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Abstract: Deoxynivalenol (DON), a mycotoxin produced by Fusarium graminearum, is one of the
most prevalent contaminants in livestock feed and causes very large losses to animal husbandry
every year. Taraxasterol, isolated from Taraxacum officinale, has anti-inflammatory, antioxidative stress,
and antitumor effects. In the present study, bovine mammary epithelial cells (MAC-T) were used
as a model, and different concentrations of taraxasterol (0, 1, 5, 10, and 20 µg/mL) were used to
protect against DON-induced cell damage. The results showed that taraxasterol at a concentration
of 10 µg/mL significantly increased cell viability. Analysis of lactate dehydrogenase (LDH) lev-
els indicated that taraxasterol substantially decreased LDH release caused by DON. Taraxasterol
effectively alleviated the depletion of glutathione (GSH), the increase in the lipid peroxidation of
malondialdehyde (MDA), the reduction in total superoxide dismutase (T-SOD) activity, and the
decrease in total antioxidant capacity (T-AOC) induced by DON. The results further showed that
taraxasterol reduced the accumulation of reactive oxygen species (ROS). Taraxasterol was found to
relieve endoplasmic reticulum (ER) stress by suppressing the expression of glucose-regulated protein
78 kDa (GRP78), activating transcription factor 6 (ATF6), activating transcription factor 4 (ATF4)
and the transcription factor C/EBP homologous protein (CHOP), and reducing cell apoptosis by
suppressing the expression of caspase-3 and Bcl2-associated X (BAX) and upregulating the expression
of the antiapoptotic protein B-cell lymphoma-2 (Bcl-2). Our research results indicate that taraxasterol
could alleviate DON-induced damage to MAC-T cells.

Keywords: taraxasterol; deoxynivalenol; endoplasmic reticulum stress; apoptosis; bovine mammary
epithelial cells

Key Contribution: DON induces oxidative damage to bovine mammary epithelial cells, leading to
various effects. Taraxasterol can alleviate the oxidative stress response of bovine mammary epithelial
cells to DON by reducing the subsequent ER stress response.

1. Introduction

Dairy products have long been advertised as excellent sources of nutrition that benefit
gastrointestinal health and the immune system [1]. The dairy industry has become a crucial
part of the modern economy. Deoxynivalenol (DON), also known as vomitoxin, is an
epoxy-sesquiterpenoid that belongs to the type B trichothecenes. A mycotoxin mostly
produced by Fusarium graminearum, DON is one of the most prevalent contaminants in
livestock feed [2,3]. The dairy industry suffers significant losses due to residual DON every
year [4]. Ingestion of DON remaining in the feed by dairy cows can lead to poor production
performance and a decline in the quality of milk products [5]. DON is chemically stable
during food processing and can enter the body through the food chain [6], eventually
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endangering human health. At the cellular level, DON has a range of detrimental effects on
dairy cows by inducing oxidative stress in cells and cell apoptosis [7,8]. Previous studies in
bovine mammary epithelial cells and HepG2 human hepatocellular carcinoma (HCC) cells
have shown that one of the mechanisms by which mycotoxins induce cell damage is by
triggering the endoplasmic reticulum (ER) stress response [9,10]. Therefore, whether DON
damages cells using a similar mechanism should be explored, and an effective substance to
prevent this damage is needed.

Taraxasterol, (3β,18α,18α)-Urs-20(30)-en-3-ol, is a pentacyclic triterpene that can be
isolated from Taraxacum officinale F.H. Wigg [11], which is a traditional medicine with
lactating, choleretic, diuretic, and anti-inflammatory activities. A study found that dairy
cows treated orally with an herbal extract containing T. officinale showed an increase in
milk yield [12]. As Chinese medicinal herbs have received more attention in recent years,
taraxasterol has been proven to have multiple protective effects. Taraxasterol was reported
to inhibit iNOS and COX-2 expression in LPS-stimulated RAW264.7 cells [13] and inhibit IL-
1β-induced NO and PGE2 production in human chondrocytes in osteoarthritis, a chronic
degenerative joint disease [14]. Previous studies have shown that taraxasterol inhibits
proliferation and induces apoptosis in HepG2 and Huh7 HCC cells [15–17]. Taraxasterol
also showed protective effects against ethanol-induced liver injury in mice by regulating
the CYP2E1/Nrf2/HO-1 and NF-κB signaling pathways [18]. In vivo, taraxasterol was
found to protect against LPS-induced acute lung injury and endotoxic shock in mice [19].
Taraxasterol has been proven to be an emerging protective agent with multiple positive
effects. However, its protective effects against damage caused by mycotoxins have hardly
been explored.

Hence, this study aimed to explore the protective mechanisms of taraxasterol against
DON-induced damage in bovine mammary epithelial cells.

2. Results
2.1. Taraxasterol Improved the Decrease in Bovine Mammary Epithelial Cell Viability Induced
by DON

Cell viability was detected by CCK-8 assay. When the concentration of DON was
0.2 µg/mL, the cell viability was significantly reduced (Figure 1A). Therefore, 0.2 µg/mL
DON was selected for the experiments. Taraxasterol significantly improved cell viability
when its concentration was less than 10 µg/mL, and its protective effect against DON-
induced cell damage peaked at a concentration of 10 µg/mL (Figure 1B). Therefore, sub-
sequent experiments were conducted using the combination of 0.2 µg/mL DON and
10 µg/mL taraxasterol.

2.2. Taraxasterol Alleviated the Cellular Damage Caused by DON by Reducing LDH Levels

The LDH content was detected to assess the integrity of the cell membrane. Greater
LDH leakage indicated more severe damage to the cell membrane. After treatment with
0.2 µg/mL DON and 10 µg/mL taraxasterol for 24 h, the cell culture medium was collected
to detect the LDH level using an LDH kit. LDH leakage was significantly higher in culture
medium from MAC-T cells treated with DON compared with the control group and
decreased after treatment with 10 µg/mL taraxasterol (Figure 2).

2.3. Taraxasterol Prevented Oxidative Stress Induced by DON

The protective effects of taraxasterol were preliminarily revealed by the results of the
previous experiment. Its antioxidant capacity was further explored by detecting several
antioxidant indices. After treatment with 0.2 µg/mL DON and 10 µg/mL taraxasterol
for 24 h, the MDA content was significantly higher in the DON group than in the control
group, while in two of the taraxasterol-treated groups, the MDA content was reduced to
the same level as that in the control group (Figure 3A). GSH level was significantly reduced
in the DON group compared with the control group, and the GSH level in the taraxasterol
group was significantly higher than that in the DON group (Figure 3B). The T-AOC activity
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test indicated that after treatment with DON, the T-AOC activity in MAC-T cells tended
to decrease, and in the DON + taraxasterol group, the T-AOC activity was significantly
higher than that in the DON group. Meanwhile, the taraxasterol group showed a significant
increase in T-AOC activity compared to that in the control group (Figure 3C). The T-SOD
activity was significantly lower in the DON group than in the control group, and in the
DON + taraxasterol group, the T-SOD activity was significantly higher than that in the DON
group (Figure 3D). ROS fluorescence intensity was significantly higher in the DON group
than in the control group, and the ROS fluorescence intensity of the two taraxasterol-treated
groups decreased to the same level as that in the control group (Figure 3E,F). The detection
of these oxidant indices proved that DON could induce oxidative stress in MAC-T cells
and that taraxasterol could protect MAC-T cells against oxidative stress.
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Figure 1. Effects of DON and taraxasterol on the viability of bovine mammary epithelial cells
(MAC-T). (A) Viability of MAC-T cells treated with different concentrations (0.05, 0.1, 0.2, 0.3 and
0.5 µg/mL) of DON for 24 h. (B) Viability of MAC-T cells treated with 0.2 µg/mL DON, different
concentrations (1, 5, 10 and 20 µg/mL) of taraxasterol or the combination of 0.2 µg/mL DON and
different concentrations (1, 5, 10 and 20 µg/mL) of taraxasterol. All values are expressed as the
mean ± SEM (n = 3). In the figure, ** p < 0.01, *** p < 0.001.
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mean ± SEM (n = 3). In the figure, *** p < 0.001.
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Figure 3. The antioxidant effects of taraxasterol against DON-induced cell damage. (A) MDA content
in MAC-T cells. (B) GSH level in MAC-T cells. (C) T-AOC activity in MAC-T cells. (D) T-SOD
activity in MAC-T cells. (E) After incubation with 5 µM 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH-DA), cells were washed and examined by fluorescence microscopy. Representative images
from three independent experiments are shown. (F) ROS fluorescence intensity in MAC-T cells. All
values are expressed as the mean ± SEM (n = 3). In the figure, * p < 0.05, ** p < 0.01, *** p < 0.001.

2.4. The Protective Effects of Taraxasterol against the DON-Induced Decrease in Mitochondrial
Membrane Potential (∆Ψm, MMP)

After treatment with DON and taraxasterol for 24 h, the MAC-T cells were treated
with methylbenzimidazole and the fluorescent probe dichloromethane iodide (JC-1) and in-
cubated for 0.5 h. The MMP was significantly decreased in the DON group compared to the
control group. Additionally, the MMP was significantly higher in the DON + taraxasterol
group than in the DON group (Figure 4A,B). A decrease in MMP is a marker of cell apopto-
sis, so this result suggested that DON can not only cause oxidative stress but also eventually
lead to cell apoptosis and that taraxasterol can reverse this process.
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Figure 4. The mitochondrial membrane potential (∆Ψm, MMP) of MAC-T cells after treatment with
0.2 µg/mL DON and 10 µg/mL taraxasterol for 24 h. (A) Inverted fluorescence microscopy of MAC-T
cells after JC-1 staining. Fluorescence analysis of MMP at 24 h using the probe JC-1. Representative
images from three independent experiments are shown. (B) Fluorescence intensity ratio (indicating
JC-1 polymer/JC-1 monomer) for each group. All values are expressed as the mean ± SEM (n = 3). In
the figure, *** p < 0.001.

2.5. Taraxasterol Alleviated ER Stress Caused by DON

DON was shown to induce severe oxidative stress in MAC-T cells, and taraxasterol
effectively protected against DON. Oxidative stress often leads to the accumulation of
misfolded proteins in cells, thus inducing ER stress. To further verify the protective effects
of taraxasterol, the relative expression of genes and proteins involved in the ER signaling
pathway was detected by real-time quantitative PCR and Western blotting. The results
showed that the gene expression of GRP78, ATF6, and CHOP were significantly upregulated
in the DON group compared to the control group and significantly downregulated in the
taraxasterol-treated groups compared to the DON group (Figure 5A). The GRP78, ATF6, and
CHOP protein levels showed trends consistent with the regulation of mRNA expression, as
they were significantly increased in the DON group compared to the control group and
significantly decreased in the taraxasterol-treated groups compared to the DON group
(Figure 5B). ATF4 plays an important role in ER stress and regulates the gene expression
of CHOP; therefore, the protein level of ATF4 was also detected. As expected, the protein
content of ATF4 was increased in the DON group compared to the control group and
significantly decreased in the taraxasterol group compared to the DON group (Figure 5B).
This indicated that DON induced severe ER stress in MAC-T cells and that taraxasterol
could effectively inhibit this damage.
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Figure 5. The protective effects of taraxasterol against ER stress induced by DON. (A) The relative
gene expression of GRP78, ATF6 and CHOP in MAC-T cells after treatment with 0.2 µg/mL DON
and 10 µg/mL taraxasterol for 24 h. (B) The relative protein levels of GRP78, ATF4, ATF6, and CHOP
in MAC-T cells after treatment with 0.2 µg/mL DON and 10 µg/mL taraxasterol for 24 h. All values
are expressed as the mean ± SEM (n = 3). In the figure, * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.6. Taraxasterol Alleviated the Cell Apoptosis Induced by DON

ER stress is always followed by cell apoptosis, which was already preliminarily proven
by previous experiment, as after treatment with DON, the MMP of MAC-T cells was
significantly decreased. To further explore the induction of cell apoptosis by DON and the
protective effects of taraxasterol, the relative levels of proteins involved in the apoptosis
signaling pathway were detected by Western blotting. The relative protein levels of cleaved
caspase-3/caspase-3 and BAX were significantly increased in the DON group compared to
the control group and significantly decreased in the taraxasterol-treated groups compared
to the DON group (Figure 6B,C). The relative protein level of Bcl-2 was significantly
decreased in the DON group compared to the control group and significantly increased in
the DON + taraxasterol group compared to the DON group (Figure 6D). The BAX/Bcl-2
ratio was significantly higher in the DON group than in the control group and significantly
lower in the taraxasterol-treated groups than in the DON group (Figure 6E).
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Figure 6. The protective effects of taraxasterol against DON-induced cell apoptosis. (A) Protein levels
of Bcl-2, BAX and caspase-3. (B) Relative protein level of cleaved caspase-3/caspase-3. (C) Relative
protein level of BAX. (D) Relative protein level of Bcl-2. (E) The ratio of the relative protein level of
BAX to that of Bcl-2. All values are expressed as the mean ± SEM (n = 3). In the figure, ** p < 0.01,
*** p < 0.001.
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3. Discussion

DON intake by dairy cows is inevitable during the feeding process. Residual DON not
only decreases the quality of dairy products but also endangers human health [20]. DON
has been proven capable of inducing oxidative stress, the inflammatory response, and apop-
tosis in bovine mammary epithelial cells [21]. Additionally, the multiple protective effects
of taraxasterol, a traditional Chinese herbal medicine, have been explored [11,19,22,23].
The goal of this research was to explore the underlying mechanisms of the protective effects
of taraxasterol.

The cytotoxic effects of DON were first verified by treating MAC-T cells with different
concentrations (0.05, 0.1, 0.2, 0.3, 0.5 µg/mL) of DON. The results showed that DON
at a concentration of 0.2 µg/mL significantly reduced cell viability. MAC-T cells were
simultaneously treated with both reagents to verify the protective effects of taraxasterol
against DON-induced cell damage. Taraxasterol was found to be capable of promoting
cell viability, which was reduced by DON. Similar effects were found in BV2 microglial
cells [24]. At a concentration of 10 µg/mL, taraxasterol showed the strongest ability to
protect against the decrease in cell viability induced by DON, and taraxasterol at this
concentration also significantly increased cell viability. Thus, the combination of 0.2 µg/mL
DON and 10 µg/mL taraxasterol was selected. The cytotoxicity of a compound can be
measured by measuring the level of LDH released by cells [25]. Generally, an increase in
LDH levels indicates increased cytotoxicity. The LDH level of the DON treatment group
was significantly increased by DON treatment, but after treatment with taraxasterol, the
LDH level was significantly decreased. To further explore DON-induced oxidative damage,
the content of MDA, the activities of GSH, T-SOD, and T-AOC were tested. SOD is an
antioxidant metalloenzyme present in organisms. It can catalyze the disproportionation
of superoxide anion free radicals to produce oxygen and hydrogen peroxide, and SOD
activity plays a vital role in the oxidant/antioxidant balance and is closely related to
the occurrence and development of many diseases [26]. GSH can help maintain normal
immune system function and has integrated antioxidant and detoxification effects [27].
Lower activities of SOD and GSH suggest a decline in the antioxidant capacity of cells.
DON was found to be the leading cause of the decrease of SOD and GSH activities in cells
in our study, which was also concluded by another study conducted by Zhang [28]. The
results indicated that taraxasterol effectively alleviated the depletion of GSH, the increase
in the lipid peroxidation of MDA, and the decrease of T-AOC activity caused by DON.
To further verify the antioxidant capacity of taraxasterol, the intracellular ROS levels of
MAC-T cells were detected. ROS are a byproduct of the normal mitochondrial metabolism
and homeostasis [29]. An increase in intracellular ROS levels in cells indicates oxidative
stresses. In our study, DON significantly increased the ROS levels of MAC-T cells, which
implied more severe DON-induced damage to MAC-T cells. ROS are known to induce
collapse of the MMP and eventually lead to apoptosis [30]. As expected, the MMP of
MAC-T cells was significantly decreased after treatment with DON. In addition, the ROS
levels in the taraxasterol-treated groups were significantly decreased compared to those in
the DON group, which further revealed the potential mechanisms of the protective effects
of taraxasterol. In previous studies, ROS have also been connected to ER stress [31], which
is also a leading cause of apoptosis [32]. Thus, a subsequent experiment was performed to
determine the connection between ER stress and the protective effects of taraxasterol.

The ER is a multifold membranous structure within eukaryotic cells that plays a
major role in the synthesis of complex molecules required by the cell and the organism
as a whole [33]. The ER is recognized as the primary site of the synthesis and folding of
secreted, membrane-bound, and some organelle-targeted proteins [34]. The accumulation
of unfolded or misfolded proteins in the ER leads to stress [35]. In our study, we focused
on the GRP78-ATF6-CHOP signaling pathway to investigate the possible strategy by
which taraxasterol protects against DON-induced cell damage. When ER stress begins,
accumulated unfolded proteins in the ER bind GRP78 and thereby activate transmembrane
receptors such as ATF6. This process explains the increased mRNA expression of GRP78
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and ATF6 in MAC-T cells after treatment with DON. In addition, the mRNA expression
of GRP78 and ATF6 in the taraxasterol treatment group was significantly suppressed. As
CHOP can be modulated by ATF6, the expression of CHOP showed the same changes
observed for ATF6 and GRP78. These changes explain how DON induces ER stress and
the mechanisms by which taraxasterol protects cells against damage. However, if protein
aggregation persists and stress cannot be resolved, prosurvival signaling switches to
proapoptotic signaling [36]. ER stress is a complex biological process that is regulated by
several signaling pathways. ATF4 is a member of another signaling pathway that promotes
cell survival by inducing genes involved in amino acid metabolism, redox reactions, the
stress response, and protein secretion [37]. However, not all the genes whose expressions
are induced by ATF4 are antiapoptotic. The transcription factor CHOP, whose induction
strongly depends on ATF4, is well known to promote apoptotic cell death. When DON
induced the mRNA expression of ATF6 and ATF4, the expression of CHOP was promoted.
Therefore, the expression of genes from the cell apoptosis signaling pathway was regulated.
After treating with DON for 24 h, the protein level of Bcl-2 was significantly lower and
the protein level of BAX was significantly higher than the control group. Taraxasterol was
proven to be protective against these cellular changes in our study. By downregulating
the protein level of BAX and upregulating the protein level of Bcl-2, the protein level of
caspase-3 was also downregulated. Therefore, cellular apoptosis was alleviated. A similar
mechanism was found by Liu [24], who researched the protective effects of taraxasterol
against concanavalin A-induced acute hepatic injury in mice.

Taraxasterol is an extract from Taraxacum officinale, which is widespread in nature and
exceedingly easy to obtain. Although taraxacum is a well-known traditional herbal remedy
with a long history, until recently, only limited scientific information was available to justify
the reputed uses [23]. Our research shows taraxasterol to be a good prospect for use in the
dairy industrial field. Its multiple protective effects make it feasible to be a protective agent
that can be added into the animals’ feed.

4. Conclusions

Taraxasterol was found to be an excellent protective agent against cell damage caused
by DON. The decrease in cell viability, increase in LDH leakage and ROS levels, decrease in
MMP, ER stress and apoptosis induced by DON were significantly alleviated by taraxasterol.
However, the findings were all conducted at the cellular level, and the potential effects of
the addition of taraxasterol to livestock feed remain to be further explored.

5. Materials and Methods
5.1. Chemicals and Reagents

DON (purity > 99%), hydrocortisone, penicillin–streptomycin, and insulin were pur-
chased from Sigma–Aldrich (St. Louis, MO, USA). DON was dissolved in ethanol and
stored at −20 ◦C. Taraxasterol was purchased from Refinsen Biotech Co., Ltd. (Chengdu,
China), dissolved in dimethyl sulfoxide (DMSO, Sigma Chemical Co., St. Louis, MO, USA)
and stored at 4 ◦C. Fetal bovine serum (FBS) was purchased from Gibco (Gaithersburg, MD,
USA), and high-glucose Dulbecco’s modified Eagle’s medium (DMEM) was purchased
from HyClone (Logan, UT, USA). The Cell Counting Kit-8 (CCK-8) was procured from Do-
jindo Laboratories (Kumamoto, Japan). Kits to measure ROS were obtained from Beyotime
Biotechnology (Shanghai, China). Kits for detecting T-SOD, MDA, GSH, T-AOC and lactate
dehydrogenase (LDH) activities were purchased from Jiancheng Bioengineering Institute
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Reagents for qPCR applica-
tions included SYBR Green for real-time PCR (TransGen Biotech, Beijing, China) and the
RevertAid First Strand cDNA Synthesis Kit (CW0581, Beijing, China). For Western blotting
analysis, RIPA buffer (high), which was used to extract the total protein, was purchased
from Solarbio (Solarbio, Beijing, China), and antibodies against GRP78 (11587-1-AP), CHOP
(15204-1-AP), BAX (50599-2-lg), and Bcl-2 (12789-1-AP) were purchased from Proteintech
(Proteintech, Wuhan, China). Antibodies against ATF4 (1531R) and ATF6 (23094R) were
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purchased from Bioss (Bioss, Beijing, China). Antibody against caspase-3 (90437) was
purchased from Abcam (Abcam, Cambridge, MA, USA) and antibody against GAPDH
(AF7021) was purchased from Affinity Biosciences (Affinity, Cincinnati, OH, USA).

5.2. Cell Culture

The bovine mammary epithelial cell line MAC-T was kindly provided by Professor
Hong Gu Lee (Konkuk University, Seoul, Korea). For in vitro analyses, MAC-T cells
were maintained in high-glucose DMEM containing 10% FBS, 1% penicillin–streptomycin,
1 µg/mL hydrocortisone, and 5 µg/mL insulin and kept in a 37 ◦C incubator with 5% CO2.

5.3. Cell Treatment

Taraxasterol was dissolved in DMSO at a concentration of 50 mg/mL for storage and
diluted to different concentrations in DMEM for cell treatments. The final concentration
of DMSO in the treatment solutions prepared above was less than 0.1% (v/v). DON
was dissolved in ethanol at a concentration of 10 mg/mL for storage and diluted to the
specific concentrations needed. DON was first diluted to 0.05, 0.1, 0.2, 0.3, and 0.5 µg/mL
for treatment to discover the toxicity of DON. Taraxasterol was diluted to 1, 5, 10, and
20 µg/mL for treatment.

5.4. Cell Viability Assay

Cell viability was measured using a CCK-8 kit (Dojindo Laboratories, Kumamoto,
Japan) following the manufacturer’s instructions. MAC-T cells were seeded in 96-well
plates at a density of 1 × 104 cells/well. When the cells reached 70–80% confluence, they
were treated with different concentrations of DON (0, 0.05, 0.1, 0.2, 0.3, 0.5 µg/mL) and
taraxasterol (0, 1, 5, 10, and 20 µg/mL) for 24 h. A cell viability test was then performed,
a total of 10 µL of CCK-8 reagent was added to each well, and the cells were incubated
for 1.5 h at 37 ◦C. Then, the cell viability was measured using enzyme calibration. Cell
viability was calculated via the absorbance value (OD) of each well measured at 450 nm.
Subsequent experiments were conducted using the combination of 0.2 µg/mL DON and
10 µg/mL taraxasterol.

5.5. LDH Assay

LDH leakage was detected using an LDH kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). Four groups (the control group, DON group, DON + taraxasterol
group and taraxasterol group) of MAC-T cells were seeded in 6-well plates. DON and
taraxasterol were administered when the cell confluence reached 70–80%. The cell culture
medium was collected after 24 h and plated into 96-well plates with reagents from the LDH
kit following the manufacturer’s instructions. LDH leakage was measured using enzyme
calibration and calculated via the absorbance value (OD) of each well measured at 450 nm.

5.6. Measurement of Malondialdehyde (MDA), Glutathione (GSH), Total Antioxidant Capacity
(T-AOC) and Total Superoxide Dismutase (T-SOD) Levels

The content of MDA and the activities of GSH, T-AOC, and T-SOD were detected using
commercial kits. MAC-T cells were seeded in 6-well plates and simultaneously treated with
DON and taraxasterol for 24 h when the cell confluence reached 70–80%. Then, the cells
were collected to measure oxidation levels. The culture solution was also collected for later
use. The cells were taken out with a cell scraper and transferred to a 1.5 mL centrifuge tube.
Then, 500 µL of the extract was added, and the contents were mixed by homogenization.
Subsequently, 100 µL of the mixture was transferred to another 1.5 mL centrifuge tube. The
BCA kit determined the protein concentration. We measured the absorbance at 530 nm
in the microplate reader. To determine the T-SOD activity, the cells were cultivated in a
similar way, then the cell protein concentration was evaluated. The kit instructions were
used to add the reagents, which were mixed well and kept at room temperature for 10 min,
then the wavelength of 550 nm was colorimetrically detected. To determine the GSH level,
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cultured cells were taken out by cell scraping and transferred to a 1.5 mL centrifuge tube.
A glass homogenizer was used for mixing; 100 µL of the precipitation solution was taken
and centrifuged at 3500 rpm for 10 min, and then the supernatant was taken for detection.
The absorbance was measured at 405 nm in the microplate reader.

5.7. Measurement of ROS Production

The intracellular ROS levels of MAC-T cells were measured with a DCFH-DA kit
(Shanghai, China). MAC-T cells were seeded in 6-well plates and simultaneously treated
with DON and taraxasterol for 24 h when the cell confluence reached 70–80%. The cells
were then stained with 10 µL of DCFH-DA for 30 min at 37 ◦C in the dark. The cells
were washed using 1× PBS to remove the unincorporated dye. The green fluorescence
intensity was measured using the fluorescence microscope function of a Cytation five-cell
imaging reader (BioTek Instruments, Winooski, VT, USA). Data were analyzed using Gen5
3.03 software (BioTek Instruments, Winooski, VT, USA).

5.8. Mitochondrial Membrane Potential Assay

The mitochondrial membrane potential assay uses the fluorescent dye JC-1 (Beyotime),
which can be used for early detection of apoptosis. To conduct the assay, the MAC-T cells
were seeded in a 6-well plate at a density of 2× 105/well. MAC-T cells were simultaneously
treated with DON and taraxasterol for 24 h once the cell density reached approximately
80% confluence. Then the MAC-T cells were treated with methylbenzimidazole and the
fluorescent probe dichloromethane iodide (JC-1) and incubated for 0.5 h. Observation and
detection were performed using the fluorescence microscope functionality of a Cytation
5 imaging reader (BioTek Instruments).

5.9. RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (PCR)

Real-time PCR was conducted to measure the mRNA levels of glucose-regulated
protein 78 kDa (GRP78), activating transcription factor 6 (ATF6) and the transcription factor
C/EBP homologous protein (CHOP), genes in one of the important signaling pathways
involved in ER stress. The β-actin, GRP78, ATF6, and CHOP coding sequences (CDS)
were obtained from NCBI, and each CDS was input into online Primer 5 software, which
was used to design upstream and downstream primer sequences (real-time PCR primer
sequence list); the Primer Basic Local Alignment Search Tool (BLAST) at the National
Center for Biotechnology Information (NCBI) was used for primer verification. Primer
synthesis was completed by Suzhou Jinweizhi Company, and β-actin was used as the
internal reference. MAC-T cells were seeded in 6-well plates and simultaneously treated
with DON and taraxasterol for 24 h when the cell confluence reached 70–80%. Total RNA
was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Complementary DNA
(cDNA) was synthesized from 1 µg of RNA with the following procedure: 42 ◦C for 15 min
and then 85 ◦C for 5 min. cDNA, SYBR, ddH2O, upstream primers, and downstream
primers were mixed in eight-strip tubes and centrifuged briefly to ensure that the mixtures
were at the bottom of the tubes. Then, the prepared eight-strip tube was put into the
real-time fluorescent quantitative PCR instrument and subjected to the following protocol:
melting at 94 ◦C for 30 s, predenaturation at 94 ◦C for 5 s, annealing at 60 ◦C for 15 s,
and extension at 72 ◦C for 15 s. The number of cycles was generally 40 but was adjusted
according to the use of different primers in the reaction. Quantitative fluorescence values
were calculated using the 2−∆∆ct method and used to calculate relative mRNA levels. The
primers used for qPCR analyses are listed in Table 1.
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Table 1. Gene name and PCR primer sequences.

Gene Forward Primer Reverse Primer GenBank Accession No. Product Size
(bp)

β-actin 5′-CCCTGGAGAAGAGCTACGAG-3′ 5′-GTAGTTTCGTGAATGCCGCAG-3′ NM_173979.3 130
GRP78 5′-CGACCCCTGACGAAAGACAA-3′ 5′-AGGTGTCAGGCGATTTTGGT-3′ NM_001075148.1 198
ATF6 5′-ATATTCCTCCGCCTCCCTGT-3′ 5′-GTCCTTTCCACTTCGTGCCT-3′ XM_024989876.1 103
CHOP 5′-GAGCTGGAAGCCTGGTATGA-3′ 5′-CTCCTTGTTTCCAGGGGGTG-3′ NM_001078163.1 90

5.10. Western Blotting

Western blotting was conducted to detect the relative protein levels of GRP78, ATF6,
ATF4, and the transcription factor CHOP, which are involved in the ER stress signaling
pathway, and caspase-3, B-cell lymphoma-2 (Bcl-2), and BCL2-associated X (Bax), which
are involved in the cellular apoptosis signaling pathway. MAC-T cells were cultured
in 6-well plates and simultaneously treated with DON and taraxasterol for 24 h when
the cell confluence reached 70–80%. The total protein was extracted from the cells using
RIPA buffer (high), and the concentration of the extracted protein was determined by the
bicinchoninic acid (BCA) method. After the concentration of the extracted proteins was
measured, each protein sample was mixed with loading buffer and heated at 100 ◦C for
5 min. Then, 10% sodium dodecyl sulfate polyacrylamide (SDS–PAGE) was carried out.
Samples containing 20 µg of protein were added to each well of the SDS–PAGE gel and
then transferred to a 0.45-µm ethyl acetate membrane with the half fry transfer method
after electrophoresis. The membranes were washed with Tris-buffered saline with Tween
(TBST) and incubated with the appropriate primary rabbit antibody (1:1000) specific for
GRP78, ATF4, ATF6, CHOP, caspase-3, Bcl-2 or BAX at 4 ◦C overnight. After washing
four times with TBST, the immunoblotted membranes were incubated with a horseradish
peroxidase-labeled goat antirabbit immunoglobulin G (IgG) secondary antibody for 2 h at
room temperature. Finally, using Pierce enhanced chemiluminescence (ECL) substrate, the
protein bands were imaged on a chemiluminescence image analyzer.

5.11. Statistical Analyses

All experiments were performed independently at least three times, and the data are
expressed as the mean ± standard error of the mean (SEM). GraphPad Prism software
(Windows 5.02; GraphPad Software, Inc., San Diego, CA, USA) was used to test the
significance of the data by one-way analysis of variance, and p < 0.05 was used to indicate
a statistically significant difference.

Author Contributions: J.W., J.Z. and Y.J. proposed the study protocol. J.W., K.Z. and Y.F. participated
in the experiments. J.W., R.W. and Y.J. contributed to sample preparation and data analysis. J.W.
edited and reviewed the final version of the article. All the authors provided constructive comments
on the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: The National Natural Science Foundation of China (U21A20251), the Science and Technol-
ogy Development Program of Jilin Province (20210202039NC), Jilin Province Technology Extension
Project of Improvement Quality and Efficiency of Animal Agriculture (202202), Changchun City
Technology Extension Project of Antibiotic-free livestock and poultry Production (20200000003), Jilin
University “Student Innovation and Entrepreneurship Training Program” (S202110183624).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data sharing not applicable.

Acknowledgments: The MAC-T cell line was a gift from the laboratory of Lee Hong-Gu, Konkuk
University, Korea.

Conflicts of Interest: The authors declare that there is no conflict of interest with any commercial or
financial organization regarding the material discussed in the manuscript.



Toxins 2022, 14, 211 13 of 14

References
1. Ha, E.; Zemel, M.B. Functional properties of whey, whey components, and essential amino acids: Mechanisms underlying health

benefits for active people (review). J. Nutr. Biochem. 2003, 14, 251–258. [CrossRef]
2. Yao, Y.; Long, M. The biological detoxification of deoxynivalenol: A review. Food Chem. Toxicol. 2020, 145, 111649. [CrossRef]

[PubMed]
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5. Viegas, S.; Assunção, R.; Twarużek, M.; Kosicki, R.; Grajewski, J.; Viegas, C. Mycotoxins feed contamination in a dairy farm—
Potential implications for milk contamination and workers’ exposure in a One Health approach. J. Sci. Food Agric. 2019, 100,
1118–1123. [CrossRef] [PubMed]

6. Han, J.; Wang, Q.-C.; Zhu, C.-C.; Liu, J.; Zhang, Y.; Cui, X.-S.; Kim, N.-H.; Sun, S.-C. Deoxynivalenol exposure induces
autophagy/apoptosis and epigenetic modification changes during porcine oocyte maturation. Toxicol. Appl. Pharmacol. 2016, 300,
70–76. [CrossRef]

7. Borutova, R.; Faix, S.; Placha, I.; Gresakova, L.; Cobanova, K.; Leng, L. Effects of deoxynivalenol and zearalenone on oxidative
stress and blood phagocytic activity in broilers. Arch. Anim. Nutr. 2008, 62, 303–312. [CrossRef]

8. Lee, J.-Y.; Lim, W.; Park, S.; Kim, J.; You, S.; Song, G. Deoxynivalenol induces apoptosis and disrupts cellular homeostasis through
MAPK signaling pathways in bovine mammary epithelial cells. Environ. Pollut. 2019, 252, 879–887. [CrossRef]

9. Fishbein, A.; Wang, W.; Yang, H.; Yang, J.; Hallisey, V.M.; Deng, J.; Verheul, S.M.L.; Hwang, S.H.; Gartung, A.; Wang, Y.; et al.
Resolution of eicosanoid/cytokine storm prevents carcinogen and inflammation-initiated hepatocellular cancer progression. Proc.
Natl. Acad. Sci. USA 2020, 117, 21576–21587. [CrossRef]

10. Fu, Y.; Jin, Y.; Zhao, Y.; Shan, A.; Fang, H.; Shen, J.; Zhou, C.; Yu, H.; Zhou, Y.F.; Wang, X.; et al. Zearalenone induces apoptosis in
bovine mammary epithelial cells by activating endoplasmic reticulum stress. J. Dairy Sci. 2019, 102, 10543–10553. [CrossRef]

11. Zafar, R.; Sharma, K. Occurrence of taraxerol and taraxasterol in medicinal plants. Pharmacogn. Rev. 2015, 9, 19–23. [CrossRef]
[PubMed]

12. Durrer, M.; Mevissen, M.; Holinger, M.; Hamburger, M.; Graf-Schiller, S.; Mayer, P.; Potterat, O.; Bruckmaier, R.; Walkenhorst, M.
Effects of a Multicomponent Herbal Extract on the Course of Subclinical Ketosis in Dairy Cows—A Blinded Placebo-controlled
Field-study. Planta Med. 2020, 86, 1375–1388. [CrossRef] [PubMed]

13. Zhang, X.; Xiong, H.; Liu, L. Effects of taraxasterol on inflammatory responses in lipopolysaccharide-induced RAW 264.7
macrophages. J. Ethnopharmacol. 2012, 141, 206–211. [CrossRef] [PubMed]

14. Piao, T.; Ma, Z.; Li, X.; Liu, J. Taraxasterol inhibits IL-1β-induced inflammatory response in human osteoarthritic chondrocytes.
Eur. J. Pharmacol. 2015, 756, 38–42. [CrossRef]

15. Koo, H.-N.; Hong, S.-H.; Song, B.-K.; Kim, C.-H.; Yoo, Y.-H.; Kim, H.-M. Taraxacum officinale induces cytotoxicity through TNF-α
and IL-1α secretion in Hep G2 cells. Life Sci. 2004, 74, 1149–1157. [CrossRef]

16. Guo, J.-B.; Ye, H.-H.; Chen, J.-F. Anti-proliferation Effect of Taraxacum mongolicum Extract in HepG2 Cells and Its Mechanism. J.
Chin. Med. Mater. 2015, 38, 2129–2133.

17. Yoon, J.-Y.; Cho, H.-S.; Lee, J.-J.; Lee, H.-J.; Jun, S.Y.; Lee, J.-H.; Song, H.-H.; Choi, S.; Saloura, V.; Gil Park, C.; et al. Novel TRAIL
sensitizer Taraxacum officinale F.H. Wigg enhances TRAIL-induced apoptosis in Huh7 cells. Mol. Carcinog. 2015, 55, 387–396.
[CrossRef]

18. Xu, L.; Yu, Y.; Sang, R.; Li, J.; Ge, B.; Zhang, X. Protective Effects of Taraxasterol against Ethanol-Induced Liver Injury by
Regulating CYP2E1/Nrf2/HO-1 and NF-κB Signaling Pathways in Mice. Oxid. Med. Cell. Longev. 2018, 2018, 8284107. [CrossRef]

19. Zhang, X.; Xiong, H.; Li, H.; Cheng, Y. Protective effect of taraxasterol against LPS-induced endotoxic shock by modulating
inflammatory responses in mice. Immunopharmacol. Immunotoxicol. 2013, 36, 11–16. [CrossRef]

20. Iqbal, S.Z.; Usman, S.; Razis, A.F.A.; Ali, N.B.; Saif, T.; Asi, M.R. Assessment of Deoxynivalenol in Wheat, Corn and Its Products
and Estimation of Dietary Intake. Int. J. Environ. Res. Public Health 2020, 17, 5602. [CrossRef]

21. Wang, J.; Jin, Y.; Wu, S.; Yu, H.; Zhao, Y.; Fang, H.; Shen, J.; Zhou, C.; Fu, Y.; Li, R.; et al. Deoxynivalenol induces oxidative stress,
inflammatory response and apoptosis in bovine mammary epithelial cells. J. Anim. Physiol. Anim. Nutr. 2019, 103, 1663–1674.
[CrossRef] [PubMed]

22. Zheng, F.; Dong, X.; Meng, X. Anti-Inflammatory Effects of Taraxasterol on LPS-Stimulated Human Umbilical Vein Endothelial
Cells. Inflammation 2018, 41, 1755–1761. [CrossRef] [PubMed]

23. Schütz, K.; Carle, R.; Schieber, A. Taraxacum—A review on its phytochemical and pharmacological profile. J. Ethnopharmacol.
2006, 107, 313–323. [CrossRef] [PubMed]

24. Liu, B.; He, Z.; Wang, J.; Xin, Z.; Wang, J.; Li, F.; Fu, Y. Taraxasterol Inhibits LPS-Induced Inflammatory Response in BV2 Microglia
Cells by Activating LXRα. Front. Pharmacol. 2018, 9, 278. [CrossRef]

25. Kumar, P.; Nagarajan, A.; Uchil, P. Analysis of Cell Viability by the Lactate Dehydrogenase Assay. Cold Spring Harb. Protoc. 2018,
6, 465–468. [CrossRef]

http://doi.org/10.1016/S0955-2863(03)00030-5
http://doi.org/10.1016/j.fct.2020.111649
http://www.ncbi.nlm.nih.gov/pubmed/32745571
http://doi.org/10.1007/s12550-016-0263-9
http://www.ncbi.nlm.nih.gov/pubmed/27866369
http://doi.org/10.2903/j.efsa.2017.4718
http://www.ncbi.nlm.nih.gov/pubmed/32625635
http://doi.org/10.1002/jsfa.10120
http://www.ncbi.nlm.nih.gov/pubmed/31667844
http://doi.org/10.1016/j.taap.2016.03.006
http://doi.org/10.1080/17450390802190292
http://doi.org/10.1016/j.envpol.2019.06.001
http://doi.org/10.1073/pnas.2007412117
http://doi.org/10.3168/jds.2018-16216
http://doi.org/10.4103/0973-7847.156317
http://www.ncbi.nlm.nih.gov/pubmed/26009688
http://doi.org/10.1055/a-1260-3148
http://www.ncbi.nlm.nih.gov/pubmed/33003231
http://doi.org/10.1016/j.jep.2012.02.020
http://www.ncbi.nlm.nih.gov/pubmed/22366673
http://doi.org/10.1016/j.ejphar.2015.03.012
http://doi.org/10.1016/j.lfs.2003.07.030
http://doi.org/10.1002/mc.22288
http://doi.org/10.1155/2018/8284107
http://doi.org/10.3109/08923973.2013.861482
http://doi.org/10.3390/ijerph17155602
http://doi.org/10.1111/jpn.13180
http://www.ncbi.nlm.nih.gov/pubmed/31423645
http://doi.org/10.1007/s10753-018-0818-3
http://www.ncbi.nlm.nih.gov/pubmed/29951871
http://doi.org/10.1016/j.jep.2006.07.021
http://www.ncbi.nlm.nih.gov/pubmed/16950583
http://doi.org/10.3389/fphar.2018.00278
http://doi.org/10.1101/pdb.prot095497


Toxins 2022, 14, 211 14 of 14

26. Wallace, D.C. Mitochondrial Diseases in Man and Mouse. Science 1999, 283, 1482–1488. [CrossRef]
27. Armstrong, J.S.; Steinauer, K.K.; Hornung, B.; Irish, J.; Lecane, P.; Birrell, G.; Peehl, D.M.; Knox, S.J. Role of glutathione depletion

and reactive oxygen species generation in apoptotic signaling in a human B lymphoma cell line. Cell Death Differ. 2002, 9, 252–263.
[CrossRef]

28. Zhang, J.; Wang, J.; Fang, H.; Yu, H.; Zhao, Y.; Shen, J.; Zhou, C.; Jin, Y. Pterostilbene inhibits deoxynivalenol-induced oxidative
stress and inflammatory response in bovine mammary epithelial cells. Toxicon 2020, 189, 10–18. [CrossRef]

29. Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial Reactive Oxygen Species (ROS) and ROS-Induced ROS Release. Physiol.
Rev. 2014, 94, 909–950. [CrossRef]

30. Simon, H.-U.; Haj-Yehia, A.; Levi-Schaffer, F. Role of reactive oxygen species (ROS) in apoptosis induction. Apoptosis 2000, 5,
415–418. [CrossRef]

31. Quan, Z.; Gu, J.; Dong, P.; Lu, J.; Wu, X.; Wu, W.; Fei, X.; Li, S.; Wang, Y.; Wang, J.; et al. Reactive oxygen species-mediated
endoplasmic reticulum stress and mitochondrial dysfunction contribute to cirsimaritin-induced apoptosis in human gallbladder
carcinoma GBC-SD cells. Cancer Lett. 2010, 295, 252–259. [CrossRef] [PubMed]

32. Rutkowski, T.; Arnold, S.M.; Miller, C.N.; Wu, J.; Li, J.; Gunnison, K.M.; Mori, K.; Akha, A.A.S.; Raden, D.; Kaufman, R.J.
Adaptation to ER Stress Is Mediated by Differential Stabilities of Pro-Survival and Pro-Apoptotic mRNAs and Proteins. PLoS Biol.
2006, 4, e374. [CrossRef] [PubMed]

33. Sanvictores, T.; Davis, D.D. Histology, Rough Endoplasmic Reticulum; StatPearls: Treasure Island, FL, USA, 2021.
34. Voeltz, G.K.; Prinz, W.A.; Shibata, Y.; Rist, J.M.; Rapoport, T.A. A Class of Membrane Proteins Shaping the Tubular Endoplasmic

Reticulum. Cell 2006, 124, 573–586. [CrossRef] [PubMed]
35. Rashid, H.-O.; Yadav, R.K.; Kim, H.-R.; Chae, H.-J. ER stress: Autophagy induction, inhibition and selection. Autophagy 2015, 11,

1956–1977. [CrossRef] [PubMed]
36. Hu, P.; Han, Z.; Couvillon, A.D.; Exton, J.H. Critical Role of Endogenous Akt/IAPs and MEK1/ERK Pathways in Counteracting

Endoplasmic Reticulum Stress-induced Cell Death. J. Biol. Chem. 2004, 279, 49420–49429. [CrossRef] [PubMed]
37. Kimball, S.R.; Jefferson, L.S. Induction of REDD1 gene expression in the liver in response to endoplasmic reticulum stress is

mediated through a PERK, eIF2α phosphorylation, ATF4-dependent cascade. Biochem. Biophys. Res. Commun. 2012, 427, 485–489.
[CrossRef]

http://doi.org/10.1126/science.283.5407.1482
http://doi.org/10.1038/sj.cdd.4400959
http://doi.org/10.1016/j.toxicon.2020.11.002
http://doi.org/10.1152/physrev.00026.2013
http://doi.org/10.1023/A:1009616228304
http://doi.org/10.1016/j.canlet.2010.03.008
http://www.ncbi.nlm.nih.gov/pubmed/20359814
http://doi.org/10.1371/journal.pbio.0040374
http://www.ncbi.nlm.nih.gov/pubmed/17090218
http://doi.org/10.1016/j.cell.2005.11.047
http://www.ncbi.nlm.nih.gov/pubmed/16469703
http://doi.org/10.1080/15548627.2015.1091141
http://www.ncbi.nlm.nih.gov/pubmed/26389781
http://doi.org/10.1074/jbc.M407700200
http://www.ncbi.nlm.nih.gov/pubmed/15339911
http://doi.org/10.1016/j.bbrc.2012.09.074

	Introduction 
	Results 
	Taraxasterol Improved the Decrease in Bovine Mammary Epithelial Cell Viability Induced by DON 
	Taraxasterol Alleviated the Cellular Damage Caused by DON by Reducing LDH Levels 
	Taraxasterol Prevented Oxidative Stress Induced by DON 
	The Protective Effects of Taraxasterol against the DON-Induced Decrease in Mitochondrial Membrane Potential (m, MMP) 
	Taraxasterol Alleviated ER Stress Caused by DON 
	Taraxasterol Alleviated the Cell Apoptosis Induced by DON 

	Discussion 
	Conclusions 
	Materials and Methods 
	Chemicals and Reagents 
	Cell Culture 
	Cell Treatment 
	Cell Viability Assay 
	LDH Assay 
	Measurement of Malondialdehyde (MDA), Glutathione (GSH), Total Antioxidant Capacity (T-AOC) and Total Superoxide Dismutase (T-SOD) Levels 
	Measurement of ROS Production 
	Mitochondrial Membrane Potential Assay 
	RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (PCR) 
	Western Blotting 
	Statistical Analyses 

	References

