
antioxidants

Article

Betulinic Acid Alleviates Spleen Oxidative Damage Induced by
Acute Intraperitoneal Exposure to T-2 Toxin by Activating Nrf2
and Inhibiting MAPK Signaling Pathways

Li Kong 1,† , Lijuan Zhu 1,†, Xianglian Yi 1, You Huang 1, Haoqiang Zhao 1, Yazhi Chen 1, Zhihang Yuan 1 ,
Lixin Wen 1,2, Jing Wu 1,* and Jine Yi 1,2,*

����������
�������

Citation: Kong, L.; Zhu, L.; Yi, X.;

Huang, Y.; Zhao, H.; Chen, Y.; Yuan,

Z.; Wen, L.; Wu, J.; Yi, J. Betulinic Acid

Alleviates Spleen Oxidative Damage

Induced by Acute Intraperitoneal

Exposure to T-2 Toxin by Activating Nrf2

and Inhibiting MAPK Signaling

Pathways. Antioxidants 2021, 10, 158.

https://doi.org/10.3390/antiox10020

158

Received: 13 December 2020

Accepted: 18 January 2021

Published: 22 January 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Hunan Engineering Research Center of Livestock and Poultry Health Care, Colleges of Veterinary Medicine,
Hunan Agricultural University, Changsha 410128, China; kongli@stu.hunau.edu.cn (L.K.);
zhulijuan@stu.hunau.edu.cn (L.Z.); yixianglianhj@hotmail.com (X.Y.); huangyou@stu.hunau.edu.cn (Y.H.);
zhaohaoqiang2020@stu.hunau.edu.cn (H.Z.); Chenyazhi@stu.hunau.edu.cn (Y.C.);
zhyuan2016@hunau.edu.cn (Z.Y.); wenlixinedu@hotmail.com (L.W.)

2 Hunan Co-Innovation Center of Animal Production Safety, Changsha 410128, China
* Correspondence: wujing@hunau.edu.cn (J.W.); yijine@hunau.edu.cn (J.Y.); Tel.: +86-731-84673712 (J.Y.)
† The authors contributed equally to this work.

Abstract: T-2 toxin, which is mainly produced by specific strains of Fusarium in nature, can induce
immunotoxicity and oxidative stress, resulting in immune organ dysfunction and apoptosis. Be-
tulinic acid (BA), a pentacyclic triterpenoids from nature plants, has been demonstrated to possess
immunomodulating and antioxidative bioactivities. The purpose of the study was to explore the
effect of BA on T-2 toxin-challenged spleen oxidative damage and further elucidate the underlying
mechanism. We found that BA not only ameliorated the contents of serum total cholesterol (TC)
and triglyceride (TG) but also restored the number of lymphocytes in T-2 toxin-induced mice. BA
dose-dependently reduced the accumulation of reactive oxygen species (ROS), enhanced superoxide
dismutase (SOD) activity, and decreased malondialdehyde (MDA) content, as well as increased the
total antioxidant capacity (T-AOC) in the spleen of T-2-toxin-exposed mice. Moreover, BA reduced
inflammatory cell infiltration in the spleen, improved the morphology of mitochondria and enriched
the number of organelles in splenocytes, and dramatically attenuated T-2 toxin-triggered splenocyte
apoptosis. Furthermore, administration of BA alleviated the protein phosphorylation of p38, c-Jun
N-terminal kinase (JNK), and extracellular signal-regulated kinases (ERK); decreased the protein ex-
pression of kelch-like erythroid cell-derived protein with CNC homology [ECH]-associated protein1
(Keap1); and increased the protein expression of nuclear factor erythroid 2 [NF-E2]-related factor
(Nrf2) and heme oxygenase-1 (HO-1) in the spleen. These findings demonstrate that BA defends
against spleen oxidative damage associated with T-2 toxin injection by decreasing ROS accumulation
and activating the Nrf2 signaling pathway, as well as inhibiting the mitogen-activated protein kinase
(MAPK) signaling pathway.

Keywords: betulinic acid; T-2 toxin; oxidative stress; MAPK signaling pathway; Nrf2 signaling path-
way

1. Introduction

Mycotoxins are widely found in nature, easily polluting animal feed and the living
environment, and have detrimental impacts on humans, animals, and crops, ultimately
causing worldwide economic losses [1]. T-2 toxin, generated by Fusarium, is regarded
as among the most toxic of A-type trichothecene toxins, which often contaminates crops
and processed foods and has a wide range of poisonous effects on different species [2–5].
Animals are exposed to feed contaminated with T-2 toxin through various ways, which
causes a variety of toxic effects, mainly including immunotoxicity and cytotoxicity [6]. The
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spleen, the biggest peripheral immune organ, contains numerous lymphocytes (LYMs) and
macrophages. When the spleen is injured, the body immunity sharply reduces. According
to related research, T-2 toxin could reduce LYM proliferation, alter membrane function,
impair antibody generation, and alter dendritic cell development [7]. Furthermore, a slice
of evidence showed that T-2 toxin evokes lymphocyte nuclear chromatin to concentrate
and fragment and leads to the apoptosis of lymphoid organs in mice [8]. The above
studies proved that T-2 toxin has strong immunotoxicity. T-2 toxin, a protein synthesis
inhibitor, can depress peptidyl transferase because of its high binding affinity to the
peptidyl transferase of the 60 s ribosomal subunit, resulting in a ribotoxic stress reaction
that upregulates c-Jun N-terminal kinase (JNK)/p38 mitogen-activated protein kinases (p38
MAPK) [6]. In addition, T-2 toxin causes oxidative stress and DNA damage, thus activating
the apoptotic signaling pathway [9]. Another study verified that T-2 toxin affects the
activity of antioxidant enzymes and leads to oxidative stress [10]. These studies indicated
that oxidative stress is a feasible mechanism of cellular DNA damage and apoptosis
associated with T-2 toxin, which triggers the caspase signaling pathway [9,11,12]. The
MAPK family mainly includes JNK, p38, and extracellular-regulated protein kinases (ERKs),
which can regulate many physiological activities of eukaryotic cells, such as proliferation,
differentiation, and apoptosis [13]. Evidence suggested that JNK, ERK, and p38 proteins
were activated in chlorpyrifos (CPF)-treated human neuroblastoma, causing an increase
in reactive oxygen species (ROS), subsequently leading to oxidative stress and apoptosis.
However, the inhibitor of the MAPK signaling pathway potently ameliorated CPF-induced
neurotoxicity [14]. Therefore, JNK, ERK, and p38 MAPK are associated with oxidative
stress. Besides, nuclear factor erythroid-2 [NF-E2]-related factor 2 (Nrf2) could activate
the antioxidant response element (ARE), leading to the upregulation of heme oxygenase-1
(HO-1), ultimately eliminating oxidative stress [15].

T-2 toxin triggers oxidative stress that causes the occurrence of related diseases, ulti-
mately having a notable impact on the healthy development of the animal industry. Hence,
it is particularly important to alleviate oxidative damage for animal health. Antioxidants
are substances that can capture and neutralize ROS, thereby ameliorating the ROS-induced
damage of cells. Plant-derived antioxidants can effectively maintain the balance of the
redox system in animals due to their low toxicity, low residue, and no pollution, which has
caught individuals’ attention and led to extensive research.

Betulinic acid (BA), a triterpenoid of lupene-structured pentacyclic triterpene (Figure 1),
is widely found in plants, such as the birch tree, Paeonia, and Diospyros [16,17], and has
an army of pharmacological activities, including immunomodulation, anti-HIV, antiox-
idant, antineoplastic, antiobesity, antidyslipidemia, and antianxiety effects. More and
more researches have shown that BA has both direct and indirect antioxidation effects
by promoting antioxidase activities such as superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GSH-Px) activities, decreasing the generation of malondialde-
hyde (MDA) and ROS in vivo and in vitro [18–20]. BA exerts its antioxidative activity by
modulating oxidative stress-related pathways. Some experiments demonstrated that BA
increased the protein expression of Nrf2/HO-1 and depressed the protein phosphorylation
of JNK and p38 in hypoxia/reoxygenation-treated H9c2 cells, indicating that BA exerted
its antioxidative activity by regulating Nrf2 and MAPK signaling pathways [21]. BA could
also ameliorate the mRNA and protein expression of Nrf2 and HO-1 in experimental mem-
branous nephropathy [22]. Besides, BA could effectively attenuate the oxidative stress of an
immune organ induced by dexamethasone (Dex), and the protective effects were associated
partly with the regulation of the p38 MAPK pathway [23]. Based on the above research, it
is worth exploring whether BA reduces the spleen oxidative impairment challenged by T-2
toxin by mediating Nrf2/MAPK signaling pathways. Hence, the current work aimed to test
the protective role of BA and its underlying mechanisms against spleen oxidative damage
induced by intraperitoneal injection of T-2 toxin. This may contribute to a viable alternative
to alleviate mycotoxin-induced immunotoxicology, thus improving animal health.
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Figure 1. Chemical structure of betulinic acid (BA).

2. Materials and Methods
2.1. Drugs and Reagents

BA (855057) was provided by Sigma (St. Louis, MO, USA). T-2 toxin (MSS1023) was
provided by Pribolab (Singapore). The total antioxidant capacity (T-AOC) (A015-1-2),
glutathione (GSH) (A006-2-1), MDA (A003-1-2), SOD (A001-3-2), and bicinchonininc acid
(BCA) protein commercial kits (A045-4-2) were purchased from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, Jiangsu, China). Total cholesterol (TC) (BS-300) and triglyceride
(TG) (BS-200) kits were provided by Shenzhen Mindray Bio-Medical Electronics (Shenzhen,
Guangdong, China). Dihydroethidium (DHE) (GDP1018), the radio immunoprecipitation
assay lysis buffer, the terminal deoxynucleotidyl-transferase-mediated dUTP nick end
labeling (TUNEL) kit (G1501), hematoxylin-eosin (H&E) staining solution (G1005), an
enhanced chemiluminescence (ECL) reagent (G2014), a developing and fixing reagent
(G2019), and histone H3 (GB11026) were bought from Wuhan Servicebio (Wuhan, Hubei,
China). Diethylether (1009328) was provided by Sinopharm Chemical Reagent (Shang-
hai, China). Horseradish peroxidase (HRP)-conjugated secondary antibodies (SA00001-2)
were provided by Proteintech Inc. (Chicago, IL, USA). The antibodies used in the study,
including β-actin (3700S), JNK (9252S), phosphor-JNK (p-JNK) (9251S), p38 (9212S), p-p38
(9211S), ERK (9102S), p-ERK (9101S), kelch-like erythroid cell-derived protein with CNC
homology [ECH]-associated protein1 (Keap1) (8047S), Nrf2 (12721S), and HO-1 (82206S),
were provided by Cell Signaling Technology Inc. (Danvers, MA, USA). Therm (Fermentas)
offered the protein marker (26616) (Burlington, VT, USA).

2.2. Animals and Treatment

Fifty male Kunming mice weighing 14–16 g were bought from Hunan Silaike Jingda
Laboratory Animal (Changsha, Hunan, China). The animals were kept in a 12 h/12 h
light/dark environment with governable humidity (50–70%) and temperature (22–25 ◦C).
The time and dosages of administration (BA and T-2 toxin) were decided according to
previous reports [24,25].

Mice were adapted for 1 week prior to the experiment and randomly divided into 5
groups, 10 mice per group, namely control group, T-2 toxin group (4 mg/kg), and BA (0.25,
0.5, or 1 mg/kg) and T-2 toxin co-treatment group. BA was suspended in 1% soluble starch
and given by gavage daily for 2 weeks. Meanwhile, control and T-2 toxin groups were
administered the same amount of 1% soluble starch. After the last administration of BA,
4 mg/kg of T-2 toxin (T-2 toxin was dissolved in ethanol and then diluted with phosphate
buffer solution (PBS)) was injected intraperitoneally to establish a model of oxidative
impairment, while animals in the control group were injected intraperitoneally with an
equal mixed solution of ethanol and PBS. Fifteen hours after the mice were injected with T-2
toxin, blood samples were collected via venous puncture after light anesthesia of the mice
with diethylether. Then the spleen was excised and weighed after the mice were sacrificed
and dissected. Subsequently, a part of the spleen was fixed in 4% paraformaldehyde
for H&E staining for optical microscope observation or in glutaraldehyde solution for
ultrastructural observation by transmission electron microscopy (TEM). Another part of
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the spleen was frozen in liquid nitrogen for detecting the level of ROS. The rest was stored
at −80 ◦C for antioxidative capacity and Western blot analysis.

2.3. Estimation of Blood Biochemical Parameters

Blood samples were put in a refrigerator at 4 ◦C overnight after being collected from
the suborbital vein and then centrifuged at 845× g for 10 min. After aspirating the serum,
the contents of TC and TG were determined by using the oxidase method and then detected
by a Mindray BS-200 automatic biochemistry analyzer (Shenzhen Mindray Bio-Medical
Electronics, Shenzhen, Guangdong, China) [20].

2.4. Detection of Hematology

An ethylenediaminetetraacetic acid anticoagulant tube was applied to collect blood,
and the total number of platelets (PLTs), LYMs, red blood cells (RBCs), and white blood cells
(WBCs) was assessed using an automatic blood analyzer (Shenzhen Mindray Bio-Medical
Electronics, Shenzhen, Guangdong, China).

2.5. Assessment of Intracellular ROS

To evaluate the ROS generation in the spleen, fresh frozen spleen sections were
incubated with an oxidative fluorescent dye DHE (5 µM) at 37 ◦C for 30 min in a light-
impermeable moist chamber. The red fluorescence of ethidium converted from DHE was
acquired using a fluorescence microscope system (Olympus, Tokyo, Japan) at excitation
and emission wavelengths of 535 nm and 610 nm, respectively. The images were captured
and quantified by Image-Pro Plus software 6.0 (Media Cybernetics, Silver Spring, MD,
USA) [26].

2.6. Detection of Antioxidative Capacity

The spleen was homogenized with normal saline into a 10% homogenate and cen-
trifuged at 2500× g for 10 min at 4 ◦C. The supernatant was collected to estimate the
antioxidative ability. MDA, a marker of lipid peroxidation, was detected following the
thiobarbituric acid method [27]. The GSH level was detected using the dithiodinitrobenzoic
acid method, SOD activity was assayed using the xanthine oxidase method, and T-AOC
was determined using the colorimetric method, and all indexes were detected following
the manufacturer’s protocols [25].

2.7. Morphological Examination by H&E Staining

The spleen samples were dehydrated, cleared, embedded in paraffin wax, and sec-
tioned after fixing in 10% neutral-buffered paraformaldehyde. Next, the slices were stained
with H&E, and morphological changes in the spleen were observed using an optical
microscope (Nikon Eclipse Ci, Tokyo, Japan).

2.8. Ultrastructural Observation by TEM

Fresh spleen tissues were fixed in 2.5% glutaraldehyde solution for 3 h and post-fixed
in 1% osmium tetroxide for 2 h. The samples were dehydrated, embedded, and sectioned.
Uranyl acetate and lead citrate were used to stain the ultrathin sections (60–80 nm). The
images were collected and analyzed under TEM (HT7700, Tokyo, Japan).
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2.9. Observation of Splenocyte Apoptosis by TUNEL Assay

Splenocyte apoptosis was detected by TUNEL assay. The sample slices (4 µm) were
permeabilized with proteinase K, rinsed with PBS, and then incubated with TdT and dUTP
for 2 h at 37 ◦C. 4′,6-diamidino-2-phenylindole was used to counterstain the nuclei, and
TUNEL-positive cells were stained green. Apoptosis was observed and analyzed under a
fluorescence microscope (BA410, Motic, Beijing, China) in five random fields.

2.10. Western Blot Analysis

Spleen tissues were processed for Western blot analysis, as described previously [23,25].
After being quantified by a BCA protein assay kit, the samples (30 µg) were run in 12%
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred to polyvinyli-
dene difluoride membranes (Millipore, Billerica, MA, USA). The membranes were blocked
in 5% nonfat milk solution for 1 h at room temperature and then incubated with the follow-
ing primary antibodies at 4 ◦C overnight: p-p38, p38, p-JNK, JNK, p-ERK, ERK, β-actin,
Keap1, and HO-1 (1:1000). After being washed three times with tris-buffered saline Tween,
the membranes were incubated with HRP-conjugated secondary antibodies (diluted 1:3000)
for 1 h. The protein bands were detected with ECL and quantified using AlphaEaseFC
software (Alpha Innotech, San Leandro, CA, USA).

The nuclear proteins of histone H3 and Nrf2 in spleen were also detected by Western
blot. Briefly, the spleen tissue was homogenized, followed by centrifugation at 211× g for
5 min, and then the supernatant that included cytoplasmic protein was discarded. The
nuclear protein extraction reagent for mixing with phenylmethanesulfonyl fluoride was
added after the residual supernatant was completely absorbed. Cell precipitation was
performed by violent rotation on ice at high speed for 15–30 s at intervals of 1–2 min for a
total of 30 min. The supernatant was immediately aspirated to obtain nuclear protein after
centrifugation at 13,523× g for 10 min at 4 ◦C. The samples were analyzed with Western
blot, as described above.

2.11. Statistical Analysis

All data were presented as the mean± standard error of the mean (SEM) and estimated
by one-way analysis of variance (ANOVA) and subsequently Duncan’s post hoc test using
SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). p < 0.05 was regarded as statistically
significant.

3. Results
3.1. Effects of BA on Serum Biochemical Indicators and Blood Indicators in T-2 Toxin-Treated Mice

Previously, there was strong evidence that lipoprotein metabolism is related to the
immune function and the generation of ROS has to do with abnormal lipid metabolism [28].
To observe the effects of BA on blood lipids in T-2 toxin-treated mice, the contents of TC
and TG in serum were determined (Figure 2A,B). BA pretreatment significantly decreased
the increase in TC content evoked by T-2 toxin in serum. The 0.25 and 0.5 mg/kg BA
pretreatment also remarkedly reduced the level of TG, while 1 mg/kg BA pretreatment
increased the content of TG in the serum of T-2 toxin-challenged mice. The above findings
suggested that BA has a remission effect on the abnormal serum lipid metabolism triggered
by T-2 toxin.
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Figure 2. Effects of BA on serum biochemical indicators and blood indicators in T-2 toxin-treated mice. Blood samples were
collected, and then the levels of total cholesterol (TC) (A) and triglyceride (TG) (B) were assayed using the oxidase method.
An automatic blood analyzer was used to detect the levels of red blood cells (RBCs) (C), white blood cells (WBCs) (D),
lymphocytes (LYMs) (E) and platelets (PLTs) (F). Data were presented as the mean ± standard error of the mean (SEM)
(10 mice per group). * p < 0.05 and ** p < 0.01 vs. the control group. # p < 0.05 and ## p < 0.01 vs. the T-2 toxin group.

The LYM number in the blood reflects the organism’s immunity, and an increase in the
WBC number may be associated with an inflammatory response [29]. Subsequently, the
related blood indicators were detected. As per the results shown in Figure 2C–F, there were
no obvious differences in the number of RBCs between groups. The numbers of WBCs and
LYMs were enhanced, while the number of PLTs reduced in the T-2 toxin-induced group
compared to the control group. BA pretreatment markedly decreased the increase in the
LYMs number caused by T-2 toxin, while it had no obvious effect on the number of WBCs
and platelets. The results implicated that BA can play a certain role in body immunity by
regulating the number of LYMs.

3.2. BA Protects against Spleen Oxidative Stress in T-2 Toxin-Intoxicated Mice

The spleen, as the body’s largest peripheral immune organ, is one of the main target
organs for the action of T-2 toxin [30]. T-2 toxin exposure triggers excessive accumulation
of ROS and MDA, leading to oxidative stress. However, the increase in SOD, CAT, and
GSH reduces the oxidative damage [9,31]. To explore the protective role of BA against
spleen oxidative damage associated with T-2 toxin exposure, the levels of ROS, MDA, SOD,
T-AOC, and GSH were estimated. As shown in Figure 3, the generation of ROS and MDA in
the spleen of the T-2 toxin group was elevated significantly, but the levels of SOD, GSH, and
T-AOC obviously declined, revealing the occurrence of spleen oxidative stress provoked
by T-2 toxin. In contrast, BA pretreatment reversed these variations, except the change in
GSH wasn’t obvious, which suggested that BA can ameliorate spleen oxidative damage
by reducing ROS and lipid peroxidation accumulation and enhancing the antioxidant
defense system.
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Figure 3. BA protects against T-2 toxin-triggered spleen oxidative stress. The reactive oxygen species (ROS) level in the
spleen was determined by a fluorescence microscope using dihydroethidium (DHE). Notes: control group (A), T-2 toxin
group (B), 0.25 mg/kg BA + T-2 toxin group (C), 0.5 mg/kg BA + T-2 toxin group (D), and 1 mg/kg BA + T-2 toxin group
(E). Scale bar, 50 µm. Quantitative analysis of ROS level (F). The levels of malondialdehyde (MDA) (G), glutathione (GSH)
(H), superoxide dismutase (SOD) (I), and total antioxidant capacity (T-AOC) in the spleen, (J) Data were presented as the
mean ± SEM (10 mice per group). ** p < 0.01 vs. the control group. # p < 0.05 and ## p < 0.01 vs. the T-2 toxin group.
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3.3. BA Mitigated Spleen Injury in T-2 Toxin-Exposed Mice

To further explore the possible protective effects of BA on spleen injury induced by
T-2 toxin, morphological changes were observed using H&E staining (Figure 4A–E). The
boundary between the red pulp and the white pulp was clear, the arterial sheath and the
spleen trabecula were visible, and the morphological structure was normal in the control
group (Figure 4A). While in the T-2 toxin group, a multitude of macrophages were observed
in the red pulp, at the same time, there was LYM necrosis in the white pulp because the
nucleus fragmented or dissolved (Figure 4B). However, LYM necrosis and macrophage
infiltration were ameliorated with BA pretreatment in the spleen (Figure 4C–E).

Figure 4. Cont.
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Figure 4. Effects of BA on spleen injury in T-2 toxin-exposed mice. Morphological changes in the spleen were examined
using hematoxylin-eosin (H&E) staining. Notes: control group (A), T-2 toxin group (B), 0.25 mg/kg BA + T-2 toxin group
(C), 0.5 mg/kg BA + T-2 toxin group (D), and 1 mg/kg BA + T-2 toxin group (E). Red arrow: macrophages. Yellow arrow:
LYMs. Scale bar, 50 µm. The ultrastructure of the spleen was observed using transmission electron microscopy (TEM).
Notes: control group (F), T-2 toxin group (G), and 0.5 mg/kg BA + T-2 toxin group (H). Red arrow: mitochondria. Black
arrow: nucleus. Green arrow: endoplasmic reticulum. Blue arrow: Golgi apparatus. Scale bar, 2 µm. Splenocyte apoptosis
was detected by terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL) assay (I). Scale bar,
50 µm. Percentage of apoptotic cells (J). Data were presented as the mean ± SEM (10 mice per group). ** p < 0.01 vs. the
control group. ## p < 0.01 vs. the T-2 toxin group.

Mitochondria are not only the organelles for energy production in cells but also the
place where cells perform aerobic respiration. In addition to providing energy for cell
activities, mitochondria can also participate in various physiological activities, such as
cell differentiation and apoptosis [32]. Therefore, we observed the intracellular organelles
of the spleen using TEM. As shown in Figure 4F–H, we found that the control group
had abundant mitochondria and the ultrastructure was normal. After exposure to T-2
toxin, the mitochondria number decreased significantly, and the mitochondria exhibited
swelling and ridge break-up. The organelle number was restored and the morphology of
the mitochondria improved after pretreatment with BA (0.5 mg/kg). It was inferred that
BA has an improvement effect on the reduced number of splenocyte mitochondria induced
by T-2 toxin, which helps to maintain normal physiological activities.

Previous studies have proved that oxidative stress activates the apoptosis signaling
pathway and induces apoptosis [32]. Therefore, splenocyte apoptosis was detected using
TUNEL assay in this study. Compared to the control group, T-2 toxin dramatically elevated
the apoptosis of splenocyte (Figure 4I,J). However, BA pretreatment dramatically reduced
T-2 toxin-induced splenocyte apoptosis dose-dependently. The results implied that BA can
ameliorate apoptosis by inhibition of oxidative stress.

3.4. Effects of BA on the Protein Expression of the MAPK Signaling Pathway in the Spleen of T-2
Toxin-Intoxicated Mice

It has been verified that activation of the MAPK signaling pathway is not only associ-
ated with oxidative damage but also plays a key part in the biological signaling transduction
of cells [13,14]. To investigate whether BA can reduce oxidative damage by affecting the
MAPK signaling pathway, the protein expression and phosphorylation of ERK, JNK, and
p38 were analyzed using Western blot. We found that the ratios of p-p38/p38, p-JNK/JNK,
and p-ERK/ERK saw a dramatic rise in the T-2 toxin group, while BA treatment lowered
the ratios of p-p38/p38 and p-ERK/ERK in a dose-dependent manner. In addition, 0.5 and
1 mg/kg BA pretreatment also reduced the ratio of p-JNK/JNK, but there was marked
upregulation of p-JNK/JNK in the BA group at a dosage of 0.25 mg/kg (Figure 5). Results
indicated that BA has protective effects against spleen oxidative damage by inhibiting the
MAPK signaling pathway.

3.5. Effects of BA on the Protein Expression of the Nrf2 Signaling Pathway in the Spleen of T-2
Toxin-Intoxicated Mice

The Nrf2 signaling pathway is a key pathway of the cellular oxidative stress re-
sponse [21]. As showed in Figure 6, T-2 toxin remarkedly enhanced the protein expression
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of Keap1 and suppressed the protein expression of Nrf2 and HO-1. Compared to the
T-2 toxin group, BA pretreatment, however, remarkedly decreased Keap1 protein ex-
pression and accelerated the protein expression of Nrf2 and HO-1 in the spleen of T-2
toxin-stimulated mice. The findings indicated that BA might activate the Nrf2 signaling
pathway to protect against spleen oxidative damage triggered by T-2 toxin in mice.

Figure 5. Effects of BA on the relative proteins expression of the mitogen-activated protein kinase (MAPK) signaling
pathway in the spleen of T-2 toxin-intoxicated mice. The protein expression and phosphorylation of ERK, JNK, and p38
were evaluated by Western blot (A). Protein bands for each region were quantified, and the intensity was normalized
to the intensity of the β-actin band present on the same blot. The values were expressed as the ratios of p-p38/p38 (B),
p-JNK/c-Jun N-terminal kinase (JNK) (C), and p-ERK/extracellular signal-regulated kinases (ERK) (D). Data were presented
as the mean ± SEM (3 mice per group). * p < 0.05 and ** p < 0.01 vs. the control group. # p < 0.05 and ## p < 0.01 vs. the T-2
toxin group.

Figure 6. Cont.
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Figure 6. Effects of BA on the relative protein expression of the Nrf2 signaling pathway in the spleen of T-2 toxin-intoxicated
mice. The protein expressions of nuclear factor erythroid 2 [NF-E2]-related factor 2 (Nrf2), kelch-like erythroid cell-derived
protein with CNC homology [ECH]-associated protein 1 (Keap1), and heme oxygenase-1 (HO-1) were evaluated by Western
blot (A). Quantitative analysis of Nrf2 (B), Keap1 (C), and HO-1 (D). Data were presented as the mean ± SEM (3 mice per
group). ** p < 0.01 vs. the control group. # p < 0.05 and ## p < 0.01 vs. the T-2 toxin group.

4. Discussion

T-2 toxin, Fusarium’s secondary metabolite, is liable to contaminate crops, creating
a health threat for animals and humans [1]. T-2 toxin has dual functions of immunosup-
pression and immunostimulation. A study showed that T-2 toxin affects the function of
immune organs, immune cells, and immune molecules [33]. It was found that the spleen’s
weight in a broiler chicken treated with T-2 toxin decreased, making a dent in its immune
system; simultaneously, oxidative injury and cell apoptosis caused by T-2 toxin sharply
increased in splenocytes [34]. BA, a naturally occurring pentacyclic triterpenoid, acts as a
plant-derived immunomodulator and antioxidant to effectively enhance the antioxidant
capacity of immune organs in mice [23,35]. In a study of the protective effect of BA on the
testis oxidative damage caused by T-2 toxin, BA exhibited antioxidant activity equivalent to
vitamin E [24]. Besides, research reported that the oral administration amount of BA (0.25,
0.5, or 1 mg/kg) posed little injury to mice and even enhanced the immunomodulatory
function of the spleen and thymus [35]. BA has a preventive effect against Dex-triggered
thymocyte apoptosis, which could be in connection to the antioxidation of BA [32]. More-
over, there is increasing evidence that BA has a pleasurable antioxidative property in a
variety of cells [16,17]. In this study, oxidative stress was caused by intraperitoneal injection
of T-2 toxin to assess the protective effect of BA and its underlying mechanisms.

A study found that there is interaction between dyslipidemia and immune cells [36].
What’s more, dyslipidemia might result in a variable degree of oxidation [37]. A re-
lated study showed that 0.05 mg/kg of T-2 toxin markedly elevates the levels of TC and
low-density lipoprotein cholesterol and decreases the level of high-density lipoprotein
cholesterol in the liver [38]. Besides, a series of documents have proved that T-2 toxin
promotes the process of liver damage, such as hepatocyte apoptosis and necrosis [39,40]. It
could be seen from this experiment that T-2 toxin prominently elevated the levels of TC
and TG in the serum, which indicated that 4 mg/kg of T-2 toxin causes abnormal serum
lipid metabolism in mice. A previous experiment proved that BA has the effect of lowering
blood fat by increasing the levels of insulin and leptin to lower the content of TC and
TG in plasma [41]. In addition, a study verified that BA can inhibit lipid absorption in
the intestine by hindering pancreatic lipase and cholesterol acyltransferase-2 [17]. This
finding is consistent with the current study, which discovered that BA administration can
significantly reduce the contents of TC and TG. However, 1 mg/kg of BA significantly
elevated the TG content, which might be due to individual differences, or 1 mg/kg of BA
had no effect on the TG content.

One study reported that T-2 toxin shows hematotoxicity, which reduces PLT and WBC
contents in the blood as well as decreases wound coagulation ability and anti-infection
ability, causing blood cell apoptosis and bone marrow necrosis [29]. Furthermore, T-2 toxin
exhibited immunotoxicity by hurting LYM lines [30]. These results might be associated with
the fact that T-2 toxin causes cells’ lipid peroxidation and hinders the synthesis of cellular
proteins and DNA [29]. This trial showed that acute exposure to T-2 toxin prominently
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lowers the PLTs number and elevates the numbers of WBCs and LYMs. WBCs and LYMs
belong to immune cells. The increase in WBCs and LYMs contents implied that T-2 toxin
gives rise to the occurrence of compensatory immunity and inflammation. Due to the
complexity of the immune system, even if the experimental conditions were similar, the
immunotoxicity results of T-2 toxin were not completely consistent. Early laboratory
research proved that BA regulates LYM proliferation and enhances the phagocytosis of
macrophages to strengthen cellular immunity and humoral immunity [42]. The current
study found that 0.5 mg/kg of BA pretreatment significantly reduced the LYMs number
in blood. However, BA had no dramatic effect on the other blood cells, implying that BA
plays an important role in immune regulation by downregulating the number of LYMs.

Oxidative stress has been recognized as one of the main mechanisms in T-2 toxin-
provoked toxicity and cell death [11,12]. In rat ovarian granulosa cells, T-2 toxin caused an
elevation in ROS and MDA contents and a reduction in SOD, GSH-Px, and CAT levels [43].
A previous study manifested that T-2 toxin administration could decrease antioxidase
activity and raise lipid peroxidation in mouse hepatocytes, indicating T-2 toxin has a
prominent toxic effect on the liver by induction of oxidative stress [9]. Consistent with the
above reports, this study showed that T-2 toxin lowers the contents of GSH, SOD, and T-
AOC and enhances the accumulation of MDA and ROS. Our previous studies have shown
that BA significantly reduces lipid peroxidation and increases the activities of GSH-Px
and CAT in the thymus, which indicates that BA plays a protective role against oxidative
damage of lymphoid immune organs caused by Dex [32,42]. Additionally, a previous study
affirmed that BA and vitamin E (an antioxidant) restore the intestinal barrier dysfunction
triggered by T-2 toxin by regulating the levels of CAT, GSH-Px, GSH, and MDA, as well
as inhibiting the inflammation response [44]. Meanwhile, there was a good protection
effect in that BA and vitamin E ameliorated T-2 toxin-induced testis oxidative damage [24].
Similar to these studies, pretreatment with BA reversed the above indexes induced by T-2
toxin, suggesting that BA can ameliorate spleen oxidative damage by reducing ROS and
lipid peroxidation and enhancing the antioxidant defense system.

Research has proved that T-2 toxin led to oxidative damage in tissues where cells
divided actively, mainly including the bone marrow, gastrointestinal tract, spleen, and
thymus in chickens [34,45]. Furthermore, a previous study found that BA ameliorated
T-2 toxin-provoked testis morphology damage [24]. Similar to the above result, in this
experiment, the spleen structure of the T-2 group was disordered, the white pulp was
incomplete, and a large number of macrophages and LYMs underwent necrosis, which
indicated that T-2 toxin stimulates the inflammatory reaction in the spleen. Meanwhile,
the spleen structure of BA pretreatment groups was clear, inflammatory cell infiltration
was markedly reduced, and the cells were arranged regularly. This result suggests that BA
can reverse the morphological changes in the spleen caused by T-2 toxin to some extent.
It is well known that mitochondria are important organelles in eukaryotes, which not
only participate in redox homeostasis but also play an important role in apoptosis [46,47].
In addition, some studies have reported that oxidative stress can activate the apoptosis
pathway [9,11,12]. The excessive ROS gave rise to mitochondrial oxidative damage and
decreased the level of mitochondrial GSH [48]. Mitochondrial dysfunction caused by oxida-
tive damage contributed to the cell apoptosis and necrosis [49]. Previous research showed
that T-2 toxin exposure motivated oxidative stress and led to mitochondrial fragmentation,
ultimately mediating a mitochondrial-dependent apoptotic pathway in human liver 7702
cells [50]. BA inhibited splenocyte apoptosis induced by Dex by upregulating antioxidant
enzymes, decreasing lipid peroxidation, restoring mitochondrial function, and regulating
the mitochondrial signaling pathway [51]. Consistent with this study, T-2 toxin significantly
decreased the number of mitochondria and remarkedly promoted splenocyte apoptosis in
mice. However, BA pretreatment restored the number of organelles in mitochondria. Mean-
while, BA sharply decreased the apoptosis of splenocytes in a dose-dependent manner.
The results further illuminated that BA effectively restores T-2 toxin-induced splenocyte
apoptosis by enhancing the mitochondrial number and inhibiting oxidative stress.
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The MAPK signaling pathway is closely correlated with oxidative stress and plays a
crucial part in cell biosignal transmission. The MAPK family includes subfamilies such
as JNK, p38, and ERK. Under oxidative stress, excessive ROS activates apoptosis signal-
regulating kinase 1 (ASK1) and then activates JNK, p38, and ERK, which are transferred
into the nucleus, promoting the transcription and expression of related genes, causing a
cascade reaction, which leads to apoptosis [52–54]. Previous research has shown that BA
reduces LYMs apoptosis by inhibiting the expression of ASK1, JNK, and p38 genes and
proteins to protect LYMs from the damage of oxidative stress induced by Dex [32]. In this
experiment, pretreatment with BA dramatically downregulated the ratios of p-ERK/ERK,
p-p38/p38, and p-JNK/JNK in the spleen of T-2 toxin-exposed mice. It is worth noting that
0.25 mg/kg of BA significantly restrained the protein expression of p-JNK and JNK, yet the
ratio of p-JNK/JNK increased. The reason might be that the effect of BA at a 0.25 mg/kg
dosage on p-JNK and JNK is not in the most suitable concentration range. However, 0.5
and 1 mg/kg of BA obviously decreased the ratio of p-JNK/JNK in a dose-dependent
manner. These results indicated that BA alleviates spleen oxidative damage by inhibiting
the phosphorylation expression of JNK, ERK, and p38 in the MAPK signaling pathway.

The Nrf2 signaling pathway regulates the transcription of antioxidation genes and is
deemed to be the paramount pathway against oxidative stress [55]. The activation of Nrf2
and the expression of its target gene HO-1 could protect cells from apoptosis, inflammation,
and oxidative stress [56]. Therefore, the Nrf2 signaling pathway plays a crucial role in
regulating ROS balance and ameliorating oxidative stress. A previous study suggested that
BA mitigates myocardial hypoxia/reoxygenation by enhancing the activation of the Nrf2
signaling pathway [21]. In addition, BA inhibited oxidative stress to cure membranous
nephropathy by activating Nrf2 expression [22]. In this study, T-2 toxin downregulated
the protein expression of Nrf2 and HO-1, while significantly upregulating the protein
expression of Keap1. However, BA administration markedly reversed these changes. These
results indicated that BA has an antioxidant effect on T-2 toxin-treated mice partly by
activating the Nrf2 signaling pathway.

To sum up, the findings demonstrated the antioxidative and immunomodulatory
activities of BA on spleen oxidative damage induced by acute intraperitoneal exposure to
T-2 toxin by elevating the activities of antioxidant enzymes, reducing lipid peroxidation
and ROS accumulation, and decreasing splenocyte apoptosis via downregulation of the
MAPK and upregulation of the Nrf2 signaling pathway (Figure 7). The results show that
BA can be potentially used as a detoxicant for T-2 toxin-contaminated feed, thus providing
protection to animals against potential immune system damage.

Figure 7. The main mechanism of BA in protecting splenocytes against oxidative damage caused by
T-2 toxin.
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