studies illustrating the ability of nicotine to impair testicular cell 
viability through mechanisms involving oxidative stress and 
mitochondrial dysfunction [22]. Comparable IC50 values of Leydig 
and Sertoli cells suggest common pathways of susceptibility to 
nicotine cytotoxicity in the testicular microenvironment, thereby 
highlighting the key role of nicotine in compromising reproductive 
cell integrity. Mechanistically, nicotine’s toxic effects are 
associated with excessive ROS generation, depletion of 
endogenous antioxidants, and subsequent triggering of apoptotic 
cascades. The lack of cytotoxicity in taraxasterol at therapeutic 

concentrations confirms its suitability as a safe agent for 
modulating oxidative damage. Its cytoprotective potential is likely 
due to its ability to scavenge free radicals and enhance antioxidant 
defenses, as demonstrated in other models of oxidative damage 
[23]. Taken together, the IC50 assessment confirms the 
therapeutic range of taraxasterol and provides a basis for studying 
its protective mechanisms against nicotine-induced cellular 
damage in the male reproductive system.  

Furthermore, both the control and taraxasterol-treated groups 
exhibited relatively high viability, indicating that taraxasterol alone 
does not negatively affect cell survival. In contrast, nicotine 
significantly reduced cell viability to approximately 50% in Leydig 
cells and 48% in Sertoli cells, illustrating its pronounced cytotoxic 
effects, consistent with previous reports linking nicotine toxicity to 
oxidative damage and mitochondrial dysfunction in testicular cells 
[24]. Notably, treatment with nicotine and taraxasterol 
significantly reduced cytotoxicity, restoring viability to 
approximately 80% in Leydig cells and 67% in Sertoli cells, 
confirming the protective role of taraxasterol in mitigating 
nicotine-induced damage. This finding is consistent with studies 
showing that natural triterpenoids can enhance cellular 
antioxidant defenses and inhibit apoptotic pathways, thereby 
suggesting that taraxasterol exerts its effects by reducing oxidative 
stress and maintaining mitochondrial integrity [25]. 
Mechanistically, taraxasterol’s antioxidant properties likely reduce 
ROS accumulation, stabilize cell membranes, and prevent 
apoptosis, thus maintaining cell viability despite nicotine exposure. 
These results support the results of previous studies 
demonstrating that phytochemicals can counteract the 
detrimental effects of nicotine on reproductive cells. For example, 
similar protective effects have been observed with compounds 
such as resveratrol and astaxanthin, which both mitigate oxidative 
stress and improve viability in nicotine-treated testicular models 
[26]. Differences in recovery rates between Leydig and Sertoli cells 
may reflect inherent differences in their susceptibility to oxidative 
damage and response to taraxasterol, requiring further 
investigation into their mechanisms of action. Taken together, our 
results highlight the potential of taraxasterol as a promising 
cytoprotective agent capable of preserving testicular cell function 
under nicotine exposure, providing insight into therapeutic 
strategies for nicotine-induced reproductive toxicity. 

Lipid peroxidation is a critical indicator of oxidative damage in 
cells, with MDA serving as an established biomarker for this 
process. In the context of nicotine-induced cytotoxicity in Leydig 
(TM3) and Sertoli (TM4) cells, MDA levels were significantly 
elevated, indicating increased oxidative stress and cell membrane 
damage. Our study revealed that nicotine exposure resulted in an 
approximately twofold increase in MDA compared with the control 
and taraxasterol-only groups, confirming the potent prooxidant 
effects of nicotine. The latter was consistent with previous reports 
demonstrating the ability of nicotine to induce oxidative damage 
in testicular tissue. Notably, taraxasterol treatment significantly 
reduced MDA accumulation by approximately 30–35%, 
highlighting its antioxidant efficacy in mitigating lipid peroxidation. 
This reduction aligns with similar studies documenting the 
outstanding free radical scavenging properties of taraxasterol and 
its ability to preserve cell membrane integrity under oxidative 
stress [27]. The observed protective mechanism of taraxasterol 
likely involves modulation of endogenous antioxidant systems and 
direct suppression of ROS formation. By enhancing antioxidant 
enzyme activity and maintaining GSH levels, taraxasterol reduces 
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the availability of substrates for lipid peroxidation, thereby 
inhibiting MDA formation. Such antioxidant effect is supported by 
data demonstrating a role for taraxasterol in activating the nuclear 
factor erythroid 2-related factor 2 (Nrf2)/antioxidant response 
element (ARE) pathway, which regulates cellular redox 
homeostasis and confers resistance to oxidative stress-induced 
apoptosis [28]. Collectively, these findings not only support 
previous studies of natural compounds that mitigate nicotine-
induced reproductive toxicity but also highlight the therapeutic 
potential of taraxasterol in maintaining testicular cell integrity via 
attenuating oxidative stress-induced lipid damage. 

Intracellular GSH plays a key role as the main antioxidant 
protecting cells from oxidative damage, and its depletion is closely 
associated with increased susceptibility to oxidative stress and 
cellular damage [29]. In this study, nicotine exposure caused a 
marked and statistically significant decrease in GSH levels in both 
Leydig and Sertoli cells to approximately 50% of control values, 
highlighting the detrimental effects of nicotine on cellular redox 
balance. These results are consistent with previous reports 
demonstrating that nicotine induces oxidative stress by excessively 
consuming cellular antioxidants, particularly GSH, thereby 
impairing cellular defense mechanisms [30]. In contrast, treatment 
with taraxasterol alone increased GSH concentrations above 
baseline values, indicating its intrinsic ability to enhance 
antioxidant status in testicular cells. This finding is consistent with 
previous studies highlighting the antioxidant potential of 
taraxasterol and related pentacyclic triterpenes in enhancing the 
activity of endogenous antioxidant systems, including the GSH 
synthesis pathway [31]. Importantly, simultaneous administration 
of taraxasterol and nicotine resulted in a significant restoration of 
GSH levels to nearly 90% of control concentrations, demonstrating 
its ability to replenish antioxidant stores depleted by nicotine-
induced oxidative damage. The underlying mechanisms of this 
protective effect are likely related to taraxasterol’s ability to 
modulate key antioxidant regulatory pathways, such as activation 
of the Nrf2 signaling cascade, which mediates transcriptional 
activation of GSH biosynthetic and recycling enzymes [32]. 
Moreover, taraxasterol may exert an indirect antioxidant effect by 
attenuating ROS formation, thereby reducing GSH consumption 
and maintaining redox homeostasis. These mechanistic findings 
are supported by parallel studies of similar phytochemicals, which 
have been shown to counteract toxin-induced oxidative stress 
through GSH modulation in reproductive tissues [33]. 

Elevated intracellular ROS levels represent a central 
mechanism underlying the cytotoxic effects of nicotine on 
testicular cells, contributing to oxidative stress-mediated cell 
damage. Our results showed that nicotine exposure led to a nearly 
threefold increase in ROS production in both Leydig (TM3) and 
Sertoli (TM4) cell lines, highlighting the oxidative stress imposed 
by nicotine. Notably, treatment with taraxasterol alone 
significantly reduced ROS levels vs. the control group, which is 
consistent with its established antioxidant properties reported in 
previous phytochemical studies [34]. This strong inhibition of ROS 
formation suggests that taraxasterol actively neutralizes free 
radicals or enhances endogenous antioxidant defenses. 
Importantly, treatment with nicotine and taraxasterol significantly 
suppressed ROS accumulation by approximately 30-40% vs. cells 
treated with nicotine alone, indicating a substantial reduction in 
nicotine-induced oxidative stress. These observations support 
similar reports in which taraxasterol and related pentacyclic 
triterpenoids modulated oxidative stress biomarkers by inducing 

activation of the Nrf2 pathway and increasing the activity of 
antioxidant enzymes such as SOD and GSH peroxidase. By 
restoring redox homeostasis, taraxasterol likely prevents the 
subsequent pathological consequences of excess ROS, including 
lipid peroxidation, DNA damage, and apoptosis in reproductive 
tissues. Taken together, these data support the potential of 
taraxasterol as a natural antioxidant capable of protecting 
testicular cells from nicotine-induced oxidative damage, both 
through direct free radical scavenging and by enhancing cellular 
antioxidant systems [35]. 

This study clearly demonstrated the effect of taraxasterol on 
apoptosis after the cytotoxic effect of nicotine, providing 
important insights into its cytoprotective mechanism in Leydig 
(TM3) and Sertoli (TM4) cells. Quantitative DNA fragmentation 
analysis revealed negligible apoptosis in the control and 
taraxasterol-only groups, confirming minimal basal cell death in 
the absence of toxic exposure. However, nicotine exposure causes 
a significant increase in apoptosis, with its level reaching nearly 
50% in both cell types, reflecting the known proapoptotic and 
cytotoxic effects of nicotine, which have been consistently 
observed in previous studies. The significant reduction in apoptosis 
to approximately 30% after combination treatment with nicotine 
and taraxasterol highlights the potent antiapoptotic capacity of 
taraxasterol, which is consistent with previous findings where 
triterpenoids exerted protective effects by modulating cell death 
pathways. This protective effect is likely mediated by the inhibition 
of mitochondria-dependent apoptotic signaling, including reduced 
caspase activation and preservation of mitochondrial membrane 
potential, as supported by mechanistic studies of taraxasterol and 
structurally related compounds. Furthermore, the antioxidant 
properties of taraxasterol contribute to its antiapoptotic effects by 
reducing oxidative stress, the latter being a major trigger of 
apoptosis in nicotine-induced testicular toxicity [36]. By 
significantly reducing ROS accumulation and lipid peroxidation, as 
demonstrated by decreased intracellular ROS and MDA levels, 
taraxasterol restores redox homeostasis, thereby preventing 
oxidative DNA damage that leads to programmed cell death. Taken 
together, these data suggest that taraxasterol’s dual ability to 
stabilize mitochondrial function and enhance the cellular 
antioxidant defense system provides a potent cytoprotective 
effect against nicotine-induced apoptosis. This study adds to the 
growing evidence that taraxasterol is a promising candidate for 
intervention in nicotine-induced male reproductive toxicity and 
associated oxidative damage.  

This study highlights a critical aspect of nicotine-induced 
reproductive toxicity, viz., its detrimental effects on key 
steroidogenic genes in testicular Leydig and Sertoli cells, which are 
essential for steroid hormone biosynthesis. Consistent with 
previous studies demonstrating the ability of nicotine to impair 
steroidogenesis by downregulating enzymes such as 3β-HSD, 17β-
HSD, and StAR, our findings demonstrate significant suppression of 
these gene expression upon nicotine exposure in both cell lines. 
This suppression likely contributes to impaired testosterone 
synthesis and testicular dysfunction, confirming the findings of 
Nabi et al. (2017), who reported similar reductions in 
steroidogenic enzymes in nicotine toxicity [37]. Importantly, 
taraxasterol treatment significantly upregulated the expression of 
these genes vs. their control levels, suggesting not only a reversal 
of the inhibitory effect of nicotine but also a potential stimulatory 
role in steroidogenesis. This is consistent with previous studies on 
triterpenoids, where taraxasterol-related compounds have been 
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shown to promote steroidogenic activity through modulation of 
intracellular signaling pathways associated with hormone 
synthesis [38]. The protective effects of taraxasterol against 
nicotine-induced steroidogenesis impairment were further 
confirmed by the partial restoration of the expression of these 
enzymes in treated cells. Mechanistically, the anti-inflammatory 
and antioxidant properties of taraxasterol may attenuate oxidative 
stress and cytokine-mediated transcriptional suppression of 
steroidogenic genes. By reducing ROS accumulation and 
inflammatory signaling cascades triggered by nicotine, taraxasterol 
likely preserves the transcriptional machinery critical for 
steroidogenesis. This hypothesis is supported by additional data 
from studies of natural compounds such as resveratrol and 
curcumin, which exert similar protective effects on steroidogenic 
genes through restoration of redox balance and inhibition of the 
NF-κB pathway [39].  

The present study demonstrated that nicotine exposure 
significantly suppresses the expression of key antioxidant enzyme 
genes, including SOD1, SOD2, SOD3, and GPx1, in both Leydig 
(TM3) and Sertoli (TM4) cells vs. untreated controls, reflecting 
impaired cellular antioxidant defenses induced by oxidative stress. 
This observation is closely consistent with previous studies 
indicating that nicotine promotes oxidative damage by suppressing 
the activity of critical antioxidant enzymes, thereby exacerbating 
ROS accumulation and cellular dysfunction [40]. In contrast, 
taraxasterol treatment alone significantly upregulates the 
transcriptional levels of these antioxidant genes, consistent with 
its known antioxidant and cytoprotective properties observed in 
natural compounds with phytochemical activity [41]. Importantly, 
cells treated with nicotine and taraxasterol demonstrated a 
significant restoration of antioxidant gene expression compared to 
nicotine treatment alone, indicating that taraxasterol effectively 
mitigates nicotine-induced oxidative stress by restoring 
antioxidant defense mechanisms. Mechanistically, increased 
expression of SOD1, SOD2, and SOD3 (superoxide dismutases 
responsible for catalyzing the dismutation of superoxide radicals 
into hydrogen peroxide), coupled with increased expression of 
GPx1, which promotes hydrogen peroxide reduction, reflects a 
comprehensive improvement in cellular redox homeostasis. 
Taraxasterol’s bioactive compounds likely activate the Nrf2-ARE 
signaling pathway, which regulates the expression of these 
antioxidant enzymes, thereby enhancing the cell’s ability to 
detoxify ROS and prevent oxidative damage. These data support 
existing literature that natural phytochemicals exert protective 
effects against environmental toxicants through modulation of 
oxidative signaling pathways [42].  

Our study highlighted the central role of the Nrf2 signaling 
pathway in mediating the cytoprotective effects of taraxasterol. 
The marked activation of antioxidant genes (particularly SOD1 and 
GPx1) in taraxasterol-treated groups, even in the absence of 
nicotine, strongly suggests that activation of the Nrf2 pathway is a 
fundamental mechanism underlying the protective effect of 
taraxasterol [11]. This transcription factor, when activated, 
dissociates from its cytoplasmic inhibitor Kelch-like ECH-associated 
protein 1 (Keap1), translocates to the nucleus, and binds to AREs 
in the promoter regions of target genes, thereby inducing a potent 
antioxidant response, including enhanced synthesis of phase II 
detoxification enzymes and key antioxidant molecules such as 
heme oxygenase-1 (HO-1) and GPx family members. Our 
experimental data are consistent with this paradigm. Increased 
basal expression of SOD1 and GPx1 reflects a taraxasterol-

enhanced antioxidant environment that prepares cells by 
significantly reducing ROS accumulation and subsequent oxidative 
damage, as evidenced by lower MDA levels and preservation of 
intracellular glutathione (GSH) [31]. The biological consequences 
of this redox homeostasis are multifaceted: reduced oxidative 
stress attenuates apoptosis (as evidenced by reduced DNA 
fragmentation) and promotes the restoration of expression of 
steroidogenic genes critical for Leydig and Sertoli cell function. 
These mechanistic data are strongly consistent with previous 
pharmacological studies demonstrating taraxasterol-mediated 
activation of the Nrf2 pathway in various experimental models, 
including neuronal, hepatic, and cardiac tissues, where 
taraxasterol promotes nuclear Nrf2 accumulation and 
transcriptional activation of antioxidant genes to promote 
cytoprotection and limit inflammatory responses. Therefore, it is 
plausible, even compelling, to hypothesize that the primary 
mechanism of taraxasterol’s action in mitigating nicotine toxicity is 
through activation of the Nrf2 pathway, which orchestrates a 
coordinated program of cellular defense. This unified mechanism 
elegantly explains the parallel upregulation of antioxidant gene 
expression, reduction in ROS and lipid peroxidation, GSH 
preservation, suppression of apoptosis, and normalization of 
steroidogenesis observed in our Leydig and Sertoli cell models. 
Integration of this hypothesis into the discussion provides a 
compelling conceptual framework linking molecular, biochemical, 
and functional data and significantly strengthens the scientific 
narrative [43].  

 

Limitations of the Study and Implications for Future Research 

Despite the significant results demonstrating the 
cytoprotective effect of taraxasterol against nicotine toxicity in 
Leydig (TM3) and Sertoli (TM4) cells, several limitations of this 
study should be noted. First, the study was conducted exclusively 
in vitro, limiting the direct extrapolation of the results to in vivo 
systems where complex physiological interactions occur. The 
systemic toxicity and metabolism of nicotine, as well as the 
bioavailability and pharmacokinetics of taraxasterol, may differ 
significantly in animal models or in humans compared to cell 
culture conditions. Furthermore, this study focused on two 
testicular cell lines representing Leydig and Sertoli cells and did not 
examine the effects on germ cells or the broader testicular 
microenvironment, which are critical for healthy reproductive 
function.  

Future studies should expand molecular investigations, 
including proteomic and transcriptomic profiling, to elucidate the 
detailed pathways involved in taraxasterol-mediated 
cytoprotection. 

 

Conclusion 

This study demonstrated that taraxasterol exerts significant 
cytoprotective effects against nicotine toxicity in Leydig (TM3) and 
Sertoli (TM4) cell lines. Importantly, taraxasterol treatment 
significantly attenuates the cytotoxic effects of nicotine, increases 
cell viability, and restores redox balance, as evidenced by 
decreased MDA and ROS levels, along with replenished GSH 
content. Furthermore, taraxasterol mitigates nicotine-induced 
apoptosis and reverses the downregulation of key steroidogenic 
and antioxidant enzyme genes, highlighting its multifaceted 
protective mechanisms. Overall, these results support the 
potential of taraxasterol as a therapeutic agent to mitigate 
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nicotine-associated testicular toxicity by enhancing cellular 
antioxidant defense and preserving steroidogenic function, which 
requires further in vivo and clinical studies. 
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