Arch Neuropsychiatry 2022;59:188−192
https://doi.org/10.29399/npa.28183

RESEARCH ARTICLE

Potential Effects of Melatonin on TRPA1 Channels in the Prevention and
Treatment of Alzheimer’s Disease
Ahmet ÖZŞİMŞEK1 , İshak Suat ÖVEY2
Department of Neurology, Medical School of Alanya Alaaddin Keykubat University, Turkey
Department of Physiology, Medical School of Alanya Alaaddin Keykubat University, Turkey

1
2

ABSTRACT
Introduction: Alzheimer’s disease (AD) is the most common cause of
dementia and is defined as a progressive neurodegenerative disease.
Main clinical features of AD are progressive impairment in learning and
memory loss. Several studies have indicated that mitochondria play a
critical role in the pathogenesis of AD. In this study, we investigated the
effect of melatonin on mitochondria-dependent TRPA1 ion channels in
neuroblastoma cells by creating an in vitro model of Alzheimer’s disease.
Methods: Okadaic acid was applied to SH-SY5Y (human neuroblastoma
cell line) cells to create an AD model. After cellular differentiation, the
following 7 main groups were created: Group 1 (Control), Group 2
(Mel+AD), Group 3 (Mel+AD+AP18), Group 4 (AD), Group 5 (AD+AP18),
Group 6 (AD+Mel), and Group 7 (AD+Mel+AP18), and Alzheimer’s
disease was determined in vitro by examining the effect of melatonin on
calcium-dependent TRPA1 channels in neuroblastoma cells.
Results: The Ca2+concentration was greater in the melatonin+AD, AD
and AD+melatonin groups than in the control (p<0.001). However,
there was no statistically significant difference between Mel+AD+AP18,
AD+Mel+AP18 and the control. We determined that Ca2+ levels were
lower in the melatonin+AD and AD+melatonin groups than in the AD
group (p<0.001 and p<0.05). Additionally, cytosolic Ca2+ concentrations
were found to be lower in the melatonin+AD group than in the

AD+melatonin group (p<0.05). In evaluating the apoptosis and oxidative
stress levels, we found that the apoptosis and intracellular ROS values
were higher in the melatonin+AD, AD and AD+melatonin groups than in
the control (p<0.001). In this respect, the mitochondrial depolarization
and caspase-3 and caspase-9 levels were higher in the melatonin+AD,
AD and AD+melatonin groups than in the control group (p<0.001).
Additionally, the mitochondrial depolarization, caspase-3 and caspase-9
values were higher in the AD group than in the melatonin+AD and
AD+melatonin groups (p<0.001), while mitochondrial depolarization
and caspase-3 levels were lower in the melatonin+AD group than in the
AD+melatonin group (p<0.001). However, in the same groups, there was
no statistically significant difference in caspase-9 results. Additionally,
the caspase-9 values were lower in the melatonin+AD group, AD group
and AD+melatonin groups than in the melatonin+AD+AP18, AD+AP18
and AD+melatonin+AP18 groups, respectively (p<0.001 and p<0.05).
Conclusion: Our results suggest that melatonin may be an effective
option in the treatment and prophylaxis of Alzheimer’s disease by
reducing cytosolic Ca2+ concentration, apoptosis and intracellular ROS
through TRPA1 channels.
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INTRODUCTION
Alzheimer’s disease (AD) is a progressive neurodegenerative disease
and the most common cause of dementia characterized by extracellular
amyloid and intracellular microtubule aggregation leading to significant
oxidative injury, inflammation and selective neuronal loss (1).
Melatonin is potent pleotropic neurohormone secreted by the pineal
gland without any drug interactions and adverse effects (2). Several
studies have suggested that Melatonin (N-acetyl-5-methoxytryptamine)
plays a protective role against many neurodegenerative events, including
AD and Parkinson’s disease (3,4). Thus decreased melatonin production
in aged persons is considered a significant risk factor for developing
AD. Melatonin has also been shown to protect against AβO-induced
neurotoxicity in regulating the balance between the clearance and
production of amyloid beta-protein (5). These findings align with the
general mitochondrial stabilizing and anti-apoptotic role of melatonin
confirmed in many preclinical models relevant to TRP channel pathologies
(6,7). For instance, melatonin has been recently shown to protect against

ROS and Ca toxicity via TRP channels in many experimental models,
which are two important mediators of dementia development (8,9).
Although transient receptor potential ankyrin 1 (TRPA1), is best known
in pain modulation, recent data suggested that TRPA1 receptors are also
significantly expressed in the brain. These findings led us to hypothesize
whether melatonin on TRPA1 channels in neuroblastoma cells AD exert
a neuroprotective effect in in-vitro conditions. Our study has special
implications in the context of the rapidly replicating data regarding the
role of mitochondrial dysfunction via TRP channels, especially when
it comes to AD development (6,10). Thus we examined the role of
melatonin on TRPA1 channels in neuroblastoma cells.

METHOD
Cell Culture and Differentiation
Human neuroblastoma (SH-SY5Y) cells were procured from the
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•

Melatonon exerts antiapoptotic activity via TRPA
channels.

•

Melatonin exerts preventive effect on SH-SY5Y cells in
Alzheimer’s Disease.

In calcium signaling (Fura-2/AM), SH-SY5Ys were stimulated on 20th
cycles with 0.1 mM cinnamaldehyde (Cin) in the existence of 1.2 mM
Calcium and calcium free buffer in extracellular environment. For
caspase-3 and caspase-9, programmed cell death, intracellular reactive
oxygen species, and mitochondrial depolarization analysis, the cells were
further treated with TRPA1 channel stimulator Cin (100 µM, 10 min) for
activation of TRPA1 channels.

•

Melatonin exerts preventive effect in sleep disturbances
in Alzheimer’s Disease.

Measurements of Intracellular Calcium and Fura-2 Loading

Highlights

American Type Culture Collection (ATCC; Manassas, VA). The SH-SY5Y
cells were cultured in F12 with HAMs and DMEM (Dulbecco’s Modified
Eagle Medium) at 1/1 ratio that included fetal bovine serum (10%) (Fisher
Scientific), and pen. Strep antibiotic combination (1%) in 8–10 flasks
(5 ml, 25 cm2, sterile filter cap). The cells were incubated at 37°C at 5%
CO2 in a humidified incubator. For differentiation, cells were maintained
in growth medium with 5 μM retinoic acid (Sigma) for 7 days (9). After
the differentiation period, neuroblastoma cells were incubated with
melatonin and okadaic acid, as described in the groups section. The
previous reports have described the formation of Alzheimer’s disease
models in SH-SY5Y (Human Neuroblastoma cell line) by incubating
with okadaic acid (11,12). The cells were checked daily for evidence of
contamination. After the incubation, the cells were split into sterilized
tubes (falcon, 15 ml) for lab-investigations (11,12). Cell lines are not
relevant material under the Human Tissue Act. Storage of cell lines for
research does not require a HTA license. Therefore, the authors declare
that there is no need for ethics committee approval and the study was
carried out in accordance with Helsinki Declaration.

Reagents/Stains
Fura-2 (AM) florescent calcium stain from Calbiochem (Darmstadt,
Germany) and Pluronic® F-127 from Biovision (San Francisco, USA) was
used as defined in previous study in detail.

Groups
After cellular differentiation, the study was planned with the following
seven principal groups:

Fura-2 AM (acetoxymethyl ester) dye was used for measuring intracellular
calcium level in SH-SY5Y cells. The cells were incubated with 1.2 mM
CaCl2 and calcium free HEPES-buffered saline [HBS; 5 mM KCl, 145 mM
NaCl, 10 mM D-glucose, 1 mM MgCl2,10 mM HEPES and 0.1% (w/v)
bovine serum albumin (BSA); pH 7.4] containing 5 μM Fura-2 AM and
0.05% (w/v) Pluronic F-127 for 60 min at 37°C and same solution in the
dark. The loaded cells were washed twice with HBS and covered with 1
ml of HBS supplemented with 2.5 mM probenecid for at least 20 min at
37°C in the dark to allow for Fura-2 AM de-esterification. Fluorescence
intensity at 510 nm (emission) was determined in individual cells using
a plate reader equipped with an automated injection system (SynergyTM
H1, Biotek, USA) at alternating excitation wavelengths of 340 and 380
nm every 3 s for 50 acquisition cycles. During the measurement of
intracellular calcium signaling, TRPA1 channels were stimulated by
automatic injector with Cin (0.1 mM) on 20th cycle. Measurement of [Ca2+]
including staining process modification was performed to according to
the method of Martinez et al. (13,14).

Apoptosis Assay and Intracellular ROS Production Measurement
APO PercentageTM (cell apoptosis assay) and the cell membrane
penetration (by using non-charged and non-fluorescent dye
[Dihydrorhodamine-123 (DHR-123)], was employed to determine and
quantify apoptosis and cell membrane penetration according to our
previous protocol (14,15). SH-SY5Y cells were analyzed to determine the
apoptotic cells with spectrophotometry (multiplate reader) at 550 nm
(SynergyTM H1, Biotek, USA), and the results are presented as fold change
over the baseline before treatment (experiment/control).

Caspase-3 and 9 Activity Assays and Mitochondrial Membrane
Potential (JC-1) Analyses

Group 2 (Mel+AD): SH-SY5Ys in this group were treated with 10 µM
melatonin for 24 hrs and then treated with 30 nm okadaic acid for 24
hrs (11,12).

Caspase-3 (AC-DEVD-AMC) and 9 (AC-LEHD-AMC) substrate were
determined with the SynergyTM H1 microplate reader (Biotek, USA) at
wavelengths (excitation/emission) of 360 nm and 460 nm. Caspase-3–9
activities were analyzed based on previously reported methods (14). The
findings are presented as fluorescent units/mg protein and as change in
multiples of the baseline level (experimental/control).

Group 3 (Mel+AD+AP18): SH-SY5Ys in this group were treated with 10
µM melatonin for 24 hrs and then treated with 30 nm okadaic acid for 24
hrs and then treated with TRPA1 channel blocker AP18 (100 µM, 20 min).

Mitochondrial membrane potential fluorescence dye [ JC1 (1 μM)]
intensity was checked under different wavelengths and the data is
presented as it was in our previous study (14,15).

Group 4 (AD): SH-SY5Ys in this group were treated with 30 nm okadaic
acid for 24 hrs (12).

Group 6 (AD+Mel): SH-SY5Ys in this group were treated with 30 nm
okadaic acid for 24 hrs and then treated with 10 µM melatonin for 24
hrs (11,12)

Dihydrorhodamine-123 (DHR-123) go through the cell membrane easily.
Inside the SH-SY5Y cells, DHR-123 is oxidized to cationic rhodamine-123
(Rh-123) which is localized in the mitochondria and demonstrates green
fluorescence. The cells (106 cells/ml for per group) were incubated with 20
μm DHR-123 as florescent oxidant dye at 37°C for 25 min (15). SynergyTM
H1 automatic microplate reader device was used for determining Rh-123
fluorescent intensities. Analyzes were performed at 488 nm excitation
wavelength and 543 nm emission wavelength. We presented the data as
fold change over the level before treatment. (14.15).

Group 7 (AD+Mel+AP18): SH-SY5Ys in this group were treated with 30
nm okadaic acid for 24 hrs and then treated with 10 µM melatonin for 24
hrs and then treated with TRPA1 channel blocker AP18 (100 µM, 20 min).

Caspase-3 (AC-DEVD-AMC) and caspase-9 (AC-LEHD-AMC) substrates
cleavages were measured with SynergyTM H1 microplate reader (Biotek,
USA) with 360 nm and 460 nm wavelengths (excitation/emission).

Group 1 (Control): No medicine was administered and SH-SY5Y was
kept in a flask under the same cell culture.

Group 5 (AD+AP18): SH-SY5Ys in this group were treated with 30 nm
okadaic acid for 24 hrs and then treated with TRPA1 channel blocker
AP18 (100 µM, 20 min).
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Caspase-3 and caspase-9 activity evaluation methods were based
on previously reported methods (15). The values were evaluated as
fluorescent units/mg protein and shown as fold change from the level
before treatment (experimental/control) (14,15).

Mitochondrial Membrane Potential (JC-1) Analyses
Mitochondrial membrane potential fluorescence dye [ JC1 (1 μM)]
intensity was evaluated by 485 nm (green) excitation wavelength and the
emission wavelength of 535 nm, the red signal at the 540 nm (excitation)
and 590 nm (emission) wavelengths (SynergyTM H1, Biotek, USA). Data
are presented as emission ratios (590/535). Mitochondrial membrane
potential changes were quantified as the integral of the decrease in JC1
fluorescence ratio of experimental/control (14,15).

Statistical Analyses
All findings are presented as mean ± standard deviation (SD). The
statistical comparison of the groups was made with one-way ANOVA.
Statistical analyses were conducted with GraphPad and Prism version
7.04 for Windows (GraphPad Software, San Diego California, USA).
P<0.05 was considered as significant.

Figure 1. a, b. The effect of okadaic acid (AD, 30 nM, 24 hrs) and melatonin (10 µM, 24
hrs) on intracellular free calcium increase through TRPA1 channels in-vitro AD model
(n=3 and mean ± SD). The SH-SY5Ys are stimulated by cinnamaldehyde (Cin, 100 µM
on the 20th cycle) but they were blocked by AP18 (100 µM for 30 min) (mean ± SD and
n=3). [ap<0.001 vs control, bp<0.001 and cp<0.05 vs Mel+AD, dp<0.05 and ep<0.001 vs
AD, and fp<0.001 vs AD+Mel group].

RESULTS
Effects of Mel on Cytosolic Calcium Levels in Okadaic Acid
Induced in-vitro AD Model
The effect of melatonin administrations on cytosolic calcium levels in
okadaic acid induced SHSY-5Ys are shown in Figure 1a, b. The TRP Ankyrin
1 channel stimulator cinnamaldehyde and blocker AP18 were used to
evaluate intracellular Ca2+ increase through TRPA1 channels in the in-vitro
AD model. As shown in Figure 1b, the Ca2+ concentration in SH-SY5Ys
was greater in the melatonin+Alzheimer’s disease, AD and Alzheimer’s
disease+melatonin groups in comparison to the control (p<0.001) but
there is no statistical difference between Mel+AD+AP18, AD+Mel+AP18
and control. The Ca2+ level was lower in melatonin+AD and Alzheimer’s
disease+melatonin than in the AD group (p<0.001 and p<0.05). Also,
cytosolic Ca2+ concentration was decreased in the melatonin+AD than in
the Alzheimer’s disease+melatonin (p<0.05).

Effects of Mel on Programmed Cell Death and Intracellular
Reactive Oxygen Species (ROS) Levels in Okadaic Acid Induced
in-vitro AD Model
The effect of Mel administrations on apoptosis and ROS levels in SHSY5Ys are shown in Figure 2 and 3. The programmed cell death and
ROS values were higher in the Melatonin+Alzheimer’s disease, AD and
Alzheimer’s disease+Melatonin groups than in the control (p<0.001).
The programmed cell death and ROS values were higher in AD than
in the melatonin+AD and Alzheimer’s disease+melatonin group
(p<0.001) and the programmed cell death (apoptosis) level was higher
in Alzheimer Disease+melatonin than melatonin+AD group (p<0.001).
Also, the values were higher in the melatonin+AD group, AD group
and Alzheimer’s disease+melatonin groups when compared with the
melatonin+Alzheimer’s disease+AP18, Alzheimer’s disease+AP18 and
Alzheimer’s disease+melatonin+AP18 groups respectively (p<0.001).

Effects of Mel on Mitochondrial Depolarization, Caspase-3 and
Caspase-9 in Okadaic Acid Induced in-vitro AD Model
The effect of Mel administrations on mitochondrial depolarization,
caspase-3 and caspase-9 levels in SH-SY5Ys are shown in Figure 4, 5
and 6. The mitochondrial depolarization, caspase-3 and caspase-9 levels
were higher in the melatonin+Alzheimer’s disease, AD and Alzheimer’s
disease+melatonin groups than control (p<0.001). The mitochondrial
depolarization, caspase-3 and caspase-9 values were higher in AD
than in the melatonin+AD and Alzheimer’s disease+melatonin groups
(p<0.001). Mitochondrial depolarization and caspase-3 levels were
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Figure 2. The effect of okadaic acid (AD, 30 nM, 24 hrs) and melatonin (10 µM, 24 hrs)
on programmed cell death levels in-vitro AD model. The SH-SY5Ys were blocked by
AP18 (0.1 mM for 30 min) and stimulated by cinnamaldehyde (Cin, and 0.1 mM for 10
minute) (mean ± SD and n=10). [ap<0.001 vs control, bp<0.001 vs Mel+AD, cp<0.001 vs
AD, and dp<0.001 vs AD+Mel].

Figure 3. The effect of okadaic acid (AD, 30 nM, 24 hrs) and melatonin (10 µM, 24
hrs) on reactive oxygen species levels in-vitro AD model. The SH-SY5Ys were blocked
by AP18 (100 µM for 30 min) and stimulated by cinnamaldehyde (Cin,100 µM for 10
minute) (mean ± SD and n=10). [ap<0.001 vs control, bp<0.001 vs Mel+AD, cp<0.001 vs
AD, and dp<0.001 vs AD+Mel].

lower in melatonin+AD than Alzheimer’s disease+melatonin group
(p<0.001), but in the same groups, there was no statistical difference in
caspase-9 results. Also, the values were lower in the melatonin+AD, AD
and Alzheimer’s disease+melatonin groups when compared with the
melatonin+Alzheimer’s disease+AP18, Alzheimer’s disease+AP18 and
Alzheimer’s disease+melatonin+AP18 groups respectively (p<0.001 and
p<0.05).
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Figure 4. The effect of okadaic acid (AD, 30 nM, 24 hrs) and melatonin (10 µM, 24 hrs)
on mitochondrial depolorization levels in-vitro AD model. The SH-SY5Ys were blocked
by AP18 (100 µM for 30 min) and stimulated by cinnamaldehyde (Cin, 100 µM for 10
minute) (mean ± SD and n=10). [ap<0.001 vs control, bp<0.001 vs Mel+AD, cp<0.001 vs
AD, and dp<0.001 vs AD+Mel].

Figure 5. The effect of okadaic acid (AD, 30 nM, 24 hrs) and melatonin (10 µM, 24 hrs)
on caspase-3 levels in-vitro AD model. The SH-SY5Ys were blocked by AP18 (100 µM
for 30 min) and stimulated by cinnamaldehyde (Cin, 100 µM for 10 minute) (mean ± SD
and n=10). [ap<0.001 vs control, bp<0.001 vs Mel+AD, cp<0.001 vs AD and, dp<0.001 vs
AD+Mel].
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amyloidogenic process by regulating critical enzymes responsible for
amyloid metabolism, such as α, β, and γ-secretases, at the transcriptional
level (4,16,17). Additionally, a strong link between amyloid beta-induced
neuroinflammation and TRP channels has been recently suggested. For
instance, Bosson et al. have already revealed that TRP channels play a
critical role in inflammation-induced Ca increase and abnormal protein
aggregation in AD pathology, while mitochondria’s special role has also
been highlighted during the neuroinflammatory process in AD involving
astrocytes induced toxic oxygen radicals (10,18). In evaluating the detailed
mechanisms, we also showed that TRP channels play a critical role in
mediating the neuroprotective effect of melatonin. However, although
we found significant beneficial alterations in caspase, ROS and Ca levels
through TRP channels (Figures 1–6), we did not observe a significant effect
of TRP channel inhibition on apoptosis levels in the treatment groups
(Figure 2). It is difficult to estimate what caused this discrepancy. However,
it is reasonable to assume that multiple TRP channels, including TRPA1,
are involved in the final neuronal cell death process, which might not
be modified with specific inhibition of TRPA1 channels. However, almost
all downstream major cell death cascades (including mitochondrial
depolarization, Ca influx, and ROS generation) could be linked to TRP
A1-specific Ca channels. Finally, we have demonstrated that melatonin
provides significant neuroprotective effect by modulating apoptotic cell
cascades, including Ca, caspase, mitochondrial depolarization, ROS and
cell apoptosis, especially when given before okadaic acid application
compared to its application after okadaic acid (Figures 1–6) (19).
Several studies have found that sleep-related disturbances are responsible
for impaired amyloid-beta elimination, leading to AD development. Thus,
rapidly increasing evidence suggests sleep disturbances as a significant
risk factor for AD. From this point of view, melatonin could be considered
one of the potential preventive actions for sleep disorders strongly linked
with AD development. Although we found that melatonin shows a
stronger neuroprotective effect when applied before neurotoxic insult,
our results also have special implications for the therapeutic application
of melatonin in sleep disturbances during AD (20). In conclusion, our
findings suggest that melatonin could be a novel neuroprotective
agent when used both as a prophylactic and a therapeutic option in
AD candidate healthy persons and AD patients presenting with sleep
disorders, suggesting its dual effect on sleep disturbance and AD-related
cell death cascades.

Ethics Committee Approval: There is no requirment for ethical approvement since the
study is an in-vitro study.
Informed Consent: There is no informed constent due to the design of the study.
Figure 6. The effect of okadaic acid (AD, 30 nM, 24 hrs) and melatonin (10 µM, 24 hrs)
on caspase-9 levels in-vitro AD model. The SH-SY5Ys were blocked by AP18 (100 µM
for 30 min) and stimulated by cinnamaldehyde (Cin, 100 µM for 10 minute) (mean ± SD
and n=10). [ap<0.001 vs control, bp<0.001 and cp<0.05 vs Mel+AD, dp<0.001 vs AD, and
e
p<0.001 vs AD+Mel].

DISCUSSION
Our study found that melatonin provides a significant neuroprotective
effect in experimental AD conditions. We observed that our application
of melatonin before okadaic acid application was significantly more
effective than its application after okadaic acid application. This is a critical
finding that could have particular implications for dementia prevention
in AD patients, especially those with sleep disorders. In evaluating the
underlying mechanisms of the neuroprotective effect of melatonin, we
observed that melatonin’s effect was mediated by specialized TRP Ca
channels. This finding agrees well with recent data that TRP Ca channels
play an essential role in inducing neurodegenerative cascades. In
addition, several novel studies have shown that melatonin restores the
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