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Carvacrol protects neuroblastoma SH-SY5Y cells
against Fe**-induced apoptosis by suppressing
activation of MAPK/JNK-NF-kB signaling pathway
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Aim: Carvacrol (2-methyl-5-isopropylphenol), a phenolic monoterpene in the essential oils of the genera Origanum and Thymus, has
been shown to exert a variety of therapeutic effects. Here we examined whether carvacrol protected neuroblastoma SH-SY5Y cells
against Fe?*-induced apoptosis and explored the underlying mechanisms.

Methods: Neuroblastoma SH-SY5Y cells were incubated with Fe?" for 24 h, and the cell viability was assessed with CCK-8 assay.
TUNEL assay and flow cytometric analysis were performed to evaluate cell apoptosis. The mRNA levels of pro-inflammatory cytokines
and NF-kB p65 were determined using qPCR. The expression of relevant proteins was determined using Western blot analysis or

immunofluorescence staining.

Results: Treatment of SH-SY5Y cells with Fe*" (50-200 umol/L) dose-dependently decreased the cell viability, which was significantly

attenuated by pretreatment with carvacrol (164 and 333 ymol/L). Treatment with Fe*

increased the Bax level and caspase-3 activity,

and decreased the Bcl-2 level, resulting in cell apoptosis. Furthermore, treatment with Fe2* significantly increased the gene expression
of IL-1B, IL-6 and TNF-a, and induced the nuclear translocation of NF-kB. Treatment with Fe*" also significantly increased the
phosphorylation of p38, ERK, JNK and IKK in the cells. Pretreatment with carvacrol significantly inhibited Fe**-induced activation of
NF-kB, expression of the pro-inflammatory cytokines, and cell apoptosis. Moreover, pretreatment with carvacrol inhibited Fe**-induced

phosphorylation of JNK and IKK, but not p38 and ERK in the cells.

Conclusion: Carvacrol protects neuroblastoma SH-SY5Y cells against Fe?-induced apoptosis, which may result from suppressing the

MAPK/JNK-NF-kB signaling pathways.
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Introduction

Iron-mediated free radical damage, which is associated with
cerebrovascular disease, is thought to be involved in neuronal
cell injury in acute brain pathological states including isch-
emia and intracerebral hemorrhage and in the neuropathology
of several degenerative diseases, such as Alzheimer’s disease
(AD) and Parkinson disease (PD)"*. Iron, which is released
from heme after hemoglobin breakdown, accumulates in the
parenchyma. This ferrous iron has been associated with brain
edema and cell death. Previous studies have proved that an
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increase in extracellular free Fe** (even as low as 1pmol/L)
effectively promotes Fe** entry and intracellular iron load®.
The toxicity of iron overload is known to result from a reac-
tion with oxygen and to generate massive oxidative damage
involving lipid peroxidation and mitochondrial dysfunction
via Fenton reaction'®. In addition, an Fe*"-induced increase in
the formation of reactive oxygen species (ROS) can also activate
diverse signaling pathways and result in a variety of responses,
including inflammatory responses” . Therefore, the toxicity of
iron overload is often associated with inflammation, which is
involved in pathogenic effects, including damage to neurons'..
It has been reported that the production of proinflammatory
cytokines, such as IL-1, IL-6 and TNF-a is upregulated follow-
ing ischemia and intracerebral hemorrhage, which results in
neuroinflammation” "', These cytokines are key mediators of
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inflammatory responses, and their overexpression can further
activate downstream apoptotic signaling pathways in neurons,
which ultimately results in neuronal death™.

NF-«B is a ubiquitous nuclear transcription factor that plays
a critical role in the regulation of many genes that encode for
mediators of immune and inflammatory responses!"”. There is
evidence showing that NF-«B levels are increased in cells sur-
rounding intracerebral hemorrhage!"! and that NF-kB-dimers
are translocated from the cytoplasm into nucleus in Fe'-
activated microglia in vitro™. In addition, the activation of
NF-«B has also been demonstrated in both neurons and glial
cells in many neurological diseases". Inhibition of NF-«xB
activity has been shown to protect neuronal cells against
iron-induced neuronal apoptosis!"> 7', Furthermore, it has
been shown that the activation of NF-xB is mediated by a
wide variety of upstream signals, including the MAPKs!"> %%,
which comprise three protein kinases: JNK, p38, and ERK.
The MAPKSs are sensitive to stimulators that cause oxidative
stress, including metal neurotoxicity™
cellular responses to proinflammatory and other stress signals.
Emerging evidence has demonstrated that MAPKSs play a criti-
cal role in microglia-mediated neuronal death in neurodegen-
erative diseases and that the inhibition of MAPKs may protect
dopaminergic neuron from apoptosis*'.

Carvacrol (2-methyl-5-isopropylphenol), a phenolic mono-
terpene, is mainly found in the essential oils extracted from
many plants belonging to the Lamiaceae family, such as the
genera Origanum and Thymus. Carvacrol is generally con-
sidered to be a safe food additive and flavoring agent™.
Recently, an increasing number of studies have focused on
its therapeutic potential in different diseases. It has been
reported that carvacrol has a wide range of protective proper-
ties, including anti-inflammatory, antioxidant, antimicrobial,
antitumor, and anti-hepatotoxic activities®™?. For example,
studies have reported that carvacrol has the ability to protect
the liver and brain against ischemia/reperfusion (I/R) injury
in in vivo studies™ ™). Carvacrol also attenuated the impair-
ment caused by acute myocardial infarction in rats via its anti-
oxidative and anti-apoptotic properties®. Recently, some
studies have demonstrated that carvacrol has anti-inflamma-
tory properties and that the mechanisms involved in its phar-
macological activities might be related to the modulation of
several important molecular targets, including NF-xB, COX-2
and pro-inflammatory cytokines, such as IL-1p and TNF-a®"**.

Based on data in previous studies, in this study, we aimed
to explore the molecular mechanisms involved in Fe**-induced
apoptosis in SH-SY5Y cells and to determine whether the acti-
vation of NF-kB and the expression of inflammation cytokines
were involved in this process. Importantly, these experiments
were designed to investigate whether carvacrol confers neuro-
protective effects against Fe**-induced neuronal cell death and
to determine the related signaling pathways.

. It is also involved in

Materials and methods
Materials
SH-SY5Y cells were acquired from the Cell Bank of the Shang-

hai Institute of Cell Biology and Biochemistry, Chinese Acad-
emy of Sciences (Shanghai, China). Carvacrol (Sigma-Aldrich,
USA) was dissolved in dimethyl sulfoxide (DMSO), and the
DMSO content in all treatment groups was 0.1%. BAY11-7082
(Beyotime, China), SB203580 (Santa Cruz Biotechnology, USA),
U0126 (Santa Cruz Biotechnology, USA) and SP600125 (Santa
Cruz Biotechnology, USA) were used as NF-xB and MAPK
inhibitors at a concentration of 10 pmol/L. FeCL,4H,O was
acquired from Sinopharm Chemical Reagents (Shanghai,
China). The anti-NF-kB/p65 and anti-p-IKKa/p antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). The antibodies against ERK, phospho-ERK, JNK,
phospho-]NK, p38, phospho-p38, Bcl-2, Bax, cleaved caspase-3,
and [B-actin were purchased from Cell Signaling (Boston, USA).

Cell culture

Human SH-SY5Y dopaminergic neuroblastoma cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 4.5 g/L glucose, 3.7 g/L sodium bicarbonate, 4 mmol/L glu-
tamine, 10% fetal bovine serum, 100 units/mL penicillin, and
100 mg/mL streptomycin. Cells were maintained in a humidi-
fied cell culture incubator at 37 °C with 5% CO, atmosphere,
as instructed by the manufacturer. For all experiments, cells
were trypsinized and seeded at a density of 0.5 to 1.0x10" cells
per cm® onto tissue culture-treated plastic ware.

Cell viability assay

SH-SY5Y cells were plated at a density of 1x10*cells per well
in 96-well plates. All experiments were carried out 24 h after
cells had been seeded. Cells were then incubated with differ-
ent concentrations of Fe®* for another 24 h. Some cells were
incubated with carvacrol for 2 h prior to treatment with Fe®
for another 24 h without a change in the culture medium. The
control-cultured cells were incubated with culture medium
for 24 h. Cell viability was determined using 2-(2-methoxy-
4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tet-
razolium and monosodium salt (WST-8) with a Cell Counting
Kit-8 (CCK-8) assay (Beyotime Biotechnology, China) accord-
ing to the manufacturer’s instructions. Briefly, after treatment,
90 mL of cell suspension was incubated with 10 mL of WST-
solution for 4 h at 37°C in a 5% CO, atmosphere, and then the
assay was stopped. The absorbance of the samples at a wave-
length of 450 nm was measured using a microplate reader
(BioTek, USA).

In situ cell death detection

To evaluate cell apoptosis, TdT-dUTP nick-end labeling
(TUNEL) assays were performed using a one step in situ cell
death detection kit (Roche, Germany) according to the manu-
facturer’s instructions. Briefly, after the induction of apopto-
sis, cells were fixed with 4% paraformaldehyde in PBS (pH 7.4)
for 1 h at room temperature, washed in PBS, and then incu-
bated with 0.1% Triton X-100 for 2 min on ice. Later, the cells
were incubated in TUNEL reaction mixture in a humidified
atmosphere for 1 h at 37°C in the dark. DAPI (1:5000, Invit-
rogen, USA) was used to label nuclei. TUNEL-positive cells
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were imaged under a fluorescence microscope. Cells showing
red fluorescence were considered apoptotic cells.

Flow cytometric analysis

Apoptosis was further determined by using Annexin V-FITC
apoptosis kits (Beyotime, China), which detect cell surface
changes that occur early in the apoptotic process. The assays
were performed according to the manufacturer’s instructions.
Briefly, after treatment, 1x10° cells were washed twice with
PBS and stained with 5 pL of Annexin V-FITC and 10 pL of
PI in 195 pL of binding buffer for 15 min at room temperature
in the dark. Then, the rates of apoptosis were analyzed in an
Accuri C6 flow cytometer (Becton Dickinson) and determined
using FlowJo software.

Total RNA extraction and relative quantitative real time-PCR
analysis

Total RNA was extracted from cell cultures using TRIzol
reagent (Invitrogen, USA). Extracts were treated with RNase-
free DNase to remove any residual genomic DNA. Reverse
transcription was performed using a Prime-Script RT reagent
kit (TaKaRa Bio Inc, China). The oligonucleotide primers used
to amplify the target genes were as follows: GADPH, 5-AGC-
CACATCGCTCAGACAC-3 (forward) and 5-GCCCAATAC-
GACCAAATCC-3 (reverse); IL-1B, 5'-ATGGGATAACGAG-
GCTTATGTG-3" (forward) and 5-CAAGGCCACAGG-
TATTTTGTC-3" (reverse); IL-6, 5-ACTTGCCTGGTGAAAAT-
CAT-3" (forward) and 5-CAGGAACTGGATCAGGACTT-3’
(reverse); TNF-a, 5'-TCAGCAAGGACAGCAGAGG-3’
(forward) and 5-CAGTATGTGAGAGGAAGAGAACC-¥
(reverse); and NF-xB, 5-TATTTCAACCACAGATGGCACT-3
(forward) and 5'-AGCAAAGGCAATACATACACTT-3’
(reverse). GAPDH was used as a reference gene to calculate
ACt. PCR amplification was performed using the following
program: 95°C for 40 s, 55°C for 45 s, and 72°C for 50 s. After
40 cycles, the relative levels of gene expression were quantified
using SDS software (Applied Biosystems, Carlsbad, CA USA).

Extraction of nuclear and cytosolic fractions

The extraction and isolation of nuclear and cytoplasmic pro-
teins were performed according to the manufacturer’s instruc-
tions using a nuclear and cytoplasmic protein extraction kit
(Beyotime, Jiangsu, China). Briefly, after treatment, cells were
washed twice with PBS, scraped and collected by centrifuga-
tion at 1500xg for 5 min. Cell pellets were resuspended in
200 mL extraction buffer A and incubated for 15 min on ice.
Afterwards, extraction buffer B was added, and samples were
vortexed for 30 s at 4°C. After centrifugation at 12000xg for
5 min at 4°C, supernatants, which contained the cytosolic
fractions, were removed and stored at -80°C until analyzed
by gel electrophoresis. Pellets, which contained the nuclei,
were resuspended in 50 mL of nuclear extraction buffer, and
nuclear proteins were extracted by shaking the samples for 30
min at 4°C. Afterwards, samples were centrifuged at 12000xg
for 5 min at 4°C. The supernatants were removed and ana-
lyzed using gel electrophoresis. The validation of the method
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used to isolate the cytosolic and nuclear fractions (histone-H3
was used as a loading control for nuclear proteins, and B-actin
wasused as the loading control for cytoplasm proteins) was
checked using Western blot analysis.

Western blot analysis

Proteins were extracted from cell cultures after the treatments,
and protein concentrations were determined by BCA assay
(Pierce Biotechnology, USA). Equal amounts of proteins (30
pg) were loaded onto an 8% polyacrylamide gel for electro-
phoresis and then electrotransferred onto PVDF membranes.
Blots were blocked with 5% non-fat milk and incubated with
the appropriate primary antibodies at 4°C overnight. After
washing the blots 3 times, the membranes were incubated
with HRP-anti-rabbit IgG for 1 h at room temperature. Pro-
tein signals were detected using an ECL chemiluminescence
system (Pierce Biotechnology, USA). Densitometric analysis
of bands was performed using Image] software (V1.40).

Immunofluorescence

The SH-SY5Y cells were seeded in a 24-well chamber slide and
pretreated with 333 pmol/L carvacrol for 2 h before 200 pmol/L
Fe*was added. After incubation for 2 h, the cells were fixed in
cool methanol for 5 min and then treated with 0.3% Triton X-100
for 20 min, blocked in 10% bovine serum albumin for 30 min,
and incubated overnight at 4°C with primary anti-NF-xB p65
(1:100) antibodies. After being washed, the sections were incu-
bated with secondary antibodies, Alexa Fluor 488 donkey anti-
rabbit IgG (1:500, Invitrogen, USA), for 1 h. DAPI (1:5000, Invi-
trogen, USA) was used to label the nuclei. Fluorescence images
were acquired using a confocal laser-scanning microscope.

Statistical analysis

All data are expressed as the mean+SD and were analyzed
using SPSS version 18 software. Differences among groups
were evaluated by one-way analysis of variance followed by
Student-Newman-Keuls tests or two-way analysis of vari-
ance followed by Bonferroni post hoc tests. A P-value of <0.05
was considered statistically significant. Statistical results are
reported in the figure legends.

Results

Effects of carvacrol on cell toxicity induced by exposure to Fe**
To investigate the toxicity of ferrous iron and carvacrol in SH-
SY5Y cells and to determine the influence of carvacrol on Fe*
toxicity in these cells, the SH-SY5Y cells were treated with 10,
50, 100, 200 or 300 pmol/L of Fe? and 33, 66, 164, 333, or 666
pmol/L of carvacrol for 24 h. CCK-8 assays were performed to
assess cell viability. The viability of cells incubated with Fe*
at 10, 50, 100, 200 and 300 pmol/L for 24 h was 93.2%%7.5%,
88.0%%2.0%, 79.0%%£5.3%, 65.0%+2.5%, and 53.0%+2.2% of the
control values, respectively (Figure 1A). The results showed
that Fe** at 10-300 pmol/L gradually decreased cell viability,
with significant decreases at 200 and 300 pmol/L of Fe*, com-
pared to the untreated control cells. Fe* at 200 pmol/L was
chosen for the following experiments. The presence of up to
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333 pmol/L carvacrol did not affect the viability of SH-SY5Y
cells (Figure 1B), suggesting that the carvacrol concentration
used in this study was not cytotoxic. The decrease in viability
of cells that was caused by 200 pmol/L of Fe** was signif-
icantly prevented by pretreatment with 164 and 333 pmol/L
of carvacrol (Figure 1C). Likewise, as shown in Figure 1D,
exposure to Fe**at 200 pmol/L caused clear morphological
alterations that were typical of neuronal damage, while pre-
treatment with carvacrol for 2 h before Fe** exposure partially
attenuated iron-induced cytotoxicity and cell damage.

Carvacrol inhibits Fe**-induced apoptotic cell death in SH-SY5Y
cells

Because the intrinsic apoptotic pathway is mainly regulated by
proteins that belong to the Bcl-2 and caspase families, changes
in the expression of either pro-apoptotic or antiapoptotic Bel-2
and caspase family members can affect the induction of apop-
tosis. To determine whether carvacrol acts by modulating the
abundance of apoptotic proteins, the protein levels of Bax, Bcl-2
and caspase-3 were measured using Western blot analysis. SH-
SY5Y cells were pretreated with carvacrol (333 pmol/L) and
then exposed to Fe* for another 24 h. As shown in Figure 24,
exposure to Fe**at 200 pmol/L for 24 h significantly increased
Bax expression and decreased Bcl-2 expression, while pretreat-
ment with carvacrol inhibited the upregulation of Bax and
the downregulation of Bcl-2. Consistent with these results,
exposure to Fe** at 200 pmol/L for 24 h significantly increased
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cleaved caspase-3 protein levels compared to control condi-
tions, indicating the involvement of caspase-3 in Fe*-induced
cell death in SH-SY5Y cells (Figure 2B), whereas pretreatment
with carvacrol (333 pmol/L) for 2 h significantly downregu-
lated the elevated protein expression of cleaved caspase-3.

In addition, Fe**-induced apoptotic cell death was further
confirmed by the detection of TUNEL-positive staining in sifu
and flow cytometric analysis. The results showed that Fe?
significantly increased the number of apoptotic cells compared
to untreated cells. Pretreatment with carvacrol (333 pmol/L)
for 2 h prior to Fe** exposure, however, partially attenuated
the increased proportion of apoptotic cells (Figure 2C and 2D).
These results demonstrate that carvacrol effectively blocks
Fe*-induced apoptotic cell death.

Carvacrol downregulates the expression of IL-1f, IL-6 and TNF-«
in Fe**-stimulated SH-SY5Y cells

Proinflammatory cytokines, such as IL-1p, IL-6 and TNF-q,
are thought to be involved in mediating neuroinflammation
and inducing neuronal death in various neurodegenerative
diseases. Therefore, we investigated the effect of Fe* on the
expression of IL-1B, IL-6 and TNF-a. To detect its effect on the
mRNA expression of proinflammatory factors using qPCR,
we pretreated SH-SY5Y cells with carvacrol for 2 h and then
exposed these cells to Fe** for 24 h. The results demonstrated
that stimulation of SH-SY5Y cells with Fe*" led to increases in
the expression of IL-1f, IL-6 and TNF-a (Figure 3). However,
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Figure 1. The protective effects of carvacrol against Fe**-induced cytotoxicity in SH-SY5Y cells. (A) SH-SY5Y cells were treated with different
concentrations of Fe** (10, 50, 100, 200 or 300 pmol/L) for 24 h, and cell viability was estimated using CCK-8 assays. (B) SH-SY5Y cells were treated
with different concentrations of carvacrol (33, 67, 164, 333 or 666 umol/L) for 24 h. Cell viability was estimated using CCK-8 assays. (C) Cells were
pretreated with 67, 164 or 333 umol/L carvacrol for 2 h and then incubated with 200 umol/L Fe** for 24 h. (D) Cells were pretreated with 164 or 333
umol/L carvacrol for 2 h prior to treatment with Fe** (200 pmol/L) for 24 h, and then morphological changes were analyzed (200x%). CAR, carvacrol.
Mean+SD (n=3). °P<0.01 vs the untreated control; P<0.01 vs the Fe*"-treated group.
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the production of these pro-inflammatory mediators was sig- NF-kB expression in Fe**-treated SH-SY5Y cells

nificantly inhibited by carvacrol. Furthermore, BAY11-7082 Previous studies have shown that NF-kB activation is neces-
(10 pmol/ L), an inhibitor of NF-kB, also significantly inhibited ~sary for the induction of proinflammatory mediators™ *l,
Fe**-induced IL-1B, IL-6 and TNF-a expression (Figure 3). Next, we wanted to investigate whether NF-xB was modu-
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Figure 2. Carvacrol inhibits Fe**-induced apoptotic cell death in SH-SY5Y cells. Fe*" (200 umol/L, 24 h) caused a significant increase in the Bax/Bcl-2 ratio (A)
and cleaved caspase-3 expression (B) in SH-SY5Y cells, which was significantly attenuated by carvacrol. (C) Representative images of DAPI staining and TUNEL
assays used to analyze apoptotic cells (200x%). (D) Apoptotic status was also determined using an Annexin V-FITC binding assay. (E) The rates of
apoptosis. CAR, carvacrol. Mean+SD (n=3). °P<0.01 vs control; °P<0.05, ‘P<0.01 vs the Fe**-treated group.
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lated by Fe?*. SH-SY5Y cells were treated with 10, 50, 100,
200 or 300 pmol/L of Fe* for24 h and for 1, 3, 6, 12, or 24 h
with 200 pmol/L Fe**, and then qPCR and Western blot analy-
ses were used to determine the expression of NF-xB mRNA
and protein. Both the mRNA and protein levels of NF-xB
increased in concentration- and time-dependent manners after
Fe** exposure (Figure 4). NF-xB mRNA levels increased signif-
icantly following the addition of 50 pmol/L Fe®* and after 3-h
Fe™ exposure compared to control cells (Figure 4A and 4B).
Similar behavior was observed for NF-kB protein expression
levels, which increased significantly following the exposure to
100 pmol/L Fe* and after 6 h of exposure to Fe** compared to
control cells (Figure 4C and 4D).

Carvacrol attenuates Fe?*-induced NF-kB expression and
translocation into the nucleus.

Cells were pretreated with carvacrol (333 pmol/L) for 2 h and
then stimulated with Fe** (200 pmol/L) for 24 h. Western blot
analysis was conducted to examine the effects of carvacrol
on the Fe**-induced upregulation of NF-kB proteins in SH-
SY5Y cells. The results indicated that carvacrol exhibited a
significant inhibitory effect on the Fe*"-induced increase in
the expression of NF-«B (Figure 5A and 5B). We also showed
that the nuclear translocation of NF-xB was significantly
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Figure 3. The effects of carvacrol on the expression of IL-13 (A), IL-6
(B) and TNF-a (C) in Fe**-stimulated SH-SY5Y cells. SH-SY5Y cells were
pretreated with carvacrol (333 ymol/L) or BAY11-7082 (10 umol/L) for
2 h and then exposed to Fe?" (200 umol/L) for 24 h. GAPDH was used
as an internal control. CAR, carvacrol. Mean+SD (n=3). °P<0.01 vs the
untreated control; °P<0.05, P<0.01 vs the Fe*"-treated group.
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increased after 2 h of Fe**exposure. Immunofluorescence
staining for intracellular NF-xB was examined by fluorescence
confocal microscopy. In the control cell group, NF-xB was
localized mainly in the cytosol. In SH-SY5Y cells treated with
200 pmol/L Fe?* for 2 h, nuclear translocation of NF-xB was
apparent. However, pre-incubation with carvacrol decreased
Fe**-induced NF-xB translocation into the nucleus (Figure 5C).
Nuclear and cytosolic extracts that were harvested from SH-
SY5Y cells after treatment with Fe?* with/without carvacrol
were isolated, and the method used to isolate the cytosolic and
nuclear fractions was validated using Western blot analysis
(supplementary Figure S1). Exposure to Fe**at 200 pmol/L for
2 h significantly increased the nuclear translocation of NF-xB.
Pre-incubation with carvacrol at 333 umol/L for 2 h prior to
treatment with Fe”" significantly decreased the level of NF-xB
protein that translocated into the nucleus (Figure 5D).

The activation of NF-xB is known to be mediated by a
wide variety of upstream signals. Next, we tested the role
of MAPKs in the processes involved in Fe*"-induced NF-«xB
translocation in SH-SY5Ycells. Cells were pre-incubated with
different MAPKSs inhibitors (SB203580, U0126, and SP600125)
or 333 pmol/L carvacrol for 2 h and then treated with 200
pmol/L Fe* for 2 h. Nuclear and cytosolic extracts were then
harvested from SH-SY5Y cells. NF-kB p65 levels were mea-
sured using Western blot analysis. The results indicated that
both carvacrol and JNK inhibitor, SP600125, inhibited NF-xB
translocation in Fe**-stimulated SH-SY5Y cells, while ERK and
p38 inhibitors did not (Figure 6A).

Carvacrol protects against Fe?*-induced cell apoptosis by
inactivating the MAPK/JNK-NF-kB pathway
Cells were pretreated with carvacrol (333 pmol/L) for 2 h and
then stimulated with Fe** (200 pmol/L) for 2 h. Western blot
analysis was conducted to examine the effects of carvacrol on
the activation of IKK and MAPKSs in SH-SY5Y cells. As shown
in Figure 6B and 6C, cells exposed to Fe* induced p38, ERK,
JNK, and IKK phosphorylation, and pretreatment with carva-
crol inhibited Fe**-induced JNK and IKK phosphorylation but
had no apparent effect on ERK and p38 phosphorylation .
Based on this evidence, we next investigated the possible
roles of SP600125 and BAY11-7082 (inhibitors of MAPK/JNK
and NF-xB, respectively) in apoptotic cell death induced by
Fe*. The results demonstrated that pretreatment with BAY11-
7082 and SP600125 (10 pmol/L) for 2 h markedly inhibited the
increase in caspase-3 protein expression in SH-SY5Y cells (Fig-
ure 7). Therefore, all of the results indicate that carvacrol pro-
tects SH-SY5Y cells against apoptotic cell death and that these
protective effects might be related to the inhibition of MAPK/
JNK and IKK activation and the subsequently decreased acti-
vation of NF-kB.

Discussion

In the present study, we demonstrated that carvacrol was
able to inhibit Fe*-induced neurotoxicity in a dose-depen-
dent manner in SH-SY5Y cells. The underlying mechanisms
involved in this process were associated with reducing Fe*'-
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Figure 5. Effects of carvacrol on the Fe**-induced activation of NF-kB in
SH-SY5Y cells. (A) Carvacrol (333 umol/L) had a significant inhibitory
effect on the Fe?*-induced increase in the expression of NF-kB p65
compared to the Fe**-treated group. (B) Carvacrol-induced reduction
in the protein level of NF-kB p65. (C) NF-kB nuclear translocation was
analyzed using a confocal microscope, which showed that NF-kB p65
was translocated to the nucleus from the cytosol after Fe?* treatment.
Carvacrol abolished Fe**-induced NF-kB translocation into the nucleus.
Scale bar=20 ym. (D) NF-kB p65 expression in the cytoplasm and nuclei
was measured using Western blot analysis. Bar graph illustrating the
relative protein level compared with the control. CAR, carvacrol. The data
are presented as the mean+SD (n=3). °P<0.01, vs untreated control;
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induced neurotoxicity, which was mediated by the attenuation
of apoptosis through the downregulation the MAPK/JNK-
NF-«B signaling pathway.

Fe”, a hemoglobin degradation product, plays a key role in
neurodegeneration in many disease states. Evidence indicates
that Fe** overload also contributes to brain injury after intra-
cerebral hemorrhage. A large amount of Fe®* is released
by dying erythrocytes after hemorrhagic stroke. An excess
increase of Fe’* in the brain has been shown to be accompa-
nied by a corresponding elevation in reactive oxygen spe-
cies production and a higher susceptibility to neuronal cell
death. In this study, we explored the cytotoxicity of Fe*" in
SH-SY5Y cells using CCK-8 assays. The results demonstrated
that Fe’* decreased cell viability in a dose-dependent manner.
We found that Fe® treatment at 200 pmol/L for 24 h greatly
decreased cell viability. However, pretreatment with different
concentrations of carvacrol markedly attenuated this reduc-
tion in cell viability. There is evidence showing that Fe*-
induced neurotoxicity occurs via the activation of apoptotic
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regulated by proteins that belong to the Bcl-2 and caspase
families. It has been suggested that the increase in ROS forma-
tion that is induced by Fe" leads to cellular apoptosis through
the accumulation of Bax and the activation of caspase-3"""*.
Therefore, the inhibition of pro-apoptotic Bax expression or
caspase-3 activity and the upregulation of anti-apoptotic Bcl-2
expression may be associated with neuroprotective effects
against Fe?. Consistent with these results, in this study, Fe?
treatment caused an increase in the Bax/Bcl-2 ratio and an
elevation in caspase-3 activity in SH-SY5Y cells. This effect,
however, was significantly attenuated by carvacrol, suggesting
that carvacrol effectively protects SH-SY5Y cells against Fe*'-
induced cytotoxicity by regulating apoptosis.

It has been suggested that inflammation is involved in neu-
ronal death and that a wide range of pro-inflammatory factors,
such as TNF-a, IL-1p and IL-6, might be toxic to neurons™.
In addition, ROS may initiate and exaggerate inflammatory
responses through their involvement in specific signaling path-
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Figure 6. MAPKs were involved in the activation of NF-kB p65 in Fe**-stimulated SH-SY5Y cells. (A) Both carvacrol and JNK inhibitor, SP600125,
inhibited NF-kB p65 translocation in Fe?*-stimulated SH-SY5Y cells, while ERK and p38 inhibitors did not. (B) Fe*" induced IKK phosphorylation in
SH-SY5Y cells. Pretreatment with carvacrol inhibited Fe**-induced IKK phosphorylation. (C) Fe*" induced p38, ERK, and JNK phosphorylation in SH-
SY5Y cells. Pretreatment with carvacrol inhibited Fe**-induced JNK phosphorylation. Bar graph illustrating the relative protein level compared with the
control. CAR, carvacrol, N=Nuclear. MeanzSD (n=3). °P<0.05, °P<0.01 vs the untreated control; °®P<0.05 vs the Fe?*-treated group.
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Fe?*-induced caspase-3 expression is mediated by JNK/MAPK and NF-kB
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significantly increased caspase-3 protein levels, while pretreatment with
carvacrol (333 pmol/L) for 2 h significantly downregulated the elevated
protein expression level of caspase-3. Similarly, pretreatment with
BAY11-7082 or SP600125 (10 umol/L) for 2 h also markedly inhibited
the increase in caspase-3 protein expression in SH-SY5Y cells. (B) The
densities of the corresponding bands were measured, and the ratios were
calculated. MeanxSD (n=3). CAR, carvacrol; °P<0.01 vs the untreated
control; °P<0.05, 'P<0.01 vs the Fe*"-treated group.

ways, such as the NF-«xB pathway!*"*?. Activation of NF-xB

has been implicated as an important pathway in the regulation
of many genes that are involved in inflammatory responses,
such as cytotoxic cytokines (IL-1p, IL-6 and TNF-a), resulting in
the elevation of their expression in tissues and exerting direct
cytotoxic effects™. Thus, it is of particular interest to deter-
mine whether the toxicity associated with Fe*" is involved in
the regulation of cytokine gene expression and whether this
regulation is associated with the activation of the transcrip-
tion factor NF-xB. In the present study, we found that expos-
ing SH-SY5Y cells to Fe** resulted in elevated mRNA levels
of the cytokines TNF-a, IL-1p and IL-6 and that pretreatment
with carvacrol reversed the Fe*"induced increase in IL-1pB,
IL-6 and TNF-a expression in SH-SY5Y cells. A similar result
was found when we used an inhibitor of NF-xB. Our results
suggest that carvacrol confers neuroprotective effects and is
able to inhibit proinflammatory mediators and that these anti-
inflammatory effects might be involved in preventing the neu-
ronal cell death caused by Fe®".

NF-xB is a pleiotropic transcription factor that plays an
important role in the induction of pro-inflammation gene
expression and is believed to be a promising new target for
the treatment of inflammation and neuronal apoptosis!™ *.
Normally, the inactive form of NF-xB is present in the cyto-
plasm as a heterodimer consisting of p50 and p65 subunits
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bound to an inhibitory TKb monomer™. Activation of IKKa/ B,
which is an upstream activator of NF-«B, by a variety of stim-
ulators caused IKb phosphorylation, which promoted NF-«B
release from the inhibitory subunit IKb in the cytoplasmic
complex and the translocation of the DNA binding subunits
to the nucleus, where they bind to specific DNA sequences,
thereby enhancing the expression of many genes, including
IL-1B, IL-6 and TNF-a**. In this study, the increased level
of NF-kB is consistent with and is associated with the upregu-
lation of IL-1p, IL-6 and TNF-a. Fe® not only increased the
expression of NF-kB in a time- and concentration-dependent
manner but also induced NF-xB translocation into the nucleus.
This result suggests that NF-xB activation may play a pivotal
role in Fe*-induced neuronal cell death. In addition, carva-
crol exhibited a statistically inhibitory effect on the increased
expression of NF-kB and also attenuated Fe**-induced NF-xB
translocation from the cytoplasm to the nucleus when exam-
ined by Western blot analysis and immunocytochemistry.

It is now generally accepted that NF-«B plays dual roles in
cell apoptosis™™. In other studies, NF-xB activation has been
shown to be either pro-apoptotic'>*! or anti-apoptotic!*>*,
depending on the conditions and the cell types under investi-
gation. In addition, in a cerebral ischemia study, the research-
ers found that the transient activation of NF-xB might be
neuroprotective, while more persistent activation could be
responsible for the induction of proteins that lead to neuronal
cell death™. In the current study, our results show that the
expression of NF-kB was significantly increased by treating
SH-SY5Y cells with Fe**. We further studied whether the inhi-
bition of NF-xB activation and translocation to the nucleus is
also implicated in the mechanism of carvacrol antagonism of
Fe*-induced apoptosis. Pretreatment with carvacrol signifi-
cantly downregulated the elevated protein expression level of
caspase-3, and pretreatment with BAY11-7082 also markedly
inhibited the increase in caspase-3 protein expression in SH-
SY5Y cells. These results suggest that NF-«xB activation may
play a critical role in Fe**-induced cell death. Carvacrol pro-
vided neuroprotection by inhibiting the activation of NF-«B
by Fe** and subsequently decreased the production of pro-
inflammatory cytokines.

Moreover, it has been suggested that ROS, which are
induced by Fe™, are intracellular messengers that modulate
diverse downstream signaling molecules, including NF-xB
and MAPKs™ *], both of which might be downstream targets
of ROS signaling pathways. The activation of these genes
could result in the induction of inflammatory genes. In this
study, carvacrol suppressed Fe**-induced NF-xB translocation
to the nucleus and inhibited the activation of MAPKs and IKK.
These results suggest that carvacrol-mediated attenuation of
cell apoptosis is associated with the inhibition of NF-kB and
MAPKSs. Several studies have also shown that MAPKs are
upstream activators of NF-«xB and that the activation of JNK
pathways is associated with neuronal death in both Parkinson
disease and Alzheimer’s diseasel™ ' *"®1. This idea is sup-
ported by our study, in which JNK inhibitors inhibited Fe*
induced NF-kB activation and caspase-3 activityin SH-SY5Y
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cells, while ERK and p38 inhibitors did not. As shown in Fig-
ure 6C, carvacrol was able to block the activation of the JNK
pathways that were induced by Fe*, but it did not block the
ERK or p38 MAPK pathways.

All of these results suggest that carvacrol may exert its
neuroprotective effects against Fe**-induced cytotoxicity by
inhibiting JNK and NF-kB activation, which consequently
suppresses inflammatory factors. However, there is evidence
demonstrating that in addition to its anti-inflammatory prop-
erties, carvacrol may also decrease the level of ROS produc-
tion. In addition, an increase in the formation of ROS may
initiate and exaggerate inflammatory responses through their
ability to activate diverse signaling pathways that regulate
inflammatory signaling cascades. This idea was confirmed
by our follow-up studies (supplementary Figure S2). We
found that incubation of SH-SY5Y cell with Fe** significantly
increased ROS production and that this increase could be
attenuated by carvacrol. Thus, whether the neuroprotective
effects provided by carvacrol against Fe*"-induced cytotoxic-
ity act through the inhibition of JNK and NF-«B activation
directly or through the prevention of ROS formation requires
further investigation (Figure 8).

Conclusions

In summary, our results show that exposure to Fe** upregu-
lates IL-1p, IL-6 and TNF-a mRNA expression in SH-SY5Y
cells. This suggests that they may contribute to the initiation

o TNF-a

Carvacrol

Figure 8. Schematic representation of the proposed mechanisms of
carvacrol cytoprotection against Fe*"-induced apoptosis. Fe*'stimulates
mitochondrial ROS generation and MAPK/JNK and IKK phosphorylation,
which may promote NF-kB activation and nuclear translocation. Increased
nuclear binding of NF-kB induces the increased expression of pro-
inflammatory factors (IL-1B, IL-6 and TNF-a), which activate downstream
apoptotic signaling pathways, ultimately resulting in cell death. Carvacrol
reduces Fe**-induced cell apoptosis by inactivating the MAPK/JNK-NF-kB
signaling pathway.

of apoptosis. We demonstrated that carvacrol inhibits Fe*'-
induced neurotoxicity by downregulating a signaling pathway
that involves MAPK/JNK signaling and by reducing NF-kB-
mediated proinflammatory factors in the SH-SY5Y cell line.
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