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A B S T R A C T

An increasing body of evidence indicates that exposure to widespread, environmental and food contaminants 
such as mycotoxins may cause endocrine disorders and infertility. Deoxynivalenol (DON), which is a toxic 
secondary metabolite produced by Fusarium fungi, can lead to multiple harmful effects in humans and animals, 
such as hepatotoxicity, nephrotoxicity, immunotoxicity, gastrointestinal toxicity, neurotoxicity, genetic toxicity 
and carcinogenicity. Recently, there has been growing concern about DON-induced male infertility. Exposure to 
DON and its metabolites can damage the structure and function of male reproductive organs, resulting in 
impairment of gametogenesis and thus impaired fertility. Potential molecular mechanisms involve oxidative 
stress, inflammatory response, mitochondrial dysfunction, apoptosis, cell cycle arrest, pyroptosis, and ferroptosis. 
Moreover, several signaling pathways, including nuclear factor-kappa B, mitogen− activated protein kinase, NLR 
family pyrin domain containing 3, nuclear factor erythroid 2-related factor 2, AMP-activated protein kinase, 
mitochondrial apoptotic pathways, and microRNAs are involved in these detrimental biological processes. 
Research has shown that several antioxidants, small-molecule inhibitors, or proteins (such as lactoferrin) sup
plementation can potentially offer protective effects by targeting these signaling pathways. This review 
comprehensively summarizes the harmful effects of DON exposure on male reproductive function in mammals, 
the underlying molecular mechanisms and emphasizes the potential of several small molecules as protective 
therapeutics. In the further, the systematic risk assessment when DON at environmental exposure doses to human 
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reproductive health, the in-depth and precise molecular mechanism investigation using emerging technologies, 
and the development of more effective intervention strategies warrant urgent investigation.

1. Introduction

Currently, there are around 48 million couples and 186 million in
dividuals globally suffering from infertility (Rodprasert et al. 2023). The 
World Health Organization (WHO) has classified infertility as a major 
global public health issue. Of note, male related fertility issues constitute 
approximately 40–––50 % of all infertility cases, and as many as 2 % of 
men globally have sub-optimal sperm parameters (Kumar and Singh 
2015). Epidemiological and experimental studies have revealed corre
lations between diminished male fertility and exposure to diverse 
environmental chemical hazards, such as heavy metals, cigarette smoke, 
microplastics (e.g., polystyrene, polycarbonate, polypropylene, poly
ethylen, polyethylene terephthalate, polymethacrylate, polyvinyl chlo
ride, and polyurethane), plasticizers (e.g., di (2-ethylhexyl) phthalate, 
mono (2-ethylhexyl) phthalate, and bisphenol A), persistent organic 
pollutants (e.g., polychlorinated biphenyls and organochlorine pesti
cides), and mycotoxins (Han and Huang 2021; Vessa et al. 2022; Yang 
et al. 2024a; Yilmaz et al. 2020; Zurub et al. 2023). Recent studies also 
suggested that biological factors, such as viruses or bacterial infections 
are emerging factors for infertility (Delli Muti et al. 2022; Wang et al. 
2021).

Mycotoxins are toxic secondary metabolites generated by filamen
tous fungi, including Fusarium, Penicillium, and Aspergillus, and can cause 
serious diseases in humans and animals (Dai et al. 2024). To date, nearly 
500 natural mycotoxins have been recognized, among which 30 myco
toxins such as ochratoxins (OTs), aflatoxins (AFTs), fumonisins (FMNs), 
deoxynivalenol (DON), and ochratoxin A (OTA), and patulin are posing 
significant risks to humans and animals due to higher occurrences in 
food and crops worldwide (Dai et al. 2022; Eskola et al. 2020; Li et al. 
2017b). Due to global warming, the problem of mycotoxin pollution is 
becoming increasingly problematic, also due to the increased vehicles 
(such as Ready-to-Eat Food and organic dust) and the discovery of new 
types of mycotoxin (such as versicolorin A, beauvericin, and tenuazonic 
acid, and moniliformin) for human exposure (Budin et al. 2021; Carballo 
et al. 2018a; Carballo et al. 2018b; Křížová et al. 2021; Medina et al. 
2017; Visintin et al. 2023; Ye et al. 2023a). The contamination rate of 
mycotoxins has increased from 25 % in the 1980 s to 60–80 % to date, or 
even higher in certain developing regions, but is expected to affect 
within 2030 the north Europe and, in general, the western countries 
(Eskola et al. 2020; Hao et al. 2023; Xu et al. 2022). Mycotoxins 
commonly enter the diet of animals and humans via the ecological food 

chain (Dai et al. 2024; Khan et al. 2024). Some mycotoxins can cause 
acute death in animals and humans, and even cause cancer through the 
chronic and sub-chronic exposures. For example, the T-2 toxin are 
extremely toxic and can induce acute death in animals (Dai et al. 2019). 
AFTs that occur naturally are classified as human Group 1 carcinogens 
and OTs and FMNs are classified as possible human Group 2B carcino
gens by the International Agency for Research on Cancer, WHO 
(Omotayo et al. 2019). An expanding body of evidence indicates that 
exposure to mycotoxins is a significant risk factor contributing to male 
fertility (Kumar and Singh 2015; Pang et al. 2016; Yang et al. 2024a). 
Population cohort studies have provided demonstratable proof that 
environmental exposure to mycotoxins such as AFB1, beauvericin, and 
citrinin are positively correlated with low semen quality in adult men 
(Ibeh et al. 1994; Yang et al. 2024a). So, it follows, mycotoxin 
contamination in food and the environment, including indoor air 
pollution, poses significant challenges to global public health and safety.

DON, often referred to as vomitoxin, is a noxious secondary metab
olite generated by Fusarium fungi, particularly F. graminearum which 
infects field crops (Fig. 1). DON contamination of crops including corn, 
wheat, and barley is common in the North American and Asia− Pacific 
region (Holanda and Kim 2021; Knutsen et al. 2017; Yao and Long 
2020). For instance, a global report dated January− June 2023 reported 
that the contamination rates of DON in samples from China, Southeast 
Asia, Oceania, and North America were approximately 83 %, 65 %, 65 
%, and 78 %, respectively (dsm-firmenich World Mycotoxin Survey, 
2023). Moreover, DON has been found in many processed grain derived 
products such as beer and soy sauce, as well as in primary animal 
products (i.e., eggs, meat, and milk) (Knutsen et al. 2017; Yao and Long 
2020). Worryingly, DON has been shown to accumulate in human breast 
milk with a median level of 3924 ng/L (ranged from 400− 14997 ng/L), 
which exceeds the defined risk threshold (i.e., the maximum tolerable 
daily intake limit is 1 µg/kg/body weight) established by the Joint Food 
and Agricultural Organization/World Health Organization (WHO) and 
the Expert Committee on Food Additives (Dinleyici et al. 2018; Gonya 
et al. 2024; Mishra et al. 2020). Epidemiological investigations have 
shown that elevated levels of mycotoxins, including DON, in breast milk 
are strongly associated with maternal dietary intake of mycotoxin- 
contaminated livestock-derived products (e.g., meat, milk, eggs) and 
grain-based foods (e.g., barley, sorghum, corn, wheat, and rye), as well 
as environmental exposure (Dinleyici et al. 2018; Güneş et al. 2023). 
Additionally, maternal physiological factors, such as immature 

Fig. 1. The chemical structures of deoxynivalenol (i.e., 3α,7α,15-trihydroxy-12,13-epoxymonospora-9-ene-8-one) (a) and its metabolite deepoxy-DON (b).
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mammary barrier function and genetic polymorphisms in detoxification 
enzymes (e.g., cytochrome P450 enzymes and glutathione S-trans
ferases) governing mycotoxin metabolism, significantly contribute to 
interindividual variability in toxin accumulation (Bernasconi et al. 
2022; Lehmann et al. 2018). For example, Sun et al. demonstrated that 
lactational DON exposure increased blood-milk barrier permeability by 
reducing the expression of ZO-1 and occludin and inducting cell 
apoptosis (Sun et al. 2023). It is particularly concerning because, even at 
relatively low concentrations, exposure to DON can still trigger the 
aforementioned adverse effects (Feng et al. 2024; Liu et al. 2024; Pierron 
et al. 2018; Pierron et al. 2016; Szabó et al. 2017; Wang et al. 2020; Yang 
et al. 2014; Zhang et al. 2020). Several systematic reviews and epide
miological studies suggested that DON exposure is related to numerous 
chronic diseases, including immunosuppressive diseases, cancer, tera
togenic diseases, neurodegenerative disorders, chronic liver disease and 
cardiovascular disease (Claeys et al. 2020; Pestka 2010; Pestka and 
Smolinski 2005; Wang et al. 2014).

Recent research indicates that exposure to DON can lead to strong 
reproductive toxicity both in vivo and in vitro (Eze et al. 2018; Guerrero- 
Netro et al. 2021; Hai et al. 2023; Ruan et al. 2024b; Seyed Toutounchi 
et al. 2021; Song and Zhang 2021; Sprando et al. 2005; Sun et al. 2022; 
Sun et al. 2024; Tassis et al. 2022; Tassis et al. 2020; Urbanek et al. 2021; 
Yang et al. 2024b; Yang et al. 2023). For instance, in a rat model, oral 
DON exposure at 0.15 or 2.3 mg/kg of body weight daily for three weeks 
(i.e., twenty-one days), resulted in a significant decline in testicular 
function (Ruan et al. 2024b). Another study showed that when DON was 
administered orally at 0.5, 1 or 5 mg/kg of body weight daily for twenty- 
eight days, a marked decrease in sperm count was observed (Sprando 
et al. 2005). Cao et. al., reported that oral treatment with DON at 1.2, 
2.4, and 4.8 mg/kg of body weight for twenty-eight days caused path
ological damage to the sperm ultrastructure and seminiferous tubules, 
which was accompanied by a marked inflammatory response (Cao et al. 
2020). The mechanism through which DON and its metabolites (such as 
deepoxy-DON) cause male reproductive toxicity is complex and context 
dependent (Cao et al. 2020; Guerrero-Netro et al. 2021; Yang et al. 
2019). It has been well-documented that the mechanisms of DON− in
duced male reproductive toxicity in mammals involves several com
pounding factors including oxidative stress, inflammatory responses, 
mitochondrial dysfunction, cell cycle arrest, apoptosis, pyroptosis, and 
ferroptosis (Cao et al. 2021; Cao et al. 2020; Huang et al. 2021a; Khera 
et al. 1984; Pestka 2010; Ruan et al. 2024b; Sprando et al. 2005; 
Urbanek et al. 2021; Yang et al. 2024b; Yang et al. 2019; Yang et al. 
2023). In this review, we cover the most pivotal articles on the male 
reproductive toxicity of DON and its metabolite (i.e., deepoxy- DON; 
Fig. 1) from the PubMed, Web of Science databases, and Scopus pub
lished between January 1, 1980, and November 1, 2024. For the liter
ature search, the keyword combinations used included: deoxynivalenol 
(or DON) or deepoxy-deoxynivalenol (or deepoxy-DON), and male 
reproductive toxicity (or male infertility, or endocrine disorders). We 
summarize the harmful effects of DON exposure on the endocrine 
function and reproductive organs of male mammals (both in human and 
animals and, through in vivo and in vitro studies), the molecular mech
anisms, and potential protective agents. These findings offer crucial 
evidence for preventing, controlling, and treating the reproductive 
toxicity caused by DON exposure. This review can provide valuable 
evidences, perspectives and encourage further research towards devel
oping effective strategies for preventing, controlling, and treating DON 
− induced reproductive toxicity in male mammalian species.

2. An overview of DON exposure-related effects on male 
fertility, blood-testis barrier (BBB), reproductive organs, and 
sperm quality

The testis is a sophisticated reproductive organ with two key func
tional sub-structures, the seminiferous tubules and the interstitial tissue 
where Leydig cells are situated (Hau et al. 2023; Zhang et al. 2024c). The 

seminiferous tubules are surrounded by basement membranes, and 
compartmentalize peritubular myoid cells, Sertoli cells, spermatogonia 
stem cells, and spermatogonia at various stages of maturation (Hau et al. 
2023). The development of spermatozoa from spermatogonia demands a 
coordinated interaction among the abovementioned cells. Any disrup
tion in these intermediate procedures or intercellular regulations can 
have an impact on the reproductive functions of the testis. Currently, 
male fertility is in decline worldwide, largely because of sub-standard 
sperm quality (Skakkebæk et al. 2022). It has been reported that DON 
exposure can induce blood-testis barrier (BBB) disruption, cause damage 
of reproductive organs, and decrease the sperm quality, finally resulting 
in the decreased reproductive ability, even infertility in males in vitro 
and in vivo (Cao et al. 2020; Huang et al. 2021b; Li et al. 2023; Lin et al. 
2022b; Miao et al. 2023; Yang et al. 2023; Zhang et al. 2024d). Table 1
shows a summary of DON exposure-related detrimental effects on 
reproductive organs of male mammals and effects on cultured cell lines.

2.1. Toxic effects of DON on BBB

The BTB is a critical structure in the male reproductive system, pri
marily formed by Sertoli cells, which create a protected environment for 
the development of germ cells. It plays a vital role in maintaining the 
homeostasis of the seminiferous epithelium and protecting developing 
germ cells from xenobiotic exposure. Damage to BBB barrier would 
allow the toxin to further infiltrate testicular tissue, leading to abnormal 
histopathological changes in both testicular and epididymal tissues, 
eventually causing a decrease in sperm quantity and quality (Cao et al. 
2020; Li et al. 2023; Miao et al. 2023; Yang et al. 2023).

Animal studies have revealed that the exposure to DON can severely 
damage the integrity of the blood-testis barrier (Cao et al. 2020; Li et al. 
2023; Yang et al. 2023). Cao et al demonstrated that DON exposure 
− induced damage to the BBB is positively associated with the down- 
regulation of several essential tight junction proteins such as connexin 
43 (Cx-43), zona occludens 1 (ZO-1), occludin, and N-cadherin using a 
mouse model (Cao et al. 2020). Similar findings were also reported that 
by Miao et. al. (Miao et al. 2023). Moreover, a special inhibitor of p38 
signaling pathway SB203580 pretreatment can markedly block the 
DON-induced integrity destruction of BBB via reducing the expression of 
ZO-1, occludin, and claudin-11 proteins (Miao et al. 2023). Further
more, it was demonstrated that DON-induced BTB dysfunction is 
partially reliant on the activation of p38/glycogen synthase kinase 3 
beta (gSK-3β)/snail and p38/ATF-2/myosin light chain kinase (MLCK) 
signaling pathways (Miao et al. 2023). Sertoli cells, recognized as the 
primary supportive cells for spermatogenic development and core 
functional components of BBB (Yang et al. 2021), have been shown to 
suffer DON-induced toxicity that may contribute to BTB disruption. A 
study using primary Sertoli cells from Equus asinus demonstrated that 72 
h’ exposure to 10 or 30 μM DON induces dysregulation of multiple 
cellular pathways, including small molecule metabolism, immune re
sponses, DNA processing, and cell cycle regulation. This exposure 
notably exacerbated apoptotic and inflammatory responses, as evi
denced by elevated expression levels of caspase-1 (an apoptosis exec
utor), gasdermin D (GSDMD; a pyroptosis marker), and CCL17 (a pro- 
inflammatory chemokine) (Song and Zhang 2021). A prior case report 
suggested that the exposure of mycotoxin mixture containing DON in 
pregnant cows might lead to Sertoli cell tumors in the neonatal calf, 
which may be partly due to their mutagenic effects (Vissiennon et al. 
2016). Additionally, DON-mediated alterations in apical junction and 
immune function may also contribute to its impacts on the function of 
BBB (Li et al. 2023).

2.2. Toxic effects of DON on reproductive organs and sperm quality

Experimental animal studies have consistently demonstrated that 
DON exposure induces reproductive toxicity through structural damage 
to testicular and epididymal tissues, ultimately impairing 
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Table 1 
A summary of DON exposure-related detrimental effects on reproductive organs 
of male mammals and effects on cultured cell lines.

Animals/cell line Doses and times Toxic Effects References

Mice DON treatment at 
150 and 2300 μg/ 
kg body weight 
per via the oral 
administration per 
day for 3 weeks

DON caused 
abscission of 
spermatogenic cells, 
disturbances in the 
arrangement of 
testicular cells, and 
occurrence of 
erythrocytes and 
inflammatory cells 
within the testicular 
interstitial tissue. 
DON treatment 
caused marked 
cellular apoptosis in 
the testis tissues of 
mice. DON exposure 
also significantly 
decreased the 
testosterone levels 
and concomitantly 
increased the levels 
of FSH and LH in 
serum.

(Ruan et al. 
2024b)

Male 
Sprague–Dawley 
rats

Rats were treated 
orally with DON at 
the doses of 0.5, 
1.0, 2.5 or 5.0 mg/ 
kg body weight 
per days for 28 
days

DON exposure at the 
dose of 5 mg/kg body 
weight significantly 
decreased the body 
weight, relative 
weight of epididymis, 
testicular spermatid 
counts, and cauda 
epididymal sperm 
counts. DON 
treatment 
significantly 
upregulated the 
levels of FHS, LH and 
downregulated the 
levels of testosterone. 
Histopathological 
damage in the 
testicular tissues was 
observed: 
seminiferous tubule 
atrophy, germ cell 
degeneration, failure 
of sperm release, 
abnormal germ cell 
development, 
multinucleate cell 
formation, fluid 
build-up in 
interstitial space, 
boundary layer in 
folded, anomalous 
cell types in 
interstitial space, and 
Leydig cell 
vacuolization.

(Sprando 
et al. 2005)

Mice Mice were treated 
orally with DON at 
doses of 0.5, 1.0, 
and 2.0 mg/kg 
body weight per 
day for 28 days

DON treatment 
significantly 
decreased the body 
weight, and 
significantly 
decreased serum 
testosterone levels, 
and caused marked 
testicular injury. It 
also disturbed the 
blood-testis barrier, i. 
e., significantly 
decreased the levels 
of N-cadherin, 

(Yang et al. 
2023)

Table 1 (continued )

Animals/cell line Doses and times Toxic Effects References

β-catenin, ZO-1, 
occludin, and 
connexin 43 proteins 
in the testis tissues of 
mice. Additionally, 
DON exposure also 
triggered ferroptosis 
and oxidative 
damage.

Newborn rats 
(postnatal 21 day)

Rats were orally 
administrated 
DON (0–4 mg/kg) 
from postnatal 
days 21–28.

DON treatment 
significantly 
upregulated the 
serum LH level but 
significantly 
decreased the serum 
testosterone level. It 
also inhibited the 
development of 
Progenitor Leydig 
cell and inhibited the 
expression of 
SCARB1, STAR, 
CYP17A1, HSD11B1, 
and INSL3 mRNAs 
and the expression of 
HSD11B1 and INSL3 
proteins in the testis 
tissues of rats.

(Yang et al. 
2024b)

Mice Mice were 
administered 
orally with DON at 
1.2, 2.4, or 4.8 
mg/kg body 
weight per day for 
28 days

DON treatment 
induced 
spermatogenesis 
disorder, reflected by 
the declines of sperm 
concentration and 
quality, sperm 
ultrastructural 
damage as well as 
seminiferous tubular 
damage. Meanwhile, 
DON treatment also 
decreased the 
expressions of 
occludin, connexin 
43 and N-cadherin 
proteins, indicating 
the disorders of 
blood-testis barrier. 
DON also triggered 
the inflammatory 
response and 
inhibited the 
biosynthesis of 
testosterone in the 
testis of mice.

(Cao et al. 
2020)

TM3 cells Cells were treated 
with DON at doses 
of 10–150 ng/mL 
for 24 h

DON treatment at 
doses of 10–150 ng/ 
mL induced 
cytotoxicity in a 
dose-dependent 
manner. It also 
significantly 
decreased the levels 
of GSH and CAT 
activities and 
significantly 
increased the 
intracellular ROS and 
MDA levels. DON 
treatment at doses of 
75 or 125 ng/mL 
significantly 
increased the 
expression of NLRP3, 
ASC, cleaved- 
caspase-1, GSDMD, 
IL-18, and IL-1β 

(Ruan et al. 
2024b)

(continued on next page)
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spermatogenesis and compromising sperm quality parameters. It has 
been reported that various doses of DON treatment (i.e., 1.2, 2.4, and 
4.8 mg/kg body weight daily for 28 days) could significantly decrease 
the relative weight of testicular tissues, sperm concentration, and sperm 
viability in mice, and the rates of abnormal sperm morphology were also 
significantly increased (Cao et al. 2020). In another study, it reported 
that DON treatment at 150 and 2300 μg/kg body weight per via the oral 
administration per day for 3 weeks caused markedly abscission of 
spermatogenic cells, disturbances in the arrangement of testicular cells, 
and occurrence of erythrocytes and inflammatory cells within the 
testicular interstitium of mice (Ruan et al. 2024b). Similarly, in a rat 
model, DON treatment via the oral administration at the doses of 0.5, 
1.0, 2.5 or 5.0 mg/kg body weight per days for 28 days significantly 
decreased the body weight, relative weight of epididymis, testicular 
spermatid counts, and cauda epididymal sperm counts (Sprando et al. 
2005). DON treatment significantly upregulated the levels of FHS, LH 
and downregulated the levels of testosterone with various histopatho
logical damage of testicular tissues, such as seminiferous tubule atrophy, 
germ cell degeneration, failure of sperm release, abnormal germ cell 
development, multinucleate cell formation, fluid build-up in interstitial 
space, boundary layer in folded, anomalous cell types in interstitial 
space, and Leydig cell vacuolization (Sprando et al. 2005). Additionally, 
studies have also shown that DON exposure can trigger programmed cell 
death pathways in testicular tissues, such as pyroptosis, apoptosis, and 
ferroptosis (Hai et al. 2023; Ruan et al. 2024b; Yang et al. 2024b; Yang 
et al. 2023).

In vitro, the treatment of boar spermatids with DON at 50.6 μM in 
vitro for 1–––4 h considerably raised the sperm abnormality rate (for 
example, immotile spermatozoa and a reduction in progressive motile 
spermatozoa) and changes sperm morphology (head abnormalities) 
(Tassis et al. 2020). Similarly, 60 μL aliquots (about 20 million sperm) 
isolated from frozen semen of five 5 to 7 years old Holstein bulls were 
treated with de-epoxy-DON at doses of 10 or 100 ng/mL for 2, 4, 6, 8, 
and 10 h resulted in a significant decrease in the sperm motility and 
strength in both dose- and time-dependent manners (Guerrero-Netro 
et al. 2021). Several studies indicated that the exposure to DON and its 
derivative de-epoxy-DON can damage germ cells, Sertoli cells, and 
Leydig cells (Guerrero-Netro et al. 2021; Tassis et al. 2020). For 
example, in TM3 cells (a proliferating mouse Leydig cell line), DON 
treatment at doses of 10–150 ng/mL for 24 h induced cytotoxicity in a 
dose-dependent manner, significantly decreased the levels of GSH and 
CAT activities, significantly increased the intracellular ROS and MDA 
levels, significantly increased the expression of NLRP3, ASC, cleaved- 
caspase-1, GSDMD, IL-18, and IL-1β levels, and finally resulting in 
cellular pyroptosis (Ruan et al. 2024b). Similarly, in porcine primary 

Table 1 (continued )

Animals/cell line Doses and times Toxic Effects References

levels, finally 
resulting in cellular 
pyroptosis.

Porcine primary 
Leydig cells 

Cells were treated 
with DON at 
0.125–8 μM for 24 
h

DON alone treatment 
at 0.3–––4.8 μM 
resulted in the loss of 
cell viabilities in a 
dose-dependent 
manner. The co- 
treatment of DON (at 
0.6 μM) and ZEN (at 
20 μM) for 24 h 
significantly induced 
oxidative stress, 
mitochondrial 
dysfunction, cell 
cycle arrest, and the 
activation of the 
mitochondrial 
apoptotic pathway.

(Sun et al. 
2022)

Porcine primary 
Sertoli cells

DON alone 
treatment at doses 
of 0.3–4.8 μM or 
combination with 
ZEN at 10–50 μM 
for 24 h

DON alone treatment 
at 0.3–4.8 μM 
resulted in the loss of 
cell viabilities in a 
dose-dependent 
manner. The co– 
treatment of DON (at 
0.6 μM) and ZEN (at 
20 μM) for 24 h 
significantly induced 
oxidative stress, 
mitochondrial 
dysfunction, cell 
cycle arrect, and the 
activation of 
mitochondrial 
apoptotic pathway, 
finally triggering cell 
apoptosis.

(Cao et al. 
2021)

Five random straws 
of frozen semen 
from five Holstein 
bulls of 5 to 7 
years old

60 μL aliquots 
(about 20 million 
sperm) were 
treated with de- 
epoxy-DON at 
doses of 10 or 100 
ng/mL for 2, 4, 6, 
8, and 10 h

De-epoxy-DON 
treatment 
significantly 
decreased the sperm 
motility and strength 
in both dose- and 
time-dependent 
manners.

(Guerrero- 
Netro et al. 
2021)

Semen samples 
from active boars

Semen samples 
were added with 
DON or de-epoxy- 
DON at both 50.6 
μM for 1–4 h

DON negatively 
affected several 
parameters, such as 
immotile 
spermatozoa and 
progressive motile 
spermatozoa, 
whereas those effects 
were absent in the 
case of de-epoxy- 
DON treatment.

(Tassis et al. 
2022)

Primary Sertoli cells 
of Equus asinus

Cells were treated 
DON at 10 or 30 
μM for 72 h

DON exposure 
induced apoptosis. 
DON-induced 
different genes were 
enriched in the small 
molecular metabolic 
process, immune 
system process, DNA 
metabolic processes, 
and cell cycle 
pathways. DON 
treatment also 
significantly 
promoted 
inflammation, which 
was evident by the 
increased expression 

(Song and 
Zhang 
2021)

Table 1 (continued )

Animals/cell line Doses and times Toxic Effects References

of caspase-1 and 
GSDMD, and CCL17.

MA-10 mouse 
Leydig tumor 
cells 

Cells were treated 
with DON at 0.1, 
0.25, 0.5, 1, and 2 
μM for 24 h

DON induced cell 
death in a dose 
− dependent manner 
with the production 
of excessive ROS. 
DON treatment 
significantly 
inhibited forskolin- 
induced the 
expression of STAR 
and NR4A1 mRNAs 
and the progesterone 
secretion. DON 
treatment also 
significantly 
inhibited ZEN- 
induced expression of 
STAR.

(Savard 
et al. 2016)
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Leydig cells, DON alone treatment at 0.3–––4.8 μM resulted in the loss of 
cell viabilities in a dose-dependent manner and DON (at 0.6 μM) and 
ZEN (at 20 μM) co-treatment markedly induced oxidative stress, mito
chondrial dysfunction, cell cycle arrest, and the activation of the mito
chondrial apoptotic pathway (Cao et al. 2021).

3. Effects of DON exposure on the hypothalamic- 
pituitary–gonadal axis

Endocrine disorders constitute one of the most compounding factors 
contributing to male infertility. The hormones produced via the hypo
thalamic− pituitary− gonadal (HPG) axis-mediated process is essential 
for maintaining endocrine balance. The HPG axis is regulated at multiple 
levels, including the brain and pituitary gland. This regulation enables 
either the stimulation or the suppression of gonadal sex steroid secretion 
and associated functions. Any imbalance of the HPG axis often results in 
reproductive issues (Acevedo-Rodriguez et al. 2018; Dwyer and Hayes 
2019). Gonadotropin− releasing hormone (GnRH) which is secreted by 
the hypothalamus, mediates the secretion of pituitary gonadotropins LH 
and FSH. LH and FSH ultimately act on testicular Leydig cells, endocrine 
cells, and Sertoli cells, thereby maintaining optimal spermatogenesis 
(Oduwole et al. 2021). Recently, Cai et. al., showed that even μM levels 
of DON down− regulated GnRH− induced expression of luteinizing 
hormone subunit beta (LDB), which is a crucial gene encoding the beta 
subunit of LH; and secondly, inhibited the production of LH in an 
immortalized gonadotrope− like cell line (i.e., LβT2 cells) (Cai et al. 
2024). Furthermore, DON specifically inhibits GnRH-induced phos
phorylation of extracellular regulated protein kinase (Erk) (Oduwole 
et al. 2021). Erk signaling is known to mediate the GnRH effects on the 
transcription of LH and FSH (Caunt et al. 2006). This suggests that DON 
can directly impede GnRH− mediated Erk activation, which in turn 
down-regulates the production of LH (Clarke and Ottinger 1987). 
However, experimental animal studies found that DON exposure 
significantly increased the levels of LH and FSH levels in the serum 
samples of male mice or rats (Ruan et al. 2024b; Sprando et al. 2005). 
Generally, LH regulates the production of testosterone by Leydig cells of 
the testis; this regulation was found to be positively associated in AFB1 
treated rodents (Hassanein et al. 2024; Owumi et al. 2022; Supriya et al. 
2014). Specially, unlike AFB1, it has been reported that there are 
opposing effects between LH (or FSH) and the levels of testosterone in 
the serum samples of DON-treated animals (Cao et al. 2020; Ruan et al. 
2024b; Sprando et al. 2005; Yang et al. 2024b). For example, Ruan et. 
al., found that DON exposure at 0.15 or 2.3 mg/kg body weight per day 
for 21 days could significantly increase the levels of FSH and LH but 
significantly decrease the levels of testosterone in the serum samples of 
mice (Ruan et al. 2024b). Similarly, Sprando et. al., found that DON 
exposure at the dose of 5 mg/kg body weight via the oral administration 
for 28 days significantly increased the levels of FSH (increased from 
4.07 ng/mL to 7.15 ng/mL) and LH (increased from 0.92 ng/mL to 1.71 
ng/mL), but significantly downregulated the levels of testosterone 
(decreased from 0.82 ng/mL to 0.34 ng/mL)(Sprando et al. 2005). The 
decreased testicular testosterone levels resulted in incomplete sper
matogenesis (Lei et al. 2004). Collectively, these studies imply that DON 
may directly influence intracellular testosterone synthesis and this effect 
is not entirely dependent on its upstream effects of LH secretion.

It is well-known that the key precursor of testosterone, cholesterol is 
initially transported into the cytoplasm by scavenger receptor class B 
member 1 (SCARB1), and then further transferred into the mitochon
drial inner membrane by steroidogenic acute regulatory protein (STAR) 
in testicular Leydig cells (Scotto Rosato et al. 2019; Zhang et al. 2024a). 
The internalized cholesterol is then converted to pregnenolone by cy
tochrome P450 family 11 subfamily A member 1 (CYP11A1), and then 
into testosterone via a series of androgen synthases such as CYP17A1, 
hydroxy delta 5 steroid dehydrogenase, 3 beta (HSD3B), 1 (HSD3B1), 
and 17B1 (HSD17B1) in the smooth endoplasmic reticulum (Scotto 
Rosato et al. 2019; Zhang et al. 2024a). Cao et. al., employed a mouse 

model to show that that oral administration of DON at doses of 1.2, 2.4, 
and 4.8 mg/kg body weight per day for twenty eight days down
− regulated the expression of CYP11A1, CYP17A1, and HSD17B1 
mRNAs in the testes of the treated animals in a dose− dependent manner 
(Cao et al. 2020). Similarly, Yang et. al., found that DON exposure 
through oral administration at doses of 1, 2, and 4 mg/kg body weight 
per day for seven days significantly down− regulated the expression of 
SCARB1, STAR, CYP17A1, HSD11B1, and INSI3 mRNAs in the testes of 
rats (Yang et al. 2024b). Sun et. al., reported that DON treatment at a 
dose of 2.5 μM (the 50 % inhibitory concentration on cell viability) for 
24 h significantly down− regulated the expression of STAR and HSD3B 
proteins but did not change the expression of CYP11A1 protein in iso
lated primary porcine Leydig cells (Sun et al. 2022). Ndossi et. al., 
showed that exposure of cultured H295R human adenocarcinoma cells 
to even low levels of DON (i.e., at 100 ng/mL) significantly reduced the 
levels of testosterone and its metabolite estradiol, but did not affect the 
levels of progesterone and cortisol (Ndossi et al. 2012). The authors of 
this study went further to show that DON treatment perturbed the 
mRNA expression levels of the testosterone biosynthetic and catabolism- 
related genes (i.e., CYP1A1 and CYP21, CYP17, HSD3B2, CYP11B2, and 
CYP11B1 were significantly upregulated; and the expression of hydroxy- 
methyl-glutaryl CoA reductase, CYP19, nuclear receptor 4A1 were 
significantly downregulated) (Ndossi et al. 2012). In another study, it 
shown that DON exposure can produce differential effects on the 
expression of genes related to steroidogenesis in various human prostate 
cancer cell lines (e.g., PNT1A, PC− 3, DU− 145, and LNCaP cells). For 
example, exposure of prostatic adenocarcinoma PC-3 cells to DON at 5 
μM significantly down-regulated the expression of STAR, CYP11A1, 
CYP17A1, and CYP19A1 mRNAs and significantly up-regulated the 
expression of HSD17B2 mRNA. Whereas, in prostate adenocarcinoma 
LNCaP cells the same treatment significantly down− regulated the 
expression of CYP19A1 mRNAs and sup-regulated the expression of 
HSD3B2 and CYP17A1 mRNA, but did not affect the expression of 
CYP17A1 mRNA (Urbanek et al. 2021). Consistently, Savard et al., found 
that DON treatment at the dose of 0.1 μM could significantly inhibit 
forskolin (an adenylate cyclase activator) − induced expression of 
NR4A1 and STAR mRNAs, which in turn decreased the production of 
progesterone. Notably, the expression of LH receptor mRNA was upre
gulated in MA-10 mouse Leydig tumor cells (Savard et al. 2016). These 
findings indicate that DON exposure can perturb steroidogenesis via 
inhibition of the cAMP/NR4A1/STAR pathway.

In summary, available evidence suggests that exposure to low levels 
of DON can be detrimental on the HPG axis and lead to disruption of 
steroidogenesis and testosterone biosynthesis. Ultimately, this leads to 
reproductive dysfunction and male infertility (Fig. 2). Additionally, the 
inhibition of testosterone synthesis in Leydig following DON exposure 
might be directly related to the disruption of the SCARB1/STAR/ 
CYP11A1 pathway and the inhibition of cAMP/NR4A1/STAR pathway; 
which appears to be independent of DONs dysregulation of LH and FSH 
levels in the testis tissues of male animals.

4. Molecular mechanisms of DON-induced damage on male 
reproductive organs

Several molecular mechanisms, such as oxidative stress, mitochon
drial dysfunction, apoptosis, cell cycle arrest, ER stress, inflammatory 
response, pyroptosis, and ferroptosis have been implicated (Cao et al. 
2020; Owumi et al. 2023; Owumi et al. 2022; Sun et al. 2022; Supriya 
et al. 2014). A number of signaling pathways are also involved, 
including nuclear factor erythroid 2− related factor 2 (Nrf2), nuclear 
factor− kappa B (NF− κB), p53, phosphatidylinositide 3-kinase (PI3K)/ 
protein kinase B (AKT), mitogen− activated protein kinase (MAPK), 
AMP− activated protein kinase (AMPK), NLR family pyrin domain con
taining 3 (NLRP3), and mitochondrial apoptotic pathways (Cao et al. 
2020; Owumi et al. 2023; Owumi et al. 2022; Song and Zhang 2021; Sun 
et al. 2022; Supriya et al. 2014). The specific molecular mechanisms 
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related to the damage caused by DON exposure in male reproductive 
organs are discussed in the forthcoming sections below.

4.1. Don-induced oxidative stress

Reactive oxygen species (ROS), comprised of various free radicals 
such as hydrogen peroxide (H2O2), superoxide anion (O2•

-), singlet 
oxygen (1O2), and hydroxyl radicals (•OH), play a critical role in cellular 
processes. However, an overproduction of these species can lead to 
significant harm to key intracellular components, including lipids, DNA, 
RNA, and proteins. This detrimental effect is scientifically recognized as 
oxidative stress damage (Chandel 2018; Takalani et al. 2023). Notably, 
oxidative stress has been extensively documented to impair sperm 
quality parameters (e.g., motility, viability, DNA integrity) and 
compromise reproductive function (Agarwal et al. 2012; Bisht and Dada 
2017; Jing et al. 2023; Leite et al. 2022; Takalani et al. 2023; Tiwari 
et al. 2022; Zi et al. 2022).

Several studies reported that DON exposure resulted in excessive 
ROS generation and induced oxidative stress damage in the male 
reproductive system (Cao et al. 2021; Savard et al. 2016; Yang et al. 
2019). Elevated levels of ROS can induce structural damage to cellular 
membranes through phospholipid peroxidation with the accumulation 
of malondialdehyde (MDA), a key biomarker of oxidative lipid degra
dation (Chandel 2018; Takalani et al. 2023). Notably, Yang et. al., found 
that mice orally administered DON at 2.4 mg/kg body weight daily for 
twenty-eight days significantly increased the levels of ROS and MDA in 
testicular tissues (Yang et al. 2019). Li et. al., reported that DON expo
sure via the diet at 12 mg/kg feed per day for thirty-five days signifi
cantly increased MDA levels in the testicular tissues of mice (Li et al. 
2023). In another study, Ruan et. al., reported DON exposure can 
significantly increase levels of ROS MDA in TM3 cells, and MDA levels in 
the testicular tissues of mice (Ruan et al. 2024b). In addition, multiple 
studies have reported that DON exposure can significantly upregulate 
MDA levels in tissues such as liver, kidney, brain, and intestinal tissues, 
finally inducing lipid peroxidation damage (Li et al. 2022b; Ma et al. 
2022; Wang et al. 2020; Ye et al. 2023b).

Intracellular antioxidant defense systems play a crucial role in 

maintaining cellular homeostasis by neutralizing ROS and preventing 
oxidative damage. These systems are composed of both enzymatic and 
non-enzymatic components that work synergistically to protect cells 
from oxidative stress. Enzymatic antioxidants include superoxide dis
mutases (SOD), catalases (CAT), glutathione reductase (GR), glutathione 
S-transferase (GST), and glutathione peroxidases (GPx), which catalyze 
the conversion of ROS into less harmful molecules (Dai et al. 2019). Non- 
enzymatic antioxidants, such as reduced glutathione (GSH), vitamin C, 
and vitamin E, directly scavenge free radicals and regenerate oxidized 
antioxidants to their active forms (Dai et al. 2024). DON has been re
ported to alter the antioxidant defense system in various target tissues 
and cells via multiple in vivo and in vitro studies (Li et al. 2022b; Ma et al. 
2022; Wang et al. 2020; Yang et al. 2019; Ye et al. 2023b). Animal ex
periments using mouse or rat models showed that the exposure of DON 
via the diet or direct gavage administration can significantly decreased 
the activities of activities of SOD, CAT, and total antioxidant capacity (T- 
AOC), and the MDA levels in the testicular tissues (Li et al. 2023; Ruan 
et al. 2024b; Yang et al. 2019). In vitro studies, the treatment of TM3 
cells (a mouse testicular interstitial cell line) with DON at the dose range 
among 10–150 ng/mL for 24 h can induce a marked decrease of cell 
viability with significant reduction in CAT activities and GSH levels 
(Ruan et al. 2024b). At the same time, GST, and GR activities were found 
to be significantly decreased by DON-treated liver, kidney, and heart 
tissues of rats (Haus et al. 2021). These changes may also contribute to 
DON − induced oxidative stress damage in the testicular tissue, but the 
precise molecular mechanisms still need more investigation. Supple
mentation with N-acetylcysteine (NAC), an aminothiol and synthetic 
precursor of intracellular cysteine and GSH, significantly reduced ROS 
production, effectively alleviating DON− induced lipid peroxidation, 
oxidative damage, and cytotoxicity in TM3 cells and piglets Sertoli cells 
(Cao et al. 2021; Ruan et al. 2024b). Moreover, a recent investigation 
revealed that treatment with DON markedly reduces the expression of 
peroxiredoxin 4 (PRDX4) protein in primary Sertoli cells of Equus asinus 
(Song and Zhang 2021). PRDX4 stands out as the sole secreted antiox
idant enzyme within the peroxidase family, capable of converting H2O2 
into harmless O2 to mitigate oxidative stress. It also plays a pivotal role 
in essential biological processes, including protein folding, DNA repair, 

Fig. 2. Schematic diagram of DON-mediated inhibition of testosterone synthesis in male mammals. DON exposure can induce disruption of steroidogenesis and 
testosterone biosynthesis via disturbing HPG axis. Furthermore, DON exposure-induced the inhibition of testosterone synthesis involves the inhibition of SCARB1/ 
STAR/CYP11A1 and cAMP/NR4A1/STAR pathways. DON, deoxynivalenol; GnRH, gonadotropin− releasing hormone; LH, luteinizing hormone; FSH, follicle−
stimulating hormone; SCARB1, scavenger receptor class B member 1; STAR, steroidogenic acute regulatory protein; CYP11A1, cytochrome P450 family 11 subfamily 
A member 1; CYP17A1, cytochrome P450 family 17 subfamily A member 1; CYP19A1, cytochrome P450 family 19 subfamily A member 1; HSD3B1/2, hydroxy delta 
5 steroid dehydrogenase, 3 beta 1/2; HSD17B1 hydroxy delta 5 steroid dehydrogenase, 17 beta 1.
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inflammatory regulation, and tumor development (Liang et al. 2020). At 
the genetic level, it has been confirmed that overexpression of PRDX4 
gene can significantly ameliorate oxidative stress and cell apoptosis 
induced by T-2 toxin, another trichothecene mycotoxin (Lu et al. 2024). 
These findings suggested DON exposure-induced oxidative stress may be 
partly due to its inhibition of the expression of PRDX4 enzyme.

The Nrf2 signaling pathway plays an important role in reproductive 
function by regulating redox balance and inflammation in testis tissue 
(Smolková et al. 2020; Tossetta et al. 2024). In response to stress, Nrf2 
transcriptional activation-mediated the expression of various down
stream antioxidant genes, including NAD(P)H quinone oxidoreductase-1 
(NQO-1), heme oxygenase 1 (HO-1), GPX, CAT, SOD, and GST genes 
(Patel et al. 2020; Smolková et al. 2020). The Nrf2 pathway is triggered 
by multiple mycotoxins such as AFB1, T-2, and ZEN (Dai et al. 2024; Dai 
et al. 2022; Jin et al. 2024; Li et al. 2024a; Zhang et al. 2018). DON 
exposure of mice significantly downregulated the expression of Nrf2 
protein and mRNA; and the expression of mRNA of its downstream genes 
such as HO-1, NQO-, CAT, and SOD in the testicular tissues (Yang et al. 
2023). In other studies, however; DON treatment significantly upregu
lated the expression of Nrf2 protein and its downstream HO-1 protein in 
TM3 cells, and this change is governed by ROS production (Ruan et al. 
2024b). This indicates a crosstalk between the Nrf2 pathway and 
oxidative stress, and the precise molecular mechanisms still require 
further exploration.

In summary, oxidative stress related damage is an extremely 
important facet of male reproductive toxicity caused by DON exposure. 
The production of ROS can cause oxidative harm to cellular macro
molecules such as lipids, proteins, and DNA, ultimately leading to 
different forms of regulated cell death. As shown in Fig. 3, current evi
dence suggests that the oxidative stress induced by DON is mainly 
attributable to lipid peroxidation, disruption of the body’s antioxidant 
system, inhibition of peroxidase expression, and dysregulation of the 
Nrf2 pathway.

4.2. Mitochondrial dysfunction and mitochondrial apoptotic pathways

Mitochondria are organelles within mammalian cells that govern the 
production of adenosine triphosphate (ATP), the main energy molecule 
(Spinelli and Haigis 2018). Besides generating energy, mitochondria 
perform many other essential tasks which encompass the regulation of 
redox status, ROS production, signaling pathways, and diverse types of 
cell death (Spinelli and Haigis 2018). Additionally, mitochondria can act 
as both producers and targets of ROS (Spinelli and Haigis 2018). In germ 
cells, mitochondria are the most vital organelle for energy production. 
Notably, the link between mitochondrial function and sperm parameters 
has been highlighted in numerous studies (Barbagallo et al. 2020; 
Boguenet et al. 2021). Ruan et. al., utilized a mouse model to demon
strate that DON exposure at 0.15 or 2.3 mg/kg body weight daily for 
twenty-one days severely damaged the mitochondrial ultrastructure in 
Leydig cells (Ruan et al. 2024b). Yang et. al., discovered that there was a 
decline in mitochondrial membrane potential (MMP) upon exposure to 
DON at 2 or 4 μM for 24 h in isolated rat primary Leydig cells (Yang et al. 
2024b). Similarly, Sun et. al., found that treatment with DON at 2.5 μM 
for 24 h significantly reduced the MMP in porcine primary Leydig cells 
(Sun et al. 2022). It is well known that the MMP, which reflects the 
function and energy state of mitochondria, is related to sperm motility 
and viability in mammals (Bonanno et al. 2016). The MMP creates a 
proton gradient that is essential for ATP synthesis. Thus, any decrease in 
MMP can cause a reduction in ATP production in germ cells (Zorova 
et al. 2018). Furthermore, the activities of mitochondrial respiratory 
chain complexes (ETCs) I, III, and IV play critical role for the mainte
nance of MMP and ATP production. Previous investigations have shown 
that DON treatment promoted mitochondrial dysfunction with a sig
nificant drop in the ETC I, II, and III, and IV activities in the jejunum of 
piglets (Li et al. 2024b). These results suggest that mitochondrial 
dysfunction caused by DON exposure may be partially due to the inhi
bition of mitochondrial ETCs and MMP in testicular tissue, underlining 
the significance of these mechanisms regarding male reproductive 

Fig. 3. A mechanism diagram of DON-caused oxidative damage in male germ cells. DON exposure can induce the production ROS and inhibit cellular antioxidant 
enzymes SOD, CAT, and GPXs activities or antioxidant GSH levels, following to result in lipid peroxidation and oxidative stress damage, finally inducing male 
reproductive toxicity. The inhibition of PRDX4 and Nrf2/ARE signaling pathways also partly contributed to DON-induced oxidative stress damage. DON, deoxy
nivalenol; PRDX4, peroxiredoxin 4; GSH, reduced glutathione; ROS, reactive oxygen species; GSSG, oxidized glutathione; OH-1, heme oxygenase 1; NQO1, NAD(P)H 
quinone oxidoreductase-1; SOD, superoxide dismutase; GPX, glutathione peroxidase; GST, glutathione S-transferase; Nrf2, nuclear factor erythroid 2-related factor 2; 
ARE, antioxidant response element.
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toxicity.
Mitochondrial biogenesis and fission/fusion dynamics play crucial 

roles in maintaining mitochondrial function and cellular homeostasis, 
which are essential for male fertility (Scarpulla 2011; Zhang et al. 
2024b). The renewal and adaptation of the mitochondrial population 
occurs when there is damage or a greater demand for energy production 
of sperm cells, which are highly reliant on ATP for motility and function. 
If biogenesis is hindered, mitochondrial dysfunction may become more 
severe (Zhu et al. 2013). The regulation of mitochondrial biogenesis 
involves several key factors, including peroxisome proliferators- 
activated receptor (PPAR) pathway, PPAR gamma coactivator 1-alpha 
(PGC-1α), and nuclear respiratory factor-1 (Nrf1), which coordinates 
the expression of genes involved in mitochondrial replication and 
function(van Tol Amaral Guerra et al. 2024). Previous studies have 
shown that DON treatment significantly decreased the expression of 
PGC-1α, NRF1/2, and TFAM in the cultured porcine intestinal epithelial 
cells (Liao et al. 2017; Xue et al. 2022). This indicated that DON expo
sure may decrease mitochondrial biogenesis, then promote DON 
induced mitochondrial damage and testicular toxicity. It was discovered 
that DON exposure could significantly upregulate the levels of the 
phosphorylated AMPK protein in isolated rat primary Leydig cells, 
which is a vital regulator in energy metabolism and mitochondrial 
biogenesis (Herzig and Shaw 2018; Yang et al. 2024b). AMPK could 
promote the mitochondrial biogenesis by upregulating PGC-1α-depen
dent activation of Nrf1, Nrf2, and PPAR pathway, which all could acti
vate the transcriptional expression of mitochondrial transcription factor 
A (TFAM) (Herzig and Shaw 2018; Yang et al. 2024b). It is known that 
AMPK activation can protect cells against mitochondrial dysfunction 
and oxidative stress (Dong et al. 2014). Inhibition of AMPK markedly 
increased DON − induced cytotoxicity in intestinal epithelial cells (Tang 
et al. 2015). Overall, this information indicated that increased expres
sion of AMPK-mediated mitochondrial biogenesis may play a protective 
role in protective against DON-induced mitochondrial damage and 
testicular toxicity. However, the precise molecular mechanisms are still 
unclear and more investigations are required.

Yang et. al., showed that DON distinctly changed mitochondrial 
morphology and activated mitochondrial fission pathways in rat testis 
and rat primary progenitor Leydig cells (Yang et al. 2024b). This was 
evident from the elevated levels of fission proteins such as fission 1 
(Fis1), dynamin-related protein 1 (Drp1), and mitochondrial fission 
factor (MFF), along with the decreased levels of fusion protein mitofu
sins 1 (Mfn1) (Yang et al. 2024b). The educed mitochondrial dynamics 
will block spermatogonial differentiation (Zhang et al. 2024b). Consis
tently, the deficiency in Drp1-mediated fission led to a stage-specific 
blockage of spermatogenesis at differentiating spermatogonia, then 
caused male infertility. Increased expression of Mfn1 upregulated 
mitochondrial respiration with the increases of intracellular ROS, which 
is required for spermatogonial differentiation (Zhang et al. 2024b). 
Moreover, research has also highlighted the role of mitochondrial dy
namics in the regulation of ROS production. An imbalance in fission and 
fusion can lead to increased ROS levels, which can damage sperm DNA 
and proteins, further exacerbating infertility issues (Calkins and Reddy 
2011). Therapeutic strategies aimed at modulating mitochondrial dy
namics and enhancing biogenesis have shown promise in improving 
mitochondrial function and reducing oxidative stress, thereby poten
tially alleviating some forms of male infertility (Ashraf and Kumar 2022; 
Qin et al. 2020). Consistently, the co-supplementation of progenitor 
Leydig cell cultures with the mitochondrial division inhibitor MDIVI-1 
effectively re-establish the balance of mitochondrial dynamics, and 
rescued the cells from mitochondrial damage caused by DON treatment 
(at 4 μM for 24 h)(Yang et al. 2024b). These pieces of information 
suggest that DON can regulate mitochondrial damage and testicular 
toxicity by interfering with mitochondrial dynamic balance.

Song et. al., discovered that in the Sertoli cells of Equus asinus, treated 
with DON at a concentration of 10 or 30 μM for 72 h, markedly altered 
the expression of numerous genes enriched in DNA metabolic processes 

(i.e., DNA repair, immune system processes, and apoptotic processes) 
(Song and Zhang 2021). Likewise, DON treatment− induced cell 
apoptosis has also been detected in testis tissue in vivo and Leydig cells in 
vitro (Ruan et al. 2024a; Yang et al. 2019). During mitochondrial 
dysfunction, the formation of the mitochondrial permeability transition 
pore (MPTP) promotes the release of cytochrome C (CytC) from mito
chondria into the cytoplasm, in which cascades to activating caspases 
− 9 and − 3, finally inducing apoptosis (Dai et al. 2024; Dai et al. 2022). 
The decreased B-cell lymphoma-2 (Bcl-2)/Bcl2-associated X (Bax) ratio 
also contributed to the release of CytC and the activation of caspase via 
promoting the formation of MPTP (Dai et al. 2022). Therefore, CytC 
release and the ratio of Bcl-2/Bax has been considered as two critical 
biomarkers of mitochondrial dysfunction. Yang et al. pointed out that 
DON exposure via the oral treatment at 2.4 mg/kg of body weight daily 
for seven days (from day 21 to day 28) could significantly boost the 
mRNA and protein expression of CytC, caspases-9 and-3 genes in the 
testis tissues of postnatal rats (Yang et al. 2019). Additionally, it has 
been reported that DON treatment can considerably increase the 
expression of caspase− 8 and mitochondrial pro− apoptotic proteins Bax 
and Bim (Sun et al. 2024; Yang et al. 2019). These findings imply that 
the mitochondrial apoptotic pathway and caspase activation are 
involved in DON− induced apoptosis in testis tissue. Antioxidants sup
plementation such as N-acetylcysteine (NAC) could partly reduce the 
production of ROS, then revise DON with another mycotoxin (e.g., ZEN) 
combination− induced mitochondrial dysfunction and apoptosis in 
piglet Sertoli cells, indicating oxidative stress contributes to DON- 
induced the activation of mitochondrial apoptotic pathway (Cao et al. 
2021). Increased expression of phosphorylated JNK and c-Jun were 
detected in the testis tissues of mammals in response to oxidative stress 
(Yang et al. 2019). This is coincident with the finding that targeted in
hibition of JNK pathway by SP600125 could significantly inhibit DON- 
induced cell apoptosis (Lee et al. 2019), indicating oxidative stress- 
mediated JNK activation also contributes to DON exposure-induced 
apoptosis.

In summary, exposure to DON can lead to mitochondrial dysfunction 
in testicular tissues. Consequently, this can initiate apoptosis through 
the activation of mitochondrial apoptotic and JNK pathways as well as 
caspase activation. DON-induced mitochondrial dysfunction has been 
shown to involve the activation of mitochondrial fission, the inhibition 
of mitochondrial biogenesis, and the loss of MMP (Fig. 4). Overall, un
derstanding the intricate relationship between mitochondrial biogen
esis, fission/fusion dynamics, apoptosis, and male fertility is essential for 
developing targeted interventions that could improve reproductive 
outcomes. Further research in this area could provide valuable insights 
into the molecular mechanisms underlying male infertility and pave the 
way for novel therapeutic approaches.

4.3. Role of inflammatory responses

It is well-known that inflammation is one of the core causes of male 
infertility (Dutta et al. 2021). Multiple reports have shown that exposure 
to DON can trigger the inflammatory responses within the testicular 
tissues of animals (Ruan et al. 2024b; Sun et al. 2024). NF-κB is an 
important transcription factor that controls the expression of various 
pro-inflammatory genes, including cyclooxygenase-2 (COX2), 
interleukin-6 (IL-6), IL-, and tumor necrosis factor alpha (TNF-α) (Jobin 
et al. 1999; Karunaweera et al. 2015; Kumar et al. 2004). Transcriptional 
profiling indicated that treating mice with DON at 12 mg/kg for 35 days 
disrupted the expression profiles of inflammation-related genes in the 
testis, including tumor necrosis factor receptor superfamily, member 9 
(Tnfrsf9), chemokine (C–C motif) ligand 22 (Ccl22), retic
uloendotheliosis viral (v-rel) oncogene− related B (Relb), and inter
leukin 6 signal transducer (IL6st), which were enriched in TNFα via 
NFκB and TGF-β signaling pathways (Li et al. 2023). Sun et. al., stated 
that exposure to DON at a dose of 2 mg/kg body weight per day for 21 
days markedly increased the levels of IFN-γ, IL-1β, TNF-α, and IL-6 in the 
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testis of offspring mice (Sun et al. 2024). The activation of the JNK 
pathway by DON treatment in the testis tissue might play a role in the 
inflammatory response (Yang et al. 2019).

NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) func
tions as an intracellular inflammation sensor. The NLRP3 inflammasome 
is a cytosolic multi− protein complex. It is composed of the innate im
mune receptor protein NLRP3, the adapter protein ASC, and the in
flammatory protease caspase− 1. This complex responds to microbial 
infections, endogenous danger signals, and environmental stimuli 

(Swanson et al. 2019; Zhang et al. 2022). The formation of the NLRP3 
inflammasome can result in the activation of gasdermin D (GSDMD), i. 
e., GSDMD is cleaved by caspase− 1 or− 11 to generate GSDMD- N, a 31 
kDa N-terminal fragment, finally triggering pyroptotic cell death 
(Swanson et al. 2019). It has been reported that treatment with DON can 
remarkably up-regulate the expressions of NLRP3, ASC, cleaved caspase- 
1, GSDMD, IL-18, and IL-1β proteins in the testis tissues of mice and TM3 
cells (Ruan et al. 2024a). It was also discovered that when primary 
Sertoli cells of E. asinus were treated with DON at 10 or 30 μM for 24 h, 

Fig. 4. A mechanistic diagram of DON-induced mitochondrial dysfunction and apoptosis in male germ cells. DON exposure can induce mitochondrial dysfunction in 
testicular tissues via the inhibition of mitochondrial biosynthesis, the reduction of mitochondrial membrane potential, as well as the disruption of mitochondrial 
energy metabolism and mitochondrial dynamic balance. Consequently, dysfunctional mitochondria can induce the production of ROS to activate JNK pathway or 
directly induce mitochondrial apoptotic pathway, finally causing cell apoptosis. Additionally, DON exposure can also inhibit AMPK/PGC-1α pathway, which partly 
contributed to its inhibitory effects on mitochondrial biosynthesis. DON, deoxynivalenol; AMPK, adenosine 5′-monophosphate (AMP)-activated protein kinase; PGC- 
1α, peroxisome proliferator activated receptor-γ co-activator-1α; TFAM, mitochondrial transcription factor A; Nrf1, nuclear respiratory factor 1; Nrf2, nuclear factor 
erythroid 2-related factor 2; MPTP, mitochondrial permeability transition pore; CytC, cytochrome C; Bax, Bcl2− associated X; Bcl-2, B− cell lymphoma − 2; JNK, c-Jun 
N-terminal kinase; Fis1, fission proteins such as fission 1; ROS, reactive oxygen species; Drp1, dynamin− related protein 1; MFF, mitochondrial fission factor; Mfn1, 
mitofusins 1.

Fig. 5. A mechanistic diagram of DON-caused inflammatory response and pyroptosis in male germ cells. DON exposure can induce the production of ROS, then 
promote the formation of NLRP3 inflammasome, finally triggering inflammatory response. The activated NLRP3 inflammasome can also activate caspase-1 and 
induce the maturation of IL-1β and IL-18 as well as the processing of GSDMD, finally resulting in cell pyroptosis in male germ cells. Additionally, DON can also induce 
the phosphorylation of JNK, then activate the transcriptional expression of NF-κB and promote the production of pro-inflammatory factors such as IL-1β, TNF-α, and 
IL-6. The inhibition of Nrf2/HO-1 pathway caused by DON may also contribute to the activation of NF-κB pathway. DON, deoxynivalenol; NLRP3, NOD-, LRR- and 
pyrin domain− containing protein 3; JNK, c-Jun N-terminal kinase; Nrf2, nuclear factor erythroid 2-related factor 2; NF-κB, nuclear factor kappa-B; ROS, reactive 
oxygen species; OH-1, heme oxygenase-1; ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; GSDMD, gasdermin D; IL-6, 
interleukin-6; IL-18, interleukin-18; IL–1β, interleukin-1beta; TNF-α, tumor necrosis factor alpha.
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the expressions of caspase-1, GSDMD-N, CCL17, IL-10RA proteins in 
were significantly up-regulated (Song and Zhang 2021). Moreover, 
inhibiting the NLRP3 pathway by MCC950 (a selective inhibitor of 
NLRP3) significantly decreased the expressions of ASC, cleaved-caspase- 
1, GSDMD, IL-18, and IL-1β proteins, thereby reducing DON-induced 
pyroptosis in TM3 cells (Ruan et al. 2024a). These studies emphasize 
that the NLRP3 inflammasome mediated inflammatory response and cell 
pyroptosis play a vital role in DON induced male reproductive toxicity. 
Additionally, a transcriptomics study in primary Sertoli cells of E. asinus 
has shown that the toxic effects induced by DON exposure involve 
multiple signaling pathways, such as the PI3K/AKT pathway, NOD-like 
receptor signaling pathway, MAPK pathway, cytokine-cytokine receptor 
interaction, and TNF signaling pathway(Song and Zhang 2021). The up- 
regulation of ROS and the inhibition of Nrf2 by DON exposure may also 
contribute to the activation of the inflammatory response through the 
upregulation of NF-κB (Morgan and Liu 2011).

In summary, current research data indicates that DON exposure 
could induce inflammatory responses in testicular tissue via the acti
vation of NF-κB, NLRP3, and MAPKs pathways (Fig. 5). These findings 
also provide important directions for clinical targeted intervention of 
DON-induced testicular inflammatory damage.

4.4. Role of iron homeostasis and ferroptosis

Iron plays a crucial role in spermatogenesis and male reproductive 
function and testicular iron metabolism is tightly controlled (Yuan et al. 
2023). Firstly, the iron set free from spermatogonia is conveyed to the 
developing round spermatocytes. Secondly, the subsequent outflow of 
iron from spermatocytes is shifted to Sertoli cells for storage through the 
process mediated by ferritin. This internal iron recycling is further 
supported by the regulated intake of external iron to keep the balance 
(Yuan et al. 2023). Although an overall excess of iron in the body can 
trigger ferroptosis in testicular cells, the testes possess distinct regula
tory mechanisms to prevent local iron buildup. For instance, in hemo
chromatosis protein knockout mice, which serve as a model for 
hereditary hemochromatosis, they develop severe iron overload in the 
liver and heart, and the iron levels in the testes are maintained at a 
relatively stable level because of its unique mechanism of iron regula
tion (Katsarou et al. 2019; Leichtmann-Bardoogo et al. 2012).

In the testis tissues, cellular iron-transfer protein (e.g., transferrin 
receptor protein 1 [TFR1]), iron− storage proteins (e.g., ferritin light 
chain [FLH] and ferritin heavy chain [FTH]), and iron-export protein (e. 
g., ferroportin [FPN]) are involved in modulating iron homeostasis (Dai 
et al. 2020; Yuan et al. 2023). Excessive iron build-up can lead to fer
roptotic cell death, which is a novel form of cell death that involves a 
culmination of ROS accumulation, iron-dependent lipid peroxidation 
and GPX4 depletion (Dai et al. 2020; Yuan et al. 2023). Early studies 
indicated that various mycotoxins (including DON, AFB1, T− 2 toxin, 
and HT-2 toxin) exposure can disrupt iron homeostasis and trigger fer
roptosis in mammalian cells (Fan et al. 2024a; Ma et al. 2023; Morgan 
and Liu 2011). Co-exposure to DON and ZEN exacerbated iron accu
mulation in the liver and intestinal tissues of mice, suggesting that the 
imbalance of iron homeostasis may play a critical role in mycotoxin 
toxicities (Lin et al. 2022a; Liu et al. 2023; Skiepko et al. 2020; Ye et al. 
2023b). In line with these findings, Yang et. al., reported that oral gavage 
with DON at 0.5, 1.0, and 2.0 mg/kg body weight for twenty-eight days 
increased the expression of TFR1 protein and reduce the expression of 
FLH, FTH, and FPN proteins in the testis tissues of mice (Yang et al. 
2023). This implies that DON accentuates iron transport, which in turn 
culminates in intracellular iron overload and ferroptosis in the testis 
tissues.

Moreover, system Xc− is a reverse transporter that is composed of the 
SLC3A2 and SLC7A11 subunits (Dai et al. 2020). System Xc− functions 
to maintain the optimal uptake of cystine, which is essential for the 
synthesis of GSH, a cofactor of the lipid hydroperoxide enzyme GPX4 
that inhibits ferroptosis (Li et al. 2022a). Yang et. al., found that DON 

treatment of mice significantly decreased the expression of GPX4, 
SLC7A11, and SLC3A2, along with the depletion of system Xc− , GPX4 
and GSH and increased the cellular levels of iron in the testis (Yang et al. 
2023). These findings suggest that DON exposure disrupts GSH 
biosynthesis through the System Xc− /GPX4 antioxidant axis and triggers 
ferroptotic cell death in the testis tissues. Moreover, Nrf2 can also 
transcriptionally regulate the expression of SLC7A11, GPX4, FLH, FTH, 
and FPN, thus controlling ferroptosis (Yuan et al. 2023). Given that DON 
exposure significantly inhibited the expression of Nrf2, it suggests that 
DON-induced ferroptosis in testis tissues may involve the inhibition of 
Nrf2 signaling pathway. Similarly, another study highlighted the role of 
ferroptosis in DON-induced hepatotoxicity, where the mycotoxin was 
found to upregulate nicotinamide N-methyltransferase (NNMT), exac
erbating ferroptosis by inhibiting the SLC7A11/GPX4 pathway (Huang 
et al. 2025). Correctively, these evidences indicated that DON exposure 
can induce ferroptosis in testicular tissues via the inhibition of Nrf2 and 
system Xc− /GPX4 pathways. Additionally, it has been demonstrated 
that the depletion of GPX4 in spermatocytes can cause male infertility in 
mice (Imai et al. 2009). It also indicated that DON-trigger ferroptosis 
may partly contribute to male infertility.

Lipid peroxidation plays a critical “lethal factor” role in the process 
of ferroptosis (Jiang et al. 2021). The intracellular Fe2+-driven Fenton 
reaction generates •OH, which in turn promotes the peroxidation of 
membrane polyunsaturated fatty acids (primarily arachidonic acid and 
phosphatidylethanolamine), finally resulting in the disruption of mem
brane stability and ultimately causing cell death (Yuan et al. 2023). 
Activation of the acyl-CoA synthetase long-chain family member 4 
(ACSL4)/COX2 pathway promotes arachidonic acid metabolism during 
ferroptosis process (Li et al. 2022a). DON exposure was reported to in
crease cellular arachidonic acid levels and increase the expression of 
multiple enzymes of the arachidonic acid pathway, such as ACSL4, 
lysophosphatidylcholine acyltransferase 3 (LPCAT3), and COX2 [115]. 
This would suggest that DON promotes lipid peroxidation via the 
arachidonic acid metabolic pathway to induce ferroptosis in the testis. 
Similar effects were observed following DON exposure in intestinal and 
liver tissues (Lin et al. 2022a; Liu et al. 2023; Skiepko et al. 2020; Ye 
et al. 2023b).

Specially, there is an indirect risk posed by the deposition of iron in 
the hypothalamic-pituitary region to modulate the male reproductive 
function (Yuan et al. 2023). A large amount of iron accumulating in 
GnRH neurons or pituitary may interfere with the HPG axis. Several 
studies have demonstrated that DON exposure can cause increases of 
ferroptosis markers, such as increased lipid peroxidation, decreased 
intracellular GSH and GPX, and the induction of mitochondrial 
dysfunction in the brain tissues and neuronal cells (Kalagatur et al. 2021; 
Ren et al. 2016). It also found that DON exposure exhibited marked 
cytotoxicity to pituitary cells (Liu et al. 2020; Wan et al. 2018). This 
disruption may cause hypogonadotropic hypogonadism, which is 
marked by reduced levels of FSH, LH, and testosterone, which are 
essential for spermatogenesis (Kalagatur et al. 2021; Ren et al. 2016).

In summary, the exposure to DON has been shown to cause and 
imbalance in iron homeostasis, which in turn triggers ferroptosis in the 
testis. Mechanistically, DON-induced ferroptosis in testis tissues in
volves the excessive production of ROS, lipid peroxidation and the 
inactivation of Nrf2 and Xc− /GPX4 pathways (Fig 6). Additionally, DON 
exposure may damage the iron metabolism of GnRH neurons, then 
disturb the function of HPG axis and cause an indirect effect to repro
ductive function. However, the precious molecular mechanisms still 
need more investigation.

4.5. Don-related effects on the cell cycle

Several recent studies have suggested that DON-induced male 
reproductive toxicity is associated with cell cycle arrest (Sun et al. 2022; 
Urbanek et al. 2021). In cultured porcine Leydig cells, DON exposure at 
2.5 μM for 24 h considerably down-regulated the expressions of 
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proliferating cell nuclear antigen (PCNA) and cyclin B1 (CCNB1) pro
teins, thereby inducing the inhibition of cell proliferation and G1 arrest 
(Sun et al. 2022). DON treatment of rats at 4 mg/kg body weight daily 
for seven days (oral administration from day 21 to day 28) significantly 
decreased the number of Leydig cells in the testis tissue (Yang et al. 
2024b). This evidence implies that the PCNA and CCNB1-mediated cell 
cycle might contribute to male reproductive toxicity caused by DON. In 
another study, DON treatment at 5 μM for 48 h led to a reduction in the 
number of cells in the G0 / G1 stage in PNT1A, PC-3 and DU-145 cells 
(Urbanek et al. 2021). Furthermore, DON exposure was shown to up- 
regulated cyclin-dependent kinase 1 (CDK1) and CCNB2 proteins 
(Song and Zhang 2021). Cao et. al., showed that combined exposure of 
DON and ZEN could trigger G2 phase arrest in piglet Sertoli cells which 
could be reversed by the antioxidant NAC (Cao et al. 2021).

4.6. Don-related effects on the endoplasmic reticulum (ER)

The endoplasmic reticulum (ER) is responsible for protein synthesis, 
folding, modification, calcium storage, lipid synthesis, and detoxifica
tion (Wiseman et al. 2022). ER stress can trigger cell apoptosis via cas
pase activation and the upregulation of JNK/C/EBP homologous protein 
(CHOP) pathway (Chen et al. 2023). It has been reported that exposure 
to DON can trigger ER stress in the mouse renal tissues, porcine alveolar 
macrophage cells, and porcine embryos via inositol-requiring enzyme 1/ 
JNK/C/EBP Homologous Protein (CHOP) pathway (Kim et al. 2024; 
Zhang et al. 2023; Zhao et al. 2024). Not surprisingly, supplementation 
with the ER stress inhibitor 4-phenyl butyric acid (4-PBA) could 

effectively attenuate DON exposure-induced mitochondrial dysfunction, 
p53 activation, apoptosis in piglet Sertoli cells. This collective evidence 
indicates that ER stress may play a critical role in DON − induced male 
reproductive toxicity.

4.7. Don-related effects on miRNAs expression

MiRNAs are small (with a length of 22 nucleotides), non-coding, 
single-stranded RNA fragments that are evolutionarily conserved. 
Numerous studies have demonstrated that miRNAs take part in cyto
toxicity and reproductive toxicity induced by mycotoxin exposure (Chen 
et al. 2022; Chen et al. 2015; Wang et al. 2019). It has been noted that 
certain miRNAs like miR-181a, miR-221, miR-222, miR-30c, miR-365- 
5p, and miR-769-3p are involved in the damage to intestinal epithelial 
cells caused by DON (Hou et al. 2021; Xie et al. 2020). Yu et al. 
discovered that miR-34a participates in DON− induced apoptosis in 
HepG2 cells (Yu et al. 2023). Recently, a genome− wide transcriptional 
profiling and functional analysis showed that exposure to DON can 
change the expression of about 110 differentially expressed miRNAs in 
porcine intestinal epithelial cells and further verified that the 
miR− 330− MAPK15 axis plays a crucial role in DON− induced cell 
apoptosis (Wang et al. 2022). Prior studies have reported that a variety 
of miRNAs are involved in the regulation of steroidogenesis in testis 
tissues. For instance, miR-376b, miR-330, miR-150, and miR-138 can 
regulate the expression of STAR, and miR-134 can regulate the expres
sion of CYP11A1 (Hu et al. 2013; Urbanek et al. 2018). Consequently, 
this information suggests that miRNAs may be involved in the regulation 

Fig. 6. A mechanistic diagram of DON-caused ferroptosis in male germ cells. The figure is referenced to Yang et. al. study (Yang et al. 2023) with minor revision. 
DON exposure can disrupt iron homeostasis via downregulating the express of FPN ptotein and upregulating the expression of TFR ptotein. DON can also induce the 
production of PL(PE)-AA via upregulating the expression of ACSL4, LPCAT3, and COX2, then inducing lipid peroxidation. Additionally, DON exposure can also 
inhibit Nrf2/system Xc-/GPx4 axis. These effects finally collectively induce ferroptosis in testicular tissue. DON, deoxynivalenol; GSH, reduced glutathione; GSSG, 
oxidized glutathione; OH-1, heme oxygenase 1; SOD, superoxide dismutase; GPX4, glutathione peroxidase 4; Nrf2, nuclear factor erythroid 2-related factor 2; ARE, 
antioxidant response element; CAT, catalase; SLC7A11, solute carrier family 7 member 11; SLC3A2, solute carrier family 3 member 2; ACSL4, acyl-CoA synthetase 
long chain family member 4; FTH, ferritin heavy chain, FLH, ferritin light chain; TFR, transferrin receptor; COX2, cyclooxygenase-2; LPCAT3, lysophosphati
dylcholine acyltransferase 3.
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of male reproductive toxicity induced by DON. However, the exact 
molecular mechanisms are not yet fully comprehended, and further 
research is still needed.

5. Chemo-protective agents against DON ¡induced male 
reproductive toxicity

The persistent prevalence of DON contamination throughout agri
food systems from field crops to commercial food matrices necessitates 
both the implementation of advanced biomonitoring programs to 
quantify cross-species exposure thresholds and the development of 
precision interventions targeting molecular toxicity mechanisms in 
mammalian systems. Accumulating evidence demonstrates that specific 
antioxidants, natural products, and small-molecule inhibitors can 
effectively mitigate DON-mediated reproductive toxicity by simulta
neously addressing oxidative stress, inflammatory cascades, and pro
grammed cell death pathways. Table 2 systematically summarizes these 
neuroprotective agents with clinical potential. Furthermore, we explore 
natural dietary compounds, particularly polyphenols and flavonoids, 
that show functionality in modulating the aforementioned pathogenic 
pathway.

5.1. Specific antioxidants

GSH, a critical tripeptide orchestrating cellular detoxification, anti
oxidant defense, thiol homeostasis, and proliferation regulation, un
dergoes tightly controlled biosynthesis in the cytosol. Experimental 
studies have consistently demonstrated that DON exposure induces 
significant depletion of testicular GSH reserves at both tissue and 
cellular levels (Cao et al. 2021; Ruan et al. 2024b). The limited mem
brane permeability of exogenous GSH renders oral supplementation 
biologically ineffective for direct intracellular delivery. NAC, a precur
sor in GSH synthesis, serves as a potent therapeutic alternative by 
enhancing endogenous GSH production (Jenkins et al. 2016). Consis
tently, Ruan et. al. reproted that NAC supplementation can significantly 
increase the levels of intracellular GSH and CAT, then markedly atten
uate DON exposure-induced oxidative stress and lipid peroxidation 
damage (Ruan et al. 2024b). Additionally, NAC supplementation also 
markedly alleviated DON exposure-induced cell pyroptosis via the in
hibition of NLRP3 pathways (Ruan et al. 2024b). This process may be 
dependent on its radical scavenging activities. Importantly, several cli
cial trials have indicated that NAC supplmentaon can maredly improve 
semen parameters and oxidative/antioxidant status in males (Ciftci et al. 
2009; Safarinejad and Safarinejad 2009).

Vitamin E, or alpha-tocopherol, is a fat-soluble vitamin that acts as a 
powerful antioxidant to protect cells from free radical damage and is 
involved in immune function. It was reported that vitamin E supple
mentation can significantly inhibite DON exposure-induced the pro
duction of ROS, but it had no significant effect on the viability of DON- 
exposed cells (Savard et al. 2016). Notaly, vitamin E supplementation 
can not revise DON-induced decreases in the production of the secretion 
of progesterone in MA-10 mouse Leydig tumor cell line in vitro.

In addition, some antioxidants such as melatonin, vitamin C, sily
marin L-carnitineor coenzyme Q10 (CoQ10) have been reported to have 
potent radical scavenging activities against various environmental toxic 
substances (such as mycotoxins, heavy metals, plasticizers)-caused male 
reproductive toxicity using in vitro and in vivo studies(Eid et al. 2023; 
Gao et al. 2018; Gupta et al. 2023; Iftikhar et al. 2022; Khedr and Werida 
2022; Ogunlade et al. 2022). Clinical trials also confirmed that these 
potential antioxidants supplementation can effectively improve sperm 
parameters (Etemadi et al. 2022; Ma and Sun 2022). Therefore, it is 
worth further exploring whether these antioxidants can effectively 
improve DON induced reproductive organ damage and sperm quality 
reduction, and more clinical trial studies are needed.

Table 2 
A tabulated summary of reported protective agents targeting DON-induced male 
reproductive toxicity.

Natural 
products/ 
Bioactive 
substances

Models Treatments The protective 
effects

Reference

NAC Mouse 
Leydig 
(TM3) cells

Cells were 
treated with 
NAC at 10 mM 
or cotreated 
with DON at 
125 ng/mL for 
24 h.

NAC 
supplementation 
significantly 
improved DON 
exposure-induced 
increases of MDA 
and ROS levels via 
upregulating the 
activities of 
antioxidant 
enzymes. NAC 
supplementation 
also alleviated the 
pyroptosis caused 
by DON via 
inhibiting the 
expression of 
NLRP3, ASC, 
Cleaved-Caspase- 
1, and GSDMD 
proteins.

(Ruan 
et al. 
2024b)

Vitamin E MA-10 
mouse 
Leydig 
tumor cell 
line

Cells were 
treated with 
DON at doses of 
0.25 μM or co- 
treated with 
vitamin E at 10, 
25 or 50 μM for 
24 h.

Vitamin E 
supplementation 
significantly 
inhibited DON 
exposure-induced 
the production of 
ROS but had no 
significant effect 
on the viability of 
DON-exposed 
cells.

(Savard 
et al. 
2016)

Sesamin MA-10 
mouse 
Leydig 
tumor cell 
line

Cells were 
treated with 
DON at doses of 
0.25 μM or co- 
treated with 
sesamin at 10, 
25 or 50 μM for 
24 h.

Sesamin 
supplementation 
significantly 
attenuated DON- 
induced the 
decrease of cell 
viability via the 
marked decreases 
of ROS 
production.

(Savard 
et al. 
2016)

4-PBA Primary 
Piglet 
Sertoli cells

Cells were pre- 
treated with 4- 
PBA at the doses 
of 0.1–2.5 μM 
for 2 h, then co- 
treated with 
ZEN + DON (30 
μM + 1.2 μM) 
for additional 
24 h.

4-PBA 
supplementation 
markedly 
attenuated the 
combination 
exposure of ZEN 
and DON 
− induced 
cytotoxicity. In 
addition, 4-PBA 
supplementation 
attenuated the 
combination 
exposure of ZEN 
and DON 
− induced 
− induced 
mitochondrial 
dysfunction and 
apoptosis via 
inhibiting p53 and 
mitochondrial 
apoptotic 
pathways and re- 
balancing 
mitochondrial 
dynamics.

(Hai et al. 
2023)

(continued on next page)
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5.2. Small-molecule inhibitors

Several small-molecule inhibitors such as 4-PBA, MCC950, Mdivi-1, 
SB203580 supplementation can target to ER stress, NLRP3 pathway, 
Drp1-mediated mitochondrial fission, and p38 pathway, respectively, 
finally inhibiting DON exposure-caused cell apoptosis, inflammatory 
response, mitochondrial dysfunction, and dysfunction of the BBB (Hai 
et al. 2023; Ruan et al. 2024b; Yang et al. 2024b). For example, 4-PBA 
supplementation can markedly attenuate the co-treatment of ZEN and 
DON − induced cytotoxicity as well as the reduction of mitochondrial 
dysfunction and apoptosis by inhibiting p53 and mitochondrial 
apoptotic pathways and re-balancing mitochondrial dynamics (Hai et al. 

2023). Pretreatment with SB203580 markedly decreased the DON- 
induced the activation of p38 and downstream pathways, then effec
tively reduced DON exposure-caused BBB dysfunction (Miao et al. 
2023). The treatment of mdivi-1, a DRP1 inhibitor, can markedly 
reverse the inhibitory effect of DON on testosterone production in PLCs 
by targeting to mitochondrial fission (Yang et al. 2024b). These findings 
provide important evidence for improving DON exposure-related male 
reproductive toxicity and infertility in animals and humans. Several 
clinical trials have showed that 4-PBA and SB203580 supplementation 
displayed potential therapeutic effects on inflammatory or neurological 
disorder-related diseases (Cornelissen et al. 2006; Paganoni et al. 2021; 
Paganoni et al. 2020). However, there is still a lack of relevant clinical 
research on the reproductive system. Therefore, more animal and clin
ical experiments are still needed.

5.3. Bioactive phytochemicals

It has been reported that some natural products such as lycopene, 
curcumin, and caffeic acid have strong antioxidant, anti-inflammatory, 
and immune regulatory activities, exhibiting potential the protective 
effects against mycotoxins and anticancer agents-caused the reproduc
tive toxicity. It has raised concern in the field of toxicology and public 
health (Kang et al. 2023; Rahimi et al. 2022). Consistently, Savard et. al. 
found that sesamin, a major lignin isolated from sesame (Sesamum 
indicum) seeds and sesame oil, can markedly inhibit the DON exposures 
− induced the decreases of cell viability and ROS production in MA-10 
mouse Leydig tumor cells (Savard et al. 2016). However, they found 
that sesamin supplementation cannot revise DON exposure-induced 
decreases of progesterone (Savard et al. 2016). This is a critical limita
tion for its application in treating DON-induced male reproductive 
toxicity.

Recent studies have demonstrated that various flavonoids and 
polyphenols from natural sources, such as curcumin, resveratrol, 
chrysin, quercetin, ellagic acid, epigallocatechin gallate, gallic acid, and 
caffeic acid, can effectively target Nrf2, NF-κB, NLRP3, and MAPKs to 
mitigate oxidative stress, inflammatory response, and programmed cell 
death (e.g., apoptosis, pyroptosis, and ferroptosis) (Dai et al. 2024; Dai 
et al. 2022; Fang et al. 2024; Galati and O’Brien 2004; Li et al. 2017a). 
These compounds have shown potential in alleviating reproductive 
toxicity induced by factors such as drugs (e.g., cyclophosphamide), 
environmental hazards (e.g., arsenic, copper, cadmium, lead, and di-(2- 
ethylhexyl) phthalate), and infections in both animal models and clin
ical trials (Alizadeh et al. 2018; Dai et al. 2022; Fan et al. 2024b; Hong 
et al. 2021; Ileriturk et al. 2021; Owumi et al. 2022; Sarawi et al. 2022). 
For instance, quercetin supplementation at 50 mg/kg per day can 
markedly attenuate DON exposure-induced intestinal oxidative stress, 
inflammatory response and ferroptosis via inhibiting the TLR4/NF-κB 
signaling pathway, enhancing antioxidant enzymes’ activities, and 
activating the SLC7A11/GPX4/GSH pathway (Ye et al. 2023b). Sarawiet 
et. al. found that both curcumin and nano-curcumin supplementation 
have been shown to counteract copper (sulfate) exposure-induced NF-κB 
activation, thereby reducing inflammatory responses in rat testicular 
tissues (Sarawi et al. 2022). A clinical trial further confirmed that cur
cumin nanomicelle supplementation significantly enhances semen 
quality while reducing inflammatory biomarkers (Alizadeh et al. 2018). 
These findings underscore the therapeutic potential of these compounds 
in addressing oxidative stress- and inflammation-associated reproduc
tive toxicities, offering promising avenues for future research and clin
ical applications for diminish DON-induced reproductive toxicity or 
male reproductive disorders.

5.4. Others

Lactoferrin, an evolutionarily conserved iron-binding glycoprotein 
abundantly present in human colostrum and bovine milk, demonstrates 
multifaceted cytoprotective properties. Current research reveals its 

Table 2 (continued )

Natural 
products/ 
Bioactive 
substances 

Models Treatments The protective 
effects 

Reference

Lactoferrin Mice Mice were orally 
administration 
with lactoferrin 
at 10 mg per day 
or co-treated 
with DON at 12 
mg/kg body 
weight per day 
via the diet. All 
mice were 
treated for 
thirty-five days.

LF 
supplementation 
markedly 
eliminated the 
DON-induced 
adverse on 
spermatogenesis 
and cell 
connections 
between Sertoli 
cells and 
spermatids via 
inhibiting 
oxidative stress 
and modifying the 
inflammatory 
response and cell 
adhesion genes.

(Li et al. 
2023)

MCC950 Mouse 
Leydig 
(TM3) cells

Cells were per- 
treated with 
MCC950 at 10 
μM for 30 min, 
then cotreated 
with DON at 
125 ng/mL for 
24 h.

MCC950 
supplementation 
significantly 
improved DON 
exposure-induced 
cell pyroptosis via 
the targeted 
inhibition of 
NLRP3 pathway.

(Ruan 
et al. 
2024b)

Mdivi-1 Primaryrat 
progenitor 
Leydig cells 
(PLCs)

The isolated 
PLCs were 
treated with 
DON at 4 μM or 
co-treated with 
mdivi-1 at 10 
μM for 24 h.

The treatment of 
mdivi-1 reversed 
the inhibitory 
effect of DON on 
testosterone 
production in 
PLCs by targeting 
to mitochondrial 
fission.

(Yang 
et al. 
2024b)

SB203580 Mouse TM4 
Sertoli cells

Cells were 
pretreated with 
SB203580, then 
cotreated with 
DON at 0.8 μM 
for additional 
24 h.

Pretreatment with 
SB203580 
markedly 
decreased the 
DON-induced 
phosphorylation 
of p38 and its 
downstream GSK- 
3β, p-GSK-3β, 
snail, ATF-2, p- 
ATF-2, MLCK, and 
p-MLC-2 
expression 
Moreover, 
SB203580 
pretreatment also 
also reversed the 
reduction in ZO-1, 
occludin, and 
claudin-11 mRNA 
expression.

(Miao 
et al. 
2023)
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therapeutic efficacy in counteracting oxidative stress and inflammation- 
induced pathologies through reducing Fenton reaction-driven ROS 
generation, modulating iron metabolism, enhancing endogenous anti
oxidant defenses, and mitigating NLRP3 and NF-κB signaling pathways 
(Habib et al. 2023). Clinical evidence positions lactoferrin as a prom
ising nutraceutical for preventive management of chronic inflammatory 
disorders, including atherosclerosis and neurodegenerative conditions 
(Rascón-Cruz et al. 2024). Li et. al. found that lactoferrin supplemen
tation markedly improved testis weight and sperm production and 
eliminated the DON-induced adverse on spermatogenesis and cell con
nections between Sertoli cells and spermatids via inhibiting oxidative 
stress and modifying the inflammatory response and cell adhesion genes 
(Li et al. 2023). In another study, it was found that lactoferrin supple
mentation can markedly alleviate spermatogenesis dysfunction caused 
by bisphenol A and cadmium via ameliorating disordered autophagy, 
apoptosis and oxidative stress through modulating AMPK, MAPK, and 
mitochondrial apoptotic pathways in mice(He et al. 2022). A human 
clinical trial showed that lactoferrin administration with other natural 
antioxidant agents such as vitamin C and vitamin E improved semen 
quality in asthenoteratospermic men with leukocytospermia (Piomboni 
et al. 2008). This information indicated that Lactoferrin may be a 
promising protective agent against DON exposure-induced male repro
ductive toxicity and infertility in animals and humans. More animal 
model evaluations and clinical studies are still needed.

6. Conclusion and future perspectives

Reproductive toxicity is a highly significant adverse effect resulting 
from exposure to environmental mycotoxin contaminants, particularly 
DON. Animal experiments have revealed that continuous exposure to 
DON allows the toxin to penetrate the blood-testis barrier and damage 
testicular tissues. Such penetration leads to irreversible pathological 
damage which manifests as a decline in testicular function. DON- 
induced reproductive toxicity is related to multiple detrimental mech
anisms, including oxidative stress, cell cycle arrest, inflammatory 
response, apoptosis, pyroptosis, ER stress, and ferroptosis. Additionally, 
numerous signaling pathways, such as Nrf2, MAPK, NLRP3, STAR, NF- 
κB, AMPK, and mitochondrial apoptotic pathways, are involved in these 
untoward biological processes. It is worth noting that the male repro
ductive toxicity induced following DON exposure may be related to its 
direct inhibition of testosterone synthesis through the destruction of the 
SCARB1/STAR/CYP11A1 pathway. Several antioxidants (e.g. NAC and 
vitamin E), small-molecule inhibitors (e.g., 4 − PBA, SB203580, mdivi-1, 
and MCC950), or proteins (e.g., lactoferrin) supplementation have been 
demonstrated to protect against and reverse the effects of DON-induced 
reproductive toxicity through their targeted effects along these signaling 
pathways. Notably, human clinical trials have suggested that supple
mentation with lactoferrin and NAC can both improve sperm quality. It 
indicated that lactoferrin and NAC may be considered as the promising 
candidate therapeutic drugs for DON exposure-induced male repro
ductive toxicity and infertility in animals and humans, but more animal 
model evaluations and clinical studies are still needed.

To develop effective policy and regulatory implications for reducing 
human exposure to DON, several directions for future research were 
suggested: 

(i) It is crucial to investigate the relationships between DON at the 
environmental exposure dose and male infertility in humans as 
well as the underlying molecular mechanisms. Currently, it still 
lacks the systematic evaluation on DON exposure to humans, 
especially the reproductive system. It is necessary for establishing 
dose-dependent correlations between chronic low-level DON 
exposure via diet and clinically relevant spermatogenic impair
ments (such as oligospermia and teratozoospermia). Addition
ally, the knowledge regarding the underlying molecular 
mechanisms of DON-induced male reproductive organ damage 

remains unclear and more in− depth studies are urgently 
required. For example, miRNAs have been proven to play critical 
roles in testicular function and hormone homeostasis, but its role 
in DON-induced reproductive toxicity was rarely studied. In 
addition, in animal models, DON treatment results in an opposing 
trend between gonadotropins (e.g., FSH and LH) and testos
terone, which contrasts the reported effects observed with other 
mycotoxins. Theses emerging technologies (such as single-cell 
sequencing, and CRISPR-Cas9, and multi-omics) may help eluci
date new mechanisms.

(ii) It has been reported that DON can be metabolized into different 
metabolites, such as de-epoxy-DON, DON-15S, DON-15GlcA, 
DON-15G, DON-10S, DON-8G, DON-7GlcA, DON-3G, DON- 
3GlcA, and DON-3S. these metabolites may also have potential 
reproductive toxicity. For example, de-epoxy-DON exposure can 
markedly reduce motility of bull spermatozoa in vitro (Guerrero- 
Netro et al. 2021). Therefore, it is necessary to evaluate the po
tential reproductive toxicity of these various metabolites and 
determine whether they can generate synergistic toxic effects 
through interactions.

(iii) The precise molecular mechanisms by which the above- 
mentioned dietary supplements such as lactoferrin and NAC 
protect against DON-induced reproductive toxicity requires 
further exploration. Human clinical trials and animal experi
ments are required to fully substantiate the reproductive pro
tection offered by these agents. Additionally, some bioactive 
phytochemicals, particularly dietary flavonoids (such as quer
cetin) and polyphenolic compounds (such curcumin and resver
atrol) can be considered when screening and developing new 
protective agents. Because previous studies have demonstrated 
that these bioactive phytochemicals can protect against oxidative 
stress and inflammatory response through modulating Nrf2, 
MAPK, NLRP3, STAR, NF-κB, and AMPK pathways, which are 
play critical role in DON exposure-induced male reproductive 
toxicity and infertility.

Correctively, a synergistic policy framework combining preventive 
agriculture, technological innovation, global standardization, and con
sumer empowerment is critical to curb DON exposure. Success hinges on 
balancing public health priorities with socioeconomic realities, ensuring 
equitable access to safe food systems worldwide. Policymakers must 
prioritize adaptive regulations that evolve with emerging science and 
climate challenges.
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Arévalo-Gallegos, S., Iglesias-Figueroa, B.F., 2024. Antioxidant potential of 
lactoferrin and its protective effect on health: an overview. Int J Mol Sci 26.

Ren, Z.H., Deng, H.D., Deng, Y.T., Deng, J.L., Zuo, Z.C., Yu, S.M., Shen, L.H., Cui, H.M., 
Xu, Z.W., Hu, Y.C., 2016. Effect of the Fusarium toxins, zearalenone and 
deoxynivalenol, on the mouse brain. Environ. Toxicol. Pharmacol. 46, 62–70.

Rodprasert, W., Toppari, J., Virtanen, H.E., 2023. Environmental toxicants and male 
fertility. Best Pract. Res. Clin. Obstet. Gynaecol. 86, 102298.

Ruan, Y.-B., Liu, X.-H., Jiang, J.-Z., Nie, T., Ma, J., 2024. Leydig cells pyroptosis in testis 
mediates deoxynivalenol-induced male reproductive toxicity in mice. Sci. Total 
Environ. 954, 176432.

Safarinejad, M.R., Safarinejad, S., 2009. Efficacy of selenium and/or N-acetyl-cysteine 
for improving semen parameters in infertile men: a double-blind, placebo controlled, 
randomized study. J. Urol. 181, 741–751.

Sarawi, W.S., Alhusaini, A.M., Fadda, L.M., Alomar, H.A., Albaker, A.B., Alghibiwi, H.K., 
Aljrboa, A.S., Alotaibi, A.M., Hasan, I.H., Mahmoud, A.M., 2022. Nano-curcumin 
prevents copper reproductive toxicity by attenuating oxidative stress and 
inflammation and improving Nrf2/HO-1 signaling and pituitary-gonadal axis in male 
rats. Toxics 10.

Savard, C., Nogues, P., Boyer, A., Chorfi, Y., 2016. Prevention of deoxynivalenol- and 
zearalenone-associated oxidative stress does not restore MA-10 Leydig cell functions. 
Toxicology 341–343, 17–27.

Scarpulla, R.C., 2011. Metabolic control of mitochondrial biogenesis through the PGC-1 
family regulatory network. Biochim Biophys Acta 1813, 1269–1278.

Scotto Rosato, A., Montefusco, S., Soldati, C., Di Paola, S., Capuozzo, A., Monfregola, J., 
Polishchuk, E., Amabile, A., Grimm, C., Lombardo, A., De Matteis, M.A., Ballabio, A., 
Medina, D.L., 2019. TRPML1 links lysosomal calcium to autophagosome biogenesis 
through the activation of the CaMKKβ/VPS34 pathway. Nat Commun 10, 5630.

Seyed Toutounchi, N., Braber, S., Van’t Land, B., Thijssen, S., Garssen, J., Kraneveld, A. 
D., Folkerts, G., Hogenkamp, A., 2021. Exposure to deoxynivalenol during 
pregnancy and lactation enhances food allergy and reduces vaccine responsiveness 
in the offspring in a mouse model. Front Immunol 12, 797152.

Skakkebæk, N.E., Lindahl-Jacobsen, R., Levine, H., Andersson, A.M., Jørgensen, N., 
Main, K.M., Lidegaard, Ø., Priskorn, L., Holmboe, S.A., Bräuner, E.V., Almstrup, K., 
Franca, L.R., Znaor, A., Kortenkamp, A., Hart, R.J., Juul, A., 2022. Environmental 
factors in declining human fertility. Nat. Rev. Endocrinol. 18, 139–157.

Skiepko, N., Przybylska-Gornowicz, B., Gajęcka, M., Gajęcki, M., Lewczuk, B., 2020. 
Effects of deoxynivalenol and zearalenone on the histology and ultrastructure of pig 
liver. Toxins 12.
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