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Abstract
T-2 toxin is a member of a class of mycotoxins produced by a variety of Fusarium species under appropriate temperature and
humidity conditions and is a common contaminant in food and feedstuffs of cereal origin. Selenium is an indispensable element
in animals, regulates a variety of biological functions of the body, and can antagonize metal and mycotoxin poisoning to a certain
extent. However, the effect of selenium on kidney injury induced by T-2 toxin has not been reported. In this study, 50 New
Zealand rabbits were divided into 5 groups (the control group, T-2 toxin group, low-dose Se + T-2 toxin group, medium-dose Se
+ T-2 toxin group, and high-dose Se + T-2 toxin group). Rabbits were examined after oral administration of different doses of
selenomethionine (SeMet) for 21 days and after perfusion with 0.4 mg/kg T-2 toxin (or the same dose of olive oil in the control
group) for 5 days. We found that T-2 toxin induced kidney function damage and increased the levels of ROS and the contents of
inflammatory factors. Renal structure was pathologically damaged. However, we found that after pretreatment with 0.2 mg/kg
SeMet, oxidative stress, the inflammatory response, and pathological damage induced by T-2 toxin were attenuated. The results
indicate that a low dose (0.2 mg/kg) of SeMet effectively reversed T-2 toxin–induced kidney injury in rabbits.
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Abbreviations
WHO World Health Organization
ROS Reactive oxygen species
MDA Malondialdehyde
BBB Blood-brain barrier
GSH-Px Glutathione peroxidase
UREA Urea nitrogen
Crea Creatinine
H&E Hematoxylin & eosin
PAS Periodic acid-Schiff
IL-1β Interleukin-1β
TNF-α Tumor necrosis factor-α
SeMet Selenomethionine

Introduction

Mycotoxins are highly diverse secondary metabolites pro-
duced in nature by a wide variety of fungi, and they cause
food contamination, resulting in mycotoxicosis in animals
and humans. Crops are susceptible to mycotoxins during
growth, storage, processing, and transportation [1]. Thus,
these toxins enter the food chain by contaminating crops,
cause serious harm to human and animal health, and are listed
by the World Health Organization (WHO) as important
sources of food-borne diseases [2]. Due to their widespread
presence in the environment, mycotoxins cause both acute and
chronic poisoning. One of the dangerous consequences of
long-term or intense exposure to these secondary fungal me-
tabolites is kidney and liver damage resulting in the failure of
these organs [3]. The genera of mycotoxin-producing fungi
are Aspergillus, Fusarium, Penicillium, Phomopsis,
Emericella, and so on [4]. Fusarium toxin and Aspergillus
toxin are among the most important agricultural mycotoxins
that present a potential hazard to health worldwide. In partic-
ular, trichothecene mycotoxins produced by the genus
Fusarium is agriculturally important worldwide due to their
potential health hazards.

Yumei Liu and Ruiqi Dong contributed equally to this work.

* Ziqiang Zhang
ziqiangzhang@haust.edu.cn

1 College of Animal Science and Technology, Henan University of
Science and Technology, Kaiyuan Avenue 263, Luolong District,
Luoyang City 471023, Henan, People’s Republic of China

2 Medical College, Henan University of Science and Technology,
Luoyang 471023, Henan, People’s Republic of China

https://doi.org/10.1007/s12011-020-02279-5

/ Published online: 12 July 2020

Biological Trace Element Research (2021) 199:1833–1842

http://crossmark.crossref.org/dialog/?doi=10.1007/s12011-020-02279-5&domain=pdf
http://orcid.org/0000-0003-3174-569X
mailto:ziqiangzhang@haust.edu.cn


T-2 toxin, a trichothecene, is a sesquiterpene com-
pound that is produced by Fusarium and lives on crops
in nature under certain conditions. The toxin is commonly
found in crops such as corn, wheat, rice, and oats. In
China, the detection rate of T-2 toxin in cereals is as high
as 80%, and the content can be as high as 735 ng/g [5].
Chemically, T-2 toxin is insoluble in water but soluble in
acetone, ethylacetate, chloroform, ethanol, methanol, and
propylene glycol. Chemical properties of T-2 toxin are
very stable, mainly due to the fact that epoxy groups are
not susceptible to attack by nucleophiles. Hence, if the
epoxy group is cracked, the T-2 toxicity will also be lost.
Moreover, the double bond in the left six-membered ring
can be reduced, and the toxicity of the T-2 toxin will be
75~80% [6]. T-2 toxin produces HT-2 toxin or corre-
sponding alcohols after treatment with alkaline reagents,
but can not destroy their epoxy groups. The toxicity de-
creases only when the active parts of the structure are
destroyed (482 °C for 10 min or 260 °C for 30 min).
T-2 toxin can cause organ and tissue damage through
various routes, including via the mouth, the skin, inhala-
tion, and injection. T-2 toxin is known to mainly harm the
immune system, digestive system, nervous system, and
reproductive system, and it inhibits animal growth and
development, and damages multiple target organs, includ-
ing the liver, spleen, thymus, testis, kidney, stomach, and
skin. Because of its thiol group, the main mechanism of
T-2 toxin is inhibition of DNA and protein synthesis. In
addition, numerous studies have reported that oxidative
stress is also an important underlying mechanism of the
toxicity of T-2 toxin and that the toxin stimulates the
oxidative stress response in organs and helps with free
radical generation. Trichothecenes significantly increase
the levels of reactive oxygen species (ROS) and deplete
intracellular reduced glutathione (GSH) levels. Moreover,
they increase lipid peroxidation, leading to single-
stranded DNA breaks. A study reported that T-2 toxin
significantly increases ROS levels and malondialdehyde
(MDA) levels in a dose-dependent manner in primary
cultures of chicken tibial growth plate chondrocytes [7].
In addition, T-2 toxin regulates the levels of inflammatory
factors in some immune cells and in vivo, or indirectly
activates inflammatory pathways to regulate the inflam-
matory response. It causes an increase in the inflammato-
ry factors IL1-α, IL-1β, IL-6, and TNFα. For example,
T-2 toxin can alter blood-brain barrier (BBB) permeabil-
ity, activate oxidative stress, promote MMP-9 gene ex-
pression, and increase pro-inflammatory cytokines (IL-
1α, IL-1β, IL-6, and TNF-α) in the brain and spleen
[8]. The mechanisms underlying the toxicity of T-2 toxin
are diverse and are not yet fully understood; therefore, it
is necessary to explore its mechanisms and identify an
effective therapeutic agent.

Selenium is an important trace element in humans and an-
imals. It plays an important role in the metabolic process
in vivo and plays a role in mammalian development and im-
mune function enhancement. It is an important antioxidant
with excellent antioxidant function. It is the main component
of glutathione peroxidase (GSH-Px). It catalyzes GSH into
GSSG, reducing toxic peroxides to nontoxic hydroxy com-
pounds to protect cell membrane structure and function from
peroxide-induced damage [9]. Selenium also reduces the tox-
icity of mycotoxins. Dvorska et al. [10] found that organic
selenium can protect the chicken liver, antagonize oxidative
damage and lipid peroxidation, and reduce organ damage
caused by T-2 toxin. Recently, we found that selenium can
protect against T-2 toxin–induced injury in poultry and pigs,
but its effects in rabbits have not been reported. In this study,
rabbits were pretreated with organic selenium and then per-
fused with T-2 toxin to induce acute poisoning. Biochemical
and antioxidation indicators, pathological changes, inflamma-
tory factor levels, and other indicators were used to analyze
rabbit kidney poisoning and recovery, and to explore the pro-
tective effect of selenium against T-2 toxin–induced oxidative
stress and inflammation in the rabbit kidney.

Materials and Methods

Animals

Fifty male New Zealand white rabbits (30 days of age) were
obtained from the Experimental Center of Animal Science and
Technology College of Henan University of Science and
Technology (Henan, China). The animals were housed at
20–26 °C and 50–60% humidity, under a 12-h light/dark cy-
cle, and given free access to water and food. The experiments
were designed to minimize animal suffering and reduce the
number of experimental animals used. All animal care and
experimental protocols were conducted in accordance with
university policies on the use and care of animals and were
approved by the Institutional Animal Experiment Committee
of Henan University of Science and Technology.

Experimental Design

T-2 toxin (MSS1023; Pribolab, Singapore) was dissolved in
olive oil to prepare solutions of different concentrations and
selenomethionine (SeMet; A601194-0100; Sangon Biotech
Co., Ltd. Shanghai, China) was mixed into basic food at dif-
ferent concentrations. Based on a previous study, we used a
T-2 toxin dose of 0.4 mg/kg, and 3 different doses of SeMet
were used [11, 12]. The animals were randomized into 5
groups (n = 10/group): the control group; the T-2 toxin–
treated group (0.4 mg/kg.bw); and the low (0.2 mg/kg)-, me-
dium (0.4 mg/kg)-, and high (0.6 mg/kg)-dose SeMet + T-2
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toxin (0.4 mg/kg bw) groups. Rabbits were fed diets contain-
ing different concentrations of SeMet for 21 days. On the 17th
day, the rabbits in the treatment group were perfused with
0.4 mg/kg bw T-2 toxin for 5 consecutive days, and those in
the control group were perfused with or the same volume of
olive oil for the same period. On the 5th day of gavage, blood
samples were collected by cardiac puncture and all rabbits
were euthanized by administration of chloral hydrate.
Kidney tissue samples were quickly removed and collected
after overnight fasting for 15 h. Urine was collected after
euthanasia by applying gentle pressure over the bladder and
was stored at 4 °C. The plasma was separated by centrifuga-
tion and stored at − 80 °C. Kidney tissues were divided into
three parts: one part was fixed in 4% paraformaldehyde solu-
tion, one part was preserved at − 80 °C, and one part was
immediately used to prepare frozen sections.

Biochemical Analysis

Assay kits for measuring plasma urea nitrogen (UREA) and
creatinine (Crea) were purchased from Nanjing Jiancheng
Biotech (C011-2-1 and C013-2-1; Nanjing, China). The plas-
ma samples were tested and analyzed according to the instruc-
tions of the assay kits. Urine was used for proteinuria analysis
using proteinuria analysis kit (C035-2-1; Nanjing Jiancheng
Biotech, Nanjing, China).

Histopathological Analysis

Kidney samples fixed in 4% paraformaldehyde solution were
dehydrated in a graded series of ethanol solutions for paraffin
embedding. Five-micrometer sections of the cortical and med-
ullary zones were prepared and stained with hematoxylin &
eosin (H&E) and periodic acid-Schiff (PAS). H&E- and PAS-
stained sections were examined under a light microscope
(Olympus, Tokyo, Japan) and were analyzed by CaseViewer
2.1 (3DHISTECH, Budapest, Hungary).

Kidney Antioxidant Capacity Test

Three hundred milligrams of kidney tissue was mixed with
2.7 ml of normal saline (tissue: normal saline = 1: 9) for
10 min, the homogenate was centrifuged at 3000 rpm/min
for 15 min, and the supernatant was taken for measurement.
According to the instructions of the BCA Protein
Quantification Kit (CW0014; CoWin Biosciences Co., Ltd.
Beijing, China), the protein concentration of the renal super-
natant was determined. The renal supernatants were analyzed
by using MDA, SOD, GSH-PX, and T-AOC analysis kits
(A003-1-2, A001-3-2, A005-1-2 and A015-2-1; Nanjing
Jiancheng Biotech, Nanjing, Jiangsu, China).

Kidney tissue samples were embedded in OTC embedding
agent (4583; SAKURA, Japan) and cut into 10-μm sections

with a freezing microtome. The 10-μm sections were washed
three times with 0.1 M phosphate buffer. The kidney sections
were incubated with 5 μM DHE (309,800; Sigma-Aldrich,
Germany) in the dark for 20 min. Cell nuclei were stained
with 5 μM DAPI (10,236,276,001; Sigma-Aldrich,
Germany) in the dark for 20 min. Stained sections were ex-
amined and imaged with a confocal microscope (Leica,
Germany). Fluorescence was detected with 510- to 560-nm
excitation and 590-nm emission filters. ImageJ was used for
quantification of the red emission signal.

Enzyme-Linked Immunosorbent Assay

The kidney tissue levels of the cytokines interleukin (IL)-1β,
IL-6, and tumor necrosis factor-α (TNF-α) were determined
by ELISA. Rabbit serum samples (50 μL) were added to wells
and analyzed using rabbit ELISA kits (RB70016, RB70006,
RB70001; Myhalic Biotechnological Co., Ltd. Wuhan,
China) according to the manufacturer’s instructions. The re-
sults were measured at 450 nm using a microplate reader
(Thermo Fisher Scientific Inc., USA).

Total RNA Extraction and Quantitative Real-Time PCR
Analysis

Total RNA was extracted from the collected kidney tis-
sues using TRIzol reagent (CW0580; CoWin Biosciences
Co., Ltd. Beijing, China) and reverse transcribed into
cDNA using a reverse transcription kit (RR036A;
Takara, Japan). The primer sequences used are shown
in Table 1. The 10-μl total reaction mixture contained
1 μl each of the forward and reverse primers (Sangon
Biotech Co., Ltd. Shanghai, China), 1 μl of cDNA, 4 μl
of SYBR Green quantitative polymerase chain reaction
(PCR) mix (RR820A; Takara, Japan), and 2 μl of
RNAse-free water. PCR was performed at 95 °C for
30 s, 60 °C for 30 s, and 95 °C for 5 min for 45 cycles
on a StepOne Plus™ Real-Time PCR System (BIO-
RAD, USA). The target gene expression levels were
evaluated using the comparative 2−ΔΔCt method.

Statistical Analysis

The data were analyzed with SPSS 18.0 software (SPSS, Inc.
USA). Each experiment was performed at least three times.
All quantitative data are presented as the mean ± standard
deviation (SD). Differences between the groups were com-
pared by one-way analysis of variance (ANOVA) and
Duncan’s multiple comparison tests. P < 0.05 was considered
statistically significant.
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Results

Selenomethionine Reduces T-2 Toxin–Induced
Increases in Urea and Creatinine Levels in the Plasma
and Protein Levels in the Urine

To evaluate the effect of SeMet on T-2 toxin–induced kidney
function impairment, rabbit serum and urine were collected.
Serum creatinine (Scr), urea (BUN), and protein levels in the
urine were measured by using analysis kits. The results
showed that the contents of Scr, BUN, and protein in the urine
were significantly increased in the T-2 toxin–treated group
compared with the control group (P < 0.01). The Scr, BUN,
and urine protein concentrations were significantly decreased
in the low-dose SeMet group compared with the T-2 toxin–
treated group (P < 0.01) but were not significantly changed in
the medium- and high-dose SeMet + T-2 toxin–treated groups
(Fig. 1).

SeMet Reduces T-2 Toxin–Induced Kidney
Histopathological Injury

The effect of SeMet on T-2 toxin–induced renal morpholog-
ical changes was observed by H&E and PAS staining.
Structural injuries were observed in the T-2 toxin–treated
group by H&E staining, including luminal congestion, cyto-
plasmic vacuolization, intratubular cast formation, and the

interstitial edema in the renal tubules. The accumulation of
glycogen, as detected by PAS staining, was increased in the
T-2 toxin–treated group compared with the control group.
However, these renal structural changes and the extent of renal
glycogen accumulation were significantly alleviated in the
low-dose SeMet + T-2 toxin–treated group compared with
the medium- and high-dose SeMet + T-2 toxin–treated groups
(Fig. 2).

SeMet Reduces T-2 Toxin–Induced Oxidative Stress in
the Kidney

To investigate the oxidative stress level, improvements in en-
zymatic activity were used to indicate the antioxidant capacity
of the kidney, and MDA was used as an indicator of lipid
peroxidation in tissues. As shown in Fig. 3, compared with
those in the control group, the levels of SOD, GSH-PX, and T-
AOC in the T-2 toxin–treated group were markedly de-
creased, and the levels of MDA were increased (P < 0.01).
The levels of SOD, GSH-PX, and T-AOC were significantly
increased, and the level of MDA was decreased in the low-
dose SeMet + T-2 toxin–treated group compared with the T-2
toxin–treated group, but there was no significant difference
between the medium- and high-dose SeMet + T-2 toxin–
treated groups and the T-2 toxin–treated group. No significant
difference was found between the control group and the low-
dose SeMet + T-2 toxin–treated group (Fig. 3).

Fig. 1 Changes in biochemical indexes of kidney function in rabbits. (A) Serum creatinine. (B) SerumBUN. (C) Urine protein concentration. *P < 0.05,
**P < 0.01 vs the control group; #P < 0.05, ##P < 0.01 vs the T-2 toxin–treated group

Table 1 Gene primers
Gene name Primer sequences (5′ to 3′) Gene number

GAPDH Primer-F: GTTGTCGCCATCAATGATCCA NM_001082253.1
Primer-R: TTCCCGTTCTCAGCCTTGACC

IL-1β Primer-F: AAGACGATAAACCTACCCTGC NM_001082201.1
Primer-R: GACTCAAATTCCAGCTTGTCC

IL-6 Primer-F: GAAGACGACCACGATCCAC NM_001082064.2
Primer-R: GCCCATGAAATTCCGCAAG

TNF-α Primer-F: AAGAGTCCCCAAACAACCTCC NM_001082263.1
Primer-R: CTCCACTTGCGGGTTTGCTAC
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Fig. 3 The antioxidant capacity of the rabbit kidney. (A) SOD. (B) MDA. (C) GSH-PX. (D) T-AOC. *P < 0.05, **P < 0.01 vs the control group;
#P < 0.05, ##P < 0.01 vs the T-2 toxin–treated group

Fig. 2 Renal pathological changes in rabbits. Representative images of hematoxylin and eosin (H&E)– and periodic acid-Schiff (PAS)–stained kidney
sections. Original magnification is × 200 and × 400. The scale bar represents 100 μm
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The ROS levels in the kidney were assessed using
the ROS fluorescent probe DHE. As shown in Fig. 4,
the kidney ROS levels in the T-2 toxin–treated group
were significantly higher than those in the control group
(P < 0.01). The levels in the low-dose SeMet + T-2
toxin–treated group were significantly decreased com-
pared with those in the T-2 toxin–treated group
(P < 0.01). No significant difference was found between
the medium- and high-dose SeMet + T-2 toxin–treated
groups. Additionally, there was no significant difference
between the control group and the low-dose SeMet +
T-2 toxin–treated group (Fig. 4).

SeMet Reduces T-2 Toxin–Induced Kidney
Inflammation

To evaluate the effect of SeMet on T-2 toxin–induced
kidney inflammation, the levels of the proinflammatory
factors IL-1β, IL-6, and TNFα in the kidney were de-
tected by qRT-PCR and ELISA. As shown in Fig. 5, the
mRNA expression levels of IL-1β, IL-6, and TNF-α in
the kidney in the T-2 toxin–treated group were signifi-
cantly higher than those in the control group (P < 0.01).
Compared with the T-2 toxin–treated group, the levels in
the low-dose SeMet + T-2 toxin–treated group decreased
significantly (P < 0.01). No significant difference was
found between the medium- and high-dose SeMet +
T-2 toxin–treated group. Additionally, no significant dif-
ference was found between the control group and the
low-dose SeMet + T-2 toxin–treated group (Fig. 5).

Discussion

A variety of animals, including rabbits, have been proven to be
susceptible to T-2 toxin, one of the most toxic trichothecenes.
Studies have shown that after T-2 toxin is intramuscularly
injected into rats and rabbits, its LD50 values are 0.85 and
1.10 mg/kg bw, respectively. Poisoning after a single injection
of 0.5, 0.6, or 0.9 mg/kg of T-2 toxin into rats and rabbits is
characterized by a decrease in serum alkaline phosphatase
(ALP) activity [13]. Acute catarrhal gastrointestinal disease and
intestinal mucosal lymphocyte necrosis are observed in rabbits
after ingestion of T-2 toxin at a dose of 1–15 mg/kg bw [14].
However, in vivo studies on the toxic effects of T-2 toxin on the
rabbit kidney have not been performed. The kidney is an impor-
tant metabolic organ in humans and animals. It is involved in
regulating acid-base balance, electrolyte concentration, extracel-
lular fluid, blood pressure, and toxin clearance, and is an impor-
tant organ for homeostatic maintenance. Clinically, creatinine
and urea nitrogen are important indicators of renal function in
serology. In addition, the urine protein test can also infer whether
kidney function is normal. Previous studies have shown that T-2
toxin induces apoptosis of human kidney cells in vitro. It causes
symptoms of hematuria in rats and induces damaging patholog-
ical changes in the kidneys. Studies have shown that poisoning
by some mycotoxins increases the organ index of poultry kid-
neys, and researchers speculate that this may be due to swelling
and necrosis of renal tubular epithelial cells. Therefore, we ex-
plored the protective effect of SeMet against the renal damage
caused by T-2 toxin through serum biochemical analysis and
detection of urine protein concentrations in this study.
Compared with those in the control group, creatinine, urea

Fig. 4 ROS levels in the rabbit kidney. (A) The control group. (B) The
T-2-treated toxin group. (C) The low-dose SeMet + T-2 toxin–treated
group. (D) The medium-dose SeMet + T-2 toxin–treated group. (E) The
high-dose SeMet + T-2 toxin–treated group. (F) The ROS fluorescence

intensity level. *P < 0.05, **P < 0.01 vs the control group; #P < 0.05,
##P < 0.01 vs the T-2 toxin–treated group. The scale bar represents
100 μm
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nitrogen, and urinary protein concentrations in the T-2 toxin–
treated group were significantly increased, which indicates that
T-2 toxin causes impairment of kidney function in rabbits.
Compared with those in the T-2 toxin–treated group, Scr,
BUN, and urinary protein concentrations in the low-dose
SeMet + T-2 toxin–treated group were significantly decreased
and returned to the normal level. Additionally, no significant
difference was found between the middle- and high-dose
SeMet + T-2 toxin–treated groups. The above results indicate
that 0.2 mg/kg SeMet may have protective effects against kidney
damage caused by T-2 toxin but that the protective effect of
SeMet may not be dose-dependent manner.

The maintenance redox homeostasis in the body mainly
depends on the dynamic balance between the oxidation and
the antioxidant system in the body [9]. When the body is
stimulated, excessive ROS are produced, and the body’s anti-
oxidant level is reduced. This causes oxidative stress in the
body. Excessive ROS cause oxidative damage to cells, such as
DNA damage and protein oxidation [15]. An increasing num-
ber of studies have proven that oxidative stress is an important
mechanism underlying the toxicity of T-2 toxin. One of the
toxic mechanisms of T-2 toxin is increased ROS levels in cells
and tissues, which induces oxidative stress. Wu et al. found
that this toxin causes cells to produce free radicals, including
ROS, that cause lipid peroxidation, leading to changes in
membrane integrity, cell redox signals, and cell antioxidant
status [16]. Tian et al. found that T-2 toxin disrupts mast
chondrocyte homeostasis by activating ROS and then acti-
vates the NF-κB pathway to induce the expression of HIF-
2α, leading to abnormal expression of target catabolism genes
[17]. Our findings in this study are consistent with previous

studies. T-2 toxin induces an increase in ROS, which may lead
to oxidative stress in the kidney. To maintain oxidative bal-
ance, the body uses several antioxidants to remove oxidation
products; thus, antioxidant enzymes play an important role in
this process. SOD is a key enzyme that detoxifies free radicals
in cells. It converts oxygen (O2) to hydrogen peroxide (H2O2),
after which catalase (CAT) or glutathione peroxidase (GSH-
PX) reduces H2O2 to H2O to eliminate the products of oxida-
tive stress. GSH-PX is an important peroxide-decomposing
enzyme in the body. It can reduce toxic peroxides to nontoxic
hydroxyl compounds. Our research shows that in the kidneys
of rabbits treated with 0.4 mg/kg T-2 toxin, the levels of T-
AOC, SOD, and GSH-PX are significantly decreased, and
MDA levels are increased. This indicates that T-2 toxin causes
oxidative damage in the kidneys of rabbits and weakens the
antioxidant capacity of the kidneys. The levels of SOD, GSH-
PX, and T-AOC in the kidneys of rabbits in the low-dose
SeMet + T-2 toxin–treated group were significantly increased
compared with those in kidneys of rabbits in the T-2 toxin–
treated group, and the MDA levels were decreased. There was
no significant difference between the other two groups. This
indicates that a low dose (0.2 mg/kg) of SeMet effectively
reverses T-2 toxin–induced oxidative damage in the rabbit
kidney. This may be attributed to the strong antioxidant effects
of selenium. Selenium is a component of several key antiox-
idants, and the unique redox properties of selenocysteine play
an important role in protection against antioxidant stress [18].
Selenocysteine can reduce hydroperoxide (Rooh) and
peroxynitrite (ONOO) to selenic acid (R-Seoh) so that Rooh
and ONOO are reduced to alcohol and nitrite, respectively.
Several low molecular weight selenium compounds (such as

Fig. 5 mRNA and protein levels of inflammatory factors in the rabbit kidney. (A–C) The protein levels of IL-1β, IL-6, and TNF-α. (D–F) The mRNA
levels of IL-1β, IL-6, and TNF-α. *P < 0.05, **P < 0.01 vs the control group; #P < 0.05, ##P < 0.01 vs the T-2 toxin–treated group
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SeMet) have the same ant ioxidant propert ies as
selenocysteine. In addition, selenium is one of the important
consti tuents of GSH-PX, and its active center is
selenocysteine [19, 20]. Therefore, selenium may protect
against renal oxidative damage induced by T-2 toxin through
the above mechanisms, but the specific mechanism requires
further study.

A large number of studies have shown that T-2 toxin causes
structural changes and pathological damage to a variety of cells,
tissues, and organs, and stimulates inflammatory reactions. Li
et al. [21] found that treatment of rat chondrocytes with low
concentrations of T-2 toxin causes cytoplasmic condensation,
nuclear chromatin plaques, nuclear condensation, and nuclear
membrane thickening. In addition, as the concentration of T-2
toxin increases, the amount of intracellular rough endoplasmic
reticulum increases, and mitochondrial vacuole degeneration
occurs. Previous studies have shown that T-2 toxin can induce
inflammatory reactions in mice. Pathological observation of the
intestinal tissues of mice has shown that the intestinal wall of
the colon becomes thinner and congested that inflammatory
cells infiltrate the ileum [22]. Some studies have found that in
the kidney, T-2 toxin induces apoptosis of human renal cells.
Necrosis of proximal tubule epithelial cells, nuclear sequestra-
tion, a decrease in the number of organelles, and significant
thickening of the basement membrane have also been found
in the kidneys of rabbits treated with T-2 toxin.

In our study, we found that low-dose SeMet alleviated
T-2 toxin–induced renal structural damage, including in-
tracavitary congestion, cytoplasmic vacuolar changes, and
tubular interstitial edema. T-2 toxin may cause morpholog-
ical structural changes and increase the mRNA levels of
several inflammatory factors in tissues to activate the in-
flammatory response [23]. T-2 toxin can induce an in-
crease in interleukin 1-β (IL-1β), interleukin 6 (IL-6),

and tumor necrosis factor-α (TNF-α) in various cells and
tissues. Studies have shown that T-2 toxin can induce the
expression of IL-1β and TNF-α in mouse macrophages
and activate the inflammatory response [24]. T-2 toxin
can also alter the permeability of the blood-brain barrier
by activating the transcriptional activities of matrix metal-
loproteinase 9 (MMP 9), IL-1β, IL-6, and TNF-α in the
mouse brain [25]. Our study is consistent with previous
studies; we found that T-2 toxin induced an inflammatory
response in the kidney and that low-dose SeMet effectively
reversed the levels of inflammatory factors (IL-1β, IL-6,
and TNF-α) in the kidney. Selenium regulates immune
inflammation in many ways. On the one hand, selenium
can regulate the immune mechanism by regulating antiox-
idant enzymes. Recent studies have suggested that under
certain conditions, oxidized GPX-Px can promote the for-
mation of disulfide bonds in regulatory proteins. As a
whole, this complex mechanism regulates the activation
or inactivation of important signaling proteins involved in
the immune response, such as protein tyrosine phospha-
tases (PTPs). In addition, TrxR mediates the reduction of
disulfide bonds in T cells through Trx. GSH-Px and TrxR
play complementary roles. Their balance is a key factor in
regulating the immune response. A lack of selenium or
these antioxidants in immune cells can lead to the produc-
tion of inflammatory factors and inflammatory reactions.
On the other hand, selenoprotein S also acts to mediate
immune responses and reduce endoplasmic reticulum
stress in peripheral macrophages. In addition, selenium
can regulate the activity of the eicosanoid synthesis path-
way, leading to the synthesis of leukotriene and prostacy-
clin, and downregulation of the expression of cytokines
and adhesion molecules [26]. These aspects may be related
to the anti-inflammatory effects of selenium.

Fig. 6 Diagram showing a new
strategy on how SeMet protects
the kidneys of rabbits that have
been induced with T-2 toxin
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In addition, the absorption and action of inorganic selenium
and organic selenium in animals are not exactly the same. In
animals, SeMet is absorbed in the small intestine through the
sodium-dependent neutral amino acid transport system [27].
However, inorganic selenium is absorbed through simple dif-
fusion absorption, and its absorption efficiency is relatively
low. More importantly, SeMet can be degraded into
selenocysteine through the transsulfur pathway after entering
the body, resulting in the promotion of selenoprotein synthesis
through biological activity by the donor, or cleared through
liver or kidney metabolism. Studies have reported that the
degradation rate of selenide methionine is faster than that of
inorganic selenium [28]. This suggests that SeMet has less
bioavailability and toxicity.

In summary, 0.2 mg/kg SeMet potentially protects against
oxidative damage and inflammatory reactions induced by T-2
toxin in the rabbit kidney, and this study provides a new strat-
egy for protecting against T-2 toxin–induced renal injury
(Fig. 6).
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