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Animal feed can easily be infected with molds during production and storage
processes, and this can lead to the production of secondary metabolites,
such as mycotoxins, which eventually threaten human and animal health.
Furthermore, livestock production is also not free from viral infections. Under
these conditions, the essential trace element, selenium (Se), can confer various
biological benefits to humans and animals, especially due to its anticancer,
antiviral, and antioxidant properties, as well as its ability to regulate immune
responses. This article reviews the latest literature on the antagonistic effects
of Se on mycotoxin toxicity and viral infections in animals. We outlined the
systemic toxicity of mycotoxins and the primary mechanisms of mycotoxin-
induced toxicity in this analysis. In addition, we pay close attention to
how mycotoxins and viral infections in livestock interact. The use of Se
supplementation against mycotoxin-induced toxicity and cattle viral infection
was the topic of our final discussion. The coronavirus disease 2019 (COVID-
19) pandemic, which is currently causing a health catastrophe, has altered our
perspective on health concerns to one that is more holistic and increasingly
embraces the One Health Concept, which acknowledges the interdependence
of humans, animals, and the environment. In light of this, we have made an
effort to present a thorough and wide-ranging background on the protective
functions of selenium in successfully reducing mycotoxin toxicity and livestock
viral infection. It concluded that mycotoxins could be systemically harmful
and pose a severe risk to human and animal health. On the contrary, animal
mycotoxins and viralillnesses have a close connection. Last but not least, these
findings show that the interaction between Se status and host response to
mycotoxins and cattle virus infection is crucial.
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Introduction

Viral infections and mycotoxin-contaminated feed are two
significant issues, which are frequently encountered in the
breeding industry. Indeed, while livestock and poultry are
particularly vulnerable to infectious diseases caused by viruses,
their feed may also not be free from mycotoxins which tend to be
widely found in food grains worldwide. These fungal secondary
metabolites, which include ochratoxin A (OTA), deoxynivalenol
(DON), fumonisin B (FBs), T-2 toxin, zearalenone (ZEA, ZEN),
and aflatoxin B1 (AFBI), can contaminate grains anywhere
between their growing period and their processing, with
exposure to the mycotoxins resulting in acute and chronic
poisoning in both animals and humans. In this context, studies
have shown that selenium (Se), a microelement first discovered
in 1817 (1), is effective at reducing the toxicity of mycotoxins
(2-4). This element can exist as part of organic and inorganic
compounds, with Se-methylselenocysteine (MSC), seleno-L-
methionine (SLM), and selenocysteine (5) representing the
main organic types while selenades (e.g., HySe, HSe™), in
contrast, selenates (e.g., SeOi_, HSeO, , H2SeO4) and selenites
(e.g. Seog_, HSeOj', H2Se03) represent major inorganic ones
(6). In the year 1847, organic selenoproteins were found. A
significant dietary source of selenium is selenomethionine.
Plants create selenomethionine from inorganic selenium.
By way of the transsulfuration route, selenomethionine is
transformed in mammals into selenocysteine. By the use of
selenophosphate synthase, selenocysteine is further converted
into selenophosphate. It has been established that selenium plays
a unique biochemical role in glutathione peroxidase (GPx), a
mammalian antioxidant enzyme (7). A thorough explanation
of the ping-pong mechanism of GPx-mediated peroxidase
action is provided (8). Selenocysteine undergoes redox reactions
in the selenolate (GPx-Se-) form. To lower the peroxide
(ROOH), selenolate (GPx-Se-) is oxidized to selenenic acid
(GPxSeOH). The enzyme is renewed utilizing two glutathione
molecules (GSH). The GSH releases a water molecule, which
then reacts to generate selenenylsulfide (GPx-Se-SG). In the
following phase, GSH regenerates selenolate by forming GSSG
(8). Se’s antioxidant powers are the most important of all the
jobs it performs. Se has been generally documented to be a
powerful antioxidant against mycotoxins. Selenium protects
against mycotoxin toxicity by reducing oxidative damage,
decreasing pro-apoptotic proteins, and boosting immunological
function in mycotoxin-affected animals. In addition, Se was
also experimentally and clinically shown to be effective against
viral diseases. For instance, the study by Moghaddam et al.
found that 65% of the patients who succumbed to COVID-
19 had low serum levels of Se, while among those who
survived, only 39% had similarly low levels (9). Furthermore,
Rayman et al. found that regional Se status was linked to
the cure rate of COVID-19 in China (10). In summarizing
the effects of Se against mycotoxin toxicity and on immune
responses to viral infections, this review could be helpful to
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inform future studies that seek to investigate the impact of
Se further.

Systemic toxicity of mycotoxins

So far, various studies have shown that, once ingested,
the mycotoxin-contaminated feed can induce adverse effects,
such as hepatorenal toxicity, reproductive toxicity, cardiac and
neurotoxicity, as well as immunotoxicity in animals. Further
details regarding the organ systems affected by these harmful
effects will now be presented in this review.

Hepatorenal toxicity

As a major xenobiotic-metabolizing and xenobiotic
detoxifying organ in the body, the liver is mainly affected after
the ingestion of mycotoxins. Different studies have shown
that mycotoxins can lead to hepatotoxicity. Ingesting AFBI
leads to liver poisoning characterized by necrosis, vacuolar
degeneration, and bile duct hyperplasia (11), while the liver
morphology of pigs was reported to be affected by low doses of
DON and ZEA even after a short-term exposure (12). Further
studies of the gene expression profiles of pig liver showed
that DON and ZEN induced significant changes in the overall
transcriptome (13). Furthermore, sows fed with diets containing
DON, ZEN, and fusaric acid significantly increased hepatocyte
necrosis, apoptosis, and sinusoidal leukocytes with mixed
inflammatory infiltration in hepatic lobules, with apoptotic
hepatocytes increasing significantly in the hepatic sinuses of
experimental sows (14).

Second to the liver, the kidney is the most vulnerable
organ due to its ability to filter large amount of blood
and contribution to the bodys homeostasis by eliminating
metabolic waste products. In PK15 cells, using the increased
expression of DNMTI, OTA can induce nephrotoxicity (15),
with the underlying mechanism involving apoptosis, cell cycle
arrest, DNA damage, and inhibited protein synthesis (16).
The transcriptomic analysis found that hypoxia, epithelial-to-
mesenchymal transition (EMT), apoptosis, and the xenobiotic
metabolism pathway are affected by OTA. This study provided
an opinion against OTA-induced renal toxicity through the
understanding of OTA-induced EMT and apoptosis-related
molecular pathway (17). OTA could induce apoptosis of HK-2
cells by enhancement of ERK 1/2 phosphorylation by activating
the NF-kB pathway (18). Fumonisin Bl exposure induces
apoptosis of human kidney tubular epithelial cells by regulating
PTEN/PI3K/AKT signaling pathway via disrupting lipid raft
formation (19). OTA induced apoptosis through selective
endoplasmic reticulum (ER) stress activation in HK-2 cells (20).
In mice, PINKI/Parkin-mediated mitophagy protects against
AFB1-induced kidney injury (21).
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Enterotoxicity

Mycotoxins target the gastrointestinal tract to produce
adverse effects. Ren and colleagues examined the effects
of mycotoxins on the intestinal mucosal barrier and their
mechanism of action. Mycotoxins were found to be capable of
disrupting the intestinal mucosa’s mechanical barrier function
by damaging the intestinal epithelium’s morphology and tissue
integrity. Second, mycotoxins can alter mucin monosaccharides’
composition and intestinal mucin expression, affecting mucin
function. Third, the gut mucosal immune barrier function may
be harmed by mycotoxins. Lastly, animals’ microbiotas and
ingested mycotoxins have a close relationship. The most recent
research enhances the body of data connecting mycotoxins to
enterotoxicity (22). For instance, through the activation of the
IRE1/XBP1 pathway, T-2 toxins can destroy intestinal mucin
and trigger intestinal inflammation by increased expression
of inflammatory cytokines (23). Moreover, even low doses
of as little as 1.0 and 5.0 mg/kg of ZEN were reported
to damage the intestinal morphology of rats, to reduce
the expression of mucin and the tight junction protein, to
increase intestinal permeability, and to activate the RhoA/ROCK
pathway (24). For the mycotoxin DON, improved NF-kB
expression, disrupted jejunal mucin-2 gene expression, and
reduced mucosal thickness, immune responses, and antibody
titer of Newcastle disease are some of its reported effects (25).
Similarly, fumonisins (FUMs) can increase NF-kB and TLR4
expression levels in the duodenum and, along with DON, can
induce inflammatory reactions within that part of the body (26).

Reproductive toxicity

AFB1 affects reproduction in different ways by causing
the loss of mitochondrial functions (27) and increasing free
radical production (28), with the ultimate outcomes being
conditions, such as uterine diseases (29). This occurs since
AFBI can impair the growth of follicles, the survival of oocytes,
and the proliferation of granulocytes while reducing the levels
of gonadotropin (30). Similar observations have been made
when porcine oocytes were examined, with AFB1 disrupting
their maturation by disturbing mitochondrial and cytoskeletal
functions, as well as cell cycle progression, to eventually induce
oxidative stress and apoptosis in the oocytes (31). In the case
of male rabbits, inhibited spermatogenesis and reduced reserves
of testicular and epididymal sperm were noted after exposure
to increasing AFBI concentration of up to 7.5 mg/kg (32).
Similarly, in sow models, ZEA could, at low doses, regulate the
concentration of estrogen receptors-o and -f in specific organs
while inducing apoptosis, vulva swelling, and an imbalance
of reproductive hormones (33). Other mycotoxins, such as T-
2, DON, and ZEN, can also cause reproductive toxicity by
inhibiting steroidogenesis and cell proliferation. These were
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reported to lead to mitochondrial injury in porcine Leydig cells
and eventually contribute to cellular apoptosis (34).

Immunotoxicity

The AFBI causes immunotoxic consequences, such as the
disruption of innate and acquired/adaptive immunity (35-
37). The Toll-like receptors (TLRs) TLR2, TLR4, and TLR7
transcription were suppressed in broilers exposed to AFBI,
indicating a suppressive effect on innate immunity. These
receptor proteins recognize external invaders by sentinel cells,
such as macrophages and dendritic cells, as a crucial step
in triggering this type of immune reaction (38). In mice-
administered AFB1 dosages ranging between 5 and 75 pg/kg
bw for 5 weeks, proliferation and cytokine production by
splenic helper T-cells (CD4+) involved in acquired cellular
immunity were likewise decreased (39), while as far as ZEA
is concerned, it can induce a decrease in the IL-2 content of
spleens in sows after weaning. Moreover, increased expression
of IL-28 and IL-6 and reduced expression of IFN-y have been
reported (40). For instance, adding 0.1 mg/kg of ZEA to the
diet of immature sows for 42 days could not only change the
proportion of lymphatic T-cells and subsets of lymphatic B
cells within the ileum of pigs but also change the chemical
feature of gastrointestinal nerve structures (41). In 5-week-old
piglets which were given a combination of ZEA and DON,
the liver and lymphoid organs displayed histological changes
28 days after the treatment, with lymphocytes also undergoing
significantly more apoptosis in lymph nodes and the spleen
(42). Similarly, the thymus, spleen, and bursa of Fabricius of
chickens which had been exposed to OTA showed pathological
lesions (43). Finally, some studies assessed the adverse effects
of mycotoxins using RNA-Seq data. In one such study, ZEA of
different concentrations (0 mg/kg, 1 mg/kg, 2 mg/kg, and 10
mg/kg) was added to diets prior to being fed to sows which
were at 8 to 14 days of gestation, and using this approach, 371
differentially expressed genes (DEGs) were identified, of which
immune pathways and endometrial receptivity-related genes
were the most significantly enriched (44). A similar method was
applied to study AFB1’s immunotoxicity to macrophages, with
results indicating that AFB1 could activate various signaling
pathways related to inflammatory responses. In particular, after
AFBLI exposure, 25 genes related to ROS production were found
and these were followed by the possible activation of seven
signaling pathways linked to inflammation (45).

Cardiotoxicity and neurotoxicity

Muthulakshmi et al. found that ZEA caused heart damage
in zebrafish (46) and consuming AFBl-contaminated feed
can induce perivascular cell infiltration of the heart, as well
as cardiomyocyte necrosis and bleeding (47). Administering
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AFB1 was shown to lead to severe injuries, cardiotoxicity
of cardiomyocytes, impairment of mitochondrial functions,
increased production of reactive oxygen species, and apoptosis
(48). Similarly, T-2 toxin and DON can significantly inhibit
the mitochondrial ETC (electron transport chain) function of
cardiomyocytes (49), while in zebrafish, ZEA could inhibit the
activity of acetylcholinesterase (AChE), with the latter able to
degrade acetylcholine to promote neuron development and
nerve regeneration (46).

By crossing the blood-brain barrier, DON can cause
interference with the normal functions of the nervous system
(50) and the integrity of the blood-brain barrier (51), with
the underlying mechanism of nerve injury likely to involve the
Ca?t/CAM/CaMKII pathway (52). Moreover, when combined
with ZEA, DON could cause brain injury in mice (53). At the
same time, in the case of the T-2 toxin, its accumulation in the
central nervous system (CNS) can be followed by neurotoxicity
due to a similar ability to cross the blood-brain barrier (54).
Some of the above effects were noted when administering
different concentrations of DON (1.3 and 2.2 mg/kg) resulted
in brain cell injury in weaned piglets in vivo.

According to previous research, the toxicity of mycotoxins
in humans and livestock is a severe economic and health
concern. The descriptions given above give a general idea of how
dangerous mycotoxins are to human health and how they can
harm animal husbandry. More research is necessary to better
understand the mechanism of mycotoxin toxicity and reduce the
hazards to humans and animals and the financial harm to the
agricultural sector.

Principal toxicological mechanisms
induced by mycotoxins

Oxidative stress

The imbalance between the body’s antioxidant defense
mechanisms and reactive oxygen species (ROS) production
is known as oxidative stress. It has been suggested that it
may play a role in developing various diseases. DNA damage,
protein damage, and lipid damage are adverse outcomes of
oxidative stress. Animals who consume FB1 experience an
increase in intracellular indicators of oxidative stress, such as
ROS, which creates an environment that is highly oxidized and
contains more intracellular antioxidants (55). Oxidative stress
develops in cells when the level of ROS exceeds the antioxidant
capability. It has been postulated that FB1 causes ROS by
involving the mitochondrial complex I, CYP450, and NADPH
oxidase system (56). Following OTA exposure, apoptotic signal-
regulated kinase 1 (ASK-1) expression is increased, which
controls ROS generation and lowers mitochondrial membrane
potential (57). According to the research, both in vivo and in
vitro, ZEA causes DNA damage and oxidative stress (58, 59).

Frontiersin Veterinary Science

04

10.3389/fvets.2022.956814

DNA damage and elevated ROS levels were caused by ZEA and
its analogs, including a-ZEL and B-ZEL (60).

Apoptosis

Mycotoxins can cause cell apoptosis both in vitro and in
vivo, a finding that more and more scientists acknowledge.
OTA triggered MEK/ERK 1/2 signaling to induce apoptosis
in HK-2 cells, whereas the c-MET/PI3K/AKT pathway was
elevated to promote antiapoptotic survival signaling (61). Sheu
et al. discovered that OTA stimulates calpain activation, which
increases endoplasmic reticulum (ER) stress and apoptosis (62).
A different investigation found that OTA caused nephrotoxicity
and death in pig kidney epithelial cells (PK15) by activating
the p38 pathway. In contrast, OTA caused immunotoxicity in
porcine primary splenocytes by activating the ERK signaling
system. This study made it clear that OTA caused toxicity in
several cells via various molecular routes (63). ZEA induces
apoptosis, which results in a dose- and time-dependent
cell death (64). More research has shown that ZEA can
lead to oxidative stress and ROS production. Overexpression
contributed to the ZEA-induced cell death pathway (65, 66).
Although numerous signaling pathways contribute to ZEA-
induced cell death, ER stress, oxidative stress, and mitochondrial
signaling pathways are the key contributors. In vitro results
revealed that AFB1 would cause hepatocyte apoptosis via
the death receptor pathway and mitochondrial pathway (67).
HepG2 cells have significantly higher levels of expression for
the transcription factors C/EBP homologous protein (CHOP),
activated transcription factor 4 (ATF4), and glucose regulatory
protein 78 (Bip) (68). It has been proposed that FB1’s activation
of the PERK-CHOP signaling pathway, which triggers apoptosis,
is the cause of this (69). All of these findings demonstrated
that cell apoptosis is one of the patterns of mycotoxin-
induced toxicity.

Cell cycle arrest

Many different types of research have been centered on
the process of cell cycle arrest in various cells to clarify the
mechanisms of mycotoxin-induced toxicity. Recent research
shows that OTA causes cell cycle arrest in the G1 and G1/S
phase, which is mediated by p53 and suppressed in HK-2 by
cyclin D1, Cdk2, and Cdk4 (70). Duborg et al. discovered that
CDK?2 plays a crucial regulator in the G1 cycle arrest brought
on by OTA using weight correlation network analysis. OTA
inhibits expression, and CDK2 overexpression alleviates the G1
phase cycle arrest that OTA causes (71). The percentage of
thymocytes and bursa of Fabricius (BF) cells in the G2M phase
rose dose-dependent at 21 days of age, according to comparative
effects of aflatoxin-contaminated corn on the organs in chickens.
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However, at 42 days old, exposure to dietary AFBI1 caused cell
cycle disruption in BF cells, which occurred in the G2M phase,
but in the GOG1 phase in thymocytes (72). Previous studies
revealed that chickens exposed to AFB-contaminated grain
spleen had G2M and GOG1 phase obstruction (73). Nevertheless,
several researchers demonstrated that macrophages and renal
cells might experience cell cycle arrest in the S phase due to
aflatoxins (74). The bursa of Fabricius of broilers subjected to
dietary AFB1 revealed the underlying mechanisms of the cell
cycle’s GOG1 phase and G2M phase arrest. It was found that the
cell cycle was stopped in the GO-G1 phase by the ATM-Chk2-
cdc25-cyclin D/CDK6 pathway and the ATM-Chk2-p21-cyclin
D/CDKG6 route (75). AFBI dramatically triggered S-phase arrest,
which is linked to the overexpression of CDKN1A, CDKN2C,
and CDKN2D, according to a different study (76). According
to this research, different cell phases accumulate during AFB-
induced cell cycle obstruction, which may be connected to other
cells or differences between in vivo and in vitro settings.

mMiRNA

A class of endogenous, non-coding tiny molecules with
lengths ranging from 21 to 28 nucleotides is known as
microRNAs (miRNAs). The deregulation of miRNAs, which
are physiological regulators, is directly linked to the emergence
of illnesses. Following OTA exposure in piglets, upregulation
of miR-497, miR-133a-3p, miR-423-3p, miR-34a, and miR-
542-3p and downregulation of miR-421-3p, miR-490, and
miR-9840-3p altered miRNA connect to different biological
pathways, suggesting that these miRNAs could be a biomarker
of OTA toxicity (77). In zebrafish embryos, OTA inhibits
the prolactin receptor (PrLRA) and causes brain bleeding by
acting on miR-731 (78). AFB1 can significantly boost the
expression of miR-33a-5p in HepG2 and block the Wnt/B-
catenin signaling pathway, according to several studies (79).
DON can significantly increase miR-21 levels in female pigs
and activate the ERK-MAPK pathway, resulting in biotoxicity.
Compared to healthy liver cells, HCC cells exhibit considerably
lower levels of miR-450b-3p expression, lowered levels of
its target gene PGK1’s mRNA expression, and substantially
decreased levels of Akt phosphorylation. This encourages the
growth of HCC cells, which results in the development of
HCC tumors (80). Pig in vivo research has demonstrated
that ZEA activates the PKC and p38 signaling pathways via
the cell membrane’s GRP30 (a G-protein-coupled receptor).
The FOS gene is targeted by the activated miR-7, which also
detects the production and secretion of FSH and harms the
reproductive health of female animals. Using an apoptotic
mechanism controlled by miRNAs, ZEA can also impact
reproduction (81). According to research, 30 pwmol/L of ZEA in
vivo can enhance the apoptosis gene Bad and activate caspase
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by activating miR-1343, miR-331-3p, and miR-744 which down-
regulates the expression levels of apoptosis related genes PAK4
and EIK1 (82). These studies confirm miRNAS significance in
mycotoxins’ pathophysiology and their functions as biomarkers
in the prevention and regulation of toxins. To fully explain
the toxicodynamics of mycotoxin, it is imperative to have a
deeper insight into the role of mycotoxin-related miRNA, the
interaction between miRNA and target, and the relationship
between miRNA-mediated gene expression.

Other mechanisms

One of the main mechanisms brought on by mycotoxins is
the suppression of protein synthesis. The prior study examined
the inhibition of protein synthesis caused by OTA in several
organs, including the kidney, liver, and spleen. The ability
of OTA to bind to a characteristic pocket of phenylalanine-
tRNA synthase to prevent protein production was discovered
by Argawal et al. using molecular docking studies (83). The
FB1 causes autophagic cell death in MARC-145 monkey
kidney cells, and the research of FBl-induced toxicities by
altered sphingolipid metabolism found that this disruption of
sphingolipid metabolism is an essential first step (84). Various
downstream signaling pathways, including ER stress, PKC,
and MAPKSs, are activated by the disruption of sphingolipid
metabolism (85), which has a wide range of biological effects,
including altered cell growth and differentiation cell death,
autophagy, and lipid peroxidation. It has been discovered that
autophagy is crucial to numerous physiological functions. One
of the most important roles of autophagy is to control cell death.
Primary pig spleen lymphocytes were exposed to various DON
levels. The outcomes demonstrated that DON boosted gene
expression of cellular mitochondrial autophagy marker proteins
LC3 and P62, a crucial indicator of autophagy induction, and
produced ROS buildup in pig spleen cells (86). The most recent
research suggests that many signaling pathways may be used to
mediate the chronic effects of ZEA. As shown in numerous in
vivo/in vitro settings, ZEA influences its toxicity by stimulating
several signaling molecules and pathways. Using the ERs/GSK-
dependent Wnt-1/B-catenin pathway, ZEA promoted ovarian
follicle development in pigs (87). Recent research has shown that
ZEA induces the development of neutrophil extracellular traps
(NETS) by the stimulation of ERK and p38 (88). In a different
study, ZEA activated the PKC, ERK, and p38 MAPK signaling
pathways in pig pituitary cells to decrease the production
of (follicle-stimulating hormone) FSH by GPR30 (G-protein-
coupled receptor) (89). By triggering TGF-b/Smad 3 signaling
in post-weaning gilts, ZEA boosted the expression of genes
involved in cell proliferation and decreased the production of
apoptotic proteins (90).

Both humans and animals will unavoidably consume food
tainted with mycotoxins. A preventive food or feed additive,
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for example, could counteract mycotoxins’ toxicity to safeguard
both human and animal health. The discovered molecular
mechanism of mycotoxins’ toxicity is a significant problem
that offers a variety of viewpoints and approaches. In addition,
additional research is required to explain mycotoxins’ precise
mechanism of action despite the extensive study on their
toxicity mechanisms because of the multifactorial and complex
toxicology involved. At this time, further research is needed to
determine how mycotoxins work together. The development
of novel, sensitive analytical instruments would speed up our
understanding of the toxicity processes of mycotoxins and aid
in the creation of novel preventive or treatment strategies.

The connection between viral
infections in animals and mycotoxins

Effects of mycotoxins on viral replication

Studies have been increasingly showing that viral infections
and replication are influenced by various immune, nutritional,
and environmental factors, including mycotoxin contamination
(91, 92) and Se deficiency (93, 94). For example, 125 HIV-1-
seropositive men and women drug users from Miami, Florida,
were part of a study conducted over 3.5 years to determine
the relationship between serum levels of Se and death, and
the results indicated that the two factors were inversely related
(95). Other investigations have concluded that viral infections
could be the result of mycotoxins exposure and this could be
observed when considering the case of porcine circovirus type 2
(PCV2), a small, non-enveloped, single-stranded circular DNA
virus. Clinically, porcine circovirus-associated disease (PCVAD)
is not manifested in all pigs that harbor PCV2 but studies
have shown that OTA, even at low doses, could promote
oxidative stress that subsequently enhances PCV2 replication
in vitro (96-98). Since the OTA levels present in pig feed
vary, this would explain, at least to some extent, why different
pig farms encounter different incidence rates and severity
of PCVAD (91). Further studies showed that OTA triggered
ROS which, in turn, induced autophagy and promoted PCV2
replication (99). Autophagy is the main degradation system in
cells, which is very important for cell survival, differentiation,
and internal environment stability. DON promotes porcine
epidemic diarrhea virus (PEDV) infection by triggering p38-
mediated autophagy (100). Inhaled DON further affects the
integrity of the respiratory epithelium of horses, thereby making
them vulnerable to equine herpesvirus type 1(EHV1) infections
(101).
shown to promote infections by the swine influenza virus

Regarding AFBI, exposure to low levels has been

(SIV), as well as changes in the polarization of macrophages
from M1 to M2 (102). In porcine alveolar macrophages
(PAMS) and mice, AFB1 activated the TLR4-NF-kB signaling
pathway that promoted SIV replication and increased associated
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inflammation and lung injury (103). At the same time,
the T-2 toxin aggravated the pathology and pathogenesis of
infectious bronchitis virus (IBV) infections (104). Moreover,
in chickens, OTA and viruses responsible for inclusion
body hepatitis acted synergistically to aggravate chicken
anemia (105).

However, some studies have also reported that mycotoxins
have no significant effects on viral infections, including
inhibitory ones. For example, during in vitro and in vivo
experiments, even though DON could slightly increase viral
replication, it could not clearly enhance infection by the porcine
circovirus (106). In addition, cells which had been infected
with the porcine reproductive and respiratory syndrome virus
(PRRSV) showed increased survivability after being exposed to
different concentrations of DON (between 140 and 280 ng/mL).
In this case, by promoting inflammation (through pro-
inflammatory cytokines) and inducing apoptosis at an early
stage, these concentrations effectively reduced replication of
the PRRSV virus to bring about the observed effects (107).
Finally, in porcine kidney (PK15) cells, the replication of the
pseudorabies virus could be reduced by T-2 toxin of low
concentrations (108).

Synergistic effects between livestock
viruses and mycotoxins

The synergistic effects between mycotoxins and viruses
aggravate the toxic damage caused to animals. Based on previous
in vitro and in vivo experiments, OTA was found to induce
immunotoxicity (109, 110) while PCV2 infection could promote
immunosuppression. It has also been pointed out that PCV2
infections not only worsen OTA-induced immunotoxicity but,
by acting on the TLR4/NF-kB p65 signaling pathway, they could
also lower the dose at which toxicity occurred (111). Such results
can actually be useful to establish limits for permissible OTA
levels. Other studies have found strong correlations between
OTA-contaminated pig feed and porcine nephrotoxicity (112),
with PCV2 infection and its resulting PDNS (porcine dermatitis
and nephropathy syndrome), considered to be very common
(113) and occurring through the p38-mediated autophagy (114).
Increased transcription of IL-6 and IL-1f, mediated through the
ERK and the p38 MAPK signal pathways, occurs due to the
combined effects of DON and PCV2, although similar effects
may be exerted by PCV2 through the JNK signal pathway
(115). When infected with PEDV, deoxynivalenol can worsen
the immunosuppression of piglets and PAMs by inhibiting the
TLR4/NLRP3 signaling pathway (116). Similarly, while PRRSV
infection can influence mortality, lung lesions, and weight gain,
ingesting DON-contaminated diets can largely increase these
effects, with additional anorectic effects also exacerbated by
PRRSV infection (117).
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Mycotoxins’ interference with the
immunological response brought on by
animal vaccines

In addition to synergistic toxicity, mycotoxins significantly
affect the immune response triggered by vaccines. Indeed,
providing pigs with DON-contaminated diets was shown to
reduce the effectiveness of PRRSV MLV vaccines which prevent
viral replication (118). Similarly, when vaccinated mice were
exposed to 2.0 mg/L of DON through drinking water, the toxin
disrupted their immune response by regulating the secretion of
chemokines and cytokines which form part of their defensive
mechanism against porcine parvovirus (119). An experimental
study further showed that, in pigs, a 4-week exposure to DON
reduced the efficiency of vaccines against the clinical signs of
PRRSV (120). Antibody titers against porcine circovirus in the
serum were also shown to decrease by 33-40% at day 28 after
including 1.0 and 3.0 mg/kg of DON in diets (121). In this
context, the antibody response of growing German Holstein
bulls was shown to be non-linearly influenced by Fusarium
toxin after administering vaccines against the bovine viral
diarrhea virus (BVDV). Additional studies reported that strong
total antibody response could be obtained when supplementing
diets with 5.66 mg of DON per kg of dry matter (DM) while
higher concentrations resulted in lowered total antibodies (122).
Feeding diets contaminated with DON reduced the titers of
serum antibodies against IBV (123), with lower concentrations
of albumin (ALB) and total serum protein (TP) being some
additional reported effects. Including DON in diets also reduced
white blood cell (WBC) counts, lymphocyte numbers, and
antibody titers against Newcastle disease virus (NDV) (26), with
effects induced by AFBI1 being no different as feeding diets
contaminated with this toxin have been shown to decrease
serum antibody titers against IBV, infectious bursal disease
(IBD), and NDV (124-128). Despite the overwhelming evidence
of the synergistic mechanism between mycotoxins and other
microorganisms, further investigations would still be useful to
further understand the process. Mycotoxin contamination of
feeds and livestock virus infection have become increasingly
prevalent due to the quick increase in livestock production. To
determine how much mycotoxins contribute to the development
of infectious diseases in animals, it is necessary to explore
further the synergistic mechanism of mycotoxins against diverse
pathogenic flora and bacteria.

Underlying mechanism of Se against
mycotoxins

In modern breeding, harmful substances (such as
mycotoxins) may be easily but inadvertently ingested,
prompting the need to devise new means that would quickly

help to alleviate the effects of toxins. So far, much research
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has been undertaken in this context, especially for developing
nutritional feed supplements that would be effective for treating
mycotoxin contamination without compromising nutrient loss.
One example of this approach is the application of Se which is
being increasingly recognized as important to reduce mycotoxin
toxicity in different animal species. This review will now cover
Se’s specific applications and protective mechanisms in the
context of mycotoxin treatments (Figure 1).

Anti-inflammatory and anti-oxidative
stress

An inflammatory response is closely related to animal
exposure to mycotoxins (129-132). The application of a low
dose (0.2 mg/kg) of SeMet was reported to be effective at
reversing kidney injuries induced by T-2 in rabbits, with the
attenuation of pathological damage, inflammatory response, and
oxidative stress being some of the additional benefits of Se (133).
Similarly, an Se-based compound, selenomethionine, exhibited
inhibitory effects against inflammatory factors and T-2-induced
oxidative stress (134). In the same vein, Se-enriched yeast (SY)
was reported to antagonize OTA-induced injury to intestinal
tight junctions by inhibiting the TLR4/MYD88 pathway and
by extension NF-«kB signaling which is a crucial mediator of
inflammatory responses. In fact, within the caecum, the levels
of the cytokines IFN-y, IL-10, IL-6, and IL-1f were reversed
after adding SY (135). In rabbits, improved anti-inflammatory
and antioxidant processes were the primary mechanisms by
which Se conferred protection against T-2 toxin (136). While
in the case of chicks given Se-deficient diets, heightened
spleen injuries were induced by AFBI, with the effects partly
attributed to apoptosis, inflammation, oxidative stress, and
six selenoproteins (137). These researches show that selenium
controls immunological inflammation in a variety of ways.
Selenium regulates antioxidant enzymes, which in turn contain
the immune system. Inflammatory factors and inflammatory
reactions can be produced when immune cells lack selenium
or antioxidants. In addition, the nuclear transcription factor
NEF-kB is essential for expressing the immune system and the
inflammatory response. The transcription factor NF-kB/p65, the
expression of cellular inflammatory factors (IL-1, IL-6, IL-11,
and TNF-a), is regulated by Akana. In this study, OTA facilitated
the NF-B signaling pathway’s activation and inflammatory
responses. On the contrary, the addition of SY reduced the
activation of the NF-kB signaling pathway. These elements
might be connected to selenium’s anti-inflammatory properties.

High quantities of reactive oxygen species (ROS) cause
oxidative stress due to an imbalance between intracellular
oxygen production and the body’s antioxidant system. Hydrogen
peroxide (H2O3), the hydroxyl radical, malondialdehyde
(MDA), glutathione peroxidase (GSH-Px), and superoxide
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dismutase (SOD), to mention a few, are the key indicators of the
body’s overall antioxidant capability. Se’s antioxidant properties
have long been a focus of study. Although ZEA raised the MDA
content and the creatinine, urate, and blood urea nitrogen levels
in mouse kidneys while lowering GSH-Px and T-SOD activity,
Se mitigated these changes, causing the kidneys to recover
from renal damage (138). Furthermore, for chickens, SY could
regulate the Nrf2/Keapl and PI3K/AKT pathways to reduce
the hepatotoxicity and nephrotoxicity induced by ochratoxin
A, while in the case of OTA-induced oxidative damage, normal
kidney and liver conditions could be restored (139, 140). Other
noteworthy effects include those of SeMet which can increase
SelS and GPxI expression in splenocytes, as well as antioxidant
capacity, to reduce immunotoxicity caused by AFBI, with GPX
maintaining ROS balance by removing excess hydroperoxides
(141). In addition, Se can reduce cardiomyocyte damage and
cardiotoxicity induced by AFB1 by regulating redox status,
with the process involving ferroptosis-related signaling, four
selenoprotein genes namely SPS2, SELENOK, TXNRD3, and
GPX3 and four selenoproteins (142). Higher expression of GpxI
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could represent a similar mechanism by which Se protects
against OTA-induced nephrotoxic injury (143, 144). Finally,
improved glutathione peroxidase activity could be the main
way in which Se alleviates DON-induced damage to antioxidant
enzymes (145). The primary selenium antioxidant enzyme in
cells is GPX, and swine splenic lymphocytes express GPX1 at
the highest levels. GPX1 knockdown decreased the protective
properties of Na2SeO3 against DON-induced oxidative damage
(146). Given this, Se may defend against mycotoxins by
preventing the antioxidant system from becoming inactive and
activating enzymes, including GPx, glutathione S-transferase
(GST), SOD, GSH, and CAT.

Anti apoptosis and regulation of
endoplasmic reticulum stress

Low-doses of SeMet can significantly improve liver injury

induced by T-2 along with other liver-associated conditions,
such as apoptosis of hepatocytes and the level of oxidative stress.
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The low doses may also protect rabbit hepatocytes by inhibiting
the mitochondrial-caspase apoptosis pathway (147). Some of
the above benefits were, for example, shown to be possible by
supplementing chickens’ diets with 0.4 mg/kg of Se. In this case,
the element downregulated gene expression within the death
receptor pathway and the endoplasmic reticulum to alleviate,
at least to some extent, the apoptosis of splenocytes induced
by AFB1 (148). Improved effects of Se against AFB1-induced
excessive apoptosis within the liver and the jejunum were
also achieved by similar pathways (149, 150), with additional
protective functions noted against liver apoptosis and hepatic
dysfunctions in ducklings. Exposure to AFB1 can increase the
expression levels of p53, caspase-3, and Bax, while decreasing
those of Bcl-2 and the Bcl-2/Bax ratio. Still, Se can regulate
the expression of apoptosis-related proteins and reduce hepatic
dysfunctions or damage in a time-dependent manner (151). In
addition, groups to which Se was given had a lower percentage
of bursal cells undergoing apoptosis (152). Oxidative and ER
stresses largely contribute to ZEN-induced apoptosis, with Se
shown to significantly prevent the same in chicken spleen
lymphocytes by improving the ER stress signaling pathway
(153). Similarly, when mouse kidneys were studied, Se was
found to inhibit endoplasmic reticulum stress to protect against
apoptosis and oxidative stress caused by ZEA (138). Indirect
evidence of the protective effects of Se also comes from the
fact that a deficiency of the element worsens cardiomyocyte
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injuries induced by T-2 by triggering more aggressive forms
of endoplasmic reticulum stress. Finally, Se was reported as
further promoting the expression levels of p-eIF2a, CHOP,
and GRP78 (154). In conclusion, oxidative and ER stress are
critical factors in mycotoxins’ ability to cause apoptosis. Se
dramatically reduced the ER stress signaling route and the
mitochondrial-caspase apoptosis pathway, which were involved
in mycotoxins' induction of apoptosis. Beyond that, Se could
prevent mycotoxins from causing apoptosis by controlling the
death receptors pathway at the molecular level.

Regulation of cell cycle and autophagy

Sodium selenite, when provided as part of a diet, could
effectively inhibit AFBI-induced apoptosis and block the cell
cycle in the renal cells of the broiler (74). By supplementing
diets with 0.4 mg/kg of sodium selenite, the jejunum of
broilers could be protected from the G2/M arrest induced
by 0.6 mg/kg of AFBI1, with molecular regulation basically
going through the ATM-Chk2-p53 and ATM-Chk2-Cdc25-
cyclin B/Cdc2 pathways (155). The above dose of Se supplement
was also found to reduce AFBl-induced immune toxicity in
chicken’s BF by alleviating oxidative damage and cell cycle arrest
through an ATM-Chk2-cdc25 route and the ATM-Chk2-p21
pathway (156). According to these studies, DNA impairment
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plays a crucial role in the mycotoxins’ ability to cause cell cycle
arrest, the main target of oxidative damage in DNA. The central
kinase that is activated in response to DNA damage is the ataxia
telangiectasia-mutated (ATM) kinase. By controlling the ATM
pathway at the molecular level, Se encouraged cell cycle recovery
from the mycotoxin-induced cell cycle halt.

Autophagy occurs before apoptosis to prevent cell death.
However, when unregulated, it can cause cell death, restoring
the autophagy balance could help protect cells from damage. In
a spermatogonia cell line, ZEA was found to induce autophagy
and apoptosis (157), while in chicken granulosa cells, similar
effects could occur through the MAPK and PI3K-AKT-mTOR
signaling pathways (158). Similarly, OTA treatment can trigger
autophagy in a dose-dependent manner (159) along with higher
levels of intracellular ROS but these effects were reversed
with a combination of zinc and SeMet (160). Damage caused
to primary cardiomyocytes by 0.25-1 M of T-2 toxins was
shown to trigger autophagy, and since lower autophagy levels
promoted T-2-induced cytotoxicity, it was considered that
autophagy could protect primary cardiomyocytes from the
cytotoxicity of T-2. Furthermore, in this case, the fact that
Se deficiency lowered cytoprotective autophagy in the primary
cardiomyocytes treated by T-2 highlights the importance of
this element (161). In PK15 cells, while PCV2 replication
appeared to be significantly induced by 0.1puM of OTA,
SeMet, at concentrations of 2, 4, or 6 WM, inhibited the viral
replication process. OTA treatment induced autophagy by
suppressing the AKT/mTOR signaling pathway, with SeMet
acting through the same pathway to attenuate the effects (162).
When considered as a whole, autophagy can be advantageous
or harmful. In the specific study, SeMet reduced OTA-induced
fibrosis by preventing ROS-dependent autophagy since exposure
to mycotoxins can always cause oxidative damage that results
in irregular cellular autophagy. A lack of selenium also worsens
T-2 toxin-induced damage and reduces preventive autophagy.
These investigations suggest that selenium has a 2-fold effect on
mycotoxin-induced autophagy.

Regulating gene expression

Gene expression is regulated by a multi-level regulatory
system, with Se acting as one of the important regulatory factors.
Dietary Se protected chicks from liver injury induced by AFB1
by simultaneously preventing the CYP450 isozyme-mediated
conversion of AFBI to toxic AFBO from being activated
while upregulating the expression of selenoprotein genes which
improve antioxidant potential through antioxidant proteins
(163). In male mice, high levels of Se can also exert protective
effects against reproductive damage induced by ZEN, with the
effects mediated by higher expression of the Vim and Cdh2
genes (164). Similarly, by stimulating the expression of synthetic
testosterone enzymes and steroidogenic acute regulatory protein
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(StAR) to improve antioxidant and testosterone levels, Se can
protect against testicular toxicity induced by AFB1 (165). Female
mice were not excluded from the potential benefits of Se as
the element could improve conditions, such as necrosis of
human endometrial microvascular endothelial cells (HEMECs)
and uterine injury which had been induced by AFBI. For
instance, a significant increase in the expression of MLKL,
RIPK3, and RIPKI was observed in HEMECs after exposure to
10 uM of AFBI and subsequent improvement occurred after
treatment with 5uM of Se (166). Furthermore, T-2-induced
blood abnormalities were also improved by SeMet, with damage
to the spleen and thymus tissues reduced along with a significant
increase in the expression of proliferating cell nuclear antigen
(PCNA) within tissues (136). Finally, SY could reverse any
injury caused to the intestinal barrier after exposure to OTA
by acting on the TLR4/MYD88 pathway to prevent NF-kB
expression while increasing that of the tight junction-related
genes ZO-1, Occludin, and Claudin-1 (135). These investigations
demonstrated that the expression levels of the selenoprotein
mRNA transcripts could be determined by selenium status. The
selenium level influences non-selenoprotein gene expression as
well. It is necessary to conduct more studies to comprehend the
interconnected pathways and activities better.

Enhanced immune function

Recent research on selenium’s antagonistic effects against
mycotoxins shows that the element can enhance immune
functions. As previously pointed out, diets containing as low
as 0.3 mg/kg of AFB1 could increase apoptosis of thymocytes,
induce histopathological lesions of the thymus, and lower the
number of mature thymocytes. However, supplying sodium
selenite as part of the diet can reverse the above effects (167).
In particular, supplementing diets with 0.4 mg/kg of Se could
protect against impaired humoral or mucosal immune functions
caused by AFBI. In other cases, such supplementation increased
IgA+ cell numbers and the IgM, IgG, IgA, and sIgA content
(168). Furthermore, an improved immune function could be
achieved with sodium selenite which was found to not only
reduce histopathological damages to the spleen but also increase
the latter’s relative weight and increase in the number of
splenic T-cell subsets (169). Changes in the number of T-cell
subsets, the CD4+4-/CD8+ ratio, and cytokine expression were
also some additional effects reported by Se supplementation
after AFB1 treatment, with the changes restoring the above
features close to those of a control group without exhibiting
toxicity to the cecal tonsil (170). In chickens, 0.6 and 0.8
mg/kg of Se could improve immune function by increasing
the IFN-c and IL-2 serum levels along with more significant
numbers of peripheral blood T-cell subsets (171). As far as
DON was concerned, even though it could induce a significant
dose-dependent decrease in the levels of proteins, mRNA,
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IgM, IgG, IFN-y, IL-10, IL-6, IL-4, and IL-2, its simultaneous
administration with Se resulted in a significant increase in the
levels of all factors studied, including proteins and mRNA.
Hence, selenium’s potential to counter immunosuppression and
other associated negative outcomes induced by DON makes it
a promising candidate to be considered against DON-mediated
toxicity (172). Furthermore, Se can further confer protection
against the immunotoxicity of T-2 (173). For instance, although
administering T-2 at a sublethal concentration resulted in
lower numbers of B cells (CD197), opposite effects were noted
when Se was injected simultaneously or 24h prior to the
toxin. Since the results pointed out the ability of selenium
to inhibit a reduction in B lymphocytes (CD19V), it was an
indication of its suitability to alter B-lymphocyte subsets after
exposure to T-2 (174). To summarize, selenium has a more
substantial immunomodulatory effect on the immune function
changes caused by mycotoxins. The antioxidant activity of Se
plays an essential role in boosting immunological function.
Proteins and nucleic acids can be damaged by oxidative stress
caused by high quantities of reactive oxygen species. Se may
work by decreasing reactive oxygen species generation and
mitochondrial dysfunction induced by mycotoxins, enhancing
cell viability and function, and antagonizing mycotoxins
suppressive effects on immunological responses.

Among the many challenges facing the breeding industry,
exposure to mycotoxins represents a significant concern in
livestock and poultry production. Nutritional supplementation
could be an efficient and cost-effective approach to reducing
the widely known toxic effects of AFBl. As a potential
antioxidant, Se is involved in different parts of biological
systems, representing an important component of several
essential enzymes. As such, various studies are being undertaken
globally to exploit its benefits against mycotoxins better. This
could potentially be useful in future to improve both human and
animal health while avoiding economic losses worldwide.

Role of Se in livestock virus infection
and enhancing immune response

The Se is historically known to lower the incidence and
severity of viral infections (175-179). However, its deficiency
may alter immune functions (180), the expression of relevant
selenoproteins (181), the virulence of viruses (182), and
antioxidant responses (183), thereby causing humans and
animals to be more susceptible to severe viral and bacterial
infections (184). In addition, experimental and clinical data
confirm that this element can be effective against viruses,
such as Ebola and hantavirus (185, 186). In livestock, DL-
selenomethionine can enhance the activity of glutathione
peroxidase by inhibiting PCV2’s processes in a concentration-
dependent manner (187). Similarly, Se could increase GPxI
expression to prevent PCV2 from replicating as a result of
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oxidative stress (35). At the same time, systemic inflammation
was altered in the case of Se yeast, and typical organ
morphologies were maintained to reduce PCV2 infection (188).
Selenoproteins S (sels) can also mediate protective functions
through their antioxidant potential, and this was observed
when its overexpression in pigs inhibited p38 phosphorylation
in PK15 cells and oxidative stress to block OTA-induced
PCV2 replication (189). However, in this case, activation
of the AKT/mTOR signaling pathway to inhibit autophagy
is also recognized as an alternative protective mechanism
(162). In a different type of mechanism, selenizing astragalus
polysaccharide can activate the PI3K/AKT pathway to inhibit
autophagy, thereby preventing PCV2 from replicating as a result
of oxidative stress (190). In other investigations, SeMet at doses
higher than physiological (16 LM) inhibited the replication of
porcine delta coronavirus in pig kidney epithelial (LLC-PK)
cells (191). Finally, supplementing diets with Se was found to
reduce virus shedding and improved ISG and IFN expression.
Since supplementation of chicken diets with Se can also enhance
defensive mechanisms against viruses, this could be exploited
for controlling viral infections in poultry (192). According
to the findings, OTA therapy causes oxidative stress and
enhances PCV2 replication. Selenium inhibits oxidative stress-
induced promotion of PCV2 replication by improving GPx1
expression, and overexpression of pig selenoprotein S inhibits
OTA-induced promotion of PCV2 reproduction by inhibiting
oxidative stress and p38 phosphorylation; these findings may
serve as a foundation for further research into the biological
function of selenium and the control of livestock virus infection.
We believe that further research into the association between
various mycotoxins and viruses and the protective mechanism
of selenium is required (Figure 2).

In addition to inhibiting viral infections, Se also enhances
the immune response of vaccines. In this context, higher mice
resistance was noted after immunization with a PrV vaccine
when Ginseng Stem-and-Leaf Saponin (GSLS) and Se were
combined (193). Furthermore, after administering a vaccine
consisting of killed Newcastle and Avian Influenza viruses,
excellent antibody titers were obtained, especially when the
ISA70VG adjuvant was combined with Nano-Se (194). Similarly,
supplementing diets with Se, especially organic ones (SEY),
can be effective against HON2 AIV of low pathogenicity due
to improved effectiveness and immunogenicity of a formalin-
inactivated vaccine (195). In this context, the effects of
Se supplementation are particularly evident when they are
considered along with those of GSLS. For instance, GSLS-Se was
not only found to promote strong antibody responses, especially
NDV- and IBV-specific ones, but also to trigger the response
at an early stage while prolonging its duration. Moreover,
enhanced IL-4 and IFN-y production, increased proliferation
of lymphocytes, modulation of immune-related enzymes, and
regulation of antioxidant mechanisms represent some of the
additional effects induced by GSLS-Se (196). Finally, during the
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immunization of young chicks, higher iNDV-specific HI titers
were observed when an NDV vaccine was administered jointly
with GSLS-Se, with the latter also producing significantly more
NDV-specific sIgA, as well as IgM ™, IgA™, and IgG™ plasma
cells (197).

In brief, the fact that Se confers protection to the host and
alleviates adverse outcomes during viral infections justifies the
potential of considering Se-based interventions in future.

Conclusion and future perspectives

High rates of viral infections and the high toxicity of
mycotoxin seriously threaten the production performance of
animals and human health, prompting the need to find
means for solving the issue. In this context, Se can be
an effective antioxidant whose antagonistic effects against
mycotoxin toxicity, virus infection, and immunity have attracted
extensive attention. This review provided a comprehensive
and an extensive background on the protective role of Se
in effectively reducing mycotoxin toxicity and viral infections
in animals. Based on the above literature, it could roughly
summarize that there is a close relationship between mycotoxins
and livestock viral diseases, and Se has a certain antagonistic
effect on the toxicity of mycotoxins and livestock viruses
infection. As both mycotoxins and infection of livestock viruses
could induce oxidative damage, ER stress and autophagy, which
play important roles in the viral replication, the synergistic
mechanisms of livestock viruses infection with mycotoxins
deserve to be further investigated. At present, while research on
the role and mechanism of Se in alleviating mycotoxin toxicity
is comprehensive, similar research on its role in preventing
animal infections and in driving immunity is relatively limited,
with even less attention paid to the mechanism, However, it is
expected that the role of Se in alleviating mycotoxin toxicity,
resisting animal virus infection, and enhancing vaccine immune
response will gain greater importance as part of future studies.
Selenium, on the contrary, is a double-edged sword. Se is
an indispensable trace element with a fine line between its

References

1. Mehdi Y, Hornick J, Istasse L, Dufrasne I. Selenium in the environment,
metabolism and involvement in body functions. Molecules. (2013) 18:3292-311.
doi: 10.3390/molecules18033292

2.LiuL, Chen F, Qin S, Ma J, Li L, Jin T, et al. Effects of selenium-enriched yeast
improved aflatoxin Bl-induced changes in growth performance, antioxidation
capacity, IL-2 and IFN-y contents, and gene expression in mice. Biol Trace Elem
Res. (2019) 191:183-8. doi: 10.1007/s12011-018-1607-4

3. Wang X, Jin Z, Chen M, Duan D, Lammi M, Guo X, et al. Inhibiting
the aberrant activation of Wnt/B-catenin signaling by selenium supplementation
ameliorates deoxynivalenol-induced toxicity and catabolism in chondrocytes. J Cell
Physiol. (2020) 235:4434-42. doi: 10.1002/jcp.29319

Frontiersin Veterinary Science

10.3389/fvets.2022.956814

positive and harmful effects. The proposed research suggests
that selenium is one of the most promising agents to be studied
for its protective effects against the toxic effects induced by
mycotoxins, with the caveat that its impact is dependent on
many variables, such as its chemical form as well as the applied
dose and experimental model, making the selection of the most
effective supplement a very complex issue, so supplementation
must be carried out with caution to obtain the best results.

Author contributions

MF and WH conceived and designed the review. MF and
BL provided manuscript editing. All authors discussed, critically
revised the contents, and approved the final manuscript.

Funding

This work was supported by the Science and Technology
Project of Jiangxi Provincial Department of Education
(GJJ211632) and the Initial Scientific Research Fund of Yichun
University (3360119046).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

4.1i§, CaoJ, Shi Z, Chen J, Zhang Z, Hughes C, et al. Promotion of the articular
cartilage proteoglycan degradation by T-2 toxin and selenium protective effect. J
Zhejiang Univ Sci B. (2008) 9:22-33. doi: 10.1631/jzus.B071322

5. Garje R, Brown J, Nepple K, Dahmoush L, Bellizzi A, Bonner J, et al.
Phasel clinical trial of high doses of Seleno-L-methionine (SLM), in sequential
combination with axitinib in previously treated and relapsed clear cell renal
cell carcinoma (ccRCC) patients. J Clin Oncol. (2018) 36 (6 Suppl):630.
doi: 10.1200/JC0O.2018.36.6_suppl.630

6. Mahima V, Kumar A, Rahal A, Kumar V, Roy D. Inorganic versus
organic selenium supplementation: a review. Pak ] Biol Sci. (2012) 15:418-25.
doi: 10.3923/pjbs.2012.418.425

frontiersin.org


https://doi.org/10.3389/fvets.2022.956814
https://doi.org/10.3390/molecules18033292
https://doi.org/10.1007/s12011-018-1607-4
https://doi.org/10.1002/jcp.29319
https://doi.org/10.1631/jzus.B071322
https://doi.org/10.1200/JCO.2018.36.6_suppl.630
https://doi.org/10.3923/pjbs.2012.418.425
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Fang et al.

7. Rotruck JT, Pope AL, Ganther HE, Swanson AB, Hafeman DG, Hoekstra WG.
Selenium: biochemical role as a component of glutathione peroxidase. Science.
(1973) 9:588-90. doi: 10.1126/science.179.4073.588

8. Fradejas, N, Braun, D,Seeher, S,Schweizer, U. Chapter 2 Biochemistry and
molecular biology of selenoproteins. In: Preedy VR, Editor. Selenium: Chemistry,
Analysis, Function and Effects. Cambridge, UK:The Royal Society of Chemistry
(2015). pp.16-39.

9. Moghaddam A, Heller R, Sun Q, Seelig J, Cherkezov A, Seibert L, et al.
Selenium deficiency is associated with mortality risk from COVID-19. Nutrients.
(2020) 12:2098. doi: 10.3390/nu12072098

10. Zhang H, Zhang A, Lu Q, Zhang X, Zhang Z, Guan X, et al. Association
between fatality rate of COVID-19 and selenium deficiency in China. BMC Infect
Dis. (2021) 21:452. doi: 10.1186/s12879-021-06167-8

11. Sun L, Huang ], Deng J, Lei X. Avian selenogenome: response to dietary
Se and vitamin E deficiency and supplementation. Poult Sci. (2019) 98:4247-54.
doi: 10.3382/ps/pey408

12. Skiepko N, Przybylska-Gornowicz B, Gajecka M, Gajecki M, Lewczuk B.
Effects of deoxynivalenol and zearalenone on the histology and ultrastructure of
pig liver. Toxins. (2020) 12:463. doi: 10.3390/toxins12070463

13. Reddy K, Jeong ], Lee Y, Lee H, Kim M, Kim D, et al. Deoxynivalenol-
and zearalenone-contaminated feeds alter gene expression profiles in the livers of
piglets. Asian-Australas ] Anim Sci. (2018) 31:595-606. doi: 10.5713/ajas.17.0466

14. Dolensek T, Svara T, Knific T, Gomba¢ M, Luzar B, Jakovac-Strajn B. The
Influence of fusarium mycotoxins on the liver of gilts and their suckling piglets.
Animals. (2021) 11:2534. doi: 10.3390/ani11092534

15. Gan E, Zhou X, Zhou Y, Hou L, Chen X, Pan C, et al. Nephrotoxicity instead
of immunotoxicity of OTA is induced through DNMT1-dependent activation of
JAK2/STAT3 signaling pathway by targeting SOCS3. Arch Toxicol. (2019) 93:1067-
82. doi: 10.1007/s00204-019-02434-5

16. Gong L, Zhu H, Li T, Ming G, Duan X, Wang J, et al. Molecular signatures
of cytotoxic effects in human embryonic kidney 293 cells treated with single and
mixture of ochratoxin A and citrinin. Food Chem Toxicol. (2019) 123:374-84.
doi: 10.1016/j.fct.2018.11.015

17. Pyo MC, Choi IG, Lee KW. Transcriptome Analysis Reveals the AhR,
Smad2/3, and HIF-1a Pathways as the Mechanism of Ochratoxin A Toxicity in
Kidney Cells. Toxins. (2021) 13:190. doi: 10.3390/toxins13030190

18. Darbuka E, Giirkaglar C, Yaman I. Ochratoxin A induces ERK1/2
phosphorylation-dependent  apoptosis ~ through ~ NF-kB/ERK  axis in
human proximal tubule HK-2 cell line. Toxicon. (2021) 199:79-86.
doi: 10.1016/j.toxicon.2021.06.005

19. Song Y, Liu W, Zhao Y, Zang J, Gao H. Fumonisin Bl exposure
induces apoptosis of human kidney tubular epithelial cells through regulating
PTEN/PI3K/AKT signaling pathway via disrupting lipid raft formation. Toxicon.
(2021) 204:31-6. doi: 10.1016/j.toxicon.2021.10.013

20. Khoi CS, Lin YW, Chen JH, Liu BH, Lin TY, Hung KY, et al. Selective
activation of endoplasmic reticulum stress by reactive-oxygen-species-mediated
ochratoxin A-induced apoptosis in tubular epithelial cells. Int J Mol Sci. (2021)
22:10951. doi: 10.3390/ijms222010951

21. Wang Y, Song M, Wang Q, Guo C, Zhang J, Zhang X, et al. PINK1/Parkin-
mediated mitophagy is activated to protect against AFB1-induced kidney damage
in mice. Chem Biol Interact. (2022) 358:109884. doi: 10.1016/j.cbi.2022.109884

22.Ren Z, Guo C, Yu S, Zhu L, Wang Y, Hu H, et al. Progress in mycotoxins
affecting intestinal mucosal barrier function. Int | Mol Sci. (2019) 20:2777.
doi: 10.3390/ijms20112777

23. Lin R, Sun Y, Ye W, Zheng T, Wen J, Deng Y. T-2 toxin inhibits the
production of mucin via activating the IRE1/XBP1 pathway. Toxicology. (2019)
424:152230. doi: 10.1016/j.t0x.2019.06.001

24. Zhang W, Zhang S, Wang J, Shan A, Xu L. Changes in intestinal barrier
functions and gut microbiota in rats exposed to zearalenone. Ecotoxicol Environ
Saf. (2020) 204:111072. doi: 10.1016/j.ecoenv.2020.111072

25. Azizi T, Daneshyar M, Allymehr M, Jalali AS, Behroozyar HK, Tukmechi
A. The impact of deoxynivalenol contaminated diet on performance, immune
response, intestine morphology and jejunal gene expression in broiler chicken.
Toxicon. (2021) 199:72-8. doi: 10.1016/j.toxicon.2021.06.001

26. Paraskeuas V, Griela E, Bouziotis D, Fegeros K, Antonissen G, Mountzouris
KC. Effects of deoxynivalenol and fumonisins on broiler gut cytoprotective
capacity. Toxins. (2021) 13:729. doi: 10.3390/toxins13100729

27. Komsky-Elbaz A, Saktsier M, Roth Z. Aflatoxin Bl impairs sperm
quality and fertilization ~competence. Toxicology. (2018)  393:42-50.
doi: 10.1016/j.t0x.2017.11.007

Frontiersin Veterinary Science

10.3389/fvets.2022.956814

28. Ge J, Yu H, Li J, Lian Z, Zhang H, Fang H, et al. Assessment of aflatoxin
B1 myocardial toxicity in rats: mitochondrial damage and cellular apoptosis
in cardiomyocytes induced by aflatoxin B1. J Int Med Res. (2017) 45:1015-23.
doi: 10.1177/0300060517706579

29. Guo Y, Huo X, Zhao L, Ma Q, Zhang ], Ji C, et al. Protective Effects of Bacillus
subtilis ANSB060, Bacillus subtilis ANSBO1G, and Devosia sp. ANSB714-based
mycotoxin biodegradation agent on mice fed with naturally moldy diets. Probiotics
Antimicrob Proteins. (2020) 12:994-1001. doi: 10.1007/s12602-019-09606-w

30. Somoskoi B, Kovacs M, Cseh S. Effects of T-2 and Fumonisin B1 combined
treatment on in vitro mouse embryo development and blastocyst quality. Toxicol
Ind Health. (2018) 34:353-60. doi: 10.1177/0748233718764039

31. Li W, Zhao H, Zhuang R, Wang Y, Cao W, He Y, et al. Fumonisin
B1 exposure adversely affects porcine oocyte maturation in vitro by inducing
mitochondrial dysfunction and oxidative stress. Theriogenology. (2021) 164:1-11.
doi: 10.1016/j.theriogenology.2021.01.011

32. Lumsangkul C, Chiang HI, Lo NW, Fan YK, Ju JC. Developmental toxicity
of Mycotoxin Fumonisin B1 in animal embryogenesis: an overview. Toxins. (2019)
11:114. doi: 10.3390/toxins11020114

33. Zhou J, Zhao L, Huang S, Liu Q, Ao X, Lei Y, et al. Zearalenone toxicosis
on reproduction as estrogen receptor selective modulator and alleviation of
zearalenone biodegradative agent in pregnant sows. ] Anim Sci Biotechnol. (2022)
13:36. doi: 10.1186/s40104-022-00686-3

34.Sun L, DaiJ, XuJ, Yang J, Zhang D. Comparative cytotoxic effects and possible
mechanisms of deoxynivalenol, zearalenone and T-2 toxin exposure to porcine
leydig cells in vitro. Toxins. (2022) 14:113. doi: 10.3390/toxins14020113

35. Cossalter AM, Gong YY. Wild CP. Immunotoxicity of aflatoxin
Bl: impairment of the cell mediated response to vaccine antigen and
modulation of cytokine expression. Toxicol Appl Pharmacol. (2008) 231:142-49.
doi: 10.1016/j.taap.2008.04.004

36. Mohsenzadeh M S, Hedayati N. Riahi-Zanjani, B, Karimi
G. Immunosuppression following dietary aflatoxin Bl  exposure:
a review of the existing evidence. Toxin Rev. (2016) 35:121-7.
doi: 10.1080/15569543.2016.1209523

37. Hinton D, Myers M, Raybourne R, Francke-Carroll S, Sotomayor RE,
Shaddock J, et al. Immunotoxicity of aflatoxin BI in rats: effects on lymphocytes
and the inflammatory response in a chronic intermittent dosing study. Toxicol Sci.
(2003) 73:362-77. doi: 10.1093/toxsci/kfg074

38. Wang E Zuo Z, Chen K, Gao C, Yang Z, Zhao S, et al. Histopathological
injuries, ultrastructural changes, and depressed TLR expression in the
small intestine of broiler chickens with aflatoxin B1. Toxins. (2018) 10:131.
doi: 10.3390/toxins10040131

39. Qian G, Tang L, Guo X, Wang E Massey ME, Su J, et al Aflatoxin
Bl modulates the expression of phenotypic markers and cytokines by
splenic lymphocytes of male F344 rats. J Appl Toxicol. (2014) 34:241-9.
doi: 10.1002/jat.2866

40. Chen P, Liu T, Jiang S, Yang Z, Huang L, Liu F. Effects of purified zearalenone
on selected immunological and histopathologic measurements of spleen in post-
weanling gilts. Anim Nutr. (2017) 3:212-8. doi: 10.1016/j.aninu.2017.04.008

41. Obremski K, Gonkowski S, Wojtacha P. Zearalenone-induced changes in the
lymphoid tissue and mucosal nerve fibers in the porcine ileum. Pol J Vet Sci. (2015)
18:357-65. doi: 10.1515/pjvs-2015-0046

42. Gerez J, Pinton P, Callu P, Grosjean F Oswald IP, Bracarense AP.
Deoxynivalenol alone or in combination with nivalenol and zearalenone induce
systemic histological changes in pigs. Exp Toxicol Pathol. (2015) 67:89-98.
doi: 10.1016/j.etp.2014.10.001

43. Abdelrahman R, Khalaf A, Elhady M, Ibrahim M, Hassanen E, Noshy P.
Quercetin ameliorates ochratoxin A-induced immunotoxicity in broiler chickens
by modulation of PI3K/AKT pathway. Chem Biol Interact. (2022) 351:109720.
doi: 10.1016/j.¢bi.2021.109720

44. Gao D, Cao X, Ren H, Wu L, Yan Y, Hua R, et al. Immunotoxicity
and uterine transcriptome analysis of the effect of zearalenone (ZEA) in
sows during the embryo attachment period. Toxicol Lett. (2022) 357:33-42.
doi: 10.1016/j.toxlet.2021.12.017

45.Ma ], Liu Y, Guo Y, Ma Q, Ji C, Zhao L. Transcriptional profiling of aflatoxin
Bl-induced oxidative stress and inflammatory response in macrophages. Toxins.
(2021) 13:401. doi: 10.3390/toxins13060401

46. Muthulakshmi S, Maharajan K, Habibi HR, Kadirvelu K, Venkataramana
M. Zearalenone induced embryo and neurotoxicity in zebrafish model
(Danio rerio) : role of oxidative stress revealed by a multi biomarker
study. Chemosphere. (2018) 198:111-21. doi: 10.1016/j.chemosphere.2018.
01.141

frontiersin.org


https://doi.org/10.3389/fvets.2022.956814
https://doi.org/10.1126/science.179.4073.588
https://doi.org/10.3390/nu12072098
https://doi.org/10.1186/s12879-021-06167-8
https://doi.org/10.3382/ps/pey408
https://doi.org/10.3390/toxins12070463
https://doi.org/10.5713/ajas.17.0466
https://doi.org/10.3390/ani11092534
https://doi.org/10.1007/s00204-019-02434-5
https://doi.org/10.1016/j.fct.2018.11.015
https://doi.org/10.3390/toxins13030190
https://doi.org/10.1016/j.toxicon.2021.06.005
https://doi.org/10.1016/j.toxicon.2021.10.013
https://doi.org/10.3390/ijms222010951
https://doi.org/10.1016/j.cbi.2022.109884
https://doi.org/10.3390/ijms20112777
https://doi.org/10.1016/j.tox.2019.06.001
https://doi.org/10.1016/j.ecoenv.2020.111072
https://doi.org/10.1016/j.toxicon.2021.06.001
https://doi.org/10.3390/toxins13100729
https://doi.org/10.1016/j.tox.2017.11.007
https://doi.org/10.1177/0300060517706579
https://doi.org/10.1007/s12602-019-09606-w
https://doi.org/10.1177/0748233718764039
https://doi.org/10.1016/j.theriogenology.2021.01.011
https://doi.org/10.3390/toxins11020114
https://doi.org/10.1186/s40104-022-00686-3
https://doi.org/10.3390/toxins14020113
https://doi.org/10.1016/j.taap.2008.04.004
https://doi.org/10.1080/15569543.2016.1209523
https://doi.org/10.1093/toxsci/kfg074
https://doi.org/10.3390/toxins10040131
https://doi.org/10.1002/jat.2866
https://doi.org/10.1016/j.aninu.2017.04.008
https://doi.org/10.1515/pjvs-2015-0046
https://doi.org/10.1016/j.etp.2014.10.001
https://doi.org/10.1016/j.cbi.2021.109720
https://doi.org/10.1016/j.toxlet.2021.12.017
https://doi.org/10.3390/toxins13060401
https://doi.org/10.1016/j.chemosphere.2018.01.141
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Fang et al.

47. Yilmaz S, Kaya E, Karaca A, Karatas O. Aflatoxin B1 induced renal and
cardiac damage in rats: protective effect of lycopene. Res Vet Sci. (2018) 119:268-75.
doi: 10.1016/j.rvsc.2018.07.007

48. Wang W, Xu Z, Yu C, Xu X. Effects of aflatoxin Bl on mitochondrial
respiration, ROS generation and apoptosis in broiler cardiomyocytes. Anim Sci J.
(2017) 88:1561-8. doi: 10.1111/asj.12796

49. Ngampongsa S, Hanafusa M, Ando K, Ito K, Kuwahara M, Yamamoto Y,
et al. Toxic effects of T-2 toxin and deoxynivalenol on the mitochondrial electron
transport system of cardiomyocytes in rats. J Toxicol Sci. (2013) 38:495-502.
doi: 10.2131/jts.38.495

50. Feeste CK, Solhaug A, Gaborit M, Pierre F, Massotte D. neurotoxic potential
of deoxynivalenol in murine brain cell lines and primary hippocampal cultures.
Toxins. (2022) 14:48. doi: 10.3390/toxins14010048

51. Behrens M, Hiiwel S, Galla HJ, Humpf HU. Blood-brain barrier
effects of the fusarium mycotoxins deoxynivalenol, 3 acetyldeoxynivalenol, and
moniliformin and their transfer to the brain. PLoS ONE. (2015) 10:e0143640.
doi: 10.1371/journal.pone.0143640

52. Wang X, Chen X, Cao L, Zhu L, Zhang Y, Chu X, et al. Mechanism
of deoxynivalenol-induced neurotoxicity in weaned piglets is linked to
lipid peroxidation, dampened neurotransmitter levels, and interference
with calcium  signaling. Ecotoxicol ~Environ Saf. (2020) 194:110382.
doi: 10.1016/j.ecoenv.2020.110382

53. Ren Z, Deng H, Deng Y, Deng ], Zuo Z, Yu S, et al. Effect of the Fusarium
toxins, zearalenone and deoxynivalenol, on the mouse brain. Environ Toxicol
Pharmacol. (2016) 46:62-70. doi: 10.1016/j.etap.2016.06.028

54. Dai C, Xiao X, Sun E Zhang Y, Hoyer D, Shen J, et al. T-2 toxin neurotoxicity:
role of oxidative stress and mitochondrial dysfunction. Arch Toxicol. (2019)
93:3041-56. doi: 10.1007/s00204-019-02577-5

55. Arumugam T, Pillay Y, Ghazi T, Nagiah S, Abdul NS. Chuturgoon
AA. Fumonisin Bl-induced oxidative stress triggers Nrf2-mediated antioxidant
response in human hepatocellular carcinoma (HepG2) cells. Mycotoxin Res. (2019)
35:99-109. doi: 10.1007/s12550-018-0335-0

56. Antonissen G, Devreese M, De Baere S, Martel A, Van Immerseel E Croubels
S. Impact of Fusarium mycotoxins on hepatic and intestinal mRNA expression of
cytochrome P450 enzymes and drug transporters, and on the pharmacokinetics
of oral enrofloxacin in broiler chickens. Food Chem Toxicol. (2017) 101:75-83.
doi: 10.1016/j.fct.2017.01.006

57. Liang R, Shen X, Zhang B, Li Y, Xu W, Zhao C, et al. Apoptosis signal-
regulating kinase 1 promotes Ochratoxin A-induced renal cytotoxicity. Sci Rep.
(2015) 5:8078. doi: 10.1038/srep08078

58. Viera-Lim6n M]J, Morlett-Chavez JA, Sierra-Rivera CA, Luque-
Contreras D, Zugasti-Cruz A. Zearalenone induced cytotoxicityand oxidative
stress in human peripheral blood leukocytes. Toxicol. (2015) 1:102.
doi: 10.4172/2476-2067.1000102

59. Salem IB, Boussabbeh M, Neffati F, Najjar ME, Abid-Essefi S, Bacha H.
Zearalenone-induced changes in biochemical parameters, oxidative stress and
apoptosis in cardiac tissue: Protective role of crocin. Hum Exp Toxicol. (2016)
35:623-34. doi: 10.1177/0960327115597467

60. Tatay E, Espin S, Garcia-Ferndndez AJ, Ruiz MJ. Oxidative damage and
disturbance of antioxidant capacity by zearalenone and its metabolites in human
cells. Toxicol In vitro. (2017) 45(Pt 3):334-9. doi: 10.1016/j.tiv.2017.04.026

61. Ozcan Z, Giil G, Yaman I. Ochratoxin A activates opposing c-MET/PI3K/Akt
and MAPK/ERK 1-2 pathways in human proximal tubule HK-2 cells. Arch Toxicol.
(2015) 89:1313-27. doi: 10.1007/s00204-014-1311-x

62. Sheu M, Shen C, Chen Y, Chiang C. Ochratoxin A induces ER stress
and apoptosis in mesangial cells via a NADPH oxidase-derived reactive oxygen
species-mediated calpain activation pathway. Oncotarget. (2017) 8:19376-88.
doi: 10.18632/oncotarget.14270

63. Gan E, Zhou Y, Hou L, Qian G, Chen X, Huang K. Ochratoxin A induces
nephrotoxicity and immunotoxicity through different MAPK signaling pathways
in PK15 cells and porcine primary splenocytes. Chemosphere. (2017) 182:630-7.
doi: 10.1016/j.chemosphere.2017.05.030

64. Yang D, Jiang T, Lin P, Chen H, Wang L, Wang N, et al. Apoptosis inducing
factor gene depletion inhibits zearalenone-induced cell death in a goat Leydig cell
line. Reprod Toxicol. (2017) 67:129-39. doi: 10.1016/j.reprotox.2016.12.005

65. Tatay E, Font G, Ruiz M]J. Cytotoxic effects of zearalenone and its metabolites
and antioxidant cell defense in CHO-K1 cells. Food Chem Toxicol. (2016) 96:43-9.
doi: 10.1016/j.fct.2016.07.027

66. Yu M, Chen L, Peng Z, Wang D, Song Y, Wang H, et al. Embryotoxicity
caused by DON-induced oxidative stress mediated by Nrf2/HO-1 Pathway. Toxins.
(2017) 9:188. doi: 10.3390/toxins9060188

Frontiersin Veterinary Science

10.3389/fvets.2022.956814

67. Liu Y, Wang W. Aflatoxin B1 impairs mitochondrial functions, activates ROS
generation, induces apoptosis and involves Nrf2 signal pathway in primary broiler
hepatocytes. Anim Sci J. (2016) 87:1490-500. doi: 10.1111/asj.12550

68. Yu S, Jia B, Liu N, Yu D, Wu A. Evaluation of the individual and combined
toxicity of fumonisin mycotoxins in human gastric epithelial cells. Int J Mol Sci.
(2020) 21:5917. doi: 10.3390/ijms21165917

69. Yu S, Jia B, Yang Y, Liu N, Wu A. Involvement of PERK-CHOP pathway in
fumonisin B1- induced cytotoxicity in human gastric epithelial cells. Food Chem
Toxicol. (2020) 136:111080. doi: 10.1016/.fct.2019.111080

70. Asci Celik D, Gurbuz N, Togay V, Ozgelik N. Ochratoxin A causes cell cycle
arrest in G1 and G1/S phases through p53 in HK-2 cells. Toxicon. (2020) 180:11-7.
doi: 10.1016/j.toxicon.2020.03.012

71. Dubourg V, Nolze A, Kopf M, Gekle M, Schwerdt G. Weighted correlation
network analysis reveals CDK2 as a regulator of a ubiquitous environmental
toxin-induced cell-cycle arrest. Cells. (2020) 9:143. doi: 10.3390/cells9010143

72. Peng X, Bai S, Ding X, Zhang K. Pathological impairment, cell cycle
arrest and apoptosis of thymus and bursa of fabricius induced by aflatoxin-
contaminated corn in broilers. Int J Environ Res Public Health. (2017) 14:77.
doi: 10.3390/ijerph14010077

73. Peng X, Zhang K, Bai S, Ding X, Zeng Q, Yang J, et al. Histological lesions,
cell cycle arrest, apoptosis and T-cell subsets changes of spleen in chicken fed
aflatoxin-contaminated corn. Int ] Environ Res Public Health. (2014) 11:8567-80.
doi: 10.3390/ijerph110808567

74. Yu Z, Wang F, Liang N, Wang C, Peng X, Fang J, et al. Effect of selenium
supplementation on apoptosis and cell cycle blockage of renal cells in broilers
fed a diet containing aflatoxin Bl. Biol Trace Elem Res. (2015) 168:242-51.
doi: 10.1007/s12011-015-0344-1

75. Hu P, Zuo Z, Li H, Wang E, Peng X, Fang J, et al. The molecular mechanism
of cell cycle arrest in the Bursa of Fabricius in chick exposed to Aflatoxin B 1. Sci
Rep. (2018) 8:1770. doi: 10.1038/s41598-018-20164-z

76. Huang B, Chen Q, Wang L, Gao X, Zhu W, Mu P, et al. Aflatoxin
Bl induces neurotoxicity through reactive oxygen species generation, DNA
damage, apoptosis, and S-phase cell cycle arrest. Int ] Mol Sci. (2020) 21:6517.
doi: 10.3390/ijms21186517

77. Marin D, Braicu C, Dumitrescu G, Pistol G, Cojocneanu R, Neagoe I,
et al. MicroRNA profiling in kidney in pigs fed ochratoxin A contaminated diet.
Ecotoxicol Environ Saf. (2019) 184:109637. doi: 10.1016/j.ecoenv.2019.109637

78. Wu T, Lin YT, Huang Y, Yu E Liu B. Ochratoxin A triggered
intracerebral  hemorrhage in embryonic  zebrafish: involvement of
microRNA-731 and prolactin receptor. Chemosphere. (2020) 242:125143.
doi: 10.1016/j.chemosphere.2019.125143

79. Fang Y, Feng Y, Wu T, Srinivas S, Yang W, Fan J, et al. Aflatoxin Bl
negatively regulates Wnt/B-catenin signaling pathway through activating miR-33a.
PLoS ONE. (2013) 8:€73004. doi: 10.1371/journal.pone.0073004

80. Chen Z, Zhuang W, Wang Z, Xiao W, Don W, Li X, et al. MicroRNA-450b-
3p inhibits cell growth by targeting phosphoglycerate kinase 1 in hepatocellular
carcinoma. J Cell Biochem. (2019) 120:18805-15. doi: 10.1002/jcb.29196

81. He J, Zhang J, Wang Y, Liu W, Gou K, Liu Z, et al. MiR-7
Mediates the zearalenone signaling pathway regulating FSH synthesis and
secretion by targeting FOS in female pigs. Endocrinology. (2018) 159:2993-3006.
doi: 10.1210/en.2018-00097

82. Tian Y, Zhang M, Li N, Wang J, Ge W, Tan S, et al. Zearalenone exposure
triggered porcine granulosa cells apoptosis via microRNAs-mediated focal
adhesion pathway. Toxicol Lett. (2020) 330:80-9. doi: 10.1016/j.toxlet.2020.05.009

83. Agarwal P, Singh D, Raisuddin S, Kumar R. Amelioration of
ochratoxin-A induced cytotoxicity by prophylactic treatment of N-Acetyl-L-
tryptophan in human embryonic kidney cells. Toxicology. (2020) 429:152324.
doi: 10.1016/j.tox.2019.152324

84.Yin S, Guo X, Li J, Fan L, Hu H. Fumonisin B1 induces autophagic cell death
via activation of ERN1-MAPKS8/9/10 pathway in monkey kidney MARC-145 cells.
Arch Toxicol. (2016) 90:985-96. doi: 10.1007/s00204-015-1514-9

85. Singh MP, Kang SC. Endoplasmic reticulum stress-mediated autophagy
activation attenuates fumonisin Bl induced hepatotoxicity in vitro and in vivo.
Food Chem Toxicol. (2017) 110:371-82. doi: 10.1016/j.fct.2017.10.054

86. Ren Z, Guo C, He H, Zuo Z, Hu Y, Yu §, et al. Effects of deoxynivalenol
on mitochondrial dynamics and autophagy in pig spleen lymphocytes. Food Chem
Toxicol. (2020) 140:111357. doi: 10.1016/j.fct.2020.111357

87. Yang L, Zhou M, Huang L, Yang W, Yang Z, Jiang S, et al. Zearalenone-
promoted follicle growth through modulation of Wnt-1/B-catenin signaling
pathway and expression of estrogen receptor genes in ovaries of postweaning
piglets. J Agric Food Chem. (2018) 66:7899-906. doi: 10.1021/acs.jafc.8502101

frontiersin.org


https://doi.org/10.3389/fvets.2022.956814
https://doi.org/10.1016/j.rvsc.2018.07.007
https://doi.org/10.1111/asj.12796
https://doi.org/10.2131/jts.38.495
https://doi.org/10.3390/toxins14010048
https://doi.org/10.1371/journal.pone.0143640
https://doi.org/10.1016/j.ecoenv.2020.110382
https://doi.org/10.1016/j.etap.2016.06.028
https://doi.org/10.1007/s00204-019-02577-5
https://doi.org/10.1007/s12550-018-0335-0
https://doi.org/10.1016/j.fct.2017.01.006
https://doi.org/10.1038/srep08078
https://doi.org/10.4172/2476-2067.1000102
https://doi.org/10.1177/0960327115597467
https://doi.org/10.1016/j.tiv.2017.04.026
https://doi.org/10.1007/s00204-014-1311-x
https://doi.org/10.18632/oncotarget.14270
https://doi.org/10.1016/j.chemosphere.2017.05.030
https://doi.org/10.1016/j.reprotox.2016.12.005
https://doi.org/10.1016/j.fct.2016.07.027
https://doi.org/10.3390/toxins9060188
https://doi.org/10.1111/asj.12550
https://doi.org/10.3390/ijms21165917
https://doi.org/10.1016/j.fct.2019.111080
https://doi.org/10.1016/j.toxicon.2020.03.012
https://doi.org/10.3390/cells9010143
https://doi.org/10.3390/ijerph14010077
https://doi.org/10.3390/ijerph110808567
https://doi.org/10.1007/s12011-015-0344-1
https://doi.org/10.1038/s41598-018-20164-z
https://doi.org/10.3390/ijms21186517
https://doi.org/10.1016/j.ecoenv.2019.109637
https://doi.org/10.1016/j.chemosphere.2019.125143
https://doi.org/10.1371/journal.pone.0073004
https://doi.org/10.1002/jcb.29196
https://doi.org/10.1210/en.2018-00097
https://doi.org/10.1016/j.toxlet.2020.05.009
https://doi.org/10.1016/j.tox.2019.152324
https://doi.org/10.1007/s00204-015-1514-9
https://doi.org/10.1016/j.fct.2017.10.054
https://doi.org/10.1016/j.fct.2020.111357
https://doi.org/10.1021/acs.jafc.8b02101
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Fang et al.

88. Wang N, Wu W, Pan J, Long M. Detoxification strategies for
zearalenone using microorganisms: a review. Microorganisms. (2019) 7:208.
doi: 10.3390/microorganisms7070208

89. He J, Wei C, Li Y, Liu Y, Wang Y, Pan ], et al. Zearalenone and alpha-
zearalenol inhibit the synthesis and secretion of pig follicle stimulating hormone
via the non-classical estrogen membrane receptor GPR30. Mol Cell Endocrinol.
(2018) 461:43-54. doi: 10.1016/j.mce.2017.08.010

90. Zhou M, Yang L, Shao M, Wang Y, Yang W, Huang L, et al. Effects of
zearalenone exposure on the TGF-p1/Smad3 signaling pathway and the expression
of proliferation or apoptosis related genes of post-weaning gilts. Toxins. (2018)
10:49. doi: 10.3390/toxins10020049

91. Gan E Zhang Z, Hu Z, Hesketh J, Xue H, Chen X, et al. Ochratoxin A
promotes porcine circovirus type 2 replication in vitro and in vivo. Free Radical
Bio Med. (2015) 80:33-47. doi: 10.1016/j.freeradbiomed.2014.12.016

92. Jolly P. Aflatoxin: does it contribute to an increase in HIV viral load? Future
Microbiol. (2014) 9:121-4. doi: 10.2217/fmb.13.166

93. Chen X, Ren E Hesketh J, Shi X, Li J, Gan E et al. Selenium blocks
porcine circovirus type 2 replication promotion induced by oxidative stress
by improving GPx1 expression. Free Radical Bio Med. (2012) 53:395-405.
doi: 10.1016/j.freeradbiomed.2012.04.035

94. Steinbrenner H, Al-Quraishy S, Dkhil M, Wunderlich E Sies H. Dietary
selenium in adjuvant therapy of viral and bacterial infections. Adv Nutr. (2015)
6:73-82. doi: 10.3945/an.114.007575

95. Baum M, Shor-Posner G, Lai S, Zhang G, Lai H, Fletcher MA,
et al. High risk of HIV-related mortality is associated with selenium
deficiency. ] Acquir Immune Defic Syndr Hum Retrovirol. (1997) 15:370-4.
doi: 10.1097/00042560-199708150-00007

96. Chen X, Ren F, Hesketh J, Shi X, Li ], Gan E et al. Reactive oxygen species
regulate the replication of porcine circovirus type 2 via NF-k B pathway. Virology.
(2012) 426:66-72. doi: 10.1016/j.virol.2012.01.023

97. Marquardt R, Frohlich A. A review of recent advances in understanding
ochratoxicosis. ] Anim Sci. (1992) 70:3968-88. doi: 10.2527/1992.70123968x

98. Palabiyik S, Erkekoglu P, Zeybek ND, Kizilgun M, Baydar DE, Sahin
G, et al. Protective effect of lycopene against ochratoxin A induced renal
oxidative stress and apoptosis in rats. Exp Toxicol Pathol. (2013) 65:853-61.
doi: 10.1016/j.etp.2012.12.004

99. Qian G, Liu D, Hu J, Gan E Hou L, Chen X, et al. Ochratoxin A-induced
autophagy in vitro and in vivo promotes porcine circovirus type 2 replication. Cell
Death Dis. (2017) 8:€2909. doi: 10.1038/cddis.2017.303

100. Liu D, Ge L, Wang Q, Su J, Chen X, Wang C, et al. Low-
level contamination of deoxynivalenol: a threat from environmental toxins
to porcine epidemic diarrhea virus infection. Environ Int. (2020) 143:105949.
doi: 10.1016/j.envint.2020.105949

101. Van Cleemput J, Poelaert K, Laval K, Van den Broeck W, Nauwynck
H. Deoxynivalenol, but not fumonisin Bl, aflatoxin Bl or diesel exhaust
particles disrupt integrity of the horses respiratory epithelium and predispose
it for equine herpesvirus type 1 infection. Vet Microbiol. (2019) 234:17-24.
doi: 10.1016/j.vetmic.2019.05.009

102. Sun Y, Liu Z, Liu D, Chen ], Gan E Huang K. Low-level aflatoxin Bl
promotes influenza infection and modulates a switch in macrophage polarization
from M1 to M2. Cell Physiol Biochem. (2018) 49:1110-26. doi: 10.1159/000493294

103. Sun Y, Su J, Liu Z, Liu D, Gan E, Chen X, et al. Aflatoxin Bl Promotes
influenza replication and increases virus related lung damage via activation of
TLR4 Signaling. Front Immunol. (2018) 9:2297. doi: 10.3389/fimmu.2018.02297

104. Yohannes T, Sharma A, Singh S, Goswami T. Immunopathological
effects of experimental T-2 mycotoxocosis in broiler chicken co-infected with
infectious bronchitis virus (IBV). Vet Immunol Immunopathol. (2012) 146:245-53.
doi: 10.1016/j.vetimm.2012.03.001

105. Sandhu B, Singh B, Brar R. Haematological and biochemical studies in
broiler chicks fed ochratoxin and inoculated with inclusion body hepatitis virus,
singly and in concurrence. Vet Res Commun. (1998) 22:335-46.

106. Savard C, Provost C, Alvarez F, Pinilla V, Music N, Jacques M, et al. Effect of
deoxynivalenol (DON) mycotoxin on in vivo and in vitro porcine circovirus type 2
infections. Vet Microbiol. (2015) 176:257-67. doi: 10.1016/j.vetmic.2015.02.004

107. Savard C, Pinilla V, Provost C, Segura M, Gagnon CA, Chorfi Y. In
vitro effect of deoxynivalenol (DON) mycotoxin on porcine reproductive and
respiratory syndrome virus replication. Food Chem Toxicol. (2014) 65:219-26.
doi: 10.1016/j.fct.2013.12.043

108. Xiong K, Tan L, Yi S, Wu Y, Hu Y, Wang A, et al. Low-concentration T-2
toxin attenuates pseudorabies virus replication in porcine kidney 15 cells. Toxins.
(2022) 14:121. doi: 10.3390/toxins14020121

Frontiersin Veterinary Science

15

10.3389/fvets.2022.956814

109. Bhatti S, Khan M, Saleemi M, Hassan Z. Impact of dietary Trichosporon
mycotoxinivorans on ochratoxin A induced immunotoxicity; in vivo study. Food
Chem Toxicol. (2019) 132:110696. doi: 10.1016/j.fct.2019.110696

110. Xu H, Hao S, Gan E Wang H, Xu ], Liu D, et al. In vitro immune
toxicity of ochratoxin A in porcine alveolar macrophages: a role for the ROS-
relative TLR4/MyD88 signaling pathway. Chem Biol Interact. (2017) 272:107-16.
doi: 10.1016/j.cbi.2017.05.016

111. Gan E Hou L, Xu H, Liu Y, Chen X, Huang K. PCV2 infection aggravates
OTA-induced immunotoxicity in vivo and in vitro. Ecotoxicol Environ Saf. (2022)
235:113447. doi: 10.1016/j.ecoenv.2022.113447

112. Bennett J. Klich, M. Mycotoxins Clin Microbiol Rev. (2003) 16:497-516.
doi: 10.1128/CMR.16.3.497-516.2003

113. Osell C, Segalés J, Ramos-Vara J, Folch J, Rodriguez-Arrioja G, Duran C,
et al. Identification of porcine circovirus in tissues of pigs with porcine dermatitis
and nephropathy syndrome. Vet Rec. (2000) 146:40-3. doi: 10.1136/vr.146.2.40

114. Gan E Zhou Y, Qian G, Huang D, Hou L, Liu D, et al. PCV2 infection
aggravates ochratoxin A-induced nephrotoxicity via autophagy involving p38
signaling pathway in vivo and in vitro. Environ Pollut. (2018) 238:656-62.
doi: 10.1016/j.envpol.2018.03.032

115. Gu C, Gao X, Guo D, Wang ], Wu Q, Nepovimova E, et al. Combined Effect
of Deoxynivalenol (DON) and porcine circovirus type 2 (Pcv2) on inflammatory
cytokine mRNA expression. Toxins. (2021) 13:422. doi: 10.3390/toxins13060422

116. Liu D, Wang Q, He W, Ge L, Huang K. Deoxynivalenol aggravates the
immunosuppression in piglets and PAMs under the condition of PEDV infection
through inhibiting TLR4/NLRP3 signaling pathway. Ecotoxicol Environ Saf. (2022)
231:113209. doi: 10.1016/j.ecoenv.2022.113209

117. Savard C, Pinilla V, Provost C, Gagnon CA, Chorfi Y. In vivo effect of
deoxynivalenol (DON) naturally contaminated feed on porcine reproductive and
respiratory syndrome virus (PRRSV) infection. Vet Microbiol. (2014) 174:419-26.
doi: 10.1016/j.vetmic.2014.10.019

118. Savard C, Gagnon CA, Chorfi Y. Deoxynivalenol (DON) naturally
contaminated feed impairs the immune response induced by porcine reproductive
and respiratory syndrome virus (PRRSV) live attenuated vaccine. Vaccine. (2015)
33:3881-6. doi: 10.1016/j.vaccine.2015.06.069

119. Choi B, Jeong S, Cho ], Shin H, Son S, Yeo Y, et al. Effects of oral
deoxynivalenol exposure on immune-related parameters in lymphoid organs and
serum of mice vaccinated with porcine parvovirus vaccine. Mycotoxin Res. (2013)
29:185-92. doi: 10.1007/s12550-013-0161-3

120. Rickner A, Plagge L, Heenemann K, Harzer M, Thaa B, Winkler J, et al.
The mycotoxin deoxynivalenol (DON) can deteriorate vaccination efficacy against
porcine reproductive and respiratory syndrome virus (PRRSV) at subtoxic levels.
Porcine Health Manag. (2022) 8:13. doi: 10.1186/s40813-022-00254-1

121. Zhang L, Ma R, Zhu M, Zhang N, Liu X, Wang Y, et al. Effect
of deoxynivalenol on the porcine acquired immune response and potential
remediation by a novel modified HSCAS adsorbent. Food Chem Toxicol. (2020)
138:111187. doi: 10.1016/j.fct.2020.111187

122. Dinicke S, Winkler J, Meyer U, Kersten S, Wernike K, Beer M,
et al. Antibody response of growing German Holstein bulls to a vaccination
against bovine viral diarrthea virus (BVDV) is influenced by Fusarium
toxin exposure in a non-linear fashion. Mpycotoxin Res. (2018) 34:123-39.
doi: 10.1007/s12550-018-0307-4

123. Ghareeb K, Awad W, Béhm J. Ameliorative effect of a microbial feed
additive on infectious bronchitis virus antibody titer and stress index in broiler
chicks fed deoxynivalenol. Poult Sci. (2012) 91:800-7. doi: 10.3382/ps.2011-01741

124. Jahanian E, Mahdavi A, Asgary S, Jahanian R, Tajadini M. Effect of dietary
supplementation of mannanoligosaccharides on hepatic gene expressions and
humoral and cellular immune responses in aflatoxin-contaminated broiler chicks.
Prev Vet Med. (2019) 168:9-18. doi: 10.1016/j.prevetmed.2019.04.005

125. Solis-Cruz B, Hernandez-Patlan D, Petrone V, Pontin K, Latorre J, Beyssac
E, et al. Evaluation of cellulosic polymers and curcumin to reduce aflatoxin B1 toxic
effects on performance, biochemical, and immunological parameters of broiler
chickens. Toxins. (2019) 11:121. doi: 10.3390/toxins11020121

126. Arak H, Karimi Torshizi M, Hedayati M, Rahimi S. The efficiency of
synthetic polymers to ameliorate the adverse effects of Aflatoxin on plasma
biochemistry, immune responses, and hepatic genes expression in ducklings.
Toxicon. (2020) 187:136-43. doi: 10.1016/j.toxicon.2020.08.033

127. Lai Y, Sun M, He Y, Lei J, Han Y, Wu Y, et al. Mycotoxins binder
supplementation alleviates aflatoxin Bl toxic effects on the immune response
and intestinal barrier function in broilers. Poult Sci. (2022) 101:101683.
doi: 10.1016/j.psj.2021.101683

128. Chen X, Ishfaq M, Wang J. Effects of Lactobacillus salivarius
supplementation on the growth performance, liver function, meat quality, immune

frontiersin.org


https://doi.org/10.3389/fvets.2022.956814
https://doi.org/10.3390/microorganisms7070208
https://doi.org/10.1016/j.mce.2017.08.010
https://doi.org/10.3390/toxins10020049
https://doi.org/10.1016/j.freeradbiomed.2014.12.016
https://doi.org/10.2217/fmb.13.166
https://doi.org/10.1016/j.freeradbiomed.2012.04.035
https://doi.org/10.3945/an.114.007575
https://doi.org/10.1097/00042560-199708150-00007
https://doi.org/10.1016/j.virol.2012.01.023
https://doi.org/10.2527/1992.70123968x
https://doi.org/10.1016/j.etp.2012.12.004
https://doi.org/10.1038/cddis.2017.303
https://doi.org/10.1016/j.envint.2020.105949
https://doi.org/10.1016/j.vetmic.2019.05.009
https://doi.org/10.1159/000493294
https://doi.org/10.3389/fimmu.2018.02297
https://doi.org/10.1016/j.vetimm.2012.03.001
https://doi.org/10.1016/j.vetmic.2015.02.004
https://doi.org/10.1016/j.fct.2013.12.043
https://doi.org/10.3390/toxins14020121
https://doi.org/10.1016/j.fct.2019.110696
https://doi.org/10.1016/j.cbi.2017.05.016
https://doi.org/10.1016/j.ecoenv.2022.113447
https://doi.org/10.1128/CMR.16.3.497-516.2003
https://doi.org/10.1136/vr.146.2.40
https://doi.org/10.1016/j.envpol.2018.03.032
https://doi.org/10.3390/toxins13060422
https://doi.org/10.1016/j.ecoenv.2022.113209
https://doi.org/10.1016/j.vetmic.2014.10.019
https://doi.org/10.1016/j.vaccine.2015.06.069
https://doi.org/10.1007/s12550-013-0161-3
https://doi.org/10.1186/s40813-022-00254-1
https://doi.org/10.1016/j.fct.2020.111187
https://doi.org/10.1007/s12550-018-0307-4
https://doi.org/10.3382/ps.2011-01741
https://doi.org/10.1016/j.prevetmed.2019.04.005
https://doi.org/10.3390/toxins11020121
https://doi.org/10.1016/j.toxicon.2020.08.033
https://doi.org/10.1016/j.psj.2021.101683
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Fang et al.

responses and Salmonella pullorum infection resistance of broilers challenged with
Aflatoxin B1. Poult Sci. (2022) 101:101651. doi: 10.1016/j.psj.2021.101651

129. Guo J, Yan W, Tang J, Jin X, Xue H, Wang T, et al. Dietary phillygenin
supplementation ameliorates aflatoxin B1-induced oxidative stress, inflammation,
and apoptosis in chicken liver. Ecotoxicol Environ Saf. (2022) 236:113481.
doi: 10.1016/j.ecoenv.2022.113481

130. Cai J, Wang N, Chen J, Wu A, Nepovimova E, Valis M, et al. Bacillus
velezensis A2 inhibited the cecal inflammation induced by zearalenone by
regulating intestinal flora and short-chain fatty acids. Front Nutr. (2022) 9:806115.
doi: 10.3389/fnut.2022.806115

131. Ying C, Hong W, Nianhui Z, Chunlei W, Kehe H, Cuiling P. Nontoxic
concentrations of OTA aggravate DON-induced intestinal barrier dysfunction
in IPEC-J2 cells via activation of NF-kB signaling pathway. Toxicol Lett. (2019)
311:114-24. doi: 10.1016/j.toxlet.2019.04.021

132. Intestinal morphology di and expression of inflammatory cytokines of
weaning rabbits. Toxins. (2019) 11:473. doi: 10.3390/toxins11080473

133. Liu Y, Dong R, Yang Y, Xie H, Huang Y, Chen X, et al. Protective
effect of organic selenium on oxidative damage and inflammatory reaction of
rabbit kidney induced by T-2 toxin. Biol Trace Elem Res. (2021) 199:1833-42.
doi: 10.1007/s12011-020-02279-5

134. Liu Y, Yang Y, Dong R, Zhang Z, Jia E Yu H, et al. Protective effect of
selenomethionine on intestinal injury induced by T- 2 toxin. Res Vet Sci. (2020)
132:439-47. doi: 10.1016/j.rvsc.2020.07.018

135. Yang S, Li L, Yu L, Sun L, Li K, Tong C, et al. Selenium-enriched yeast
reduces caecal pathological injuries and intervenes changes of the diversity of
caecal microbiota caused by Ochratoxin-A in broilers. Food Chem Toxicol. (2020)
137:111139. doi: 10.1016/j.fct.2020.111139

136. Zhang Z, Xu Y, Wang J, Xie H, Sun X, Zhu X, et al. Protective effect of
selenomethionine on T-2 toxin-induced rabbit immunotoxicity. Biol Trace Elem
Res. (2022) 200:172-82. doi: 10.1007/s12011-021-02625-1

137. Zhao L, Feng Y, Deng J, Zhang N, Zhang W, Liu X, et al. Selenium deficiency
aggravates aflatoxin Bl-induced immunotoxicity in chick spleen by regulating 6
selenoprotein genes and redox/inflammation/apoptotic signaling. J Nutr. (2019)
149:894-901. doi: 10.1093/jn/nxz019

138. Zhang Y, Hu B, Wang M, Tong ], Pan ], Wang N, et al. Selenium
protects against zearalenone-induced oxidative stress and apoptosis in the mouse
kidney by inhibiting endoplasmic reticulum stress. Oxid Med Cell Longev. (2020)
2020:6059058. doi: 10.1155/2020/6059058

139. Li K, Cao Z, Guo Y, Tong C, Yang S, Long M, et al. selenium yeast
alleviates ochratoxin A-induced apoptosis and oxidative stress via modulation of
the PI3K/AKT and Nrf2/Keap1 signaling pathways in the kidneys of chickens. Oxid
Med Cell Longev. (2020) 2020:4048706. doi: 10.1155/2020/4048706

140. Li P Li K, Zou C, Tong C, Sun L, Cao Z, et al. Selenium
yeast alleviates ochratoxin A-induced hepatotoxicity via modulation of the
PI3K/AKT and Nrf2/Keap1 signaling pathways in chickens. Toxins. (2020) 12:143.
doi: 10.3390/toxins12030143

141. Hao S, Hu J, Song S, Huang D, Xu H, Qian G, et al. Selenium alleviates
aflatoxin B1-induced immune toxicity through improving glutathione peroxidase 1
and selenoprotein S Expression in primary porcine splenocytes. ] Agric Food Chem.
(2016) 64:1385-93. doi: 10.1021/acs.jafc.5b05621

142. Zhao L, Feng Y, Xu ZJ, Zhang NY, Zhang WP, Zuo G, et al. Selenium
mitigated aflatoxin Bl-induced cardiotoxicity with potential regulation of 4
selenoproteins and ferroptosis signaling in chicks. Food Chem Toxicol. (2021)
154:112320. doi: 10.1016/j.fct.2021.112320

143. Gan E, Hou L, Lin Z, Ge L, Liu D, Li H, et al. Effects of Selenium-enriched
probiotics on ochratoxin A-induced kidney injury and DNMTs expressions in
piglets. Res Vet Sci. (2021) 139:94-101. doi: 10.1016/j.rvsc.2021.07.007

144. Gan E Xue H, Huang Y, Pan C, Huang K. Selenium alleviates porcine
nephrotoxicity of ochratoxin A by improving selenoenzyme expression in vitro.
PLoS ONE. (2015) 10:€0119808. doi: 10.1371/journal.pone.0119808

145. Wang X, Zuo Z, Zhao C, Zhang Z, Peng G, Cao S, et al. Protective
role of selenium in the activities of antioxidant enzymes in piglet splenic
lymphocytes exposed to deoxynivalenol. Environ Toxicol Pharmacol. (2016) 47:53-
61. doi: 10.1016/j.etap.2016.09.003

146. Ren Z, Fan Y, Zhang Z, Chen C, Chen C, Wang X, et al. Sodium selenite
inhibits deoxynivalenol-induced injury in GPX1-knockdown porcine splenic
lymphocytes in culture. Sci Rep. (2018) 8:17676. doi: 10.1038/541598-018-36149-x

147. Liu Y, Wang H, Zhang M, Wang J, Zhang Z, Wang Y, et al. Protective effect of
selenomethionine on T-2 toxin-induced liver injury in New Zealand rabbits. BMC
Vet Res. (2021) 17:153. doi: 10.1186/s12917-021-02866-1

148. Fang ], Zhu P, Yang Z, Peng X, Zuo Z, Cui H, et al. Selenium ameliorates
AFB1-induced excess apoptosis in chicken splenocytes through death receptor

Frontiersin Veterinary Science

16

10.3389/fvets.2022.956814

and endoplasmic reticulum pathways. Biol Trace Elem Res. (2019) 187:273-80.
doi: 10.1007/s12011-018-1361-7

149. Fang J, Zheng Z, Yang Z, Peng X, Zuo Z, Cui H, et al. Ameliorative effects
of selenium on the excess apoptosis of the jejunum caused by AFB1 through
death receptor and endoplasmic reticulum pathways. Toxicol Res (Camb). (2018)
7:1108-19. doi: 10.1039/C8TX00068A

150. Wu B, Mughal M, Fang J, Peng X. The protective role of selenium against
afbl-induced liver apoptosis by death receptor pathway in broilers. Biol Trace Elem
Res. (2019) 191:453-63. doi: 10.1007/s12011-018-1623-4

151. Liao S, Shi D, Clemons-Chevis C, Guo S, Su R, Qiang P, et al
Protective role of selenium on aflatoxin bl-induced hepatic dysfunction and
apoptosis of liver in ducklings. Biol Trace Elem Res. (2014) 162:296-301.
doi: 10.1007/s12011-014-0131-4

152. Chen K, Fang J, Peng X, Cui H, Chen ], Wang E et al. Effect of
selenium supplementation on aflatoxin Bl-induced histopathological lesions and
apoptosis in bursa of Fabricius in broilers. Food Chem Toxicol. (2014) 74:91-7.
doi: 10.1016/j.fct.2014.09.003

153. Xiao Y, Xu S, Zhao S, Liu K, Lu Z, Hou Z. Protective effects of selenium
against zearalenone-induced apoptosis in chicken spleen lymphocyte via an
endoplasmic reticulum stress signaling pathway. Cell Stress Chaperones. (2019)
24:77-89. doi: 10.1007/s12192-018-0943-9

154. Xu J, Pan S, Gan F, Hao S, Liu D, Xu H, et al. Selenium deficiency aggravates
T-2 toxin-induced injury of primary neonatal rat cardiomyocytes through ER
stress. Chem Biol Interact. (2018) 285:96-105. doi: 10.1016/j.cbi.2018.01.021

155. Fang ], Yin H, Zheng Z, Zhu P, Peng X, Zuo Z, et al. The molecular
mechanisms of protective role of Se on the G2/M phase arrest of jejunum caused
by AFBI. Biol Trace Elem Res. (2018) 181:142-53. doi: 10.1007/s12011-017-1030-2

156. Hu P, Zuo Z, Wang F, Peng X, Guan K, Li H, et al. The protective role of
selenium in AFB1-induced tissue damage and cell cycle arrest in chicken’s bursa of
fabricius. Biol Trace Elem Res. (2018) 185:486-96. doi: 10.1007/s12011-018-1273-6

157. Lee R, Kim D, Lee W, Park H. Zearalenone induces apoptosis and autophagy
in a spermatogonia cell line. Toxins. (2022) 14:148. doi: 10.3390/toxins14020148

158. Zhu Y, Wang H, Wang J, Han S, Zhang Y, Ma M, et al. Zearalenone
induces apoptosis and cytoprotective autophagy in chicken granulosa cells
by PI3K-AKT-mTOR and MAPK signaling pathways. Toxins. (2021) 13:199.
doi: 10.3390/toxins13030199

159. Liu K, Mao X, Li H, Liu D, Le G, Gan E et al. Regulation of
taurine in OTA-induced apoptosis and autophagy. Toxicon. (2020) 181:82-90.
doi: 10.1016/j.toxicon.2020.04.097

160. Le G, Yang L, Du H, Hou L, Ge L, Sylia A, et al. Combination of
zinc and selenium alleviates ochratoxin A-induced fibrosis via blocking ROS-
dependent autophagy in HK-2 cells. J Trace Elem Med Biol. (2022) 69:126881.
doi: 10.1016/j.jtemb.2021.126881

161. Chen X, Xu J, Liu D, Sun Y, Qian G, Xu S, et al. The aggravating effect
of selenium deficiency on T-2 toxin-induced damage on primary cardiomyocyte
results from a reduction of protective autophagy. Chem Biol Interact. (2019)
300:27-34. doi: 10.1016/j.cbi.2019.01.009

162. Chen X, Huang K. SeMet attenuates OTA-induced PCV2 replication
promotion by inhibiting autophagy by activating the AKT/mTOR signaling
pathway. Vet Res. (2018) 49:15. doi: 10.1186/513567-018-0508-z

163. Sun L, Zhang N, Zhu M, Zhao L, Zhou J, Qi D. Prevention of aflatoxin b1l
hepatoxicity by dietary selenium is associated with inhibition of cytochrome P450
isozymes and up-regulation of 6 selenoprotein genes in chick liver. J Nutr. (2015)
146:655-61. doi: 10.3945/jn.115.224626

164. Long M, Yang S, Wang Y, Li P, Zhang Y, Dong S, et al. The protective effect
of selenium on chronic zearalenone-induced reproductive system damage in male
mice. Molecules. (2016) 21:1687. doi: 10.3390/molecules21121687

165. Cao Z, Shao B, Xu F, Liu Y, Li Y, Zhu Y. Protective effect of selenium
on aflatoxin Bl-induced testicular toxicity in mice. Biol Trace Elem Res. (2017)
180:233-8. doi: 10.1007/s12011-017-0997-z

166. Li Y, Huang P, Gao E Xiao X, Li L. Selenium ameliorates aflatoxin B1-
induced uterine injury in female mice and necrosis of human endometrial
microvascular  endothelial cells. ] Appl Toxicol. (2021) 41:799-810.
doi: 10.1002/jat.4120

167. Chen K, Shu G, Peng X, Fang J, Cui H, Chen J, et al. Protective role
of sodium selenite on histopathological lesions, decreased T-cell subsets and
increased apoptosis of thymus in broilers intoxicated with aflatoxin B1. Food Chem
Toxicol. (2013) 59:446-54. doi: 10.1016/j.fct.2013.06.032

168. He Y, Fang ], Peng X, Cui H, Zuo Z, Deng J, et al. Effects of sodium
selenite on aflatoxin Bl-induced decrease of ileal IgA+4 cell numbers and
immunoglobulin contents in broilers. Biol Trace Elem Res. (2014) 160:49-55.
doi: 10.1007/s12011-014-0035-3

frontiersin.org


https://doi.org/10.3389/fvets.2022.956814
https://doi.org/10.1016/j.psj.2021.101651
https://doi.org/10.1016/j.ecoenv.2022.113481
https://doi.org/10.3389/fnut.2022.806115
https://doi.org/10.1016/j.toxlet.2019.04.021
https://doi.org/10.3390/toxins11080473
https://doi.org/10.1007/s12011-020-02279-5
https://doi.org/10.1016/j.rvsc.2020.07.018
https://doi.org/10.1016/j.fct.2020.111139
https://doi.org/10.1007/s12011-021-02625-1
https://doi.org/10.1093/jn/nxz019
https://doi.org/10.1155/2020/6059058
https://doi.org/10.1155/2020/4048706
https://doi.org/10.3390/toxins12030143
https://doi.org/10.1021/acs.jafc.5b05621
https://doi.org/10.1016/j.fct.2021.112320
https://doi.org/10.1016/j.rvsc.2021.07.007
https://doi.org/10.1371/journal.pone.0119808
https://doi.org/10.1016/j.etap.2016.09.003
https://doi.org/10.1038/s41598-018-36149-x
https://doi.org/10.1186/s12917-021-02866-1
https://doi.org/10.1007/s12011-018-1361-7
https://doi.org/10.1039/C8TX00068A
https://doi.org/10.1007/s12011-018-1623-4
https://doi.org/10.1007/s12011-014-0131-4
https://doi.org/10.1016/j.fct.2014.09.003
https://doi.org/10.1007/s12192-018-0943-9
https://doi.org/10.1016/j.cbi.2018.01.021
https://doi.org/10.1007/s12011-017-1030-2
https://doi.org/10.1007/s12011-018-1273-6
https://doi.org/10.3390/toxins14020148
https://doi.org/10.3390/toxins13030199
https://doi.org/10.1016/j.toxicon.2020.04.097
https://doi.org/10.1016/j.jtemb.2021.126881
https://doi.org/10.1016/j.cbi.2019.01.009
https://doi.org/10.1186/s13567-018-0508-z
https://doi.org/10.3945/jn.115.224626
https://doi.org/10.3390/molecules21121687
https://doi.org/10.1007/s12011-017-0997-z
https://doi.org/10.1002/jat.4120
https://doi.org/10.1016/j.fct.2013.06.032
https://doi.org/10.1007/s12011-014-0035-3
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Fang et al.

169. Chen K, Peng X, Fang J, Cui H, Zuo Z. Deng, et al. Effects of
dietary selenium on histopathological changes and T-cells of spleen in broilers
exposed to aflatoxin Bl1. Int ] Environ Res Public Health. (2014) 11:1904-13.
doi: 10.3390/ijerph110201904

170. Wang E, Zuo Z, Chen K, Peng X, Fang ], Cui H, et al. Selenium rescues
aflatoxin B1-inhibited T-cell subsets and cytokine levels in cecal tonsil of chickens.
Biol Trace Elem Res. (2019) 188:461-7. doi: 10.1007/s12011-018-1412-0

171. Chen K, Yuan S, Chen J, Peng X, Wang F, Cui H, et al. Effects of sodium
selenite on the decreased percentage of T-cell subsets, contents of serum IL-2
and IFN-y induced by aflatoxin Bl in broilers. Res Vet Sci. (2013) 95:143-5.
doi: 10.1016/j.rvsc.2013.02.019

172. Wang X, Zuo Z, Deng J, Zhang Z, Chen C, Fan Y, et al. Protective role
of selenium in immune-relevant cytokine and immunoglobulin production by
piglet splenic lymphocytes exposed to deoxynivalenol. Biol Trace Elem Res. (2018)
184:83-91. doi: 10.1007/s12011-017-1160-6

173. Salimian J, Arefpour M, Riazipour M, Poursasan N. Immunomodulatory
effects of selenium and vitamin E on alterations in T-lymphocyte subsets
induced by T-2 toxin. Immunopharmacol Immunotoxicol. (2014) 36:275-81.
doi: 10.3109/08923973.2014.931420

174. Ahmadi A, Poursasan N, Amani ], Salimian J. Adverse effect of T-2 toxin and
the protective role of selenium and vitamin E on peripheral blood B-lymphocytes.
Iran ] Immunol. (2015) 12:64-9.

175. Avery JC, Hoffmann PR. Selenium, selenoproteins, and immunity.
Nutrients. (2018) 10:12. doi: 10.3390/nu10091203

176. Guillin O, Vindry C, Ohlmann T, Chavatte L. Selenium, selenoproteins and
viral infection. Nutrients. (2019) 11:2101. doi: 10.3390/nu11092101

177. Hariharan S, Dharmaraj S. Selenium and selenoproteins: it's role
in regulation of inflammation. Inflammopharmacology. (2020) 28:667-95.
doi: 10.1007/510787-020-00690-x

178. Rayman, M. Selenium and human health. Lancet. (2012) 379:1256-68.
doi: 10.1016/S0140-6736(11)61452-9

179. Fairweather-Tait S, Bao Y, Broadley M, Collings R, Ford D, Hesketh J, et al.
Selenium in human health and disease. Antioxid Redox Signal. (2011) 14:1337-83.
doi: 10.1089/ars.2010.3275

180. Beck MA, Levander OA, Handy J. Selenium deficiency and viral infection. J
Nutr. (2003) 133(5 Suppl 1):14635—7S. doi: 10.1093/jn/133.5.1463S

181. Sheridan P, Zhong N, Carlson B, Perella C, Hatfield D, Beck M. Decreased
selenoprotein expression alters the immune response during influenza virus
infection in mice. ] Nutr. (2007) 137:1466-71. doi: 10.1093/jn/137.6.1466

182. Hiffler L, Rakotoambinina B. Selenium and RNA Virus Interactions:
Potential Implications for SARS-CoV-2 Infection (COVID-19). Front Nutr. (2020)
7:164. doi: 10.3389/fnut.2020.00164

183. Styblo M, Walton E Harmon A, Sheridan P, Beck M. Activation of
superoxide dismutase in selenium-deficient mice infected with influenza virus. J
Trace Elem Med Biol. (2007) 21:52-62. doi: 10.1016/j.jtemb.2006.11.001

184. Beck M, Handy J, O. Host
the neglected virulence factor. Microbiol.
doi: 10.1016/j.tim.2004.07.007

nutritional ~ status:
(2004) 12:417-23.

Levander
Trends

Frontiersin Veterinary Science

17

10.3389/fvets.2022.956814

185. Fang L, Goeijenbier M, Zuo S, Wang L, Liang S, Klein L, et al. The
association between hantavirus infection and selenium deficiency in mainland
China. Viruses. (2015) 7:333-51. doi: 10.3390/v7010333

186. Eimoemen N, Menshawy A, Negida A. Ebola outbreak in west
Africa: is selenium involved? Int ] Pept Res Ther. (2016) 22:135-41.
doi: 10.1007/s10989-015-9491-7

187. Pan Q, Huang K, He K, Lu F. Effect of different selenium sources and levels
on porcine circovirus type 2 replication in vitro. ] Trace Elem Med Biol. (2008)
22:143-8. doi: 10.1016/j.jtemb.2008.02.002

188. Liu G, Yang G, Guan G, Zhang Y, Ren W, Yin J, et al. Effect of dietary
selenium yeast supplementation on porcine circovirus type 2 (PCV2) infections
in mice. PLoS ONE. (2015) 10:e0115833. doi: 10.1145/2818302

189. Gan E, Hu Z, Huang Y, Xue H, Huang D, Qian G, et al. Overexpression
of pig selenoprotein S blocks OTA-induced promotion of PCV2 replication by
inhibiting oxidative stress and p38 phosphorylation in PK15 cells. Oncotarget.
(2016) 7:20469-85. doi: 10.18632/oncotarget.7814

190. Liu D, Xu J, Qian G, Hamid M, Gan E Chen X, et al. Selenizing astragalus
polysaccharide attenuates PCV2 replication promotion caused by oxidative stress
through autophagy inhibition via PI3K/AKT activation. Int ] Biol Macromol.
(2018) 108:350-9. doi: 10.1016/j.ijbiomac.2017.12.010

191. Ren Z, Jia G, He H, Ding T, Yu Y, Zuo Z, et al. Antiviral effect of
selenomethionine on porcine deltacoronavirus in pig kidney epithelial cells. Front
Microbiol. (2022) 13:846747. doi: 10.3389/fmicb.2022.846747

192. Shojadoost B, Kulkarni R, Yitbarek A, Laursen A, Taha-Abdelaziz K, Negash
Alkie T, et al. Dietary selenium supplementation enhances antiviral immunity in
chickens challenged with low pathogenic avian influenza virus subtype HON2. Vet
Immunol Immunopathol. (2019) 207:62-8. doi: 10.1016/j.vetimm.2018.12.002

193. Magbool B, Wang Y, Cui X, He S, Guan R, Wang S, et al. Ginseng
stem-leaf saponins in combination with selenium enhance immune responses to
an attenuated pseudorabies virus vaccine. Microbiol Immunol. (2019) 63:269-79.
doi: 10.1111/1348-0421.12715

194. Radmehri M, Talebi A, Ameghi Roudsari A, Mousaviyan S, Gholipour
M, Taghizadeh M. Comparative study on the efficacy of MF 59, ISA70 VG, and
nano-aluminum hydroxide adjuvants, alone and with nano-selenium on humoral
immunity induced by a bivalent newcastle+-avian influenza vaccine in chickens.
Arch Razi Inst. (2021) 76:1213-20.

195. Shojadoost B, Taha-Abdelaziz K, Alkie T, Bekele-Yitbarek A, Barjesteh N,
Laursen A, et al. Supplemental dietary selenium enhances immune responses
conferred by a vaccine against low pathogenicity avian influenza virus.
Vet Immunol Immunopathol. (2020) 227:110089. doi: 10.1016/j.vetimm.2020.
110089

196. Ma X, Bi S, Wang Y, Chi X, Hu S. Combined adjuvant effect of ginseng
stem-leaf saponins and selenium on immune responses to a live bivalent vaccine
of Newcastle disease virus and infectious bronchitis virus in chickens. Poult Sci.
(2019) 98:3548-56. doi: 10.3382/ps/pez207

197. Ma X, Chi X, Yuan L, Wang Y, Li Z, Xu W, et al. Immunomodulatory effect
of ginseng stem-leaf saponins and selenium on Harderian gland in immunization
of chickens to Newcastle disease vaccine. Vet Immunol Immunopathol. (2020)
225:110061. doi: 10.1016/j.vetimm.2020.110061

frontiersin.org


https://doi.org/10.3389/fvets.2022.956814
https://doi.org/10.3390/ijerph110201904
https://doi.org/10.1007/s12011-018-1412-0
https://doi.org/10.1016/j.rvsc.2013.02.019
https://doi.org/10.1007/s12011-017-1160-6
https://doi.org/10.3109/08923973.2014.931420
https://doi.org/10.3390/nu10091203
https://doi.org/10.3390/nu11092101
https://doi.org/10.1007/s10787-020-00690-x
https://doi.org/10.1016/S0140-6736(11)61452-9
https://doi.org/10.1089/ars.2010.3275
https://doi.org/10.1093/jn/133.5.1463S
https://doi.org/10.1093/jn/137.6.1466
https://doi.org/10.3389/fnut.2020.00164
https://doi.org/10.1016/j.jtemb.2006.11.001
https://doi.org/10.1016/j.tim.2004.07.007
https://doi.org/10.3390/v7010333
https://doi.org/10.1007/s10989-015-9491-7
https://doi.org/10.1016/j.jtemb.2008.02.002
https://doi.org/10.1145/2818302
https://doi.org/10.18632/oncotarget.7814
https://doi.org/10.1016/j.ijbiomac.2017.12.010
https://doi.org/10.3389/fmicb.2022.846747
https://doi.org/10.1016/j.vetimm.2018.12.002
https://doi.org/10.1111/1348-0421.12715
https://doi.org/10.1016/j.vetimm.2020.110089
https://doi.org/10.3382/ps/pez207
https://doi.org/10.1016/j.vetimm.2020.110061
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	Protective and detoxifying effects conferred by selenium against mycotoxins and livestock viruses: A review
	Introduction
	Systemic toxicity of mycotoxins
	Hepatorenal toxicity
	Enterotoxicity
	Reproductive toxicity
	Immunotoxicity
	Cardiotoxicity and neurotoxicity

	Principal toxicological mechanisms induced by mycotoxins
	Oxidative stress
	Apoptosis
	Cell cycle arrest
	miRNA
	Other mechanisms

	The connection between viral infections in animals and mycotoxins
	Effects of mycotoxins on viral replication
	Synergistic effects between livestock viruses and mycotoxins
	Mycotoxins' interference with the immunological response brought on by animal vaccines

	Underlying mechanism of Se against mycotoxins
	Anti-inflammatory and anti-oxidative stress
	Anti apoptosis and regulation of endoplasmic reticulum stress
	Regulation of cell cycle and autophagy
	Regulating gene expression
	Enhanced immune function

	Role of Se in livestock virus infection and enhancing immune response
	Conclusion and future perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


