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Activated TRPAT1 plays a therapeutic role i

in TMZ resistance in glioblastoma by altering
mitochondrial dynamics

Hao Chen'", Chunlin Li*, Haiyang Hu?" and Bin Zhang'"

Abstract

Background: Glioblastoma (GBM) represents nearly one-half of primary brain tumors, and the median survival of
patients with GBM is only 14.6 months. Surgery followed by radiation with concomitant temozolomide (TMZ) therapy
is currently the standard of care. However, an increasing body of evidence suggests that GBM acquires resistance to
TMZ, compromising the effect of the drug. Thus, further exploration into the mechanism underlying this resistance is
urgently needed. Studies have demonstrated that TMZ resistance is associated with DNA damage, followed by altered
reactive oxygen species (ROS) production in mitochondria. Studies have also showed that Ca>-related transient
receptor potential (TRP) channels participate in GBM cell proliferation and metastasis, but the detailed mechanism of
their involvement remain to be studied. The present study demonstrates the role played by TRPA1 in TMZ resistance in
GBM and elucidates the mechanism of resistance.

Methods: U251 and SHG-44 cells were analyzed in vitro. A CCK-8 assay was performed to verify the effect of TMZ
toxicity on GBM cells. Intracellular ROS levels were detected by DCFH-DA assay. A MitoSOX Red assay was performed
to determine the mitochondrial ROS levels. Intracellular Ca’* levels in the cells were determined with a Fluo-4 AM
calcium assay kit. Intracellular GSH levels were determined with GSH and GSSG Assay Kit. MGMT protein, Mitochon-
drial fission- and fusion-, apoptosis- and motility-related protein expression was detected by western blot assay. A
recombinant lentiviral vector was used to infect human U251 cells to overexpress shRNA and generate TRPAT+* and
negative control cells. All experiments were repeated.

Results: Inthe U251 and SHG-44 cells, TMZ induced a small increase in the apoptosis rate and intracellular and mito-
chondrial ROS levels. The expression of antioxidant genes and antioxidants in these cells was also increased by TMZ.
However, pretreatment with a TRPAT agonist significantly decreased the level of antioxidant gene and antioxidants
expression and enhanced intracellular and mitochondrial ROS levels. Also TMZ induced the level of MGMT protein
increased, and pretreatment with a TRPA1 agonist decreased the MGMT expression. Moreover, Ca”* influx, mitochon-
drial damage and cell apoptosis were promoted, and the balance between mitochondrial fission and fusion protein
expression was disrupted in these GBM cells. Pretreatment with a TRPAT inhibitor slightly enhanced the level of

"Hao Chen and Chunlin Li contributed equally to this work.

*Correspondence: huhaiyang1988@163.com; zhangbin8515@163.com

! Department of Neurosurgery, Affiliated Hospital of Jining Medical University,
Jining, China

2 Department of Vascular Surgery, Shanghai Jiao Tong University Affiliated
Sixth People’s Hospital, 600 Yishan Road, Shanghai 200233, China

Full list of author information is available at the end of the article

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12860-022-00438-1&domain=pdf

Chen et al. BMC Molecular and Cell Biology (2022) 23:38

Page 2 of 14

antioxidant gene expression and reduced the apoptosis rate. TRPA1 gene overexpression in the U251 cells was similar
to that after inhibitor intervention, confirming the aforementioned experimental results.

Conclusion: The present study proved that activating TRPAT in glioma cells, which leads to mitochondrial damage
and dysfunction and ultimately to apoptosis, may decrease the TMZ resistance of GBM cells.

Keywords: Glioblastoma, Temozolomide, TRPA1, Oxidative stress, Mitochondrial dysfunction

Introduction

Glioblastoma (GBM), with an astrocytic lineage, is the
most familiar primary malignant tumor [1]. It represents
>45% of primary brain tumors and has an incidence rate
of 3.2 cases/100,000 people per year [2]. The median
survival of GBM patients is only 14.6 months, and after
diagnosis, only 3% of patients live longer than 5years [3,
4]. Moreover, the therapeutic agents available for GBM
treatment are limited. The blood—brain barrier presents
an obstacle to drug penetration. In addition, the tendency
for the tumor to develop resistance is the main impedi-
ment to therapeutic development. As the standard of
care, surgery with maximal tumor resection followed by
external-beam radiation with concomitant temozolomide
(TMZ) therapy is applied. The main efficacy of TMZ is
to methylate the O6 residues of guanine so as to prevent
DNA duplication during cell proliferation and to induce
cell apoptosis [5]. The chemoresistance caused by the
intracellular activity of O6-methylguanine DNA-meth-
yltransferase (MGMT), a DNA repair enzyme reversing
the anti-tumor effect of TMZ by specifically removing
the methyl group from O6 -positions of guanine residues
[6]. However, an increasing number of studies have dem-
onstrated that GBM cells acquire resistance to TMZ [2].
The drug acts through the induction of lethal DNA dam-
age and subsequent production of radical oxygen species
(ROS) [7], but the treatment provides only short-term
results, and as many as 90% of patients who undergo
surgical resection can expect disease recurrence [3]. Fur-
thermore, the mechanisms through which cells acquire
resistance is complicated, and multifactorial mechanisms
are involved in TMZ resistance [8, 9]. Therefore, it is nec-
essary to explore the specific mechanism of TMZ resist-
ance and novel therapeutic strategies that target TMZ
resistance [10].

Due to their adaptation mechanisms in sustaining
tumorigenesis, cancer cells normally show elevated basal
intracellular ROS levels without harmful consequences.
However, excessive oxidative stress can overcome these
ROS increases and restore cancer cells vulnerability to
ROS-mediated damage, further improving the thera-
peutic response [11-13]. Resistance to DNA-damaging
agents, including TMZ, is usually followed by altered
ROS production in mitochondria [14, 15], which are
the major ROS-producing organelles. ROS are mainly

generated by mitochondria as electrons leak from elec-
tron transport chains, which leads to partial oxygen
reduction and superoxide formation [16]. Mitochondria
are subcellular organelles with double membranes. The
functions of mitochondria include regulating the cellular
redox state and signaling, cell apoptosis and prolifera-
tion [17]. The structure and function of mitochondria are
regulated by a fission/fusion process [18]. An imbalance
in mitochondrial fission and fusion induces organelle
structural damage and decreased oxidative phosphoryla-
tion [19]. Mitochondrial fusion is regulated by the fusion
proteins optic atrophy 1 (OPA1) and mitofusin 1 and 2
(MFN1 and MFN2). Mitochondrial fission is mediated
by fission proteins, including dynamin-related protein 1
(DRP1) [19]. We speculated that disrupted mitochondrial
dynamics may play a key role in TMZ resistance in GBM.

Many studies have proven that transient receptor
potential (TRP) channels regulate the structure and func-
tion of mitochondria [20]. Various human TRP channels,
which are encoded by genes in multiple families, can
modulate cell function by triggering a transient increase
in the intracellular Ca®* concentration [21]. Although the
fundamental biochemical capabilities of TRP channels
are well understood, their functions in specialized cells
[22] and possible importance of channelopathies remain
unclear [23]. Among these channels, TRPA1 plays an
important role in the inflammatory response and tissue
damage. TRPAL is recognized as a “gatekeeper of inflam-
mation” [24] and as a calcium-permeable and ROS-sen-
sitive cation channel [25, 26]. TRPA1 can be activated
in neurons and cancer cells by various stimuli, including
ROS [27, 28]. Upon activation of TRPA1 in cancer cells,
increases in Ca®' influx modulates cell migration and,
presumably, tumor invasion [29]. Ca?*-dependent antia-
poptotic pathways can be activated by TRPA1 without
affecting the cellular redox status [30].

Hence, in the present study, we hypothesized that
activating TRPA1 in glioma cells, which leads to mito-
chondrial damage and dysfunction and ultimately to cell
apoptosis, may decrease the TMZ resistance of GBM
cells. The objectives of our study were to 1) ascertain the
effect of TRPA1 regulation on the apoptosis, oxidative
stress and mitochondrial function of TMZ-treated GBM
cells and 2) explore the mechanism of TRPA1 to propose
promising new therapeutic strategies for GBM treatment.
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Materials and methods
Cell culture and drug treatment
U251 cells and SHG-44 cells (Shanghai Institutes for
Biological Sciences, China Academy of Science, Shang-
hai) were cultured in high-glucose Dulbecco’s modified
Eagle’s medium (HyClone, Logan, UT, USA) with 10%
fetal bovine serum (Biolnd, Kibbutz Beit Haemek, Israel),
100 U/ml penicillin and 100 pg/ml streptomycin (Thermo
Fisher Scientific, Waltham, MA, USA) at 37°C in 5% CO.,,.
On the basis of observations in a preliminary study,
U251 cells and SHG-44 cells were treated with 100 uM
temozolomide (MedChemExpress, MCE, New Jersey,
USA) for 24h to cause cell injury. The cells were pre-
treated with 100 uM TRPA1 agonist (PF-4840154, MCE)
or 100pM TRPA1 antagonist (HC030031, MCE) for 1h
and then cultured with vehicle (culture medium) or TMZ
for another 24h.

Cell viability assay

Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan)
assays were performed to measure the effects of the vehi-
cle, TMZ, and a TRPA1 agonist and inhibitor on cell
proliferation. Briefly, cells were cultured at a density of
5 x 10* cells/well in a 96-well plate, incubated overnight
at 37°C, and then treated with vehicle or other irritants.
The treated cells were incubated for 24 h and washed with
PBS. Then, following the CCK-8 kit manufacturer’s pro-
tocol, the cells were incubated with the working solution
of CCK-8 for 2h at 37°C. The absorbance was measured
at 450nm with a iMark microplate reader (Molecular
Devices, Sunnyvale, USA).

Measurement of intracellular ROS and mitochondrial ROS
levels

DCFH-DA (D6883, Sigma—Aldrich, St. Louis, MO, USA)
was used to detect intracellular ROS generation through
fluorescence microscopy with a fluorescence plate reader.
Briefly, in each group, cells were seeded at a density of
5x 10* in 96-well black plates in 6 parallel wells. After
24h, the cells were stained with 10pM DCFH-DA at
37°C for 15 min in the dark. Then, every well was washed
three times with PBS, and the level of intracellular ROS
was determined by microscopy (Leica, Germany) or by
a Flexstation®2 fluorescence plate reader (Molecular
Devices, San Jose, CA, USA) at excitation and emission
wavelengths of 488 nm and 525 nm, respectively.

The activity levels of the mitochondrial ROS in cells
were measured by MitoSOX Red (Invitrogen) assay, a
redox-sensitive fluorescent probe that targets mitochon-
dria in cells. In each group, cells were seeded at a den-
sity of 5 x 10% in 96-well black plates with 6 parallel wells.
After 24h, the cells were stained with 5mmol/ml Mito-
SOX Red probe at 37°C in the dark for 10 mins. Then,
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every well was washed twice with PBS, and red fluores-
cence was detected with a Flexstation®2 fluorescence
plate reader at excitation and emission wavelengths of
510nm and 580 nm, respectively.

Measurement of Ca2+ influx

Intracellular Ca®* levels in the cells were determined
according to the manufacturer’s instructions for a
Fluo-4 AM calcium assay kit (Beyotime, Jiangsu, China).
Briefly, in each group, the cells were seeded at a density
of 5x10* in 96-well black plates with 6 parallel wells.
The experimental groups were pretreated with agonist
or antagonist for 1h, and then, all groups were exposed
to TMZ for 2 mins. The cells were washed three times
and stained with 5pM Fluo-4 AM at 37°C in the dark for
30 mins. Then, the cells in every well were washed three
times with PBS, and the level of fluorescence was deter-
mined at excitation and emission wavelengths of 488 nm
and 516nm, respectively, by microscopy (Leica) with a
Flexstation®2 fluorescence plate reader.

Western blot (WB) assay

The expression levels of DRP1, MFF, OPA1, MFN2, BAX,
BCL2, TRPA1 and GAPDH were detected by WB assay.
Total cell proteins in every group were extracted with
RIPA buffer (Beyotime). Protein concentrations were
determined with a BCA protein assay kit (Beyotime).
Total protein samples were separated by 10% SDS—PAGE,
and then, the proteins were transferred to a PVDF mem-
brane. Finally, 5% nonfat milk dissolved in Tris-buffered
saline with Tween 20 (TBST, BioTNT, Shanghai, China)
was used to block the membrane for 4h. The membrane
was tailored according to the molecular weight of the tar-
get protein, then the cropped membrane was incubated
with primary antibodies against DRP1, MFF, OPAl,
MEN2, BAX, BCL2, TRPA1, MGMT, Cleaved Caspase-3,
Caspase-3 and GAPDH (all diluted 1:1000, Cell Signaling
Technology, Boston, MA, USA) overnight at 4°C. Horse-
radish peroxidase (HRP)-conjugated goat anti-rabbit IgG
(1:15000, Cell Signaling Technology) and secondary anti-
bodies were incubated with the membrane at room tem-
perature for 2h. Then, the membrane was washed 3 times
in TBST and visualized with an enhanced chemilumines-
cent (ECL) detection system.

Reverse transcription-polymerase chain reaction (RT-PCR)
RT-PCR was used to test the mRNA levels of anti-
oxidants (MnSOD, HO-1 and NQO1). Total RNA was
extracted from cells with TRIzol reagent (TaKaRa,
Dalian, Liaoning, China). The concentration of the
total RNA was determined with an ultraviolet spec-
trophotometer. The Prime Script” RT Master Mix Kit
(TaKaRa) was used to conduct reverse transcription
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according to the manufacturer’s instructions. RT-PCR
was performed by Power Green qPCR Mix (TaKaRa)
and the ABI ViiATM 7 System. The specific primers
(Table 1) for MnSOD, HO-1, NQO1 and p-actin were
generated by BioINT (Shanghai, China). All samples
were assayed in triplicate, and the values were normal-
ized to the level of B-actin.

Measurement of GSH levels

Intracellular glutathione (GSH) levels in the cells were
determined according to the manufacturer’s instruc-
tions for a GSH and GSSG Assay Kit (Beyotime, Jiangsu,
China). Briefly, in each group, the cells were seeded at a
density of 1 x 10° in 6-well plates with 6 parallel wells.
The experimental groups were pretreated with agonist
or antagonist for 1h, and then, all groups were exposed
to TMZ for 24 h. The cells were washed with PBS. Then,
supernatant of lysed cells was collected and tested as
required, and the level of fluorescence was determined
at wavelengths of 412 nm, by microscopy (Leica) with a
Flexstation®2 fluorescence plate reader.

Cell transduction with lentivirus

A recombinant lentiviral vector overexpressing short
hairpin RNA (shRNA) was designed and constructed
by Zorin (Shanghai, China). Human U251 cells were
infected with 107 TU/mL (multiplicity of infection
[MOI] = 10) lentivirus-mediated shRNA (TRPA1*'*) or
negative control shRNA (Con) for 12h. The cells were
collected to determine their interference efficiency by
WB assay.

Statistical analysis

Statistical analysis was performed with GraphPad
Prism (version 7; GraphPad Software, Inc., San Diego,
CA). One-way ANOVA with Bonferroni’s post hoc
test (for equal variance) or Dunnett’s T3 post hoc test
(for unequal variance) was performed for comparisons

Table 1 The sequences of forward and reverse primers of
antioxidants (HO-1, NQO1 and MnSOD) and -actin

Forward Reverse

(HO)-1 CTGCCCAAACCACTTCTGTT ATAAGAAGGCCTCGGTGGAT
NQO1 CAGTGGCATGCACCCAGGGAA  GCATGCCCCTTTTAGCCTTGGCA
MnSOD ACAGGCCTTATTCCACTGCT CAGCATAACGATCGTGGTTT
B-actin ACCGAGCGCGGCTACA CAGCCGTGGCCATCTCTT
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among multiple groups. P<0.05 was considered to be
statistically significant.

Results

Effects of TMZ and a TRPA1 agonist and inhibitor on GBM
cell viability and intracellular ROS

To determine the optimum concentration for the all
drugs used in the experiments, the influence of TMZ on
GBM cell viability was tested by CCK-8 assay. As shown
in Fig. 1A and B, 25~100uM TMZ had no effect on the
viability of the U251 and SHG-44 cells after 24 h of treat-
ment. In addition, 200uM TMZ significantly reduced
cell viability compared to that of the control cells. Thus,
100 uM TMZ was used in the following experiments.

The effect of the TRPA1 agonist and inhibitor on GBM
cell viability was also tested. Fig. 1C and D shows that
25 ~200uM PF-4840154 had no effect on U251 or SHG-
44 cell viability. Moreover, no significant reduction in
intracellular ROS levels was observed in cells after treat-
ment with 25~200uM PF-4840154 for 24h, as deter-
mined by DCFH-DA assay (Fig. 1E and F).

Similar results were observed when testing the effect of
the TRPA1 inhibitor HC030031 on cell viability (Fig. 1G
and H) and intracellular ROS levels (Fig. 1I and J),
although 200 uM HC030031 reduced the viability of the
SHG-44 cells.

Thus, 100 uM PF-4840154 and 100 uM HC030031 were
used in the following experiments. We stimulated cells
with the concentration of the drug that was experimen-
tally obtained. In U281 cells, the concentration of TMZ
treatment for 24 h did not significantly decrease cell via-
bility. The TRPA1 agonist PF-4840154 had no effect on
cell viability. However, pretreatment with PF-4840154
and subsequent TMZ administration reduced cell viabil-
ity. Moreover, pretreatment with the TRPA1 inhibitor
HC030031 showed no effect on cell viability (Fig. 1K).
Similar results were found with SHG-44 cells. Cell
viability was not influenced by TMZ, PF-4840154 or
HC030031 exposure for 24h, but pretreatment with
PF-4840154 decreased cell viability after TMZ adminis-
tration (Fig. 1L).

Activating TRPA1 enhanced the effect of TMZ on cell
apoptosis
To test whether TRPA1 or TMZ had a disruptive effect
on cell apoptosis, we first measured the activity of the
apoptosis-related proteins Caspase-3 and Caspase-9.
Pretreatment of U251 cells with PF-4840154 followed
by TMZ administration significantly increased the
activity of Caspase-3 and Caspase-9 compared to their
activity in the TMZ-only treatment group (Fig. 2A). Pre-
treatment of the SHG-44 cells with PF-4840154 signifi-
cantly increased the activity of Caspase-3 and Caspase-9
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Fig. 1 Effect of TMZ and a TRPA1 agonist and inhibitor on cell viability and intracellular ROS levels. TMZ (200 uM) significantly reduced the viability
of U251 cells (A). No significant effect of TRPAT agonist PF-4840154 or TRPA1 inhibitor HC030031 treatment on cell viability (C, G) or intracellular ROS
levels (E, I) was observed in U251 cells at any treatment dose. Additionally, no significant effect of treatment with the TRPA1 agonist PF-4840154 or
TRPA1 inhibitor HC030031 on cell viability (B, D and H) or intracellular ROS levels (F, J) in SHG-44 cells was observed at any dose. TMZ treatment or
PF-4840154 and TMZ cotreatment decreased the viability of the U251 cells (K) and SHG-44 cells (L). *P < 0.05, **P<0.01, ***P < 0.001,****P < 0.0001

compared to the activity in the control group and
TMZ group. In addition, pretreatment with HC030031
decreased the activity of Caspase-3 (Fig. 2D).

These results were verified by WB assay of the apop-
tosis-related proteins Cleaved Caspase-3, Bax and
Bcl-2. Compared to TMZ groups, the level of Cleaved
Caspase-3 elevated in PF-4840154 and TMZ cotreat-
ment groups. However, pretreatment with HC030031
decreased Cleaved Caspase-3 expression, compared
to pretreatment with PF-4840154 (Fig. 2B and E). The
TMZ, PF-4840154 and cotreatment groups all showed
elevated expression of the proapoptosis protein BAX and
decreased levels of the anti-apoptosis protein Bcl-2. The
expression of Bcl-2 was elevated in the HC030031 group
(Fig. 2C and F). The same results were for both U251 and
SHG-44 cells. Considering MGMT protein play the piv-
otal role in the determinant of TMZ resistance, we fur-
ther tested the expression of MGMT in cells. In both
U251 and SHG-44 cells, TMZ induced the MGMT pro-
tein increased. Pretreatment with PF-4840154 and subse-
quent TMZ administration reduced MGMT expression.

Moreover, pretreatment with the TRPA1 inhibitor
HC030031 showed MGMT expression more significant
elevated compared with the TMZ group in SHG-44 cells
(Fig. 2C and F). All original western blot images have
been included in Supplementary original western blot
images 1.

Activating TRPA1 influenced the TMZ effects on cell
viability and intracellular oxidative stress

We hypothesized that GBM cell drug resistance is
related to the oxidative stress resistance of tumor cells.
Therefore, we evaluated the expression levels of the
antioxidant genes MnSOD, NQO1 and HO-1, as well as
antioxidants glutathione (GSH). TMZ exposure of U251
cells for 24 h significantly increased the mRNA expres-
sion of MnSOD compared with the basal level. NQO1
and HO-1 expression was also increased, although
the differences were not statistically significant. Pre-
treatment with PF-4840154 significantly decreased
the expression of MnSOD, NQO1 and HO-1 mRNA
compared to that in the TMZ group (Fig. 3A, B and
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Fig. 2 Effect of TMZ and a TRPA1 agonist and inhibitor on the apoptosis rate. PF-4840154 and TMZ cotreatment increased the activity of Caspase-3
and Caspase-9, and the protein expression of Cleaved Caspase-3 (A, B) in U251 cells compared to the control group and TMZ group. In the SHG-44
cells, the TMZ group and PF-4840154 and TMZ cotreatment group showed increased Caspase-3 activity and Cleaved Caspase-3 protein expression,
and the HC030031 and TMZ cotreatment group showed decreased Cleaved Caspase-3 protein expression (E). PF-4840154 and TMZ cotreatment
increased the activity of Caspase-3 and Caspase-9 (D) in the SHG-44 cells compared to the control and TMZ group. Western blotting was performed
to detect the levels of Bcl-2 protein, BAX protein and MGMT protein after TMZ or drug treatment in U251 cells (C) and SHG-44 cells (F). GAPDH was

software. *P<0.05, **P < 0.01, ***P <0.001,****P < 0.0001

used as an internal reference. Cropped photos of the blots are displayed, and the expression level was quantified by densitometry with ImageJ

C). TMZ exposure of U251 cells for 24 h significantly
increased the expression of GSH compared with the
basal level. Pretreatment with PF-4840154 obviously
decreased the expression of GSH compared to that in
the TMZ group, while pretreatment with HC030031
reduced GSH level (Fig. 3D). Similar results were found
with SHG-44 cells (Fig. 3F, G, H and I).

In addition to the detection of antioxidant genes, we
intuitively noticed changes in mitochondrial ROS and
intracellular ROS levels. The levels of mitochondrial
ROS were measured by MitoSOX RED assay. U251
and SHG-44 cells exposure TMZ led to no change in
the intracellular or mitochondrial ROS levels. Addi-
tionally, treatment with only the TRPA1l agonist

PF-4840154 exerted no effect on ROS production,
while treatment with PF-4840154 and TMZ signifi-
cantly increased mitochondrial ROS levels (Fig. 3E and
J). Representative pictures are showing the intracellu-
lar ROS levels in the U251 and SHG-44 cells, detected
by the DCFH-DA assay, are shown in Fig. 3K. The
results showed that PF-4840154 and TMZ synergis-
tically increased the intracellular ROS levels signifi-
cantly and that HC030031 reduced the intracellular
ROS levels. The quantitative results are shown on the
right. Moreover, pretreatment with the TRPA1 inhibi-
tor HC030031 slightly reduced intracellular and mito-
chondrial ROS levels, although the differences were
not statistically significant (Fig. 3K).
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Our results indicate that the increase in intracellu-
lar TRPA1 levels can significantly increase the ability of
TMZ to damage tumor cells through ROS generation.

Activating TRPA1 and TMZ treatment increased
intracellular Ca2+ levels

Since TRPA1 is an important calcium channel, when
the channel is open, a large amount of calcium ions
enter cells to initiate downstream reactions. Therefore,
we considered that the relationship between TRPA1
and TMZ resistance in GBM cells is related to TRPA1
signaling. To further explore the mechanism by which
phenotypes are acquired, we used a fluorescent probe
to determine whether the intracellular Ca?* level was
influenced by TMZ treatment or TRPA1l disruption.

Representative images are shown in Fig. 3. The figures
show that the U251 cells in the PF-4840154 group and
TMZ and PF-4840154 cotreatment group exhibited
slightly increased intracellular Ca®>* compared to that in
the other groups (Fig. 4A). Additionally, in SHG-44 cells,
intracellular Ca®* was significantly increased in the TMZ
and PF-4840154 cotreatment group compared to the
TMZ group (Fig. 4B).

TRPA1 activation and TMZ treatment induced
mitochondrial dysfunction

Mitochondria are the main sources of ROS in cells
and may be involved in oxidative stress resistance. To
investigate whether mitochondrial dynamics were dis-
rupted by activating TRPA1 and triggering Ca*" influx,
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mitochondrial fission and fusion protein expression was
determined by WB analysis. Representative pictures are
shown in Fig. 5. Compared with that in the control and
TMZ groups, U251 cells pretreated with PF-4840154
decreased the expression of the mitochondrial fusion
proteins OPA1 and MFN2 and increased the expression
of the mitochondrial fission protein DRP1 (Fig. 5A and
B). The results showed that the mitochondrial structure
was damaged. In addition, compared to the TMZ group,
the TMZ and HCO030031 cotreatment group showed
that the expression of OPA1 and MFN2 was increased
and that the expression of DRP1 was decreased (Fig. 5A
and B). The SHG-44 cells showed effects similar to those
observed with the U251 cells (Fig. 5C and D). All original
western blot images have been included in Supplemen-
tary original western blot images 2.

Our results suggest that the damage to mitochondrial
structure caused by changes in TRPA1 expression may be

critical to the development of oxidative stress resistance
in tumor cells.

Overexpression of TRPA1 induced cell apoptosis and ROS
production via increased intracellular Ca2+ levels

in TMZ-stimulated U251 cells

Since the use of agonists alone to increase TRPA1 expres-
sion leads to uncontrollable outcomes, with no way to
modulate the effects, side effects may occur. Therefore,
we used TRPAI-overexpressing and shRNA U251 cells
to directly observe changes in tumor cells when TRPA1
expression is increased.

As shown in Fig. 6A, the level of TRPA1 was sig-
nificantly increased in the TRPA1™™ cells (TRPA1'T)
compared to the control cells (Con). The increased
expression of TRPA1 also augmented the level of Ca*"
influx in TMZ-stimulated U251 cells (Fig. 6B). TMZ
administration led to no obvious change in cell viability
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Fig. 5 Effect of TMZ and a TRPA1 agonist and inhibitor on mitochondrial fission and fusion protein expression. Western blot assay showing
the levels of the mitochondrial fusion proteins optic atrophy 1 (OPA1) and Mitofusin 2 (MFN2) (A) and the mitochondrial fission protein
dystrophin-related protein 1 (DRP1) (B) in U251 cells after treatment with TMZ and a TRPA1 agonist and inhibitor. Western blot assay showing
the levels of OPA1, MFN2 (C), and DRP1 (D) in SHG-44 cells after treatment with TMZ and a TRPA1 agonist and inhibitor. GAPDH was used as an
internal reference. Cropped blots are displayed, and the expression level was quantified by densitometry with ImageJ software. *P<0.05, **P < 0.01,
P < 0,001, ***P<0.0001

but increased the activity of Caspase-3 and Caspase-9
in both the control cells and TRPA1** cells. Moreo-
ver, the level of Cleaved Caspase-3 protein, the Cas-
pase-3 and Caspase-9 activity was increased in the

TRPA1T"4+TMZ group compared to the Con+TMZ
group (Fig. 6C, D, E and F). As shown in Fig. 6G, the WB
results indicated that Bcl2 expression was increased and
BAX expression was decreased in Con+TMZ groups.
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However, the comparison between the Con+TMZ and
the TRPA1T"4+TMZ groups showed that TMZ clearly
decreased the level of Bcl2 and increased the level of
BAX in the latter group. All original western blot images
have been included in Supplementary original western
blot images 3. These results indicated that increasing the
expression of TRPA1 induced an increase in intracellular
Ca”*" and then significantly increased the tumor killing
effect of TMZ.

Consistent with the agonist effects, TMZ stimula-
tion increased the expression of MGMT in the control
cells. In the TRPA11/* cells, TMZ stimulation decreased
the expression levels of MGMT (Fig. 6H). Also TMZ

stimulation increased the expression of MnSOD, NQO1,
HO-1 and GSH in the control cells. In the TRPA1™'*
cells, TMZ stimulation decreased the expression levels
of antioxidant genes and GSH (Fig. 6I). Corresponding
to this result, the results of the DCFH-DA and MitoSOX
Red assays also showed that TMZ induced a decrease
in intracellular ROS and mitochondrial ROS levels in
the control cells but an increase in these levels in the
TRPA1"" cells (Fig. 6] and K). In control cells, TMZ
stimulation led to no obvious changes in the levels of
mitochondrial fission or fusion protein expression. How-
ever, the expression levels of the mitochondrial fusion
proteins OPA1 and MFN2 were decreased, and the
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expression of the mitochondrial fission protein DRP1 was
increased in TMZ-stimulated TRPA1™/* cells (Fig. 6L).
These results indicate that the elevated expression of
TRPA1 is involved in TMZ-induced mitochondrial struc-
tural damage, which leads to the accumulation of mito-
chondrial ROS and intracellular ROS in tumor cells and
ultimately increases the apoptosis rate.

Discussion

In this study, we demonstrated that upregulating TRPA1
overwhelmed TMZ resistance in GBM cells by disrupting
the mitochondrial dynamics of cells, and the role played
by TRPA1 may lead to increased calcium influx.

In U251 and SHG-44 cells, TMZ induced only slightly
increased the apoptosis rate and intracellular and
mitochondrial ROS levels. In addition, TMZ induced
increased MGMT protein and antioxidants expression
in these cells. Pretreatment with a TRPA1 agonist sig-
nificantly decreased the level of MGMT protein and
antioxidants expression; enhanced intracellular and mito-
chondrial ROS levels; induced Ca*" influx, mitochondrial
damage and cell apoptosis; and disrupted the balance
between mitochondrial fission and fusion proteins in
GBM cells. Pretreatment with a TRPA1 inhibitor slightly
enhanced the level of MGMT protein and antioxidants
expression, and reduced the apoptosis rate. These results
suggest that the TRPA1 pathway plays an important
role in reducing the TMZ resistance of GBM cells. To
eliminate the side effects of the administered drugs, we
exposed U251 cells to overexpressed shRNA and TRPAI.
The results were similar to those of the agonist treatment.
However, the decrease in TRPA1*/T cell viability induced
by TMZ was not statistically significant compared to that
in control cells. However, the increased expression of
TRPAL1 led to a significant increase in apoptosis indica-
tors, including increased the level of Cleaved Caspase-3
protein, as well as the caspase-3 and caspase-9 activity, as
well as decreased expression of MGMT protein, the anti-
apoptosis protein Bcl2 and increased expression of the
apoptosis protein BAX. Additionally, damage to mito-
chondrial structures induced mitochondrial dysfunc-
tion. Therefore, both the mitochondrial and intracellular
oxidative stress responses were significantly increased,
and the oxidative stress resistance of the tumor cells was
eventually diminished.

The TRP superfamily is composed of cation-selective
channels that play key roles in sensory physiology, such
as thermo- and osmosensation, as well as in several
diseases, such as cardiovascular, cancer and neuronal
diseases [31]. Deveci et al. [32] showed that the apop-
totic, inflammatory and oxidant effects of hypoxia were
increased due to the activation of TRPA1. In the present
study, we observed increased rates of apoptosis, greater
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Ca?* influx and higher intracellular ROS levels after acti-
vation of the TRPA1 channels in GBM cells. Moreover,
the activation of TRPA1 increased mitochondrial oxida-
tive stress and mitochondrial dysfunction. Therefore,
the oxidative stress response leading to the apoptosis of
tumor cells can be induced through TMZ stimulation.

TRPA1 can be activated in neurons and cancer cells
through different stimuli [27, 28]. In cancer cells, the
activation of TRPA1 channels increases Ca®" influx,
cell migration, and, presumably, tumor «cell inva-
sion [29]. Moreover, because of TRPA1 activation, the
Ca®*-dependent antiapoptotic pathways are activated
[30]. This finding pertains to tumor cells because TRP
channels can be targets of therapeutic agents, con-
tributing to inhibited tumor growth and increased
tumor-induced inflammation [29]. In addition, TRPA1
activation is increased by an increase in mitochondrial
ROS production, and GBM cells are killed by the TRPA1
channel-induced excessive production of intracellular
ROS, apoptosis and Ca*" entry [32].

Our results showed that the TRPA1 pathway caused
increased intracellular Ca®" levels via ion influx. In
U251 and SHG-44 cells, pretreatment with PF-4840154
increased the intracellular Ca*" level and induced cell
apoptosis. In addition, blocking TRPA1 activity pre-
vented Ca>" influx and decreased cell apoptosis. Previ-
ous studies have reported that Ca’>" signaling mediated
by various Ca®* channels regulates the activity of cellular
NADPH oxidase, which in turn results in an elevation in
intracellular ROS levels [33]. These results proved that
the Ca®" level in cells may be related to the apoptosis rate
of GBM cells.

In the present study, TMZ alone failed to elevate the
intracellular and mitochondrial ROS levels, but acti-
vating TRPA1 increased the oxidative stress reaction in
GBM cells. When U251 and SHG-44 cells were cotreated
with TMZ and PF-4840154, the intracellular and mito-
chondrial ROS levels in the cells significantly increased
compared to those after treatment with TMZ alone. The
overexpression of TRPA1 in U251 cells confirmed these
results. The increased oxidative reaction in cells led to
subsequent cell damage and apoptosis. These results were
similar to that of a previous study in which activating the
TRPA1 channel induced apoptosis and inhibited cell sur-
vival. Ca®* has been reported to be transferred from the
cytosol during mitochondrial stress to the mitochondria
and mediates excessive ROS generation [34]. Accroding
to Previous studies, The MGMT expression is an impor-
tant determinant of TMZ resistance, the modification
of the level of MGMT protein by its transcription fac-
tors has been proposed as a method to sensitize tumors
to TMZ. Thus, the downregulation of MGMT is con-
sidered a good prognostic factor and results in a longer
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survival period in GBM patients treated with TMZ [35].
Our results also demonstrated that up-regulated TRPA1
expression could decreased the level of MGMT, which
was related to the TMZ resistance of GBM cells.

TMZ increased the expression of antioxidant gene
mRNA levels in both the U251 and SHG-44 cell lines. In
the U251 cells, pretreatment with PF-4840154 or over-
expression of the TRPA1 gene effectively reduced TMZ-
enhanced antioxidant expression, and the expression of
MnSOD, NQO1, HO-1 and GSH was decreased. How-
ever, pretreatment with HC030031 did not lead to obvi-
ous changes. In the SHG-44 cells, PF-4840154 induced
a decrease in antioxidant gene expression. PF-4840154
treatment alone reduced the expression of MnSOD and
NQO1, while PF-4840154 and TMZ cotreatment sig-
nificantly exacerbated the reduction in MnSOD, NQO1,
HO-1 and GSH expression. These results confirmed
the role played by the TRPA1 pathway in regulating the
cellular oxidative stress response. In GBM cells, TMZ
treatment induced an increase in cellular reactive anti-
oxidants, which reduced the extent of cell damage and
rate of apoptosis. Activation of the TRPA1l pathway
increased the influx of Ca*" and reduced the release of
antioxidants, ultimately inducing oxidative stress damage
in cells.

Increasing mitochondrial stress and mitochondrial
dysfunction through activation of TRPA1 has been sug-
gested to account for apoptosis induction of cancer cells
[17]. Mitochondrial structure is important in controlling
mitochondrial function [36]. Our data showed that TMZ
slightly influenced the mitochondrial structure in both
GBM cell lines. The present study also demonstrated
that a TRPA1 agonist destroyed the balance between
mitochondrial fission and fusion protein expression in
both cell lines. Pretreatment with PF-4840154 reduced
the expression of mitochondrial fusion proteins and
increased the expression of mitochondrial fission pro-
teins. The expression level of fission/fusion protein led
to imbalances that contributed to mitochondrial dys-
function, permeabilization of the outer mitochondrial
membrane, and apoptotic protein release, ultimately pro-
moting cell death [37].

We posited a scenario in which GBM cells generate
ROS resistance to TMZ treatment, thereby reducing the
therapeutic effect of TMZ. Activation of the TRPA1 path-
way induces Ca*" influx and oxidative stress. Mitochon-
drial dysfunction induces intracellular and mitochondrial
ROS levels which trigger in increase in cell apoptosis.

Intracellular Ca?*, a secondary messenger, regulates
gene transcription, cell proliferation and migration,
and cell death. The increase in intracellular Ca®* and
ROS levels induces the molecular cascade leading to
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apoptosis. Finally, the nucleic acid, protein, and lipid
substances in the cell structure are transformed due to
increased oxidative stress and mitochondrial depolari-
zation [38—-40].

Our study highlighted the importance played by the
TRPA1 pathway in regulating GBM cell apoptosis in
association with oxidative stress. Targeting the TRPA1
pathway is a promising novel approach to GBM treat-
ment that may show the benefits of reducing GBM
resistance to TMZ and increasing drug sensitivity and
the apoptosis rate.

Abbreviations

GBM: Glioblastoma; TMZ: Temozolomide; ROS: Reactive oxygen species; TRP:
Transient receptor potential; MFN: Mitofusion; OPA: Optic atrophy; FIS: Fission1;
DRP: Dynamin-related protein; MFF: Mitochondrial fission factor.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512860-022-00438-1.

[ Additional file 1. }

Acknowledgments
Not applicable.

Authors’ contributions

Bin Zhang and Haiyang Hu: conceived the study and drafted the manuscript;
Hao Chen: performed the experiments and finished the manuscript; Chunlin
Li: assisted with the experiments. The author(s) read and approved the final
manuscript.

Funding

This work was supported by grants from the Supporting Funds for Teacher’s
Research of Jining Medical University (No.JYFC2019FKJ046 to Bin Zhang)
and Shanghai Jiao Tong University Medical & Engineering Cross Fund
(YG2019QNA65).

Availability of data and materials
All data generated or analysed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conficts of interest.

Author details

'Department of Neurosurgery, Affiliated Hospital of Jining Medical University,
Jining, China. >Department of Vascular Surgery, Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital, 600 Yishan Road, Shanghai 200233, China.
*Trauma Center, Shanghai General Hospital, Shanghai Jiaotong University
School of Medicine, Shanghai 201620, China.

Received: 30 April 2022 Accepted: 5 August 2022
Published online: 19 August 2022


https://doi.org/10.1186/s12860-022-00438-1
https://doi.org/10.1186/s12860-022-00438-1

Chen et al. BMC Molecular and Cell Biology

(2022) 23:38

References

1.

2.

Holland EC. Glioblastoma multiforme: the terminator. Proc Natl Acad Sci
U'S A.2000;97:6242-4. https://doi.org/10.1073/pnas.97.12.6242.
Johnson DR, O'Neill BP. Glioblastoma survival in the United States before
and during the temozolomide era. J Neuro-Oncol. 2012;107:359-64.
https://doi.org/10.1007/511060-011-0749-4.

Linz U. Commentary on effects of radiotherapy with concomitant and
adjuvant temozolomide versus radiotherapy alone on survival in glioblas-
toma in a randomised phase Il study: 5-year analysis of the EORTC-NCIC
trial (lancet Oncol. 2009;10:459-466). Cancer. 2010;116:1844—6. https://
doi.org/10.1002/cncr.24950.

Wick W, Weller M, van den Bent M, Sanson M, Weiler M, von Deimling

A, et al. MGMT testing--the challenges for biomarker-based glioma
treatment. Nat Rev Neurol. 2014;10:372-85. https://doi.org/10.5167/
uzh-98104.

Roos WP, Batista LF, Naumann SC, Wick W, Weller M, Menck CF, et al. Apop-
tosis in malignant glioma cells triggered by the temozolomide-induced
DNA lesion O6-methylguanine. Oncogene. 2007;26:186-97. https://doi.
org/10.1038/sj.onc.1209785.

Spiegl-Kreinecker S, Pirker C, Filipits M, Lotsch D, Buchroithner J, Pichler
J, et al. O6-methylguanine DNA methyltransferase protein expression in
tumor cells predicts outcome of temozolomide therapy in glioblastoma
patients. Neuro-Oncology. 2009;12:28-36. https://doi.org/10.1093/
neuonc/nop003.

Pandey A, Tripathi SC, Mai J, Hanash SM, Shen H, Mitra S, et al. Combi-
natorial effect of PLK1 inhibition with Temozolomide and radiation in
Glioblastoma. Cancers (Basel). 2021;13: undefined. https://doi.org/10.
3390/cancers13205114.

Chien CH, Chuang JY, Yang ST, Yang WB, Chen PY, Hsu Tl, et al. Enrich-
ment of superoxide dismutase 2 in glioblastoma confers to acquisition
of temozolomide resistance that is associated with tumor-initiating

cell subsets. J Biomed Sci. 2019,26:77. https://doi.org/10.1186/
$12929-019-0565-2.

Ozyerli-Goknar E, Sur-Erdem |, Seker F, Cing6z A, Kayabolen A, Kahya-Yesil
Z, et al. The fungal metabolite chaetocin is a sensitizer for pro-apoptotic
therapies in glioblastoma. Cell Death Dis. 2019;10:894. https://doi.org/10.
1038/541419-019-2107-y.

BiY,LiH,YiD,BaiY, Zhong S, Liu Q et al. beta-catenin contributes to
cordycepin-induced MGMT inhibition and reduction of temozolomide
resistance in glioma cells by increasing intracellular reactive oxygen spe-
cies. Cancer Lett. 2018;435:66-79. https://doi.org/10.1016/j.canlet.2018.
07.040.

. Valtorta S, Lo Dico A, Raccagni |, Gaglio D, Belloli S, Politi LS, et al. Met-

formin and temozolomide, a synergic option to overcome resistance

in glioblastoma multiforme models. Oncotarget. 2017;8:113090-104.
https://doi.org/10.18632/oncotarget.23028.

Rehman FU, LiuY, Yang Q, Yang H, Liu R, Zhang D, et al. Heme Oxyge-
nase-1 targeting exosomes for temozolomide resistant glioblastoma
synergistic therapy. J Control Release Undefined. 2022. https://doi.org/10.
1016/jjconrel.2022.03.036.

Pang D, Li C,Yang C, Zou Y, Feng B, Li L, Liu W, Geng Y, Luo Q, Chen Z,
Huang C (2019) Polyphyllin VIl promotes apoptosis and Autophagic

cell death via ROS-inhibited AKT activity, and sensitizes Glioma cells to
Temozolomide. Oxid med cell Longev: 1805635. https://doi.org/10.1155/
2019/1805635.

Tai SH, Lin YW, Huang TY, Chang CC, Chao LC, Wu TS, et al. Cinnamophilin
enhances temozolomide-induced cytotoxicity against malignant glioma:
the roles of ROS and cell cycle arrest. Transl Cancer Res. 2021;10:3906-20.
https://doi.org/10.21037/tcr-20-3426.

He C, Lu S, Wang XZ, Wang CC, Wang L, Liang SP, et al. FOXO3a protects
glioma cells against temozolomide-induced DNA double strand breaks
via promotion of BNIP3-mediated mitophagy. Acta Pharmacol Sin.
2021;42:1324-37. https://doi.org/10.1038/541401-021-00663-y.

Bu X, Qu X, Guo K, Meng X, Yang X, Huang Q, et al. CD147 confers
temozolomide resistance of glioma cells via the regulation of 3-TrCP/
Nrf2 pathway. Int J Biol Sci. 2021;17:3013-23. https://doi.org/10.7150/ijbs.
60894.

Kang MJ, Shadel GS. A mitochondrial perspective of chronic obstructive
pulmonary disease pathogenesis. Tuberc Respir Dis (Seoul). 2016,79:207—
13. https://doi.org/10.4046/trd.2016.79.4.207.

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Page 13 of 14

Larson-Casey JL, He C, Carter AB. Mitochondrial quality control in pulmo-
nary fibrosis. Redox Biol. 2020;33:101426. https://doi.org/10.1016/j.redox.
2020.101426.

Aravamudan B, Thompson M, Sieck GC, Vassallo R, Pabelick CM,

Prakash YS. Functional effects of cigarette smoke-induced changes

in airway smooth muscle mitochondrial morphology. J Cell Physiol.
2017;232:1053-68. https://doi.org/10.1002/jcp.25508.

Wang M, Zhang Y, Xu M, Zhang H, Chen Y, Chung KF, et al. Roles of TRPA1
and TRPV1 in cigarette smoke -induced airway epithelial cell injury
model. Free Radic Biol Med. 2019;134:229-38. https://doi.org/10.1016/j.
freeradbiomed.2019.01.004.

Gees M, Colsoul B, Nilius B. The role of transient receptor potential
cation channels in Ca2+ signaling. Cold Spring Harb Perspect Biol.
2010;2:a003962. https://doi.org/10.1101/cshperspect.a003962.
Louhivuori LM, Bart G, Larsson KP, Louhivuori V, Nasman J, Nordstrom T,
et al. Differentiation dependent expression of TRPAT and TRPM8 channels
in IMR-32 human neuroblastoma cells. J Cell Physiol. 2009;221:67-74.
https://doi.org/10.1002/jcp.21828.

Poteser M, Groschner K. Studying subunit interaction and complex
assembly of TRP channels. TRP channels. Boca Raton: CRC press/Taylor &
Francis; 2011. Chapter 4

Bautista DM, Pellegrino M, Tsunozaki M. TRPA1: a gatekeeper for inflam-
mation. Annu Rev Physiol. 2013;75:181-200. https://doi.org/10.1146/
annurev-physiol-030212-183811.

Naziroglu M. Molecular role of catalase on oxidative stress-induced Ca
(2+4) signaling and TRP cation channel activation in nervous system. J
Recept Signal Transduct Res. 2012;32:134-41. https://doi.org/10.3109/
10799893.2012.672994.

Takahashi N, Chen HY, Harris IS, Stover DG, Selfors LM, Bronson RT. Cancer
cells co-opt the neuronal redox-Sensing Channel TRPAT to promote
oxidative-stress tolerance. Cancer cell 33:985-1003.e7. 2018. https://doi.
0rg/10.1016/j.ccell.2018.05.001.

Naziroglu M, Braidy N. Thermo-sensitive TRP channels: novel targets

for treating chemotherapy-induced peripheral pain. Front Physiol.
2017,8:1040. https://doi.org/10.3389/fphys.2017.01040.

Macpherson LJ, Dubin AE, Evans MJ, Marr F, Schultz PG, Cravatt BF.
Patapoutian a noxious compounds activate TRPAT ion channels through
covalent modification of cysteines. Nature. 2007;445:541-5. https://doi.
org/10.1038/nature05544.

Park J, Shim MK, Jin M, Rhyu MR, Lee Y. Methy! syringate, a TRPAT agonist
represses hypoxia-induced cyclooxygenase-2 in lung cancer cells.
Phytomedcine. 2016;23:324-9. https://doi.org/10.1016/j.phymed.2016.01.
009.

Takahashi N, Chen HY, Harris IS, Stover DG, Selfors LM, Bronson RT, et al.
Cancer cells co-opt the neuronal redox-Sensing Channel TRPAT to
promote oxidative-stress tolerance. Cancer cell. 2018;33:985-1003.e7.
https://doi.org/10.1016/j.ccell.2018.05.001.

Alptekin M, Eroglu S, Tutar E, Sencan S, Geyik MA, Ulasli M, et al. Gene
expressions of TRP channels in glioblastoma multiforme and relation
with survival. Tumour Biol. 2015,;36:9209-13. https://doi.org/10.1007/
s13277-015-3577-x.

Deveci HA, AkyuvaY, Nur G, Naziroglu M. Alpha lipoic acid attenuates
hypoxia-induced apoptosis, inflammation and mitochondrial oxidative
stress via inhibition of TRPA1 channel in human glioblastoma cell line.
Biomed Pharmacother. 2019;111:292-304. https://doi.org/10.1016/j.
biopha.2018.12.077.

Jiang F, Zhang Y, Dusting GJ. NADPH oxidase-mediated redox signaling:
roles in cellular stress response, stress tolerance, and tissue repair. Phar-
macol Rev. 2011;63:218-42. https://doi.org/10.1124/pr.110.002980.
Samanta A, Hughes TET, Moiseenkova-Bell VY. Transient receptor poten-
tial (TRP) channels. Subcell Biochem. 2018;87:141-65. https://doi.org/10.
1007/978-981-10-7757-9_6.

SonodaY, Yokosawa M, Saito R, Kanamori M, Yamashita Y, Kumabe T, et al.
O (6)-methylguanine DNA methyltransferase determined by promoter
hypermethylation and immunohistochemical expression is correlated
with progression-free survival in patients with glioblastoma. Int J Clin
Oncol. 2010;15:352-8. https://doi.org/10.1007/510147-010-0065-6.

Guo R, Gu J, Zong S, Wu M, Yang M. Structure and mechanism of mito-
chondrial electron transport chain. Biom J. 2018;41:9-20. https://doi.org/
10.1016/j.bj.2017.12.001.


https://doi.org/10.1073/pnas.97.12.6242
https://doi.org/10.1007/s11060-011-0749-4
https://doi.org/10.1002/cncr.24950
https://doi.org/10.1002/cncr.24950
https://doi.org/10.5167/uzh-98104
https://doi.org/10.5167/uzh-98104
https://doi.org/10.1038/sj.onc.1209785
https://doi.org/10.1038/sj.onc.1209785
https://doi.org/10.1093/neuonc/nop003
https://doi.org/10.1093/neuonc/nop003
https://doi.org/10.3390/cancers13205114
https://doi.org/10.3390/cancers13205114
https://doi.org/10.1186/s12929-019-0565-2
https://doi.org/10.1186/s12929-019-0565-2
https://doi.org/10.1038/s41419-019-2107-y
https://doi.org/10.1038/s41419-019-2107-y
https://doi.org/10.1016/j.canlet.2018.07.040
https://doi.org/10.1016/j.canlet.2018.07.040
https://doi.org/10.18632/oncotarget.23028
https://doi.org/10.1016/j.jconrel.2022.03.036
https://doi.org/10.1016/j.jconrel.2022.03.036
https://doi.org/10.1155/2019/1805635
https://doi.org/10.1155/2019/1805635
https://doi.org/10.21037/tcr-20-3426
https://doi.org/10.1038/s41401-021-00663-y
https://doi.org/10.7150/ijbs.60894
https://doi.org/10.7150/ijbs.60894
https://doi.org/10.4046/trd.2016.79.4.207
https://doi.org/10.1016/j.redox.2020.101426
https://doi.org/10.1016/j.redox.2020.101426
https://doi.org/10.1002/jcp.25508
https://doi.org/10.1016/j.freeradbiomed.2019.01.004
https://doi.org/10.1016/j.freeradbiomed.2019.01.004
https://doi.org/10.1101/cshperspect.a003962
https://doi.org/10.1002/jcp.21828
https://doi.org/10.1146/annurev-physiol-030212-183811
https://doi.org/10.1146/annurev-physiol-030212-183811
https://doi.org/10.3109/10799893.2012.672994
https://doi.org/10.3109/10799893.2012.672994
https://doi.org/10.1016/j.ccell.2018.05.001
https://doi.org/10.1016/j.ccell.2018.05.001
https://doi.org/10.3389/fphys.2017.01040
https://doi.org/10.1038/nature05544
https://doi.org/10.1038/nature05544
https://doi.org/10.1016/j.phymed.2016.01.009
https://doi.org/10.1016/j.phymed.2016.01.009
https://doi.org/10.1016/j.ccell.2018.05.001
https://doi.org/10.1007/s13277-015-3577-x
https://doi.org/10.1007/s13277-015-3577-x
https://doi.org/10.1016/j.biopha.2018.12.077
https://doi.org/10.1016/j.biopha.2018.12.077
https://doi.org/10.1124/pr.110.002980
https://doi.org/10.1007/978-981-10-7757-9_6
https://doi.org/10.1007/978-981-10-7757-9_6
https://doi.org/10.1007/s10147-010-0065-6
https://doi.org/10.1016/j.bj.2017.12.001
https://doi.org/10.1016/j.bj.2017.12.001

Chen et al. BMC Molecular and Cell Biology

37.

38.

39.

40.

(2022) 23:38

Green DR, Kroemer G. The pathophysiology of mitochondrial cell death.
Science. 2004,305:626-9. https://doi.org/10.1126/science.1099320.
Chinigd G, Castel H, Chever O, Gkika D. TRP channels in brain tumors.
Front Cell Dev Biol. 2021;9:617801. https://doi.org/10.3389/fcell.2021.
617801.

Louhivuori LM, Bart G, Larsson KP, Louhivuori V, Nasman J, Nordstrom T,
et al. Differentiation dependent expression of TRPAT and TRPM8 channels
in IMR-32 human neuroblastoma cells. J Cell Physiol. 2009;221:67-74.
https://doi.org/10.1002/jcp.21828.

Ozkal B, Ovey IS. Selenium enhances TRPAT channel-mediated activity
of temozolomide in SH-SY5Y neuroblastoma cells. Childs Nerv Syst.
2020;36:1283-92. https://doi.org/10.1007/500381-020-04567-w.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1126/science.1099320
https://doi.org/10.3389/fcell.2021.617801
https://doi.org/10.3389/fcell.2021.617801
https://doi.org/10.1002/jcp.21828
https://doi.org/10.1007/s00381-020-04567-w

	Activated TRPA1 plays a therapeutic role in TMZ resistance in glioblastoma by altering mitochondrial dynamics
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Cell culture and drug treatment
	Cell viability assay
	Measurement of intracellular ROS and mitochondrial ROS levels
	Measurement of Ca2+ influx
	Western blot (WB) assay
	Reverse transcription–polymerase chain reaction (RT–PCR)
	Measurement of GSH levels
	Cell transduction with lentivirus
	Statistical analysis

	Results
	Effects of TMZ and a TRPA1 agonist and inhibitor on GBM cell viability and intracellular ROS
	Activating TRPA1 enhanced the effect of TMZ on cell apoptosis
	Activating TRPA1 influenced the TMZ effects on cell viability and intracellular oxidative stress
	Activating TRPA1 and TMZ treatment increased intracellular Ca2+ levels
	TRPA1 activation and TMZ treatment induced mitochondrial dysfunction
	Overexpression of TRPA1 induced cell apoptosis and ROS production via increased intracellular Ca2+ levels in TMZ-stimulated U251 cells

	Discussion
	Acknowledgments
	References


