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Abstract
Mycotoxins have the capacity of triggering neurodegenerative conditions like Alzheimer's disease (AD),
which is marked by β-amyloid (Aβ) deposition and hyperphosphorylation of tau (P-tau). However, there is
no evidence of an exact molecular mechanism to prove the above point. Due to the high toxicity and
broad contamination of T-2 toxin, we assessed how T-2 toxin exposure alters amyloid precursor protein
(APP) and P-tau formation in BV2 cells, and determined the underlying roles of HIF-1α and JNK3
signaling. The findings revealed that T-2 toxin stimulated the expression of HIF-1α and hypoxic stress
factors in addition to increasing the expression of APP and P-tau. Additionally, HIF-1α acted as a “brake”
on the induction of APP and P-tau expression by negatively regulating these proteins. Notably, T-2 toxin
activated JNK3 signaling, which broke this “brake” to promote the formation of APP and P-tau.
Furthermore, the cytoskeleton was an essential target for T-2 toxin to exert cytotoxicity, and JNK3/HIF-1α
participated in this damage. Collectively, when the T-2 toxin induces the production of APP and P-tau,
JNK3 might interfere with HIF-1α's protective function. This study will provide clues for further research
on the neurotoxicity of mycotoxins.

1. Introduction
T-2 toxin, a relatively common and one of the more toxic mycotoxins in nature, has been identified as a
neurotoxin (Tkaczyk and Jedziniak 2021). It can enter the brain through the blood-brain barrier (BBB),
where it may cause further damage by triggering oxidative stress, neuroinflammation, and even apoptosis
(Dai et al. 2019; Ravindran et al. 2011). In addition to being found in cereals, molds and toxins can be
found in airborne dust. Furthermore, fungi in the environment have been reported to induce neurological
diseases (Nguyen et al. 2022; Eiser 2017; Bredesen 2016). For example, Finland has a high local
incidence of dementia which it has been hypothesized is due at least in part to a cold and humid climate
that is suitable for mold growth (Eiser 2017). In addition, it is unknown whether mycotoxins including T-2
toxin trigger the production of key toxic proteins (Aβ, P-tau) in the pathogenesis of AD, and if so, the exact
mechanism involved is still unknown.

It is known that JNK3 induces AD onset mainly through the regulation of Aβ and tau proteins. Specifically,
activation of JNK3 not only phosphorylates APP, thereby promoting Aβ protein production (Yoon et al.
2012; Colombo et al. 2009), but also phosphorylates tau protein at different sites (Mamun et al. 2020;
Yoshida et al. 2004). it is largely unknown whether JNK3 signaling regulates changes in Aβ and P-tau
expression during exposure to T-2 toxin.

Interestingly, the toxicity of mycotoxins appears closely related to hypoxia (Wu et al. 2020). Mycotoxins
can alter the expression levels of hypoxia inducible factors (HIFs), which have been demonstrated in
many cell lines (Raghubeer, Nagiah, and Chuturgoon 2019; Pyo, Choi, and Lee 2021; Kowalska et al.
2019). HIF-1α, a key factor in the perception of intracellular hypoxia, is bifacial. On the one hand, it is
transformed into an activator of cell death under prolonged hypoxia (Iyalomhe et al. 2017). HIF-1α
participates in the development of AD by promoting Aβ production as well as inflammatory responses
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(Wang et al. 2021; de Lemos et al. 2013). On the other hand, it can be neuroprotective. HIF-1α reduces the
expression of genes that induce neuronal cell apoptosis, improves cerebral blood flow, inhibits hypoxia-
induced Aβ protein production, and helps to maintain metabolic integrity in the brain, thereby alleviating
cognitive decline or development of AD (Schubert, Soucek, and Blouw 2009; Zhang et al. 2011). This
raises the interesting question that HIF-1α may have an unexpected impact on T-2 toxin-mediated
production of Aβ and P-tau. Notably, it has been proposed that mycotoxin-induced oxidative stress is
caused by the activation of HIF-1α, which is an issue that deserves to go for further validation. Moreover,
it is not clear whether T-2 toxin alters the cytoskeleton of neural cells, and whether HIF-1α and JNK3
signaling play any functions in the cytoskeleton.

BV2 cells retain a variety of morphological, phenotypic, and functional characteristics of microglia. It is a
well-recognized and typical neural cell model that is applied to study neural mechanisms and the
neurotoxic mechanisms of exogenous compounds (Chen et al. 2023; Pei et al. 2023; Zhang et al. 2019).
Moreover, increasing studies are using this cell line for in vitro research on the mechanisms of AD,
especially mechanism of Aβ (Tao et al. 2022; Cho et al. 2020). Therefore, we have selected BV2 cells to
investigate how T-2 toxin affects APP and P-tau expression, as well as whether HIF-1α and JNK3 are
involved. In addition, we explore whether T-2 toxin targets the cytoskeleton to exert its cytotoxicity. This
study offers clues for the further study of mycotoxins in neurodegenerative disorders.

2. Materials and methods

2.1. Chemicals
The supplier of the dimethylsulfoxide (DMSO) was Merck Chemical Technology Co., Ltd. in Shanghai,
China. Shanghai Qifa Biotechnology Co., Ltd. (Shanghai, China) supplied the T-2 toxin (TX013-1mg,
powder). YC-1 (BD156695-5mg) was from Shanghai Bide Pharmaceutical Technology Co., Ltd.
(Shanghai, China). We purchased SP600125 (tlrl-sp60) and reactive oxygen species (ROS) test kit
(S0033S) from Beyotime Biotechnology in Shanghai, China. Anti-Tau (phospho T181) antibody
(ab254409) was obtained from Abcam (Cambridge, MA, USA). Wuhan Sevier Biotechnology Co., Ltd.
(Wuhan, Hubei, China) is where we obtained the anti-JNK antibody and other reagents. The Nanjing
Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China) provided the assay kits for the BCA,
Malondialdehyde (MDA), L-Glutathione (GSH), and Superoxide Dismutase (SOD) tests. iFluor™ 488
phalloidin iFluor™ 488 labeled phalloidin (green) was originated from Yeasen Biotechnology Co., Ltd.
(Shanghai, China).

2.2. BV2 cells culture
The BV2 mouse microglia line was provided by the School of Medicine, Yangtze University (Jingzhou,
Hubei, China). Complete DMEM (Thermo Fisher Scientific, USA), which contains 1% (v/v) penicillin-
streptomycin mixture (Solaibao, Beijing, China) with 10% (v/v) FBS (Sijiqing, Hangzhou, China), was used
to culture the cells. The cells were cultivated at 37°C in a 5% CO2 constant temperature and humidity cell
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incubator after being sown onto T25 culture flasks. Cell passaging was performed when the cells were in
good condition and at 80%-90% confluency.

The experiment consisted of four groups: control group, T-2 toxin-treated group, T-2 + YC-1 (10 µM), and T-
2 + SP600125 (20 µM) groups, with three replicates per group. The inhibitors at this concentration had no
toxic effect on the cells (data not shown). Based on the outcomes of pre-experiments, culture BV2 cells
with DMEM containing 8 or 16 nM T-2 toxin for 0.5, 1, 2, 4, 8, 12, and 24 h; before being exposed to T-2
toxin, BV2 cells of both inhibitors treated groups were pretreated with specific concentrations of inhibitors
(YC-1 or SP600125) for 1 h; the control group was treated with complete DMEM.

2.3. Quantitative real-time PCR
For quantitative real-time PCR (RT-PCR), we mainly refer to the test method of You et al. (2022). In brief,
BV2 cells were collected after being exposed to T-2 toxin (8 nM) for 0.5–24 h, and total RNA was
extracted in accordance with the RNA Extraction Kit's instructions (TIANGEN, Beijing, China). According to
the instructions on the FastKing One-Step Genomic cDNA First Strand Synthesis Master Mix Kit
(TIANGEN, Beijing, China), reverse transcription of the extracted RNA into cDNA was performed. Finally,
RT-PCR was used to amplify the cDNA. In Table 1, primer sequences are displayed.
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Table 1
Primer sequences for RT-PCR.

Gene Sequence (5’-3’) bps

GPx-1 Fwd: GAAGGTAAAGAGCGGGTGA

Rev: GGAGAATGGCAAGAATGAAG

133

CAT Fwd: GTGTTGAACGAGGAGGAGAG

Rev: CTGCGTGTAGGTGTGAATTG

195

SOD-2 Fwd: AGGAGAGTTGCTGGAGGCTATCAAG

Rev: ATTAGAGCAGGCGGCAATCTGTAAG

157

APP Fwd: TGAATGTGCAGAATGGAAAGTG

Rev: AACTAGGCAACGGTAAGGAATC

224

PSEN1 Fwd: GCCCCAGAGTAACTCAAGACA

Rev: CCGGGTATAGAAGCTGACTGA

163

Tau Fwd: GACATGGACCATGGCTTAAAAG

Rev: GCTTTCTTCTCGTCATTTCCTG

134

JNK3 Fwd: TGAAGAAATTGCAGCCCACC

Rev: TCTTCGCTGGGTCAATCACT

180

VEGF Fwd: TATTCAGCGGACTCACCAGC 156

Rev: AACCAACCTCCTCAAACCGT

LDHA Fwd: GCTTCCATTTAAGGCCCCG 275

Rev: TCATCCGCCAAGTCCTTCAT

PDK1 Fwd: GGACTTCGGGTCAGTGAATGC 122

Rev: TCCTGAGAAGATTGTCGGGGA

HIF-1α Fwd: GAATGAAGTGCACCCTAACAAG 177

Rev: GAGGAATGGGTTCACAAATCAG

GAPDH Fwd: AACTTTGGCATTGTGGAAGG 223

Rev: ACACATTGGGGGTAGGAACA

2.4. Western blot analysis
BV2 cells were obtained after being exposed to T-2 toxin (8 nM) for 1 or 8 h, and they were then given
three washes with normothermic PBS. We used our prior experimental method for western blot analysis
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(You et al. 2022). In simple terms, cells were lysed with cell lysis solution (RIPA lysis solution + 1 mM
PMSF + 1% protease inhibitor + 1 mM sodium orthovanadate) at low temperature for 30 min, followed by
centrifugation at 5,000 ×g for 15 min at 4°C. The BCA approach was used to evaluate each sample's
protein concentration. Then, the concentration of each group of protein samples was adjusted to the
same concentration using 5×SDS-PAGE protein loading buffer, followed by 8 min of boiling in a water
bath at 100°C. Subsequently, electrophoresis was performed and the PAGE gels were removed and
transferred immediately. The membranes were placed on a decolorization shaker and incubated with 5%
defatted milk powder for 1 h, then exposed to primary and secondary antibodies and washed with TBST
solution. Chemiluminescence was performed with ECL solution. Eventually, the image was loaded with
Sensi Ansys image analysis software, the data was saved and sorted, and then the images were
decolorized with Photoshop prior to densitometry.

2.5. Determination of intracellular ROS and oxidative stress
marker levels
Martinez et al. (2021)'s approach was primarily used to measure the formation of ROS. T-2 toxin (8 or 16
nM) was used to treat BV2 cells for 12 h, and the probe was loaded into the cell suspension according to
the instructions of the kit. Then, cells were gently blown down with pre-cooled PBS and collected into a
dark-colored 96-well plate. On a fluorescence microplate reader (Bio-Rad), the fluorescence was detected
once in 5 min for a total of 30 min. Detection conditions: the fluorescence intensity at 525 nm emission
wavelength was detected under 488 nm excitation. Finally, the percentage of fluorescence increase per
well was calculated.

MDA, SOD and GSH content and activities in the cells were determined by collecting and analyzing the
supernatant after the treatment of the above cell samples, in accordance with the instructions provided
with each kit.

2.6. Detection of cytoskeleton by phalloidin fluorescent
labeling
The nuclei and cytoskeleton of the cells were stained in accordance with the kit's instructions after T-2
toxin (8 nM) treatment for 12 h. Under a fluorescence microscope (Olympus, Japan), the fluorescence
was seen and captured on camera. iFluor™ 488: the fluorescence intensity at 517 nm emission
wavelength was detected under 493 nm excitation. DAPI: the fluorescence intensity at 454 nm emission
wavelength was detected under 364 nm excitation. Finally, to evaluate the fluorescence intensity, Image-
Pro Plus 6.0 was used.

2.7. Statistical analysis
SPSS 22.0 was used for statistical analysis. Each experiment was done three times independently (n = 3),
with the data being represented by mean ± standard deviation (SD). By using one-way ANOVA, the
difference between the groups was evaluated. p < 0.05 indicates significant differences, and p < 0.01
indicates highly significant differences. F values and degrees of freedom were analyzed as well.
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3. Results

3.1. JNK3 signaling plays a crucial role in T-2 toxin-induced
expression of APP and P-tau
To probe the kinetics of expression of key genes in AD, after 0.5–24 h of T-2 toxin exposure, we detected
APP, PSEN1 and microtubule-associated protein tau gene (Mapt) expression in microglia. We
demonstrated that the peak expression of APP, PSEN1 and Mapt (encoding tau) occurred at 8 h (Fig. 1).
Therefore, in subsequent inhibitor experiments, we chose the T-2 toxin to act for 8 h. According to the
genetic results of the inhibitor assay, the expression of APP, PSEN1, and Mapt was higher in the T-2 toxin
group than it was in the control group (Fig. 2). Western blot analysis further indicated the same results
(Fig. 3C and D). Moreover, we found that JNK3 signaling had detectable activity within 1 h of T-2 toxin
exposure and reached its highest expression at 8 h (Fig. 1). Since study findings have proven that JNK3 is
essential for the occurrence of AD, we explored the role played by JNK3 signaling in the upregulation of
APP and tau expression after exposure to T-2 toxin. Our investigations proved that JNK3 inhibited Mapt
expression while promoting APP and PSEN1 expression when the T-2 toxin was present (Fig. 2). At the
protein level, JNK3 promoted T-2 toxin-induced APP protein expression but suppressed the
phosphorylation level of tau protein induced via T-2 toxin (Fig. 3C and D). The above findings suggested
that JNK3 controls APP and P-tau expression in the context of the toxicity exerted via T-2 toxin.

In addition, cellular oxidative stress was explored as part of the neurotoxicity exerted via T-2 toxin. The
findings elucidated that the gene expression of CAT and SOD-2 peaked at 8 h of T-2 toxin action, while
Gpx-1 kept rising after 8 h (Fig. 1). T-2 toxin made the antioxidant enzyme SOD more active, and MDA and
ROS levels were similarly elevated, but GSH levels were reduced (Fig. 4). All of the above were toxin
concentration dependent.

3.2. T-2 toxin activated HIF-1α and hypoxia stress reaction
To investigate the effects of T-2 toxin exposure on the expression of HIF-1α, as well as to ascertain
whether it increases hypoxic stress factors (VEGF, PDK1, LDHA) expression, we validated this at the gene
and protein levels, respectively. Our research results demonstrated that significant expression of HIF-1α
was seen at 1 h of T-2 toxin exposure, followed by decreasing expression (Fig. 1). Subsequently, hypoxic
stress factors hypoxic stress factors were activated and reached its highest expression at 8 h of toxin
exposure (Fig. 1), and thus we examined their expression at 8 h of toxin action in inhibitor experiments
(Fig. 2). When HIF-1α was inhibited, the expression of VEGF, PDK1 and LDHA were all downregulated to
varying degrees (0.75- to 1.4-fold) (Fig. 2), which demonstrated that VEGF, PDK1 and LDHA were
downstream factors of HIF-1α. Therefore, we proved that T-2 toxin exposure could rapidly promote HIF-1α
expression and activate its downstream factors in BV2 cells.

To explore whether JNK3 signaling is associated with HIF-1α induced via T-2 toxin, we examined the
expression of HIF-1α and HIF-1 target genes after inhibition of JNK3 signaling. We showed that activation
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of JNK3 signaling had a remarkably inhibitory effect on HIF-1α expression (Fig. 2 and Fig. 3A). Among
these downstream factors, JNK3 had an inhibitory effect on LDHA (Fig. 2) but a promoting effect on
VEGF (Fig. 3B) and PDK1 (Fig. 2). Hence, we suspect that JNK3 inhibits HIF-1α by regulating hypoxic
stress factors.

3.3. HIF-1α is a “brake” in JNK3 mediated APP and P-tau
expression
To investigate what function HIF-1α signaling plays in T-2 toxin-induced APP and P-tau protein
production, we observed the expression levels of the above two proteins in the presence of inhibition of
HIF-1α signaling. We discovered that HIF-1α significantly negatively regulates T-2 toxin-mediated
expression of APP protein and P-tau (Fig. 2 and Fig. 3C, D). Notably, HIF-1α signaling and JNK3 signaling
are mutually inhibited (Fig. 2 and Fig. 3E). Therefore, we speculate that HIF-1α may act as a “brake” in T-2
toxin-induced expression of APP and P-tau by inhibiting JNK3 signaling. However, in this study, it seems
that JNK3 broke the effects of the “brake” (HIF-1α) to promote the formation of APP and P-tau in the
presence of T-2 toxin action.

We further investigated the function of HIF-1α signaling in T-2 toxin-induced oxidative stress since
oxidative stress and HIF-1α are closely related. HIF-1α signaling was inhibited to investigate its role in T-2
toxin-mediated oxidative stress. We found that HIF-1α promoted antioxidant GSH and SOD levels (Fig. 4A
and D) in addition to increasing ROS and MDA levels produced via T-2 toxin (Fig. 4B and C), proving that
HIF-1α has a dual effect in the stimulation of T-2 toxin exposure. Meanwhile, we established that JNK3
promoted the formation of ROS and MDA caused via T-2 toxin (Fig. 4A and D), while reducing the
activities of antioxidant enzymes (GSH, SOD) by regulating the editing genes (CAT, Gpx-1, SOD-2) of
antioxidant enzymes (Fig. 2), demonstrating that JNK3 signaling had a complete promoting effect on T-2
toxin-mediated oxidative damage in BV2 cells.

3.4. JNK3/HIF-1α activation promotes BV2 cytoskeletal
damage
To explore whether the cytoskeleton is a major target for T-2 toxin to exert cytotoxicity, we examined
changes in the BV2 cytoskeleton by immunofluorescence, and explored the effects of JNK3 and HIF-1α
on these changes. We showed that the control cells were regular and round, and of a uniform size, the cell
membrane was intact, the cells were plump, the surface did not have obvious cell protrusions, and the
fluorescence staining was uniform with high brightness (Fig. 5A). However, the cells in the toxin-treated
group had irregular morphology, displayed significantly weaker and uneven fluorescence staining, and
were marked by budding and dendritic irregular protrusions on the cell surface, which indicated that T-2
toxin could destroy cytoskeleton (Fig. 5A and B). When the activity of JNK3 and HIF-1α was inhibited, the
cytoskeleton was partially restored. Most of the cells were round, and the fluorescent staining was



Page 9/20

noticeably brighter than observed in the toxin group (Fig. 5A and B), suggesting that JNK3 and HIF-1α
contributed to the T-2 toxin-mediated cytoskeletal damage.

4. Discussion
Research has shown that APP and PSEN1 gene are pathogenic genes strongly associated with AD
pathogenesis, with PSEN1 carrying the largest number of pathogenic variants (Xiao et al. 2021). PSEN1,
as a subunit of γ-secretase, can bind to the γ-secretase site in the transmembrane structural domain of
APP, thus promoting the production of Aβ protein (Escamilla-Ayala et al. 2020; Esselens et al. 2012). It is
unclear if T-2 toxin affects these pathogenic genes and contributes to the onset of AD. Hence, we explored
how the T-2 toxin affected the expression of the APP and PSEN1 genes. T-2 toxin greatly increased the
expression of the genes for APP and PSEN1, which suggests that it may have a role in the pathogenesis
of AD. Indeed, elevated APP expression was detected in the brain tissue of APP/PS1 double transgenic
mice (Jankowsky et al. 2004). Moreover, it has been established that Mapt is closely associated with
neurodegeneration and that P-tau proteins is one of the key causative factors in AD (Zhang et al. 2016).
Thus, we examined the expression levels of Mapt and P-tau proteins during T-2 toxin exposure. According
to the findings, T-2 toxin markedly elevated Mapt expression and tau protein phosphorylation.

We further explored JNK3's function in APP and P-tau expression induced via T-2 toxin. Our research
indicated that T-2 toxin greatly activated JNK3. Upon inhibition of JNK3 signaling, APP and P-tau
expression were downregulated, suggesting that JNK3 signaling participated in T-2 toxin-mediated
neurotoxicity. Earlier studies have demonstrated that JNK phosphorylates APP and tau, leading to the
formation of extra-neuronal senile plaques and intra-neuronal neurofibrillary tangles, and ultimately
promoting the development of AD (Zhao et al. 2022). Consistent with this, we showed that JNK3
promoted the production of the APP protein caused via T-2 toxin. However, our study further showed that
JNK3 inhibits the phosphorylation of tau protein caused via T-2 toxin. This result differs from previous
studies, which may suggest that JNK3 has an inhibitory effect on AD development under certain
circumstances, for example, according to the exposure time and dose of exogenous compounds.

Mycotoxin-induced changes in HIF-1α expression have been found in different in vitro model studies
(Habrowska-Gorczynska et al. 2019; Raghubeer, Nagiah, and Chuturgoon 2019; Kowalska et al. 2019).
Therefore, HIF-1α signaling is considered to play a mediating role in mycotoxin signaling. However, prior
studies only focused on changes of HIF-1α expression; its mechanism of action in mycotoxin-induced
neurotoxicity has never been explored. Our research demonstrated that T-2 toxin stimulated HIF-1α in BV2
cells. Moreover, T-2 toxin enhanced VEGF expression, as well as glycolytic enzyme genes PDK1 and
LDHA. Among these, PDK1 is essential for organismal adaptation to metabolic stressors (Dupuy et al.
2015). Thus, our findings suggested that T-2 toxin could regulate glycolysis and promote angiogenesis in
BV2 cells as part of an adaptation to hypoxia. In addition, other investigations have demonstrated that
HIF-1α, PDK1 and LDHA are expressed in HepG2 cells after 6 h of exposure to different doses of fusaric
acid (FA), which coincides with our research findings (Sheik Abdul, Nagiah, and Chuturgoon 2020). In
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short, our findings showed that T-2 toxin promotes HIF-1α expression and activates HIF-1 target genes in
BV2 cells.

Under conditions of moderate hypoxia, HIF-1α would positively regulate multiple regulatory factors,
including VEGF, PDK1, LDHA, thus allowing cells to survive in hypoxic circumstances (Sankar,
Altamentova, and Rocheleau 2019). In this research, we found that the expression of VEGF, PDK1 and
LDHA was decreased after HIF-1α activity was inhibited. This indicated that VEGF, PDK1 and LDHA may
act downstream of HIF-1α signaling in response to cellular hypoxia mediated by exposure to T-2 toxin,
and contribute to HIF-1α as part of a protective pathway regulating cellular adaptation to hypoxia.
Specifically, HIF-1α positively regulated the expression of VEGF, thereby promoting angiogenesis. It also
positively regulated the expression of glycolytic enzyme genes (PDK1, LDHA), which allow cells to
synthesize adenosine triphosphate in an oxygen independent manner. Therefore, HIF-1α seems to be part
of a metabolic regulatory system of T-2 toxin-stimulated cells, promoting the transcription of
concentrated glycolytic enzymes. Similarly, previous research revealed that HIF-1 can enhance local
microcirculation by influencing blood vessel development and function as well as control oxygen uptake
by switching from oxidative to glycolytic metabolism (Semenza 2011; Sheik Abdul, Nagiah, and
Chuturgoon 2020; Shohet and Garcia 2007). Interestingly, we found that JNK3 inhibits the expression of
HIF-1α and regulates the expression levels of downstream target genes (VEGF, PDK1 and LDHA) of HIF-1.
Therefore, we speculate that JNK3 may achieve its inhibitory effect on HIF-1α signaling by regulating the
downstream factors of HIF-1α. Moreover, under hypoxic conditions, mitochondria produce large amounts
of ROS, which will induce the body to produce a hypoxia stress reaction, so HIF-1α is activated as
response to hypoxia (Li et al. 2014). Our research suggested that T-2 toxin not only induced intracellular
ROS generation as well as lipid peroxidation, but also activated the antioxidant system. Wu et al. (2020)
have proposed that activation of HIF-1α is a factor in the oxidative stress caused by mycotoxin. Our
findings, which are consistent with the prior studies, indicated that HIF-1α promoted the generation of
ROS and MDA via T-2 toxin. Importantly, we found that HIF-1α increased the activities of the antioxidant
factors GSH and SOD, demonstrating that HIF-1α plays a dual role in oxidative stress brought on the T-2
toxin. The two-sided nature of the HIF-1α pathway was highlighted in previous studies: it protects neurons
from mild hypoxia, but not from prolonged hypoxia (Merelli et al. 2018; Lopez-Hernandez et al. 2012).

According to earlier studies, excessive HIF-1α expression increases the expression of β-secretase through
overexpression of β-secretase β site APP cleavage enzyme 1 (BACE1), thereby inducing APP proteolytic
processing to produce Aβ protein and ultimately promoting the pathogenesis of AD (Merelli et al. 2018;
Sun et al. 2006; Zhang et al. 2007). Interestingly, contrary to the earlier findings, we found that HIF-1α
inhibited APP expression and phosphorylation of tau protein resulting from T-2 toxin (Fig. 3C and D), as
well as suppressed PSEN1 gene expression (Fig. 2), indicating that HIF-1α is part of a protective pathway
that regulates expression of APP and P-tau mediated by T-2 toxin. Under hypoxic conditions, HIF-1α was
found to increase oxygen delivery and supply by inducing erythrocytes and angiogenesis (we also offer
supporting evidence for this in this study), to inhibit hypoxia-induced Aβ protein production, and help
maintain metabolic integrity in the brain, to reduce the P-tau expression, and to delay the onset of AD
(Zhang et al. 2011; Wang et al. 2021; Schubert, Soucek, and Blouw 2009). Furthermore, our results further
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uncovered a reciprocal inhibitory relationship between JNK3 and HIF-1α signaling. We speculate that HIF-
1α may conduct negative regulatory effect on APP and P-tau expression by inhibiting JNK3 signaling, just
like a “brake” of a car. Notably, JNK3 broke this “brake” (HIF-1α), and thereby participated in the
production of APP and P-tau.

T-2 toxin has strong immunotoxicity, yet its effects on cell structure, especially the cytoskeleton, have
been rarely reported (Wu et al. 2014). We first observed that T-2 toxin could affect the function of BV2
cells by damaging the cytoskeletal structure, and found that JNK3/HIF-1α signaling participated in the
process of cytoskeleton damage. This implicated that T-2 toxin effect on BV2 cells is directed towards the
cytoskeleton. We further suggested that the cytoskeletal damage mediated by JNK3/HIF-1α may have a
relationship with the expression of Aβ and tau, as all these negative indicators are controlled by JNK3 in
this context.

In conclusion, we demonstrated that T-2 toxin resulted in upregulated expression levels of APP and P-tau
in BV2 cells, which may be the target of T-2 toxin's action in the pathogenesis of AD. We also discovered
that T-2 toxin activated JNK3 and HIF-1α rapidly. Interestingly, We discovered that HIF-1α negatively
regulated the expression of APP and P-tau, suggesting that it provided protection against the cytotoxicity
caused via T-2 toxin. Notably, JNK3 appeared to undermine this protective function, contributing to the T-2
toxin's ability to trigger the production of APP and P-tau. It was discovered that JNK3 and HIF-1α both
played a part in the disruption of the cytoskeleton caused by T-2 toxin. All the above conjectures are
shown in Fig. 6. This research provides a mechanistic perspective for further studies on the mechanisms
of neurotoxicity involved in T-2 toxin.
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Figures

Figure 1
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The kinetics of expression of key genes in cells treated for 0.5-24 h with T-2 toxin (8 nM). T-2 toxin caused
significant expression of APP, PSEN1, Mapt, JNK3, VEGF, PDK1, LDHA, CAT and SOD-2 at 8 h. HIF-
1αexpression was highest at 1h. Gpx-1 was significantly expressed at 1h, then declined, and continued to
rise after 4 h until 24 h. Data were presented as mean ± SD (n=3).

Figure 2

The effect of different inhibitors on the expression of key genes mediated by T-2 toxin (8 nM). T-2 toxin
was applied to the cells for 8 h after inhibitors (SP600125 or YC-1) had worked on the cells for 1 h. Data
were presented as mean ± SD (n=3). APP: F3,8=84.416, PSEN1: F3,8=136.761, Mapt: F3,8=91.045, JNK3:
F3,8=4528.313, HIF-1α: F3,8=78.896, VEGF: F3,8=2281.934, PDK1: F3,8=2281.934, LDHA: F3,8=72.831, CAT:
F3,8=4350.687, GPx-1: F3,8=286.88, SOD-2: F3,8=165.814. *p<0.05, **p<0.01 vs. control group; #p<0.05,
##p<0.01 vs. toxin group.
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Figure 3

The effect of various inhibitors on the protein expression of HIF-1α (A), VEGF (B), Aβ (C), P-tau (phospho
T181) (D), and P-JNK (E) mediated via T-2 toxin (8 nM). T-2 toxin was applied to the cells for 8 h after
inhibitors (SP600125 or YC-1) had worked on the cells for 1 h. Data were presented as mean ± SD (n=3).
HIF-1α: F3,8=10772.937, VEGF: F3,8=1192.786, Aβ: F3,8=30588.838, P-tau: F3,8=14393.209, JNK:
F2,6=1041.529. *p<0.05, **p<0.01 vs. control group; #p<0.05, ##p<0.01 vs. toxin group.
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Figure 4

Effects of T-2 toxin on levels of MDA (A), GSH (B), SOD (C), and ROS (D) in BV2 cells when pathway
inhibitors were present. T-2 toxin (8 or 16 nM) was applied to the cells for 8 h after inhibitors (SP600125
or YC-1) had worked on the cells for 1 h. Data were presented as mean ± SD (n=3). MDA: F6,14=659.421,
GSH: F6,14=880.529, SOD: F6,13=1170.151, ROS: F6,14=400.782. *p<0.05, **p<0.01 vs. control group;
#p<0.05, ##p<0.01 vs. toxin group.
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Figure 5

Effects of T-2 toxin on cytoskeleton under the influence of different inhibitors. T-2 toxin (8 nM) was
applied to the cells for 8 h after inhibitors (SP600125 or YC-1) had worked on the cells for 1 h. Column a:
DAPI nuclear staining. Column b: Filamentous actin (F-actin) of the cytoskeleton labeled with phalloidin.
Column c: coincidence of nuclei and F-actin. (A): YC-1 and SP600125 were effective in blocking the
destruction of cytoskeleton by T-2 toxin. (B): the ratio of F-actin fluorescence intensity before and after
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YC-1 and SP600125 treatment cells to the control group. Data were presented as mean ± SD (n=3).
*p<0.05, **p<0.01 vs. control group; #p<0.05, ##p<0.01 vs. toxin group.

Figure 6

Mechanisms of HIF-1α and JNK signaling in Aβ and P-tau expression caused via T-2 toxin. HIF-1α
signaling can be rapidly activated via T-2 toxin and prevents T-2 toxin-induced Aβ and P-tau expression.
However, JNK3 breaks this inhibition (the inhibitory effect of HIF-1α) and finally promotes the formation
of APP and P-tau.


