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A B S T R A C T   

Deoxynivalenol (DON) is one of the most common feed contaminants, and it poses a serious threat to the health 
of dairy cows. The existing studies of biological toxicity of DON mainly focus on the proliferation, oxidative 
stress, and inflammation in bovine mammary epithelial cells, while its toxicity on the biosynthesis of milk 
components has not been well documented. Hence, we investigated the toxic effects and the underlying mech-
anism of DON on the bovine mammary alveolar cells (MAC-T). Our results showed that exposure to various 
concentrations of DON significantly inhibited cell proliferation, induced apoptosis, and altered the cell 
morphology which was manifested by cell distortion and shrinkage. Moreover, the transepithelial electrical 
resistance (TEER) values of MAC-T cells exposed to DON were gradually decreased in a time- and concentration- 
dependent manner, but lactate dehydrogenase (LDH) leakage was significantly increased with the maximum 
increase of 2.4-fold, indicating the cell membrane and tight junctions were damaged by DON. Importantly, DON 
significantly reduced the synthesis of β-casein and lipid droplets, along with the significantly decreases of 
phospho-mTOR, phospho-4EBP1, phospho-JAK2, and phospho-STAT5. Gene expression profiles showed that the 
expressions of several genes related to lipid synthesis and metabolism were changed, including acyl-CoA syn-
thetase short-chain family member 2 (ACSS2), fatty acid binding protein 3 (FABP3), 3-hydroxy-3-methylglu-
taryl-CoA synthase 1 (HMGCS1), and insulin-induced gene 1 (INSIG1). GO and KEGG enrichment analyses 
revealed that the differentially expressed genes (DEGs) were significantly enriched in ribosome, glutathione 
metabolism, and lipid biosynthetic process, which play important roles in the toxicological process induced by 
DON. Taken together, DON affects the proliferation and functional differentiation of MAC-T cells, which might 
be related to the cell junction disruption and morphological alteration. Our data provide new insights into 
functional differentiation and transcriptomic alterations of MAC-T cells after DON exposure, which contributes to 
a comprehensive understanding of DON-induced toxicity mechanism.   

1. Introduction 

High-quality and diverse dairy products are essential to human, thus 
dairy industry has become one of the important part of global food in-
dustry (Muehlhoff et al., 2013; Feil et al., 2020). Feeds contaminated 
with natural mycotoxins have long-term adverse effects on gastroin-
testinal tract, reproductive function, immune system, and other health 
states of dairy cows (Jovaǐsienė et al., 2016), which in turn impact the 
productivity by reducing feed intake and milk yield (Charmley et al., 

1993; Kiyothong et al., 2012), ultimately leading to significant economic 
losses. 

Deoxynivalenol (DON), also known as vomitoxin due to its charac-
teristics causing animals’ vomit, is one of the most common fusarium 
mycotoxins in food and feedstuff (Nagl and Schatzmayr, 2015). In North 
Asia, DON is the main contaminant of corn (present in 92% of tested 
samples) at average levels of 1154 ppb (Rodrigues and Naehrer, 2012). 
DON widely exists in silage, compound feed, and raw materials, which 
are important components of cattle diets. Notably, DON levels increases 
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with the extended storage of corn silage (Keller et al., 2013), thus raising 
the risk of contamination. Compared to pig and poultry, cattle is 
considered to be less susceptible to DON. However, it’s unwise to ignore 
the adverse effect of DON on cattle due to incomplete degradation of 
DON in the bovine digestive system. DON has been reported to be 
detectable in the blood of cattle, thereby resulting in body disorder, 
autoimmune response, immunosuppression, and less milk (Charmley 
et al., 1993; Seeling et al., 2006; Marczuk et al., 2012). 

Besides, DON and its metabolite de-epoxy deoxynivalenol (DOM-1) 
can affect various organs and cells in cattle such as peripheral blood 
mononuclear cells (Daenicke et al., 2011), kidney epithelial cells (Bailey 
et al., 2019), intestinal epithelial cells (Reisinger et al., 2019), granulosa 
cells (Guerrero-Netro et al., 2015), ovarian theca cells (Guerrero-Netro 
et al., 2017), and embryo development (Guerrero-Netro et al., 2021). 
Recent studies conducted by J. Wang et al., 2019 and Lee et al. (2019) 
have revealed that DON decreases the proliferation and induces 
apoptosis, companied by oxidative stress and inflammation in bovine 
mammary epithelial cells. These results might partially explain the loss 
of milk production in the bovine lactation after feeding with 
DON-contaminated feed. The intake of DON-contaminated feed also can 
reduce the availability of nutrients by the mammary gland, thus leading 
to a reduction in milk components such as milk fat (Charmley et al., 
1993). However, the toxic effects of DON on milk components remain 
largely unclear. 

Therefore, the present study is aimed to evaluate the cytotoxic effect 
of DON on the bovine mammary alveolar cell line (MAC-T), an 
immortalized model of bovine mammary epithelial cells with the func-
tions of synthesis and secretion of milk components (Huynh et al., 1991; 
Zhou et al., 2008; Lee et al., 2013). We assessed the biological toxicity of 
DON on proliferation, tight junction, biosynthesis of milk protein and 
fat, and further illustrated the underlying mechanism by RNA-seq. 

2. Materials and methods 

2.1. Cell culture 

The MAC-T cells were cultured in ordinary DMEM/F12 medium 
(Hyclone, Logan, Utah, USA) supplemented with 10% fetal bovine 
serum (FBS, Gibco, Carlsbad, CA, USA), 1% penicillin-streptomycin so-
lution (Biosharp, China, Cat#BL505A) at 37 ◦C in incubator with 5% 
CO2. To induce the functional differentiation of MAC-T cells, ordinary 
medium was replaced with DMEM/F12 medium containing 10% FBS, 1 
μg/mL hydrocortisone (Macklin, China, Cat#H811182), 5 μg/mL insu-
lin (Biosharp, China, Cat#BS901), 10 ng/mL epidermal growth factor 
(Peprotech, USA, Cat#AF-100–15), 5 μg/mL transferrin (Biosharp, 
China, Cat#BS910), 10 ng/mL prolactin (USBIO, USA, Cat#301560), 
1% penicillin-streptomycin solution. Deoxynivalenol (Sigma, USA, 
Cat#D0156) was dissolved in absolute ethanol and diluted with me-
dium. The final concentration of DON was 1, 5, 10 μM with the con-
centration of ethanol < 0.1%, as previously reported (Lee et al., 2019). 

2.2. Analyses of cell viability and cell number 

Cells were seeded in 24-well plate for cell number analysis and 
treated with DON when the cells reached 80% confluence. After incu-
bation for 24, 48 and 72 h, the cell number were counted by TC20 
Automated Cell Counter (Bio-Rad, USA). The viability of MAC-T cells 
was detected with Cell Counting Kit-8 (CCK, Dojindo, Japan, Cat#CK04) 
according to manufacturer’s instruction. Briefly, cells were seeded in 96- 
well plate, and DON was added when the cells reached 60–70% 
confluence. After exposure to DON for 24, 48 and 72 h, 110 μL culture 
medium containing 10 μL CCK-8 solution was added to each well. After 
2-hour incubation at 37 ◦C, the absorbance at 450 nm was measured by a 
Microplate Reader (PerkinElmer, USA). 

2.3. Analysis of cell apoptosis 

Cell apoptosis was detected with Annexin V-FITC apoptosis kit 
(KeyGen, China, Cat#KGA106). After exposure to the increasing con-
centrations of DON for 24, 48, and 72 h, MAC-T cells were washed with 
cold PBS and trypsinized. Subsequently, cells were resuspended in 100 
μL binding buffer. The mixture was then stained with Annexin V-FITC 
and propidium iodide (PI) staining solution according to manufacturer’s 
instructions. The stained cells were analyzed by a flow cytometry 
(Beckman Coulter, USA). The accumulative apoptotic rate was recorded. 

2.4. Observation of Cell cytoskeleton 

Phalloidin-FITC (Sigma, USA, Cat#P5282) and α-tubulin antibody 
(Biodragon, China, Cat#BD-PT5051) were used for F-actin and α-tubulin 
staining, respectively. After 24-hour exposure to various concentrations 
of DON, cells were fixed with 4% paraformaldehyde for 15 min, per-
meabilized with 0.1% Triton-X for 15 min, and blocked 1 h with 5% BSA 
under room temperature (RT). Subsequently, cells were incubated with 
α-tubulin primary antibody (1:200 diluted with PBS) overnight at 4 ◦C 
and then incubated 2 h with goat-anti-rabbit CY3 antibody (Abclonal, 
China, Cat#AS007) at RT. Afterwards, cells were treated with 50 ng/mL 
phalloidin-FITC for 45 min at RT for double staining and nuclei were 
stained with DAPI (Solarbio, China, Cat#C0065). Images were captured 
by Zeiss LSM 800 confocal laser-scanning microscope (Zeiss, Germany). 

2.5. Activity detection of lactate dehydrogenase (LDH) 

After incubation with various concentrations of DON for 24, 48, and 
72 h, cell supernatant was collected. LDH activity in the cell supernatant 
was determined with the LDH assay kit (Jiancheng, China, Cat#A020) 
following the manufacturer’s protocol, and the absorbance at 450 nm 
was measured by a Microplate Reader (PerkinElmer, USA). 

2.6. Determination of transepithelial electrical resistance (TEER) 

The effect of DON on the integrity of the MAC-T cells was evaluated 
by detecting the transepithelial electrical resistance (TEER) with an 
epithelial voltmeter (EVOM2, World Precision Instruments, Sarasota, 
FL, USA). Cells were grown on 24-well Transwell plate inserted with 
collagen-coated polytetrafluoroethylene (PFTE) membrane (0.4 µm pore 
diameter, 6.5 mm diameter, Corning, NY, USA) at a density of 1 × 106 

cells /mL. In this experiment, the day when cells were cultured in 
Transwell plate was recorded as the 0th day. When the resistance value 
did not increase significantly any longer (day 4), cells were treated with 
DON at dosage of 0, 1, 5, and 10 μM. TEER was measured at 1.5 h, 3 h, 6 
h, 9 h, 12 h and 24 h post DON exposure. TEER values were expressed as 
Ω × cm2. 

2.7. BODIPY staining 

For milk fat detection, cells were fixed, permeabilized, and blocked 
according to the above description. Subsequently, cells were incubated 
2 h with BODIPY 493/503 (Invitrogen, Waltham, MA, USA) diluted in 
DMSO (Solarbio, Beijing,China) and then washed with PBST for three 
times. Pictures were captured under fluorescence microscope BX50 
(Olympus, Japan). The mean fluorescence intensity was analyzed by 
using Image J. 

2.8. Quantitative Real-Time PCR (qRT-PCR) assay 

After exposure to DON for 24, 48, and 72 h, total RNA of MAC-T cells 
was extracted by Trizol (Biosharp Cat#BS259A), and then quantified 
with Nano Drop ND-2000 spectrophotometer (Thermo Scientific, USA). 
HiScript II Q RT SuperMix (Vazyme, China, Cat#R223–01) was used for 
cDNA synthesis. The qRT-PCR was performed with ChamQ Universal 
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SYBR qPCR Master Mix (Vazyme, China, Cat#Q711–02) on Bio-Rad 
CFX384 fluorescence quantitative PCR instrument (Bio-Rad, Hercules, 
CA, USA). Specific primers were designed using Primer Premier 5.0 and 
listed in Table S1. The qRT-PCR was conducted under the following 
conditions: 95 ℃ for 1 min, 40 cycles of amplifications (95 ℃ for 10 s, 
60 ℃ for 30 s, and 72 ℃ for 15 s). Melting curve analysis was performed 
within the range of 65–95 ℃ with a temperature increase of 0.5 ℃/5 s. 
Relative gene expression was calculated using 2-ΔΔCT and normalized 
with GAPDH as reference gene. 

2.9. Detection of Casein synthesis 

MAC-T cells were cultured in 6-well plate in the induced medium 
containing DON at the concentrations of 0, 1, 5 and 10 μM. RIPA 
(Servicebio, China, Cat#G2002) was used to lyse cells, and the casein in 
lysate was detected according to bovine β-casein ELISA kit instructions 
(Mlbio, China, Cat#ml036568). Briefly, 50 μL lysate was added to the 
pre-coated plate, and secondary antibodies were added. After 1-h in-
cubation at 37 ℃, the plate was washed for five times, then TMB was 
added to each well. After adding stop solution, the absorbance at 450 nm 
was detected by a Microplate Reader (PerkinElmer, USA). 

2.10. Western blotting assay 

After 5 μM DON treatment, the cells were cultured in 6-well plate in 
the induced medium for 24 h and then washed three times with PBS. 
Afterwards, the cells were lysed 30 min on ice with RIPA containing 1% 
PMSF (Servicebio, China, Cat#G2008), 2% cocktail (Servicebio, China, 
Cat#G2006), 1% protease inhibitor (Servicebio, China, Cat#G2007–1), 
and 1% phosphatase inhibitor (Servicebio, China, Cat#G2007–2). The 
lysis mixture was transferred into 1.5 mL tubes and centrifuged at 
12000g for 15 min, and the supernatant was collected. Proteins were 
denatured by boiling in sample buffer SDS for 10 min, separated by 
sodium dodecyl sulfate-polyacrylamide polyacrylamide gel electropho-
resis (SDS-PAGE), and then transferred to 0.22 µm polyvinylidene 
fluoride (PVDF) membranes (Epizyme, China, Cat#WJ001) at a constant 
200 mA. The membranes were blocked 2 h with 1 ×blocking Buffer 
(Epizyme, China, Cat#PS108P) at RT, and then incubated with primary 
antibodies overnight at 4 ◦C. These membranes were washed three times 
with TBST (10 min each time), and incubated with the goat anti-rabbit 
horseradish peroxidase (HRP)-conjugated secondary antibody (diluted 
in TBST, 1:10000, Biodragon, China, Cat#BF03008) for 1 h at RT. The 
resultant membranes were washed with TBST for three times (10 min 
each time), and then proteins were visualized with Omni-ECL kit (Epi-
zyme, China, Cat#SQ202). The protein band intensity was quantified 
using Image J software, and the detection results of target proteins were 
normalized with GAPDH as reference protein. The details of primary 
antibodies were listed in Table S2. 

2.11. RNA-seq analysis 

MAC-T cells were grown in 6-well plate in the induced medium with 
or without additional DON (5 μM) for 24 h. The total RNA was extracted 
with Trizol, and the samples were sequenced by Novogene Bioinfor-
matics Institute (Beijing, China). RNA concentration and integrity were 
examined using Nanodrop (Thermofisher, USA) and Agilent 2100 bio-
analyzer. The enrichment analysis of mRNA with polyA tail was con-
ducted by Oligo (dT), and then NEB Buffer was used for fragmentation. 
The cDNA was synthesized on DNA polymerase I and dNTPs system. 
After end-repairing and A-tailing, the purified cDNA was screened with 
AMPure XP beads, and PCR amplification was performed. PCR product 
was purified with AMPure XP beads to obtain the final RNA-seq library. 
The sequencing was performed by Illumina Hiseq 4000 (Illumina, USA). 

DESeq2 R package (1.20.0) was used for differentially expressed 
genes (DEGs) analysis, and the P-value was adjusted using the Benjamini 
and Hochberg’s approach to control the false discovery rate (FDR). The 

DEGs were identified by DESeq2 with the criteria of the adjusted P-value 
(padj) < 0.05 and |log2FoldChange|> 1. Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment analysis and Gene Ontology 
(GO) enrichment analysis of the DEGs were performed using Cluster 
Profiler R software, and the adjusted P-value (padj) < 0.05 was 
considered as significantly enriched. 

2.12. Statistical analysis 

In this study, one-way ANOVA followed by Tukey’s post hoc test was 
performed for multiple comparisons, and Student t-test was used for the 
comparison between two groups. Data were analyzed and plotted by 
Graphpad (Version 6.0) and presented as mean ± standard error of the 
mean (SEM). The experiments were performed in three replicates (n =
3). 

3. Results 

3.1. DON suppresses cell proliferation and induces apoptosis of MAC-T 
cells 

After treatment of MAC-T cells with various concentrations of DON 
for 24, 48, and 72 h, the cell proliferation and apoptosis were deter-
mined to evaluate the cytotoxicity of DON. The cell viability was 
decreased with both the increase in DON concentration and the pro-
longation of DON exposure time. At all three time points, the cell 
viability in the DON treatment groups at 1, 5, and 10 μM was signifi-
cantly lower than that in the control (P < 0.01), expect at 1 µM for 24 h 
(Fig. 1A). The cell viability displayed an approximate 80% decrease at 
72-hour DON exposure (10 μM) (Fig. 1A). Accordingly, the cell number 
significantly decreased after exposure to different concentrations of 
DON at 24, 48, and 72 h (Fig. 1 B). Further, our results showed that DON 
treatment significantly induced cell apoptosis (Fig. 1C and D). In addi-
tion, we also estimated the LDH leakage by measuring LDH activity in 
the culture medium after exposure to DON. Compared with control 
group (Fig. 1 E), the group treated with 10 μM DON exhibited a higher 
LDH level at all three time points (P < 0.01), whereas 5 μM DON 
treatment significantly increased LDH leakage at 24 h and 72 h (P <
0.01), and 1 μM DON treatment had the significant effect on LDH 
leakage only at 72 h (P < 0.05). The maximum LDH leakage was 
observed in 10 μM DON treatment group, which was 2.4-fold higher 
than that in the control group. All the above findings suggested that 
DON produced cytotoxicity on MAC-T cells even at low concentration. 

3.2. DON damages cytoskeletal structure of MAC-T cells 

The cytoskeletal morphology and structure were evaluated by dou-
ble staining with F-actin and α-tubulin. As shown in Fig. 2, with the 
increasing concentration of DON, the cell morphology became 
abnormal, which was mainly manifested in the distortion and shrinkage 
(yellow triangles). Furthermore, the cell microfilaments (MF, green 
fluorescence) in control groups exhibited good arrangement (white ar-
rows), while the arrangement of MFs was destroyed after 24-hour 
exposure to DON (white triangles). In addition, the staining of 
α-tubulin (red fluorescence) in DON exposure group indicated that mi-
crotubules were disorganized, with a more evident thickening in peri-
nuclear position (green triangles). 

3.3. DON causes a decrease in transepithelial electrical resistance (TEER) 

The integrity of the MAC-T cell monolayer was determined by 
measuring TEER. After exposure to various concentrations of DON for 
24 h, a significant drop in TEER was observed in a time-dependent 
manner (Fig. 3A and B, P < 0.01), indicating that DON damaged the 
tight junctions and increased the permeability of the cell membranes. 
Hence, we further detected the mRNA expression of Claudin 3 and 
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Claudin 4. Consistent with TEER result, DON treatment decreased the 
expression of Claudin 3 and Claudin 4 (Fig. 3C and D). Notably, there was 
no significant difference between 72-hour exposure to 5 μM and 10 μM 
DON groups, even though 5 μM DON rather than 10 μM DON induced 
the maximal decline in both Claudin 3 and Claudin 4 expressions. 

3.4. DON inhibits biosynthesis of milk fat and protein 

After exposure to various concentrations of DON, the lipid droplet in 
the cytoplasm was measured by BODIPY staining. As shown in Fig. 4A 
and B, DON treatment significantly decreased the BODIPY fluorescence 
intensity in a time- and concentration- dependent manner, suggesting 
that DON inhibited the lipid droplet formation. In addition, the contents 

Fig. 1. The toxicity of DON on proliferation, apoptosis, and LDH activity in MAC-T cells. Cells were treated with various concentrations (0, 1, 5 and 10 μM) of DON 
for 24, 48, and 72 h. (A) Dose- and time-dependent effects of DON on cell viability (%) were detected. (B) Dose- and time-dependent effects of DON on cell number 
were determined. (C) Apoptotic cell was measured by flow cytometry after staining with annexin V-FITC and PI. Early apoptotic cells are presented in the lower right 
quadrants and late apoptotic cells are presented in the upper right quadrants. (D) Apoptosis rate (%) of cells after DON exposure was calculated. (E) LDH activity of 
cultural medium was measured. All values were presented as mean ± SEM. # and ## indicate significant difference compared to control at p < 0.05 and p < 0.01, 
respectively, * and * * represent significant difference between the indicated experimental groups at p < 0.05 and p < 0.01, respectively. 
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of β-casein in the cell lysate were detected. Consistently, DON signifi-
cantly inhibited the expression of β-casein with maximal decrease 
observed in 5 μM and 10 μM DON treatment groups (Fig. 4C). Further-
more, DON significantly down-regulated the phosphorylations of JAK2, 
STAT5, mTOR, and 4EBP1 (Fig. 4 D and E), indicating that DON may 
inhibit synthesis of milk components through JAK2-STAT5 and mTOR- 
4EBP1 signaling pathways. 

3.5. DON alters gene expression profiles 

To better understand the molecular mechanism by which DON 
exposure induced cytotoxicity on MAC-T cells, we examined gene 
expression profiles by RNA- sequencing. Principle component analysis 
(PCA) showed a clear separation of the DON exposure group from the 
control group (Fig. 5A), which was supported by the sample-to-sample 

correlation heatmap based on the gene expression levels (Fig. 5B). A 
total of 3744 differentially expressed genes (DEGs) were identified be-
tween 0 μM and 5 μM DON treatment groups (Fig. 5C), of which 1732 
were up-regulated (red dots) and 2012 were down-regulated (green 
dots). The 80 DEGs with the maximal fold changes (down- and up- 
regulated) induced by DON treatment were shown in Fig. 5D. To 
verify the accuracy and reliability of RNA-seq results, we totally selected 
13 genes, 6 of which were related to lipid synthesis and metabolism 
process, and validated them by qRT-PCR, the obtained results were 
consistent with the RNA-seq results (Fig. 5E and F). 

DEmRNAs were found to be enriched in 3 categories of GO terms 
related to molecular function, biological process, and cellular compo-
nent. For the up-regulated DEGs, the top 10 significantly enriched GO 
terms in each category mainly included negative regulation of cell 
proliferation, cellular response to growth factor stimulus, and 

Fig. 2. Immunofluorescence of F-actin and α-tubulin in MAC-T cells treated with DON for 24 h. Phalloidin-FITC staining of cells showing F-actin distribution patterns 
(green color) and immunostaining of α-tubulin (red color) and DAPI to stain nuclei (blue color). Scale bar represents 20 µm. 
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transcription factor activity. Moreover, the top 10 regarding down- 
regulated DEGs significantly enriched GO terms mainly focused on 
lipid biosynthetic process, cellular modified amino acid metabolic pro-
cess, structural constituent of ribosome, and sterol biosynthetic process, 
which indicated DON may inhibit the lipid and protein synthesis pro-
cess. The scatter plot of KEGG pathway enrichment analysis based on the 
up-regulated and down-regulated DEGs showed that the top 20 enrich-
ment pathways mainly included ribosome, glutathione metabolism, 
steroid biosynthesis, and pathways in cancer (Fig. 6C and D). These 
results of GO terms and enrichment pathways might reveal the under-
lying mechanism of DON. The details of the top 10 enriched GO terms 
and KEGG pathways were listed in Table S3. 

4. Discussion 

DON is one of the most prevalent mycotoxins, whose contamination 
poses a severe threat to food and feed safety. Many studies in vivo and in 
vitro have demonstrated that DON has negative effects on gastrointes-
tinal tract, reproduction, and immune system. Recent studies of the 
cytotoxicity of DON on bovine mammary epithelial cells mainly focus on 
cell damage, apoptosis, and oxidative stress (Lee et al., 2019; J. Wang 
et al., 2019). However, the effect of DON on biosynthesis of milk com-
ponents has not been well documented. In the present study, MAC-T 
cells in response to DON exhibited a reduction in both cell viability 
and cell number, but an increase in apoptosis. Such cytotoxic effect of 
DON was time- and concentration- dependent. Our findings were in 
accordance with the recent study results that DON displayed cytotoxic 
effect on MAC-T cells by reducing cell viability and proliferation (Lee 
et al., 2019; J. Wang et al., 2019). In addition, the significant increase in 

LDH activity further confirmed the damage of cell membrane after DON 
exposure, which was consistent with the previous reports on nerve cells 
PC12 (Wang et al., 2016) and MAC-T cells (J. Wang et al., 2019). 

Previous studies have shown that the integrity of blood-milk barrier 
in the mammary gland is very important during lactogenesis in estab-
lishing and maintaining milk synthesis and secretion (Stelwagen and 
Singh, 2014; Tsugami et al., 2017; Wellnitz and Bruckmaier, 2021). 
DON has been reported to impair the junction of various epithelial cells 
including blood-brain barrier, intestinal epithelial barrier, and 
blood-testis barrier (Behrens et al., 2015; Springler et al., 2016; Cao 
et al., 2020). In terms of blood-milk barrier, the potential of DON to 
disrupt tight junction in MAC-T cells has been noticed, but no further 
details are available (Lee et al., 2019). Here, we observed TEER values of 
MAC-T cells gradually dropped in a time- and dose- dependent manner 
after treatment with various concentrations of DON, indicating a serious 
disruption of the epithelial monolayer within 24 h, which was consistent 
with the study results of IPEC-J2 cells (Goossens et al., 2012). The 
reduction in TEER might be related to the downregulation of Claudin 3 
and Claudin 4 expression, both of which indicated the disruption of tight 
junctions (Kobayashi and Kumura, 2011; Prasad et al., 2005). 

Tight junctions not only serve as a barrier but also participate in cell 
biological function through transmitting molecular signaling to the cell 
interior (Matter and Balda, 2003; Zihni et al., 2014). It has been shown 
that the impairment of tight junctions is linked to the alteration of cell 
cytoskeleton during inflammation (Jin et al., 2019). DON has been 
found to alter the morphology of piglet hippocampal nerve cells 
(PHNCs), which was manifested by the reduction of cell volume and 
shrinkage of cell membrane (X. Wang et al., 2020). In this study, we 
found that DON exposure resulted in the cell distortion and shrinkage, 

Fig. 3. Tight junctions of MAC-T cells after treatment with DON. (A and B) Response of transepithelial electrical resistance (TEER) to various concentrations (0, 1, 5 
and 10 μM) of DON. Cells were seeded on Transwell inserts for 4 d and then incubated for 1.5, 3, 6, 9, 12 and 24 h with DON (0, 1, 5 and 10 μM). (C and D) The 
relative mRNA levels of Claudin 3 and Claudin 4 were detected by qRT-PCR. # and ## indicate significant difference compared to control at p < 0.05 and p < 0.01, 
respectively, * and ** represent significant difference between the indicated experimental groups at p < 0.05 and p < 0.01, respectively. 
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indicating that the microfilaments and microtubules of MAC-T cells 
were sensitive to DON, especially to high-concentration of DON. This 
result is in agreement with the observation in epidermoid carcinoma 
cells, showing that pre-incubation with DON induced the alteration of 
tubulin distribution and as a consequence of the structural cell remod-
eling (Del Faver et al., 2018). In addition, this morphological alteration 
might be associated with the disruption of tight junctions, thus affecting 
the normal function in the proliferation and differentiation of MAC-T 
cells (Zoubiane et al., 2004). 

Some evidence pointed out that disruption of cell junctions reduced 
the synthetic activity in lactating goat mammary gland (Ben Chedly 
et al., 2010), leading to the idea that the toxicological effect of DON 
might include an impairment on the synthesis of milk components. 
Therefore, we further detected the contents of casein and lipid in the 
cytoplasm after exposure to increasing concentrations of DON. We 
observed that DON exhibited a marked inhibitory effect on the synthesis 
of β-casein which is considered as a functional differentiation marker in 
mammary epithelial cells (Desprez et al., 1995; Rijnkels et al., 2010), 
indicating that DON had cytotoxic effect on the functional differentia-
tion of MAC-T cells. The reduction in casein synthesis might be associ-
ated with the cell junction disruption and morphological alteration 
(Zoubiane et al., 2004). Similarly, DON treatment also decreased the 
lipid droplet formation, which was contributed to explain one previous 
study results that cows treated with DON at 6 mg/kg of dietary DM had 
the lowest milk fat content and fat output (Charmley et al., 1993). 

JAK2-STAT5 and PI3K-AKT-mTOR are considered to be the critical 
signaling pathways related to the proliferation, survival, casein syn-
thesis, and milk fat synthesis of mammary epithelial cells (Osorio et al., 
2016; Tian et al., 2020), and these two pathways are regulated by hor-
mones, amino acids, cytokines, and mycotoxins. The activated STAT5 
can regulate the expression of genes related to milk protein (caseins) and 
fat synthesis (Mao et al., 2002; Clarkson et al., 2006). Likewise, the 
activated mTOR can further phosphorylate the ribosomal protein S6 
kinase 1 (S6K1) and eukaryotic initiation factor 4E binding protein 
(4EBP1) for milk protein and fat translation (Gao et al., 2015; Osorio 
et al., 2016; Luo et al., 2019). In this study, we investigated the effects of 
DON on several kinases including mTOR, 4EBP1, JAK2, and STAT5, and 
found that DON exposure significantly decreased the phosphorylation of 
JAK2 and STAT5, thus leading to the decline in casein and lipid droplets. 
Moreover, we also found that DON exposure blocked mTOR phosphor-
ylation, in turn decreasing 4EBP1 phosphorylation, ultimately down-
regulating milk protein and fat. Consistently, the inhibitory effect of 
DON on mTOR-4EBP1 signaling pathway was observed in ileal of piglets 
(Wu et al., 2014). Previous research has revealed that prolactin-STAT5 
and AKT-mTOR signaling pathways are simultaneously enhanced by 
GH and IGF-1 in bovine mammary epithelial cells, indicating the exis-
tence of crosstalk between JAK2-STAT5 and mTOR signaling pathways 
(B. Wang et al., 2020). In contrast, our results suggested that DON 
exposure simultaneously blocked the mTOR and STAT5 signaling 
pathways to downregulate biosynthesis of milk protein and fat, which 
provided further evidence for the crosstalk between JAK2-STAT5 and 
mTOR signaling pathways. In addition, PI3K-AKT-mTOR signaling 

pathway has been reported to play a negative regulatory role in 
DON-induced autophagy of PHNCs (X. Wang et al., 2020). Considering 
that DON can inhibit the mTOR signaling pathway in MAC-T cells, it will 
be of interest to further investigate the autophagy induced by DON in 
MAC-T cells in the future. 

Genome-wide expression profiles of MAC-T cells exposed to DON 
were analyzed using RNA-Seq. The expressions of a total of 3744 genes 
were significantly changed, including 1732 up-regulated and 2012 
down-regulated genes. We observed that the expressions of several 
genes related to lipid synthesis and metabolism were changed, including 
ACSS2, FABP3, HMGCS1, TRIB3, NFKB1, and INSIG1, which might 
explain the decrease in milk lipid after exposure to DON. Interestingly, 
we noticed that the expression of NLR family pyrin domain containing 3 
(NLRP3) gene related to cell pyroptosis (Mangan et al., 2018) was 
up-regulated, suggesting that DON might induce the NLRP3-dependent 
pyroptosis in MAC-T cells. The enriched KEGG pathways and GO terms 
revealed that ribosome, glutathione metabolism, and lipid biosynthetic 
process played the critical roles in the DON-induced toxicological pro-
cess. At the cellular level, DON binds to the ribosome and activates the 
downstream signaling pathway through ribotoxic stress response 
(Pestka et al., 2004), thus leading to the immune response and apoptosis. 
Similarly, H. Wang et al. (2019) have reported that the toxic effects of 
DON are related to ribosome biogenesis in porcine intestinal epithelial 
cells. Notably, glutathione metabolism was significantly involved in the 
proliferation and functional differentiation of MAC-T cells in this study, 
might be related to the oxidative stress induced by DON treatment (J. 
Wang et al., 2019). Importantly, the significant enrichment of lipid 
biosynthetic process further confirmed the cytotoxic effect of DON on 
biosynthesis of milk fat. Above transcriptome data strongly provided the 
evidences for elucidating the toxicological mechanism of DON exposure. 

In summary, we revealed that DON exposure to MAC-T cells could 
inhibit cell proliferation, induce apoptosis, alter the cell morphology, 
destroy the tight junctions, and decrease the synthesis of casein and lipid 
as illustrated in Fig. 7, indicating that DON may not only affect the milk 
yield but also influence the milk quality. GO and KEGG enrichment 
analyses further revealed that the DEGs were significantly enriched in 
ribosome, glutathione metabolism, and lipid biosynthetic process. 
However, further in vivo studies are required to be performed to confirm 
the toxic effect of DON on milk yield and milk components. 
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Fig. 4. The toxicity of DON on the synthesis of milk fat and β-casein in MAC-T cells. (A) BODIPY staining of lipid droplets in MAC-T cells. Cells were treated with 
various concentrations (0, 1, 5 and 10 μM) of DON for 24, 48, and 72 h, and then stained with BODIPY (green color) for lipid droplets, scale bar represents 500 µm. 
(B) The mean fluorescence intensity of cells were calculated. (C) Cells were treated with various concentrations (0, 1, 5 and 10 μM) of DON for 24, 48, and 72 h, the 
β-casein contents in cytoplasm were detected by ELISA. (D and E) Cells were treated with 5 μM DON for 24 h, cell lysates were prepared and Western blot was 
performed using phospho-Tyr1007/1008-JAK2 (p-JAK2), JAK2, phospho-Tyr694-STAT5 (p-STAT5), STAT5 antibody, phospho-Ser2448-mTOR (p-mTOR), mTOR , 
phospho-Thr37/46-4EBP1 (p-4EBP1), 4EBP1, and GAPDH antibodies. The quantitative results indicated fold increases compared to control, and the representative 
Western blot from three independent experiments were shown. # and ## indicate significant difference compared to control at p < 0.05 and p < 0.01, respectively, * 
and ** represent significant difference between the indicated experimental groups at p < 0.05 and p < 0.01, respectively. 

X. Zhao et al.                                                                                                                                                                                                                                    



Ecotoxicology and Environmental Safety 237 (2022) 113504

9

Fig. 5. Analyses of RNA-seq samples and differentially expressed genes (DEGs). (A) The principal component analysis (PCA) of RNA-Seq samples, PC1 explained 
79.13% of the variance and PC2 explained 8.02% of the variance. (B) The heat map analysis of RNA-Seq samples. (C) Volcano plot of differentially expressed genes 
(DEGs) in MAC-T cells between the control group and DON exposure group. Red dots represent significantly up-regulated genes, green dots represent significantly 
down-regulated genes, and blue dots represent the genes with no significant differences. (D) Top 40 significantly down-regulated (green bars) and up-regulated genes 
(red bars), the values expressed as fold change (in log2) relatively to control cells. (E) The expression levels of 7 randomly selected DEGs were confirmed by qRT-PCR. 
(F) The expression levels of 6 selected DEGs related to lipid synthesis and metabolism process were confirmed by qRT-PCR. 
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Fig. 6. GO functional classification on DEGs and scatter plots for KEGG enrichment results. (A) Histogram of the most enriched GO terms from the up-regulated DEGs 
in DON vs Control, (B) Histogram of the most enriched GO terms from the down-regulated DEGs in DON vs Control, all terms were divided into three categories: red 
is for biological process (BP), green is for cellular component (CC) and blue is for molecular function (MF). (C) The scatter plots showed the top 20 enriched KEGG 
pathways from up-regulated DEGs in DON vs Control, (D) The scatter plots showed the top 20 enriched KEGG pathways from down-regulated DEGs in DON vs 
Control, the dot size represents the enriched gene number, the larger the value, the greater the enrichment, and the dot color represents the adjusted p-value (padj). 

X. Zhao et al.                                                                                                                                                                                                                                    



Ecotoxicology and Environmental Safety 237 (2022) 113504

11

Acknowledgments 

We appreciate Dr. Changmin Hu in Huazhong Agricultural Univer-
sity providing MAC-T cell line. This research was supported by the Na-
tional Nature Science Foundation of China (31772604) and China 
Agriculture Research System of MOF and MARA. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.ecoenv.2022.113504. 

References 

Bailey, J.R., Breton, J., Panic, G., Cogan, T.A., Bailey, M., Swann, J.R., Lee, M.R.F., 2019. 
The mycotoxin deoxynivalenol significantly alters the function and metabolism of 
bovine kidney epithelial cells in vitro. Toxins 554. 

Ben Chedly, H., Boutinaud, M., Bernier-Dodier, P., Marnet, P.G., Lacasse, P., 2010. 
Disruption of cell junctions induces apoptosis and reduces synthetic activity in 
lactating goat mammary gland. J. Dairy Sci. 93, 2938–2951. 

Behrens, M., Hüwel, S., Galla, H.J., Humpf, H.U., 2015. Blood-brain barrier effects of the 
fusarium mycotoxins deoxynivalenol, 3 acetyldeoxynivalenol, and moniliformin and 
their transfer to the brain. PLoS One 10, e0143640. 

Cao, Z., Huang, W., Sun, Y., Li, Y., 2020. Deoxynivalenol induced spermatogenesis 
disorder by blood-testis barrier disruption associated with testosterone deficiency 
and inflammation in mice. Environ. Pollut. 264, 114748. 

Charmley, E., Trenholm, H.L., Thompson, B.K., Vudathala, D., Nicholson, J.W., 
Prelusky, D.B., Charmley, L.L., 1993. Influence of level of deoxynivalenol in the diet 
of dairy cows on feed intake, milk production, and its composition. J. Dairy Sci. 76, 
3580–3587. 

Clarkson, R.W.E., Boland, M.P., Kritikou, E.A., Lee, J.M., Freeman, T.C., Tiffen, P.G., 
Watson, C.J., 2006. The genes induced by signal transducer and activators of 
transcription (STAT)3 and STAT5 in mammary epithelial cells define the roles of 
these STATs in mammary development. Mol. Endocrinol. 20, 675–685. 
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