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Abstract: Nicotine and menthol, agonists of nicotinic acetylcholine receptor (nAChR) and transient receptor potential

melastatin type 8 (TRPM8), serve important roles in the prevention of cell death-involved neurodegenerative diseases.

However, the potential synergistic effects of nicotine and menthol on anti-apoptotic ability are still uncertain. In the

present study, the potential synergistic effects of nicotine and menthol on cisplatin or amyloid β1-42 induced cell

model of the neurodegenerative diseases were explored by assessing cell viability, TNF-α expression, caspase-3

activation, and the collapse of mitochondrial membrane potential in human SH-SY5Y neuroblastoma cells. Statistical

significance was tested using Student’s t-test or one-way ANOVA with post hoc Newman-Keuls test. The results

showed that: Firstly, SH-SY5Y cell viability was obviously increased by the treatments with nicotine and menthol.

Secondly, nicotine and menthol independently alleviated cisplatin or amyloid β1-42 induced TNF-α up-regulation.

Thirdly, nicotine and menthol abrogated the effect of cisplatin and amyloid β25-35 on caspase-3 activation.

Interestingly, the effect of cisplatin and amyloid β1-42 on the collapse of mitochondrial membrane potential was

efficiently attenuated by nicotine and menthol treatments. Most importantly, the inhibition of c-jun kinase (JNK)

activation abolished the effect of cisplatin, and amyloid β1-42 stimulated Bcl-xl expression. All these findings indicate

that nicotine and menthol independently exert neuroprotective effects by upregulating Bcl-xl via JNK activation.

Nicotine and menthol augmented Bcl-xl expression and JNK phosphorylation, and thus they are potential therapeutic

targets for altering the progress of neurodegenerative diseases.

Introduction

Apoptosis, which initiates either by the intrinsic pathway or the
extrinsic pathway, is responsible for the physiological deletion
of cells and appears to be intrinsically programmed (Pistritto
et al., 2016). While intrinsic cell stress is sensed by the
intrinsic pathway, signals from other cells such as tumor
necrosis factor-alpha (TNF-α) and Fas signals are sensed by
the extrinsic pathway (van Opdenbosch and Lamkanfi, 2019).
After the signals of cell death are sensed, cysteinyl aspartate
specific proteinases (caspases) such as caspase-3 and caspase-
6 are activated, and the degradations of the proteins and
chromatin occur (van Opdenbosch and Lamkanfi, 2019).

Alzheimer’s disease, which is characterized by memory
loss and language deterioration, exhibits neurofibrillary tangle
accumulation and β-amyloid protein-containing plaques
(Rosenberg and Lambracht-Washington, 2013). β-amyloid
induced neuron apoptosis, which is typically observed in the
brains of the patients, features chromatin condensation,
deoxyribonucleic acid (DNA) fragmentation, and caspase
activation (Nalivaeva and Turner, 2013). Interestingly, there
is evidence that nicotinic acetylcholine receptors (nAChR)
provide neurotrophic support to neurons (Bono et al., 2020).
These findings indicate that nAChR might be involved in
β-amyloid inducing neuronal loss, and it serves an important
role in the development of the disease.

Nicotine, an agonist of nAChR (Islam et al., 2013),
prevents oxidative stress-induced hippocampal neuronal
injury through α7-nAChR/Erk1/2 signaling pathway (Dong
et al., 2020). Although the treatment with menthol increases
nicotine addiction (Nonnemaker et al., 2019), menthol, an
agonist of transient receptor potential melastatin Type 8
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(TRPM8), was documented to ameliorate the pathological
abnormalities in hepatic and pancreatic islets
(Muruganathan et al., 2017; Rozza et al., 2014). Hence, as
the agonists of the nicotinic acetylcholine receptors, nicotine
and menthol play important roles in activating c-Jun kinase
(JNK) activation and altering the progress of
neurodegenerative diseases (Go et al., 2020; Lombardo and
Maskos, 2015). In our previous studies, amyloid β and
cisplatin were found to induce cell apoptosis in a
concentration-dependent manner (Xue et al., 2014; Yan et
al., 2014). By inhibiting JNK with SP600125, nicotine also
exhibited an anti-apoptotic effect and facilitated the cross-
presentation in dendritic cells (Gao and Gu, 2007; Xue et
al., 2014). But the potential synergistic effects of nicotine
and menthol on anti-apoptotic ability are still uncertain.

In the present study, we aimed to investigate the potential
synergistic effects of nAChR and TRPM8 agonist on cell
viability by using human SH-SY5Y neuroblastoma cells as a
cell model of neurodegeneration (Bono et al., 2020). We
demonstrated that as agonists of nAChR and TRPM8,
nicotine and menthol exert neuroprotective abilities, which
was supported by the following observations. Firstly, the
treatments with nicotine and menthol efficiently increased
cell viability. Secondly, cisplatin and amyloid β1-42
augmented TNF-α up-regulation was abolished by the
pretreatments with nicotine and menthol. Thirdly, the
effects of cisplatin and amyloid β25-35 on caspase 3
activation were abrogated by nicotine and menthol
treatments. Interestingly, cisplatin and amyloid β1-42
induced collapse of mitochondrial membrane potential was
alleviated by nicotine and menthol pretreatments. Most
importantly, the inhibition of JNK activation abrogated the
effects of nicotine and menthol on Bcl-xl up-regulation. All
these findings indicate that the upregulating Bcl-xl via JNK
activation contributes to nicotine and menthol
independently exert a neuroprotective effect. Bcl-xl and JNK
phosphorylation are potential therapeutic targets for dealing
with nAChR and TRPM8 associated with the progress of
neurodegenerative diseases.

Materials and Methods

Reagents
Nicotine (-), amyloid β1-42, amyloid β25-35 and Rhodamine123
were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Nicotine and menthol were provided by China Tobacco
Guizhou Industrial Co., Ltd., Guiyang, China. Cisplatin was
purchased from Calbiochem, Inc (Merck KGaA, Darmstadt,
Germany). Cell Counting Kit-8 (CCK-8) was purchased
from Dojindo Molecular Technologies, Inc., Shanghai,
China. SP600125 was from Cayman Chemical Company
(Ann Arbor, MI, USA). Antibodies to β-actin (Mouse,
#3700), myeloid cell leukemia-1 (Mcl-1) (Rabbit, #94296),
Bcl-xl (Rabbit, #2764), phosphorylated JNK (Rabbit, #4668),
TNF-α (Rabbit, #6945), cleaved caspase 3 (Rabbit, #9661)
were purchased from Cell Signaling Technology, Inc., Beverly,
MA, USA. Dulbecco’s modified eagle medium (DMEM) and
fetal bovine serum (FBS) were purchased from HyClone, GE
Healthcare Life Sciences (Logan, UT, USA). The stock
solution of amyloid β and cisplatin was prepared by

dissolving amyloid β and cisplatin in phosphate buffer saline
(PBS) and dimethyl sulfoxide (DMSO), respectively.

Cell lines
Human SH-SY5Y neuro-blastoma cells were obtained from
the Shanghai Cell Bank and authenticated by STR profiling
using fluorescence-labeled amplification product length
polymorphism analysis. Mycoplasma testing was performed
for this cell line. Cells were cultured in DMEM with 10%
FBS at 37°C in 5% CO2. The cells were rinsed with 0.25%
trypsin and passaged according to the subcultivation ratio of
1:20, and every 4 to 7 days, the medium was replaced. The
concentrations of amyloid β1-42, amyloid β25-35, nicotine
were based on previous studies (Xue et al., 2014).

Plate scan and optical microscope observation
Optical microscope observation was performed according to a
previous description (Jiang et al., 2019). Briefly, a total of
5 × 104 SH-SY5Y cells were firstly seeded in 24-well plates.
Then, synchronization was performed by serum starvation
for at least 12 h to reduce the effect of cell proliferation. The
cells were further pretreated with nicotine (1 µM), menthol
(1 µM), nicotine and menthol used together (1 µM,
respectively) for 16 h prior to 5 µg/mL cisplatin or 20 µM
amyloid β1-42 stimulation. In the end, the cells were cultured
for a further 48 h–72 h, and the effects of nicotine, menthol,
nicotine, and menthol used together on cell morphology
and viability were assessed by plate scan with crystal violet
staining, cell count using an optical microscope with 100×
magnification factor, respectively.

Cell proliferation assay
Cell proliferation assay was determined by CCK-8 assay
according to a previous description (Wang et al., 2014).
Based on the detection of the dehydrogenase activity in the
viable cells, WST-8 products a water-soluble formazan dye
upon reduction in the presence of an electron mediator.
Briefly, a total of 3 × 104 SH-SY5Y cells were firstly
inoculated in a 96-well plate in 100 μL/well medium. Then,
the cells were subsequently treated with indicated amyloid
β1-42 and cisplatin. CCK-8 solution (10 µL per well) was
added to each well. After 2 h incubation, the OD450 value
was determined at the wavelength of 450 nm.

Mitochondrial membrane potential assay
Mitochondrial membrane potential was determined using flow
cytometry according to a previous description (Ke et al., 2013).
Briefly, a total of 5 × 104 SH-SY5Y cells were seeded in 24-well
plates. Then, the cells were pretreated with nicotine
(1 µM), menthol (1 µM), nicotine and menthol used
together (1 µM, respectively) for 16 h prior to 5 µg/mL
cisplatin or 20 µM amyloid β1-42 stimulation. After that,
the cells were removed by trypsinization, rinsed with PBS.
The cells were re-suspended in binding buffer containing
Rhodamine123 (1 µM) for 20 min at room temperature.
After a thorough wash, the mitochondrial membrane
potential of the cell was determined using flow cytometric
analyses on FACSCalibur. Data were analyzed using
CellQuest software.
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Western blot analyses
Western blot analyses were performed according to the
methods previously described (Xue et al., 2014). For TNF-α
and cleaved caspase-3, SH-SY5Y cells were pretreated with
DMSO/PBS, nicotine (1 µM), menthol (1 µM) or nicotine
and menthol used together (1 µM, respectively) for 16 h prior
to 5 µg/mL cisplatin or 20 µM amyloid β25-35 10 h
stimulation. For Bcl-xl expression, the cells were pretreated
with DMSO or SP600125 prior to the stimulations of
nicotine, menthol, nicotine, and menthol used together. Left-
handed nicotine, which has a powerful ability for cell
proliferation (Wang et al., 2014), was used as the positive
control. The cellular proteins were extracted and loaded onto
8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). After 120 min electrophoresis with 80 V, the
proteins were transferred onto a polyvinylidene fluoride
(PVDF) membrane. Blocking was performed by incubation
with 5% fat-free milk in TBST. The membrane was incubated
with primary antibody at 4°C overnight with 1:1000 dilution.
After washed six times with TBST (for 10 min each), the
membrane was further incubated with corresponding
horseradish peroxidase (HRP)-conjugated secondary antibody
at room temperature. The bound secondary antibody was
visualized using enhanced chemiluminescence ECL. β-actin
was used as a loading control. DMSO was employed as
solvent control of cisplatin.

Statistical analysis
Each experiment was repeated at least 3 times to confirm data
repeatability. Cell viabilities and Mean Fluorescent Index of
Rhodamine123 in SH-SY5Y cells were expressed as the
mean ± standard error. Statistical significance was tested
using a Student’s t-test or one-way ANOVA with a post hoc
Newman-Keuls test. P < 0.05 was considered to indicate a
statistically significant difference.

Results

The treatments with nicotine and menthol augment cell
viability in SH-SY5Y cells
In our previous studies, we have documented that amyloid
β and cisplatin induce cell apoptosis in a concentration-
dependent manner (Xue et al., 2014; Yan et al., 2014).

Whereas as an agonist of nAChR, nicotine exhibits a
positive effect in neurodegenerative disease and facilitates
the cross-presentation in dendritic cells (Gao and Gu, 2007;
Xue et al., 2014), menthol, an agonist of TRPM8, was also
demonstrated to promote cell proliferation (Muruganathan
et al., 2017; Rozza et al., 2014). As cell viability is the
comprehensive effects of cell apoptosis and cell proliferation,
CCK-8 assay determined cell viability revealed that amyloid
β1-42 and cisplatin decrease SH-SY5Y cell viability in a
concentration-dependent manner (Figs. 1A and 1B).
Whereas the selection of the concentration of nicotine was
documented (Xue et al., 2014), the selected concentration of
menthol achieved a similar effect on cell proliferation to 0.2
and 10 µM menthol (Fig. 1C). We further treated SH-SY5Y
cells with nicotine, menthol, or nicotine and menthol used
together and observed the potential synergistic effect on cell
viability. The treatment with cisplatin increased 50% cell
death (Fig. 1C), but pretreatments with nicotine, menthol,
or nicotine and menthol used together efficiently increased
cell viability in both plate scan and optical microscope
observation assays (Figs. 2A and 2B). Meanwhile, similar
phenomena can be observed in amyloid β1-42 treated
condition (Figs. 2C and 2D). Cell proliferation assay
revealed that whereas the treatments with nicotine or
menthol increased 89.6% and 91.4% cell viability, nicotine
and menthol used together achieved about 88.2% increase in
cell viability in cisplatin-treated condition (Fig. 2E). Similar
results can also be derived in amyloid-β1-42 treated
conditions (Fig. 2F). Although the plate scan and
microscopic images indicated the synergic effect of menthol
and nicotine, the cell count test did not confirm any
significant statistical differences among these treatments
(Figs. 2E and 2F). All these findings indicate that as agonists
of nAChR and TRPM8, nicotine and menthol exhibit an
independent proliferation effect in SH-SY5Y cells.

The treatments with nicotine and menthol attenuate cisplatin
and amyloid β1-42 induced TNF-α expression in SH-SY5Y cells
Inflammations, especially indicated by the high level of TNF-
α, play an important role in the progress of neurodegenerative
diseases (Lombardo and Maskos, 2015). SH-SY5Y cells were
incubated with nicotine, menthol, or nicotine and menthol
used together prior to cisplatin and amyloid β1-42

FIGURE 1. Cisplatin and amyloid β concentration-dependent decrease cell viability in SH-SY5Y cells.
1 × 104 SH-SY5Y cells were treated with cisplatin (A), amyloid β1-42 (B), or menthol (C) at the indicated concentrations. Then, cell viability was
determined by CCK-8 assay. Data are presented as mean ± SEM, ***P < 0.001, **P < 0.01, *P < 0.05, compared with control group (one-way
ANOVA with the post-Newman-Keuls test). Ni, nicotine; Me, menthol.
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stimulation. The level of TNF-α in the cells was subsequently
assessed by Western blot analyses. The treatments with
cisplatin and amyloid β1-42 significantly (P < 0.05)
augmented TNF-α expression (Figs. 3A and 3B). However,
pretreatments with nicotine, menthol, or nicotine and
menthol used together achieved similar inhibitory effects of
cisplatin and amyloid β1-42 on TNF-α expression (Figs. 3C
and 3D). These findings indicate that as agonists of nAChR
and TRPM8, respectively, nicotine exhibited no synergistic
effect with menthol on cisplatin and amyloid β-induced
cell inflammation.

Nicotine and menthol alleviate cisplatin and amyloid β25-35
induced caspase-3 activations in SH-SY5Y cells
Caspase-3 serves a vital role in the intrinsic and extrinsic
pathways of apoptosis (Herr, 2018). SH-SY5Y cells were
incubated with nicotine, menthol, or nicotine and menthol
used together prior to cisplatin and amyloid β25-35
stimulation. The activity of caspase 3 was assessed by
Western blot analyses. Whereas the treatments with
cisplatin and amyloid β25-35 obviously increased the level of
cleaved caspase 3 in a time-dependent manner (Figs. 4A
and 4B), the pretreatments with nicotine, menthol, or
nicotine and menthol used together efficiently abrogated the
effects of cisplatin (Fig. 4C) and amyloid β25-35 (Fig. 4D) on

caspase 3 activation. These results indicate that as agonists
of nAChR and TRPM8, nicotine exhibit no synergistic
inhibitory effect with menthol on cisplatin and amyloid β
induced caspase 3 activation.

The treatments with nicotine and menthol alleviate cisplatin
and amyloid β1-42 induced the collapse of mitochondrial
membrane potential in SH-SY5Y cells
In the earlier stage of apoptosis, the outer membrane of the
mitochondria disrupts, and intermembrane space proteins
are released into the cytosol (Vringer and Tait, 2019).
Hence, the collapse of mitochondrial membrane potential,
which reflects mitochondrial function, serves as an earlier
indicator of cell health (Sakamuru et al., 2016). Whereas the
treatment with cisplatin decreased 25.1% mitochondrial
membrane potential (Fig. 5A), amyloid β1-42 treatment
attenuated 29.5% mitochondrial membrane potential
(Fig. 5B), indicating that cisplatin and amyloid β1-42
efficiently induced the collapse of the mitochondrial
membrane potential. While the pretreatment with nicotine,
menthol attenuated about 29.9%, 32.1% cisplatin-decreased
mitochondrial membrane potential, respectively, nicotine
and menthol used together alleviated 20.1% of the collapse
of the mitochondrial membrane potential (Fig. 5C). Similar
results can be derived in amyloid β1-42 treated condition

FIGURE 2. Nicotine and menthol augment cell viability in SH-SY5Y cells.
SH-SY5Y cells were pre-treated with nicotine (1 µM), menthol (1 µM) or nicotine and menthol used together (1 µM) for 16 h prior to 5 µg/mL
cisplatin (A, B, E) or 20 µM amyloid β1-42 (C, D, F) stimulation in complete DMEM medium. Cell morphology and viability were assessed
using plate scan with crystal violet staining (A, C), optical microscope with 100× magnification factor (B, D), and cell count (E, F),
respectively. Data are presented as the mean ± SEM, **P < 0.01; ***P < 0.001. Data are representative of three independent experiments.
Ni, nicotine; Me, menthol.
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FIGURE 3. Nicotine and menthol
abolish the effect of cisplatin and
amyloid β1-42 on TNF-α up-
regulation in SH-SY5Y cells.
SH-SY5Y cells were pre-treated with
(A) DMSO (B) PBS, or (C, D)
nicotine (1 µM), menthol (1 µM) or
nicotine and menthol used together
(1 µM) for 16 h prior to (A, C)
5 µg/mL cisplatin or (B, D) 20 µM
amyloid β1-42 10 h stimulation in
complete DMEM medium. The
whole cellular protein was extracted,
and TNF-α expression was assessed
using Western blot analysis. β-actin
was used as an internal control.
Data are representative of three
independent experiments. TNF,
tumor necrosis factor; Ni, nicotine;
Me, menthol.

FIGURE 4. Nicotine and menthol
abrogate cisplatin, and amyloid
β25-35 induces caspase 3 activation
in SH-SY5Y cells.
SH-SY5Y cells were pre-treated with
(A) DMSO (B) PBS, or (C, D)
nicotine (1 µM), menthol (1 µM) or
nicotine and menthol used together
(1 µM) for 16 h prior to (A, C)
5 µg/mL cisplatin or (B, D) 20 µM
amyloid β25-35 stimulation in
complete DMEM medium. The
whole cellular protein was extracted,
and cleaved caspase 3 was assessed
using Western blot analysis. β-actin
was used as an internal control.
Data are representative of three
independent experiments. Ni,
nicotine; Me, menthol
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(Fig. 5D). All these findings indicate that as agonists of
nAChR and TRPM8, nicotine and menthol exhibited an
anti-apoptotic effect by stabilizing the mitochondrial
membrane potential.

Nicotine and menthol increase Bcl-xl expression via JNK
activation in SH-SY5Y cells
JNK activation has a positive correlation with the nicotine-
mediated anti-apoptotic ability (Xue et al., 2014). Left-
handed nicotine, which has a powerful ability for cell
proliferation (Wang et al., 2014), was used as a positive
control. We incubated SH-SY5Y cells with nicotine,
menthol, or nicotine and menthol used together and found
that both the JNK phosphorylation (Fig. 6A) and the
expressions of Mcl-1 and Bcl-xl (Fig. 6B) were efficiently
increased by these treatments. The inhibition of JNK
activation with SP600125 obviously abolished the effects of
nicotine and menthol on Bcl-xl up-regulation (Fig. 6C).
Despite the fact that SP600125 administration actually
inhibited JNK activation, the inhibition of JNK
phosphorylation had no effect on nicotine and menthol up-
regulating Mcl-1 expression (Fig. 6C). All these results
indicate that JNK activation is involved in an increase of
Bcl-xl expression by nicotine and menthol.

Discussion

Neurodegenerative diseases, which are involved in the
processes of inflammation and cell viability, exhibit

increased prevalence in the developed community (Patel et
al., 2017). As agonists of nAChR and TRPM8 (Dong et al.,
2020; Lombardo and Maskos, 2015), nicotine and menthol
have therapeutic benefits on neurodegenerative diseases
(Pogocki et al. 2007), the synergistic effect of nicotine and
menthol is definitely important for dealing with these
neurodegenerative diseases. In the present study, we
demonstrated that as agonists of nAChR and TRPM8,
nicotine and menthol exerted neuroprotective effects by up-
regulating Bcl-xl expression via JNK activation in SH-SY5Y
cells. Interestingly, mitochondrial membrane potential, an
indicator of the functional metabolic status of mitochondria,
was found to underlie the mechanism of nicotine and
menthol-enhanced cell viability. These findings indicate that
Bcl-xl and JNK might be potential therapeutic target
molecules in nAChR and TRPM8 associated diseases.
Mitochondrial membrane potential might be useful for
monitoring the progress of neurodegenerative diseases.
Despite the fact that SH-SY5Y cell is a better cell model for
Parkinson’s disease (Krishna et al., 2014; Xicoy et al., 2017),
a number of documents have conferred this cell line as a
cell model of Alzheimer’s disease (Prasad and Rao, 2015;
Yang et al., 2014). Whether nicotine exerts an anti-apoptotic
effect and the potential synergistic effect with menthol in

FIGURE 5. Nicotine and menthol alleviate cisplatin and amyloid
β1-42 induced the collapse of mitochondrial membrane potential in
SH-SY5Y cells.
SH-SY5Y cells were pre-treated with (A) DMSO (B) PBS, or (C, D)
nicotine (1 µM), menthol (1 µM) or nicotine and menthol used
together (1 µM) for 16 h prior to (A, C) 5 µg/mL cisplatin or (B,
D) 20 µM amyloid β1-42 stimulation in complete DMEM medium.
The mitochondrial membrane potential was determined using flow
cytometric analyses with Rhodamine123 staining. Data are
presented as the mean ± SEM, *P < 0.05; **P < 0.01; ***P < 0.001.
Data are representative of three independent experiments. Ni,
nicotine; Me, menthol.

FIGURE 6.Nicotine and menthol augment Bcl-xl expression via JNK
activation in SH-SY5Y cells. (A, B). SH-SY5Y cells were treated with
PBS, nicotine (1 µM), menthol (1 µM), and nicotine and menthol
used together (1 µM, respectively) for 30 min. (C) SH-SY5Y cells
were pre-treated with DMSO or SP600125 (10 µM) prior to
nicotine (1 µM), menthol (1 µM) or nicotine and menthol used
together (1 µM, respectively) stimulation. The whole cellular
protein was extracted, and the levels of phosphorylated JNK
(A, C), Mcl-1 and Bcl-xl (B, C) were assessed using Western blot
analysis. β-actin was used as an internal control. Data are
representative of three independent experiments. Ni, nicotine; Me,
menthol; Ni (−), left-handed nicotine.
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Parkinson’s disease still requires further investigations that
therefore formed the basis of the present study.

The B cell lymphoma-2 (Bcl-2) family consists of a number
of proteins containing Bcl-2 homology domains that regulate
apoptosis by controlling mitochondrial membrane
permeability and releasing cytochrome c (Kvansakul et al.,
2017). The Bcl-2 family can be separated into pro-survival
proteins, pro-apoptotic proteins, and “BH3 only” proteins
(Kvansakul et al., 2017). Interactions between death-promoting
and death-suppressing members lead to a rheostat model in
which the ratio of pro-apoptotic and anti-apoptotic proteins
controls the fate of acute myeloid leukemia (Ashkenazi et al.,
2017). Bcl-xl localizes in the outer mitochondrial membrane
and protects cells against apoptotic stimuli (Kale et al., 2012).
Although nicotine increases Bcl-xl expression and facilitates
multiple drug resistance of lung cancer cells (Ke et al., 2013),
the mechanisms by which nicotine up-regulates other anti-
apoptotic proteins or increasing the interactions between
death-promoting and death-suppressing members require
further exploration. In the present study, the collapse of
mitochondrial membrane potential was found to contribute to
cisplatin- and amyloid β-induced apoptosis (Fig. 4). The
treatments with nicotine and menthol increased Bcl-xl up-
regulation (Fig. 5B), whereas the effects of cisplatin and
amyloid β on the mitochondrial membrane potential were
partly abolished by nicotine and menthol pretreatments
(Fig. 4). As Bcl-xl and other Bcl-2 family proteins help
preserve the mitochondrial potential by reducing
mitochondrial membranes permeability (Suh et al., 2013), the
findings that nicotine up-regulating Bcl-xl expression indicate
that mitochondrial membrane permeability contributes to
nicotine-enhanced cell viability and the neuroprotective effect.

SP600125 abolishes the effect of nicotine on the anti-
apoptotic ability by inhibiting JNK phosphorylation in
Raw264.7 and El4 cells (Wang et al., 2014). The treatment
with amyloid β increases TNF-α expression via NF-κB
pathway activation in the brain of TNF transgenic mice
(Paouri et al., 2017). In this study, we treated SH-SY5Y cells
with nicotine and menthol and found that as agonists of
nAChR and TRPM8, nicotine and menthol increased Bcl-xl
expression via JNK signaling (Fig. 6). These findings
indicate that JNK kinase might be an upstream molecule of
the nuclear factor kappa-B (NF-κB) pathway activation. The
precise roles of JNK phosphorylation in nicotine and
menthol-inhibited TNF-α expression and in the protective
effect on cell viability need to be clarified.

The treatment with menthol contributes to nicotine
intake and addiction via its TRPM8 in C57BL/6 mice (Fait
et al., 2017; Fan et al., 2016). Menthol administration
enhances nicotine’s effect by inducing neuron excitability
and the expression of nicotinic acetylcholine receptors
(Henderson et al., 2017). Compared with nicotine exposure
alone, chronic (±)-menthol plus nicotine exposure increases
β2 nAChR levels in the hypothalamus (Mulcahy et al.,
2019). In the present study, despite the fact that the
administrations of menthol and nicotine increased anti-
apoptotic abilities by up-regulating Bcl-xl via JNK
activation, the exact interactions between nAChR and
TRPM8, as well as the up-regulation of β2 nAChR by
menthol, require further studies.

Bhadania et al. (2012) documented that menthol
administration (400 mg/kg, s.c.) successively for 10 days
significantly improved spatial learning and memory ability
of β-amyloid peptide-induced cognitive deficits by revealing
that the higher dose of menthol showed improvement in
both short-term and long-term memory. Also, when
administered with nicotine, menthol showed psychoactive
properties by affecting brain activity and behavior and
facilitates dopamine-releasing effect in the mouse model
(Thompson et al., 2018; Zhang et al., 2018). All these
documents indicate that the effects of menthol and nicotine
administration are attributable to the comprehensive
function of the central nervous system. Aicher et al. (2003)
found that 10−7 M nicotine has a better effect on surface
molecules’ expression than 10−5–10−6 M nicotine does in
dendritic cells. Our previous studies demonstrated that
10−6–10−7 M nicotine has a similar effect on the cross-
presentation in dendritic cells and the neuroprotective
ability in SH-SY5Y cells (Gao and Gu, 2007; Xue et al.,
2014). In the present study, despite the short-term
incubation of the SH-SY5Y cells with nicotine and menthol
revealing an independent effect on cell viability, menthol’s
actions on nAchR increasing nicotine bioavailability in the
body were also documented (Wickham, 2015). Hence. the
exact interactions among different doses of nicotine and
menthol in either the short-term exposure or the long-term
exposure in the body need to be elucidated.

In the present study, despite the fact that nicotine and
menthol independently decreased cisplatin and amyloid
β1-42 induced TNF-α expression and the collapse of
mitochondrial membrane potential, the exact relationship
between cytokine release and mitochondrial function still
uncertain. A rapid increase of reactive oxygen species (ROS)
occurs in acute ischemic stroke and overwhelms antioxidant
defense, causing further tissue damage (Rodrigo et al.,
2013). The reduction of antioxidants was documented to
produce an oxidation-reduction imbalance and lead to
mitochondrial dysfunction (Poprac et al., 2017). Whereas a
lower concentration of ROS is essential for normal cellular
signaling, a high concentration of ROS causes damage to
cellular macromolecules and results in necrosis and
apoptosis (Singh et al., 2019). Hence, despite the fact we
found that nicotine and menthol independently alleviate
cisplatin and amyloid β1-42-induced TNF-α expression and
the collapse of mitochondrial membrane potential, further
study should focus on the exact effects of nicotine and
menthol on ROS production.

In conclusion, in the present study, as agonists of nAChR
and TRPM8, nicotine and menthol exerted their
neuroprotective effects by up-regulating anti-apoptotic protein
Bcl-xl via JNK activation. These findings indicate that Bcl-xl
and JNK might be potential therapeutic target molecules for
the prevention and treatment of neurodegenerative diseases.
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