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The present study aimed to identify the gene expression changes conferred by capsaicin in
the cell model of 6-OHDA-induced Parkinson’s disease, to disclose the molecular mecha-
nism of action of capsaicin. We used capsaicin-treated and paraffin-embedded wax blocks
containing substantia nigra tissue from 6-OHDA-induced Parkinson’s disease rats to ana-
lyze transcriptional changes using Affymetrix GeneChip Whole Transcript Expression Arrays.
A total of 108 genes were differentially expressed in response to capsaicin treatment, and
seven of these genes were selected for further analysis: Olr724, COX1, Gsta2, Rab5a, Potef,
Actg1, and Acadsb, of which Actg1 (actin gamma 1) was down-regulated and Gsta2 (Glu-
tathione S-transferase alpha 2) was up-regulated. We successfully overexpressed Actg1
and Gsta2 in vitro. CCK-8 detection and flow cytometry demonstrated that overexpression
of Actgl and Gsta2 increased apoptosis in the 6-OHDA-induced Parkinson’s disease cell
model. The imbalance between Actg1 and Gsta2 may be one of the mechanisms of cell
damage in Parkinson’s disease (PD). Capsaicin can protect the cells and reduce the apop-
tosis rate by regulating Actg1 and Gsta2.

Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disease characterized by selective death and
degeneration of dopaminergic neurons in the substantia nigra. One major objective of PD research is to
explore potential disease-modifying drugs that slow or stop the underlying neurodegenerative process
[1,2]. In previous research, our lab found that capsaicin could protect against oxidative insults and alle-
viates behavioral deficits in rats with 6-OHDA-induced PD via activation of transient receptor potential
vanilloid subfamily member 1 (TRPV1) [3], but we have not shown the molecular mechanism of action
of capsaicin.

Capsaicin is an irritant ingredient found in red pepper, which can cause body temperature to rise,
increase blood flow, increase energy consumption and reduce oxidative stress. Capsaicin is an effective
antioxidant, even if it is eaten in a short period of time, it also helps to reduce low-density lipoprotein
[4,5]. Capsaicin can also be locally applied to the treatment of peripheral neuropathy and can regulate
the damage of rat liver mitochondrial membrane (RLM) caused by gamma radiation. Capsaicin can effec-
tively inhibit radiation-induced biochemical changes, including lipid peroxidation and protein oxidation.
It can also significantly prevent radiation-induced loss of antioxidant enzyme and important endogenous
antioxidant glutathione activity, and can be used as antioxidant and radiation protection agent in physio-
logical systems [6]. Capsaicin can regulate the redox state of red blood cells. As an antioxidant, capsaicin
can increase the level of glutathione and may help prevent age-related diseases [7]. The neurotoxic dose
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of capsaicin can change the sensitivity of neutrophils to bacterial stimulation, and the effect is related to the level of
neuropeptides [8].

Capsaicin is an alkaloid found primarily in the fruit of the Capsicum genus [9], and is the classical agonist of
a nonselective cation channel, TRPV1 [10,11]. Traditionally, TRPV1 has been considered to be involved in a broad
range of diseases [12]. Recently, more and more studies have found that TRPV 1 is not only highly expressed in sensory
neurons but also present in various regions of the whole brain. Moreover, experiments have suggested that TRPV1 can
significantly reduce deficits in motor and cognitive functions [13]. The preliminary experiments of our lab showed
that capsaicin is mainly involved in rescuing nigral neuron survival by inhibiting oxidative stress on the ipsilateral side,
protecting against DA neuron loss. Therefore, TRPV1 might be an effective neuroprotective target for PD [14]. Here,
we demonstrated that capsaicin can protect against 6-OHDA-induced Parkinson’s disease and reduce the apoptosis
rate by regulating Actgl and Gsta2 in a cell model.

Actins are a family of highly conserved cytoskeletal proteins that play fundamental roles in nearly all aspects of
eukaryotic cell biology [15]. The ability of a cell to divide, move, endocytose, generate contractile force and maintain
shape is reliant upon functional actin-based structures. The Actgl gene provides instructions for making a protein
called gamma (y)-actin, which is part of the actin protein family. Proteins in this family are organized into a network
of fibers called the actin cytoskeleton, which makes up the structural framework inside cells. These proteins play
important roles in determining cell shape and controlling cell movement (motility). Recently, one study demonstrated
that embryonic development is delayed and cell growth and survival are impaired in Actgl null mice. Actgl-deficient
cells exhibit growth impairment and reduced cell viability [15]. Another study showed that systemic dysregulation of
cellular cytoskeletal genes is involved in HBx-induced hepatocarcinogenesis [16].

Glutathione S-transferase 2 (Gsta2) is a member of the glutathione S-transferase (GST) superfamily, which encodes
multifunctional enzymes important in the detoxification of electrophilic molecules, including carcinogens, mutagens
and several therapeutic drugs, by conjugation with glutathione. Gsta2 is one of the functional antioxidant response
elements (AREs), which play a role in defense against oxidative stress [17]. Recently, one study demonstrated that
up-regulating Gsta may serve as a compensatory mechanism against elevated oxidative stress, which accompanies
obesity. On the other hand, down-regulating Gsta can impair the defense against oxidative stress [18]. Here, our
experiments demonstrated that overexpression of Actgl (actin gamma 1) and Gsta2 increased apoptosis in a cell
model of 6-OHDA-induced Parkinson’s disease. We further demonstrated that capsaicin may protect the cells and
reduce the apoptosis rate by regulating Actgl and Gsta2.

Materials and methods

Cell culture

Human neuroblastoma SH-SY5Y cells were provided by the Otolaryngology Institute of Qilu Hospital of Shandong
University and maintained at 5% CO; at 37°C in MEM:Ham’s F12 (1:1) supplemented with 10% fetal bovine serum,
penicillin (100 pnits/ml), and streptomycin (100 pg/ml). Cells were subcultured weekly. All experiments were per-
formed between passages 25-35 and 90% cell confluence. The cells were seeded into multiwell plates. The cell culture
medium was replaced every 3 days [19].

Cell model establishment

Well-growing SH-SY5Y cell suspensions were seeded into 24-well plates, and then 6-OHDA at the final concentra-
tion of 12.5-100 pmol/l diluted with 0.2% vitamin C solution was added for 0-48 h [20-22]. Then, the CCK-8 and
Annexin V-FITC flow cytometry kit were used to detect the cell survival rate. According to the experimental results
and literature report [23-25], we finally established the SH-SY5Y cell model, selecting 50 pmol/l 6-OHDA for 24 h
as the model treatment [25-27].

Affymetrix genechip analysis

In our previous experiment: Capsaicin was treated intraperitoneally for the 6-OHDA induced PD rats and the loco-
motor activity and abnormal involuntary movements were found alleviated. Besides, we found that brain oxidative
insults were investigated relieved. And the immunostaining of substantia nigra further suggested that capsaicin might
protect against dopaminergic neuronal loss [3]. Then we analyzed the transcriptional changes in paraffin-embedded
wax blocks containing substantia nigra tissue from capsaicin-treated rats with 6-OHDA-induced Parkinson’s disease
using Affymetrix GeneChip Whole Transcript Expression Arrays. Microarray hybridization, data collection and anal-
ysis were performed at Oebiotech Biotechnology Corporation according to Agilent protocols. Detailed procedures are
provided in the Supplementary Methods. A total of 108 genes were differentially expressed in response to capsaicin
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treatment, and seven of these genes were selected for further analysis: Olr724, COX1, Gsta2, Rab5a, Potef, Actgl and
Acadsb.

Construction of overexpression vectors for the seven genes

‘Rat-human’ gene matching

The seven genes that may be closely related to PD identified in the above experiments were compared and analyzed
by using the GenBank database. The most homologous and functional human genes were identified for each gene,
the relevant gene sequences were downloaded from the NCBI database, and primers were designed with DNA STAR
software.

Construction of expression vectors

Total RNA was extracted from PD model cells using the RNAprep Pure Cell-Bacteria Kit (Affymetrix Rat Clariom™
D slug and version 13.1, Agilent Technologies software), and cDNA synthesis was performed with the TIANScript
RT Kit. The high fidelity DNA polymerase Pfu DNA polymerase was used to amplify the PCR, and the target gene
fragments were obtained. Then, the PCR products were purified by the TIANquick Maxi Purification Kit, and the
PCR products of each target gene and the eukaryotic expression vector pcDNA3.1-myc/His (—) A were digested
by restriction endonuclease Xho I and BamH I. The double enzyme-digested products were recovered and purified
with the TIANgel Maxi Purification Kit. The target gene fragment was connected to the skeleton fragment of the
expression vector by T4 DNA ligase to form a circular recombinant plasmid. The ligation product was transformed
into E. coli and screened with an LB/Agar plate containing ampicillin. The positive clones were identified by PCR.
A small amount of plasmid was extracted by the TIANprep Rapid Mini Plasmid Kit. An LB/Agar plate containing
ampicillin was used to screen the positive clones, which were identified by bacterial fluid PCR, and the plasmid was
extracted by the TIANprep Rapid Mini Plasmid Kit.

Detection of the RNA expression level

Relative Q-PCR quantification was carried out before and after transfection of the seven overexpression vectors, and
the changes in the RNA level were observed. Through extraction of total RNA from PD model cells by RNAprep Pure
Cell-Bacteria Kit directly and reverse transcription of cDNA, we detected the RNA expression level of the abovemen-
tioned seven genes by SYBR Green relative quantitative Q-PCR. We used 2- AACt method for data processing.

Detection of the protein expression level

The seven genes were cloned into the same eukaryotic expression vector pcDNA3.1, and the eukaryotic expression
plasmids were constructed. These plasmids were transfected into PD model cells. We have carried out three inde-
pendent experiments, each of which has been repeated three times. Then WB (western blot) detection and IF (im-
munofluorescence) detection with His-tag and HA-tag, respectively, were used. Only the expression of the proteins
Gsta2 and Actgl could be detected.

Apoptosis assay

Analysis of apoptosis by flow cytometry

Cell apoptosis was measured using an Annexin V-FITC/PI Apoptosis Detection kit. Briefly, the seven overexpression
plasmids were transfected into SH-SY5Y cells individually. After 4 h of transfection, 6-OHDA at a final concentration
of 50 umol/l was added, and cells were incubated at 37°C and 5% CO, for 24 h. All the cells were collected by flow
cytometry, washed with sterile PBS two times, and stained with anti-Annexin V-FITC/PI. Apoptosis was analyzed by
a flow analyzer.

Analysis of apoptosis by the CCK-8 detection kit

Cell apoptosis was measured using the CCK-8 apoptosis detection kit. Briefly, seven overexpression plasmids were
transfected into SH-SY5Y cells individually. After 4 h of transfection, 6-OHDA was added at a final concentration of
50 wmol/l, and cells were incubated at 37°C and 5% CO, for 24 h. The medium was replaced with new cell culture
medium, and the CCK-8 reagent (50 pl/well) was added, followed by incubation in a cell incubator for 2 h. The super-
natant was then transferred to a 96-well plate with 100 ul/pore, and each sample divided into four separate wells. The
cell proliferation curve was immediately drawn by measuring the absorption value at 450 nm with a multifunctional
enzyme marker. Cell culture medium (400 pl/well) was added to a 24-well plate, and cell imaging was performed with
an inverted microscope.
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Figure 1. Amplified fragments of seven target genes were subjected to agarose gel electrophoresis
The results showed that seven target genes were successfully amplified.

Statistical analysis

All statistical analyses were carried out using GraphPad Prism 6.0 software. The data are presented as the mean +
SEM. P values of less than 0.05 were considered statistically significant. All statistical analyses were performed with
the SPSS 16.0 software. In the figures, asterisks indicate the degree of significance when compared with the controls,
such as P<0.01.

Results

Differentially expressed genes of capsaicin-treated cells

In previous studies, we showed that capsaicin protects against oxidative insults and alleviates behavioral deficits in
rats with 6-OHDA-induced Parkinson’s disease. We used the Affymetrix GeneChip Whole Transcript Expression Ar-
rays to analyze the capsaicin-treated and paraffin-embedded wax blocks containing substantia nigra tissue from rats
with 6-OHDA-induced Parkinson’s disease. Comparing the control group with that treated with capsaicin revealed
108 differentially expressed genes (DEGs). GO analysis showed that 26 genes were up-regulated and 45 genes were
down-regulated. Pathway analysis showed that 15 genes were up-regulated and 34 genes were down-regulated. Com-
bined with the above two analyses, we found that there was overlap among the following seven genes and related
pathways. Therefore, we selected these seven genes as target genes for further analysis: Olr724, COX1, Gsta2, Rab5a,
Potef, Actgl and Acadsb. Figure 1 shows the selection process of the seven differentially expressed genes. Table 1
shows the seven genes and their related pathways.

Successful construction of the overexpression vector

We constructed overexpression vectors of the seven target genes and then transfected them into SH-SY5Y cells. Figure
2 shows target gene amplification results. Figure 3 is the identification result of bacterial liquid PCR, indicating that
the overexpression vector was constructed successfully. Furthermore, we transfected the seven overexpression vectors
into SH-SY5Y cells and the protein expression level was detected by WB (Figures 4 and 5) and IF (Figure 6). Only two
of the seven genes, Gsta2 and Actgl, were detected. Gsta2 and Actgl were successfully overexpressed in SH-SY5Y
cells.
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Table 1 The list of seven related genes and the pathways involved

Fold
Gene Official full name changes Function description
Qlr724 Olfactory receptor 724 2.38 Olfactory transduction, etc.
COX1 Mitochondrially encoded cytochrome ¢ oxidase | 2.32 Parkinson’s disease; oxidative phosphorylation, etc.
Gsta2 Glutathione S-transferase alpha 2 2.05 Glutathione metabolism, etc.
Rabba RAB5A, member RAS oncogene family -2.02 Regulation of long-term neuronal synaptic plasticity;
phagosome, etc.
Potef POTE ankyrin domain family member F -5.18 Phagosome, etc.
Actg1 Actin gamma 1 -3.18 Phagosome, etc.
Acadsb Acyl-CoA dehydrogenase short/branched chain —2.47 Fatty acid degradation and metabolism, etc.

108DEGs(39upregulated+69downrugulated)

DEGs (Differentially expressed genes)

Figure 2. A Venn diagram of the selected genes
We select seven genes as our target genes from the involved 108 genes.

Table 2 The numerical value of comparison which shows the cell survival rate in different groups by flow cytometry

Cell survival rate (%) Exp 1 Exp 2 Exp 3
No-treatment control (NC) 93.2 941 94.2
Vitamin C 51.7 54.4 51.1
Gsta2 43.7 40.6 42.2
Actg1 39.5 37.1 38.4

Apoptosis detection results

We further overexpressed Gsta2 and Actgl genes in PD model cells, and detected apoptosis with CCK-8 apoptosis
kit and flow cytometry. The CCK-8 kit can directly detect cell apoptosis, whereas flow cytometry is used to detect
the cell survival rate, to which the apoptosis rate is inversely proportional. The results showed a significant difference
in apoptosis between cells overexpressing Gsta2 and the vitamin C control group (P = 0.0008, P<0.05) and between
cells overexpressing Actgl and the vitamin C control group (P<0.0001, P<0.05). Figure 7 shows the apoptosis results
determined by the CCK-8 apoptosis kit; Figure 8 shows the SH-SY5Y cell survival rate determined by flow cytometry.
Table 2 lists the numerical value of comparison that shows the cell survival rate by flow cytometry and Figure 9 the
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Figure 3. Identification of bacterial solution by PCR
The results showed that seven target genes were successfully cloned into the plasmids.
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Figure 4. Protein quantification in SH-SY5Y cells transfected with seven target gene overexpression vectors by WB with
His-tagged proteins
The results showed that only two target genes (Gsta2 and Actg1) were highly expressed in the cells

Y|
Figure 5. Protein quantification in SH-SY5Y cells transfected with seven target gene overexpression vectors by WB with
HA-tagged proteins
The results showed that only two target genes (Gsta2 and Actg1) were highly expressed in the cells
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Figure 6. IF quantification of protein in SH-SY5Y cells transfected with seven target gene overexpression vectors
The results showed that only two target genes (Gsta2 and Actg1) were highly expressed in the cells. 1, pcDNA-OIr724; 2, pcDNA-

COXI; 3, pcDNA-Gsta2; 4, pcDNA-Rab5a; 5, pcDNA-Potef; 6, pcDNA-Actg1; 7, pcDNA-Acadsb; 8, pEGFP-C1
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Figure 7. The apoptosis results determined by the CCK-8 apoptosis kit
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Figure 8. The survival rate of SH-SY5Y cells with overexpression of different genes by flow cytometry

quantification and visualization of flow cytometry data using SPSS16.0 software.

Discussion

In our previous research, capsaicin has been found to have neuroprotective effects in 6-OHDA-induced PD rats,
and it has been found that capsaicin can lead to DA cell survival and behavioral recovery. A possible mechanism
is through the effects on anti-oxidant stress and scavenging free radicals. Therefore, we wanted to verify whether
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Figure 9. The histogram of survival rates in different groups measured by flow cytometry using SPSS16.0 software

capsaicin has a protective effect on a PD cell model in vitro and determine the possible molecular mechanism. We
found that Gsta2 was up-regulated and Actgl was down-regulated in microarray analysis of wax blocks containing
the striatum from 6-OHDA-induced PD rats. We further constructed the overexpression vectors of the corresponding
genes and overexpressed it in cell lines. PD model cells overexpressing Gsta2 or Actgl showed significantly greater
apoptosis than vitamin C-treated control cells. Gsta2 is a glutathione transferase gene involved in oxidative stress
and free radical scavenging. Actgl is an actin gene involved in the establishment of the cytoskeleton and autophagy
pathway. Overexpression of both gene increased apoptosis, indicating that the imbalance between them may be one
of the mechanisms of cell damage in PD. Capsaicin can protect the cells and reduce the rate of apoptosis by regulating
them.

Cell death is a complex process that is carefully regulated. The role and regulatory network of apoptosis, as the
first recognized programmed cell death program, have gradually become clear. At the same time, autophagy is also a
conservative method of cell self-degradation. Autophagy is a process of degradation and reuse of damaged organelles
and macromolecules through lysosomes and, at a basic level, is necessary to maintain cell homeostasis. Autophagy
is involved in the pathophysiological process of anti-aging, differentiation and development, immunity and clear-
ance of microorganisms, and tumor and other diseases [28]. Under starvation, hypoxia, drugs and other factors, a
double-layer membrane will form around the cell components to be degraded, and then the partitioned membrane
will gradually extend until the cytoplasmic component to be degraded will be completely sealed, forming an au-
tophagosome. The autophagosome is transported to the lysosome through the cytoskeleton microtubule system, and
the two fuse to form the autophagolysosome [29,30]. Finally, the contents of the autophagolysosome are degraded by
lysosomal enzyme and utilized by the cell. In recent years, autophagy has been proven to regulate cell death together
with apoptosis. In some cases, autophagy inhibits apoptosis, acting as a survival pathway of cells, but autophagy itself
can also induce cell death or act together with apoptosis and induce cell death as a backup mechanism in the case of
defective apoptosis. The two pathways are interrelated and regulated [29,30].

The actin filament is the dynamic basis of autophagy and its components actin and myosin regulate multiple stages
of autophagy. The main components of the cytoskeleton, microtubules, actin filaments and phase-linked proteins,
play an important role in autophagy. In mammalian eukaryotic cells, actin filaments, under the control of related
proteins, are used as scaffolds for the expansion of autophagy precursors, resulting in actin comet trailing and drag-
ging autophagy, thus ensuring effective fusion of autophagy and lysosome [31]. Actin filaments are closely related
to autophagy as the main component of the cytoskeleton. Recent studies have shown that dynamic changes in actin
tilaments are key to autophagy formation and migration in mammalian cells [32,33]. Actin filaments provide an un-
obstructed fiber network for the transport of membrane structures to autophagosomes in different parts of the cell

(©) 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attr
License 4.0 (CC BY).

«. 2 PORTLAND
09 press

ibution 9



o = PORTLAND
09 rress

10

Bioscience Reports (2020) 40 BSR20191796
https://doi.org/10.1042/BSR20191796

[33]. The mutation and / or deletion of myosin and actin and the role of the cytoskeleton in human disease are emerg-
ing domains of research. However, none of these studies have examined changes in autophagy due to abnormal cy-
toskeleton. The role of autophagy impairment in cytoskeleton-related diseases needs to be further clarified. Studying
the exact role of cytoskeleton components in various stages of autophagy will contribute to the further understanding
of the pathogenesis of autophagy-related diseases and the development of new and innovative drugs.

One of our target genes, Actgl, is a member of the cytoskeleton actin family, involved in cytoskeleton construc-
tion and the autophagy pathway [33]. Our analysis of differentially expressed genes between the capsaicin treatment
group and the control group showed that capsaicin treatment could reduce the expression of Actgl, and we further
overexpressed Actgl in the PD cell model, and the apoptosis rate of PD cells increased after transfection. These results
suggest capsaicin may affect the formation of the cytoskeleton by down-regulating Actgl, which is a member of the
cytoskeleton actin gene family, and further influence the formation and migration of autophagy, thereby reducing the
rate of apoptosis and ultimately achieving cell protection.

The second differentially expressed gene identified in our study was Gsta2. Gsta2 is a member of the GST super-
family, which encodes multifunctional enzymes important in the detoxification of electrophilic molecules, including
carcinogens, mutagens, and several therapeutic drugs, by conjugation with glutathione. GSTs are a superfamily of
phase II metabolizing enzymes that catalyze the detoxification of a large range of endogenous and exogenous toxic
compounds, playing an important role in protecting cells against damage, through glutathione conjugation with elec-
trophilic substances. The polymorphic variation in these enzymes that affects their activity seems to be related to
individual susceptibility to various human diseases, including cancer. Of the GST superfamily, the alpha-class GSTs
have commonly been described as one of the most versatile classes, as this class is responsible for the detoxification
of compounds such as bilirubin, bile acids and penicillin, thyroid and steroid hormones, allowing the solubilization
and storage of these compounds in the liver. Among the alpha class, Gstal and Gsta2 are the most widely expressed
in human tissues. Gsta2 is one functional antioxidant response element (ARE) that plays a role in defense against ox-
idative stress. Recently, one study demonstrated that up-regulation of Gsta may serve as a compensatory mechanism
against elevated oxidative stress, which accompanies obesity. On the other hand, down-regulating Gsta2 can worsen
defense against oxidative stress. The current study showed that oxidative stress is one of the key mechanisms in the
progression of PD [34].

In our previous studies, rats in the 6-OHDA group presented abnormalities of the antioxidant system, resulting in
a significant decrease in the activities of antioxidant enzymes. And our previous study also demonstrated the antiox-
idative properties of capsaicin in vivo: the antioxidant system was effectively enhanced by capsaicin [3,35]. A previous
study showed that capsaicin enhanced neuroprotection by up-regulating antioxidant enzymes in vitro [3]. Interest-
ingly, using Affymetrix GeneChip Whole Transcript Expression Arrays, we found that Gsta2 was up-regulated in the
substantia nigra of PD rats treated with capsaicin, suggesting that capsaicin may also enhance the body’s ability to
defend against oxidative stress by up-regulating Gsta2. Overexpression of Gsta2 significantly increased the apoptosis
rate in vitro. The oxidative stress response and the antioxidant stress response are in dynamic equilibrium. If the level
of oxidative stress reaction is too strong, the antioxidant stress reaction is insufficient, the dynamic equilibrium state
will be broken, causing cell damage. In the present study, we found that capsaicin may regulate the antioxidant stress
system by up-regulating Gsta2 and exert an antioxidant stress effect to achieve a neuroprotective effect. Excessive or
inadequate antioxidant stress can cause cell damage.

Capsaicin is expected to become a new drug to regulate autophagy and oxidative stress and be used in clinical
treatment of PD. Whether capsaicin can protect the nervous system in other ways, the optimal use of capsaicin, the
effective dose of capsaicin and many other related issues need to be studied in vivo and in vitro.

Conclusion

The present study showed that regulation of Actgl and Gsta2 is the possible mechanism by which capsaicin alle-
viates apoptosis in a cell model of 6-OHDA-induced Parkinson’s disease. We demonstrated that capsaicin could
down-regulate Actgl and up-regulate Gsta2 in PD rats, reduce apoptosis and protect cells by regulating the autophagy
pathway and oxidative stress pathway. Actgl and Gsta2 are promising therapeutic targets for alleviating the progres-
sion of PD.
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