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Myricetin reduces cytotoxicity by suppressing hepcidin

expression in MES23.5 cells
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Graphical Abstract Myricetin protects rotenone-induced cytotoxicity by suppressing hepcidin

expression via altering STAT3 and SMAD activity in MES23.5 cells

Abstract

Multiple studies implicate iron accumulation in the substantia nigra in the degeneration of dopaminergic neurons in Parkinson’s disease.
Indeed, slowing of iron accumulation in cells has been identified as the key point for delaying and treating Parkinson’s disease. Myricetin
reportedly plays an important role in anti-oxidation, anti-apoptosis, anti-inflammation, and iron chelation. However, the mechanism
underlying its neuroprotection remains unclear. In the present study, MES23.5 cells were treated with 1 x 10° M myricetin for 1 hour,
followed by co-treatment with 400 nM rotenone for 24 hours to establish an in vitro cell model of Parkinson’s disease. Our results revealed
that myricetin alleviated rotenone-induced decreases in cell viability, suppressed the production of intracellular reactive oxygen species,
and restored mitochondrial transmembrane potential. In addition, myricetin significantly suppressed rotenone-induced hepcidin gene
transcription and partly relieved rotenone-induced inhibition of ferroportin 1 mRNA and protein levels. Furthermore, myricetin inhibited
rotenone-induced phosphorylation of STAT3 and SMAD1 in MES23.5 cells. These findings suggest that myricetin protected rotenone-treated
MES23.5 cells by potently inhibiting hepcidin expression to prevent iron accumulation, and this effect was mediated by alteration of STAT3

and SMAD1 signaling pathways.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative disease that
frequently occurs in older adults. Its main pathological features
are degeneration and death of dopaminergic neurons in the
substantia nigra (SN) (Bei et al., 2019; Deng et al., 2020; Ohira,
2020). Previous studies found that reactive oxygen species
(ROS), oxidative stress, and iron accumulation in the SN are
the main factors leading to the pathogenesis of PD (Rhodes
and Ritz, 2008; Zhang et al., 2014, 2020). Recently, a growing
body of evidence has indicated that iron is closely associated
with the development of PD (Gozzelino and Arosio, 2016; Shi
and Chen, 2017; Chen et al., 2019). Iron content in the SN is
significantly increased in patients with critically severe PD, but
not mild PD (Wang et al., 2017; Chen et al., 2019).

Currently, primary treatments for PD aim to prevent the
degeneration of dopaminergic neurons. In particular,
antioxidant and iron-chelating strategies have become a focus
of attention (Powers et al., 2003; Moreau et al., 2018; Dani
et al., 2020). Flavonoids are a promising candidate because
they exert multiple biological properties (de Andrade Teles et
al., 2018; Jung and Kim, 2018). A previous study showed that
myricetin, an important flavonoid (Ma et al., 2007), inhibits
6-hydroxydopamine-induced neurotoxicity in rats and prevents
cytotoxicity in 1-methyl-4-phenylpyridinium-treated MES23.5
cells (Zhang et al., 2011). In addition, myricetin can prevent
the accumulation of amyloid-B-protein (Ono et al., 2003).
Nevertheless, potential mechanisms underlying myricetin-
mediated neuroprotection have not been investigated.
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Recently, Mu et al. (2016) found that myricetin regulates iron
homeostasis by suppressing hepcidin expression in human
hepatocellular carcinoma cells. Hepcidin, known as the liver
antibacterial peptide, was first identified in extracts of human
serum and urine by two independent laboratories in 2000
and 2001 (Krause et al., 2000; Park et al., 2001). It plays a key
role in maintaining the dynamic balance of iron in cells by
regulating transcription and translation of ferroportin 1 (Fpn1).
Based on this evidence, we hypothesized that myricetin
may mediate a neuroprotective effect by suppressing iron
toxicity via altered hepcidin expression. In the present
study, we exposed MES23.5 cells to rotenone to establish a
cellular model of PD, and investigated the protective effect of
myricetin and its underlying mechanisms.

Materials and Methods

Cell culture and treatment

MES23.5 cells, provided by Dalian Medical University (Dalian,
China), were grown in Dulbecco’s Modified Eagle’s Medium/
Nutrient Mixture F-12 (Invitrogen, Carlsbad, CA, USA)
containing Sato’s components supplemented with 5% fetal
bovine serum, at 37°C in a humidified incubator.

Rotenone (2 mg; Sigma, St. Louis, MO, USA) was diluted in 0.5
mL of dimethyl sulfoxide (DMSO, Sigma). Rotenone (400 nM)
was added to MES23.5 cells for 24 hours to create an in vitro
model of PD (Yu et al., 2016). Next, myricetin (3.18 mg; Sigma)
was diluted in 0.5 mL of DMSO. MES23.5 cells were then
exposed to various concentrations (1 x 107", 1x 107°, 1 x 10~°,
1x10°% 1x107,1x10° 1x10°, 1 x 10™* M) of myricetin
for 24 hours. The optimum concentration of myricetin was
chosen using a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay.

To explore the protective effect of myricetin on rotenone,
MES23.5 cells were divided into control, myricetin, rotenone,
and myricetin + rotenone groups. In the myricetin group,
cells were treated with 1 x 10° M myricetin for 24 hours. In
the rotenone group, cells were exposed to 400 nM rotenone
for 24 hours. In the rotenone + myricetin group, cells were
pretreated exposed to 1 x 10° M myricetin for 1 hour,
followed by co-treatment with 400 nM rotenone for 24 hours.
The control group was administered DMSO for the indicated
time (same as the rotenone group).

MTT assay

Cell viability was evaluated by MTT assay after rotenone
and/or myricetin intervention. MTT (5 mg/mL; Sigma) in
phosphate-buffered saline was added to each well of cell
culture plates for 4 hours. Cell viability was measured at 490
nm using a microplate reader (RT-2100C; Rayto, Shenzhen,
China).

Mitochondrial transmembrane potential measurement
After rotenone and/or myricetin intervention, cells were
incubated in HEPES-buffered saline containing rhodamine
123 (5 uM; Sigma) for 30 minutes at 37°C. Fluorescence
intensity of cells was determined by flow cytometry (BD
Biosciences, Franklin Lakes, NJ, USA) under excitation and
emission wavelengths of 488 and 525 nm, respectively.
Next, we analyzed changes in mitochondrial transmembrane
potential (Apm). The results are presented as a histogram
of fluorescence-1, setting the gated regions M1 and M2 as
markers to observe changing levels of fluorescence intensity
using Cellquest Software (BD Biosciences).

Intracellular ROS measurement

We measured levels of intracellular ROS using
2',7'-dichlorodihydrofluorescein diacetate (H,DCF-DA), as
previously described (Zhang et al., 2009; Montalto et al.,
2013). The non-fluorescent probe H,DCF-DA can enter cells,
whereby it is oxidized to the highly fluorescent compound DCF

upon exposure to ROS; therefore, the observed fluorescence
intensity is proportional to ROS content (Xu et al., 2020).
After drug intervention, cells were incubated in HEPES-
buffered saline (Sigma) containing H,DCF-DA (5 uM; Beyotime
Biotechnology Co., Shanghai, China) for 30 minutes at 37°C.
Fluorescence intensity was determined by flow cytometry
under excitation and emission wavelengths of 488 and 525
nm, respectively.

Real-time quantitative reverse transcription polymerase
chain reaction

To evaluate the expression of iron-related genes, real-time
guantitative reverse transcription polymerase chain reaction
(RT-gPCR) was performed using a SYBR Green QPCR Master
Mix Kit (MDBio Inc., Taipei, China). Total RNA was extracted
with Reagent RNA Isolater (Vazyme Biotech Co, Ltd., Nanjing,
China) and 0.5 pg of RNA was reverse transcribed using a
reverse transcription kit (Vazyme Biotech). The obtained
complementary DNA was used for RT-gPCR with the following
primer sequences: hepcidin, forward 5-GCC TGA GCA GCA
CCA CCA T-3' and reverse 5'-AGC ATT TAC AGC AGA AGA TGC
AGA-3'; Fpn1, forward 5-CAA GGT AGA GGA GTC AGA-3'
and reverse 5'-TTC AAG TTC ACG GAT GTT-3'; glyceraldehyde
3-phosphate dehydrogenase (GAPDH), forward: 5'-AAA TGG
TGA AGG TCG GTG TGA AC-3' and reverse 5'-CAA CAA TCT CCA
CTT TGC CAC TG-3'. mRNA expression was analyzed using an
Eppendorf system (Eppendorf, Hamburg, Germany) with SYBR
Green PCR Master Mix (Qiagen, Hilden, Germany) and a two-
step PCR program (40 cycles of 95°C for 30 seconds and 60°C
for 30 seconds). The GAPDH gene was used as an internal
control. The 27**“ method was used to calculate relative
expression levels of target genes.

Western blot analysis

Cells were lysed in radioimmunoprecipitation assay lysis
buffer containing 1 mM phenylmethylsulfonyl fluoride.
Proteins were separated by 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and then transferred to
polyvinylidene difluoride membranes (Bio-Rad, Hercules,
CA, USA). Membranes were blocked for 1 hour with 5% non-
fat dry milk in Tris-HCl-buffered saline solution containing
Tween-20, and then incubated with a primary rabbit anti-Fpn1
monoclonal antibody (1:800; Sigma) at 37°C overnight. To
investigate signaling pathway activation, cells were pretreated
with a phosphatase inhibitor (MDBio Inc.) for 30 minutes
to inhibit degradation of phosphorylated proteins. Next,
membranes were blocked for 2 hours in 5% bovine serum
albumin, followed by incubation overnight at 4°C with rabbit-
B-actin (1:10,000; Bioss, Beijing, China), mouse anti-STAT3
(1:1000; Cat# 9139; Cell Signaling Technology, Beverly, MA,
USA), rabbit anti-phospho-STAT3 (pSTAT3; 1:1000; Cat# 8204;
Cell Signaling Technology), rabbit anti-SMAD1 (1:1000; Cat#
6944; Cell Signaling Technology), or rabbit anti-pSMAD1/5/9
(an active form of SMAD1; 1:1000; Cat# 13820; Cell Signaling
Technology). Secondary antibodies used for western blot
analysis included anti-rabbit IgG-horseradish peroxidase
and anti-mouse IgG-horseradish peroxidase (Santa Cruz
Biotechnology, Dallas, TX, USA). Cross-reactivity was visualized
using enhanced chemiluminescence western blotting
detection reagents, analyzed by scanning densitometry using
UVP VisionWorks™ LS Software (UVP, Cambridge, UK), and
quantified with ImageJ Software (National Institutes of Health,
Bethesda, MD, USA).

Statistical analysis

Data are expressed as mean * standard deviation (SD), and
were analyzed by one-way analysis of variance followed by
post hoc Tukey’s test using GraphPad Prism 5 (GraphPad
Software Inc., San Diego, CA, USA). Statistical significance was
set at P < 0.05.
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Results

Myricetin inhibits rotenone-induced cytotoxicity in MES23.5
cells

A high concentration (1 x 10™ M) of myricetin alone
significantly reduced cell viability compared with the control
group (P < 0.01; Figure 1A); thus, low doses (< 1 x 107 M)
were used in our experiment. Rotenone (400 nM) treatment
for 24 hours significantly decreased cell viability to 65% of
the control. However, pretreatment with 1 x 107 M, 1 x 10°°
M, or 1 x 10~ M myricetin markedly increased cell viability
compared with the rotenone group (Figure 1B). Among them,
myricetin at a dose of 1 x 10° M produced the strongest
protective effect (P < 0.001). Thus, this concentration was
used in subsequent experiments.

Myricetin prevents rotenone-induced Aym reduction in
MES23.5 cells

APm, a marker of mitochondrial function, is involved in a
variety of key events in oxidative stress and apoptosis (Deng
et al., 2020). Treatment with 400 nM rotenone for 24 hours
elicited an obvious decrease in AYm (P < 0.001), which was
significantly alleviated by myricetin (P < 0.05; Figure 2).

Myricetin reducs rotenone-induced ROS production in
MES23.5 cells

Considering the involvement of Apym in ROS production (Xu et
al., 2020), we evaluated the effect of myricetin on rotenone-
induced ROS generation in MES23.5 cells. As shown in Figure 3,
rotenone treatment dramatically increased intracellular ROS
production by 3-fold compared with the control (P < 0.001).
However, myricetin pretreatment markedly inhibited ROS
production in rotenone-treated MES23.5 cells (P < 0.05).

Myricetin inhibits rotenone-induced hepcidin upregulation
in MES23.5 cells

We further investigated hepcidin mRNA expression in
rotenone-treated MES23.5 cells. Hepcidin mRNA expression
was upregulated 2.5-fold after rotenone treatment for 24
hours (P < 0.001). Myricetin significantly alleviated rotenone-
induced hepcidin mRNA expression (P < 0.05; Figure 4).

Myricetin prevents rotenone-induced Fpnl downregulation
in MES23.5 cells

Fpnl is the only cellular iron efflux channel described thus
far (Ganz, 2005). As a receptor for hepcidin, Fpnl can be
internalized and degraded, and upregulation of hepcidin may
participate in regulation of Fpnl expression (Nemeth et al.,
2004). Thus, we next investigated the effects of myricetin on
Fpnl expression in rotenone-treated MES23.5 cells. As shown
in Figure 5A, rotenone treatment for 24 hours markedly
downregulated Fpnl mRNA expression (P < 0.001), which was
inhibited by 1 x 107° M myricetin pretreatment (P < 0.05).
Consistent with the effect on mRNA expression, Fpnl protein
expression was significantly downregulated by rotenone
treatment (P < 0.01), and partly reversed by myricetin (P <
0.05). Treatment with myricetin alone tended to increase
Fpnl protein, but with no statistical difference (P > 0.05, vs.
control group; Figure 5B).

Myricetin inhibits rotenone-induced activation of STAT3 and
SMAD1 in MES23.5 cells

To test mechanisms of rotenone-induced hepcidin
upregulation, STAT3 and SMAD1 activities were measured
by western blot analysis. As shown in Figure 6, pSTAT3 and
pSMAD1/5/9 protein expression was significantly increased
after 400 nM rotenone treatment for 24 hours (P < 0.001,
vs. control group), but was partly blocked by myricetin (P <
0.001, vs. rotenone group). 1 x 10° M myricetin alone had no
effect on the activity of STAT3 or SMAD1 (P > 0.05, vs. control

group).

Discussion

In this study, we found that myricetin effectively protected
MES23.5 cells against rotenone-induced cell death. The
MES23.5 cell line is a dopaminergic neuroblastoma derived
from somatic cell fusion of rat embryonic mesencephalon
cells and the murine neuroblastoma-glioma cells (Zhang
et al.,, 2011). This cell line has properties of dopaminergic
neurons and is easier to culture than midbrain nerve cells.
Therefore, these cells have been extensively used as a useful
tool for studying neurodegenerative disease (Yu et al., 2004).
Rotenone is commonly used to induce PD models because
it faithfully replicates almost all PD hallmarks (Cannon et al.,
2009). Studies have shown that many factors are involved
in rotenone-induced dopamine neurotoxicity, including
inhibition of mitochondrial complex | (Betarbet et al., 2000;
Chinta et al., 2013), ROS production, and oxidative damage
of proteins, lipids, and DNA. Mitochondria are not only the
major site for ROS production, but also the main target for
oxidative molecular damage. In addition, in vitro studies have
shown that rotenone induces hydrogen peroxide production
in cells, which causes changes in Aym (Tada-Oikawa et al.,
2003). Damage to mitochondrial membranes is considered
a key event in pathogenic cascades of cell death (Hroudova
et al., 2014). As an antioxidant, myricetin can effectively
scavenge free radicals produced by both enzymatic and
nonenzymatic systems (Zhang et al., 2011). Indeed, myricetin
can inhibit lipid peroxidation in rat mitochondria (Ratty and
Das, 1988), and affect scavenging of both superoxide anions
(Robak and Gryglewski, 1988) and hydroxyl radicals (Chen et
al., 2002). A recent study by Lagoa et al. (2011) demonstrated
that flavonoids, which target mitochondrial complex | and
cytochrome ¢, inhibit hydrogen peroxide production. Further
study showed that these flavonoids, as well as myricetin,
are able to provide two electrons to react with cytochrome
c (Lagoa et al., 2017). In our study, myricetin pretreatment
blocked the decrease in Am and increase in ROS induced
by rotenone. These observations highlight the possibility
that myricetin protects MES23.5 cells by anti-oxidative and
mitochondrial-protective mechanisms.

Iron accumulation in the SN plays a crucial role in the etiology
and pathogenesis of PD (Gotz et al., 2004; Youdim et al.,
2004; Berg and Hochstrasser, 2006). However, its underlying
mechanism has not been fully elucidated. A previous study
showed that rotenone significantly increased iron levels in
the SN in mice (Zhao et al., 2017). In addition, decreasing iron
levels by pretreatment with the iron chelator deferoxamine
and nicotine reduced the loss of dopaminergic neurons
induced by rotenone in the SN in rats (Mouhape et al., 2019).
Furthermore, myricetin may regulate iron homeostasis by
suppressing hepcidin expression (Mu et al., 2016). Overall,
this evidence supports the possibility that myricetin may
protect against rotenone-induced cell death by suppressing
iron toxicity. Hepcidin, which is widely distributed in the brain
(Clardy et al., 2006; Zechel et al., 2006; Wang et al., 2008),
may be a key regulator in brain iron homeostasis. For example,
hepcidin plays a key role in 6-hydroxydopamine-induced iron
overload and apoptotic cell death in cell culture models of PD
(Qin et al., 2016). Moreover, our results show that myricetin
alleviated the upregulation of hepcidin expression induced by
rotenone. Hepcidin regulates iron homeostasis by modulating
the expression of several iron transporters (Du et al., 2015),
such as Fpnl. As the only iron efflux transporter, Fpnl can
be internalized and degraded, thereby inhibiting iron efflux
(Nemeth et al., 2004). Consistently, our results showed that
rotenone treatment markedly downregulated Fpn1 expression,
which was attenuated by myricetin. Therefore, we speculate
that, in the pathogenesis of PD, neurotoxin stimulation of
dopaminergic neurons in the SN causes increased hepcidin
expression and decreased Fpnl expression, resulting in
the slowing of iron efflux and induction of abnormal iron
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Figure 1 | Effect of myricetin on the viability of rotenone-induced MES23.5
cells detected by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay.

(A) Exposure of 1 x 107" M myricetin alone for 24 hours resulted in decreased
viability of MES23.5 cells, whereas 1 x 10" M to 1 x 10~ M myricetin had

no effect on cell viability compared with control. (B) Treatment with 400 nM
rotenone for 24 hours decreased cell viability compared with the control.
Pretreatment with different concentrations of myricetin enhanced cell
viability compared with the rotenone group. Data are presented as mean = SD
(n=61inA, 121in B). **P < 0.01, ***P < 0.001, vs. control group; ##P < 0.01,
###P < 0.001, vs. rotenone group (one-way analysis of variance followed by
post hoc Tukey’s test).
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Figure 3 | Effect of myricetin on ROS levels of rotenone-induced MES23.5
cells detected by flow cytometry.
(A) Representative images of fluorometric assay for ROS levels. (B)
Quantitative results of ROS levels. Rotenone (400 nM) treatment for 24 hours
increased ROS production compared with the control, but was alleviated by
pretreatment with 1 x 10° M myricetin for 1 hour. Data are presented as
mean + SD of six independent experiments. ***P < 0.001, vs. control group;
#P < 0.05, vs. rotenone group (one-way analysis of variance followed by post
hoc Tukey’s test). ROS: Reactive oxygen species.
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Figure 2 | Effect of myricetin on the mitochondrial transmembrane
potential of rotenone-induced MES23.5 cells detected by flow cytometry.
(A) Fluorometric assay of mitochondrial transmembrane potential. (B)
Quantitative results of mitochondrial transmembrane potential. Rotenone (400
nM) treatment for 24 hours decreased mitochondrial transmembrane potentials
compared with controls. Pretreatment with 1 x 10" M myricetin for 1 hour
prevented the reduction of mitochondrial transmembrane potential reduction
induced by rotenone. Data are presented as mean + SD of eight independent
experiments. ***P < 0.001, vs. control group; #P < 0.05, vs. rotenone group
(one-way analysis of variance followed by post hoc Tukey’s test).
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Figure 4 | Effect of myricetin on hepcidin mRNA levels in rotenone-
induced MES23.5 cells detected by real-time quantitative reverse
transcription polymerase chain reaction.

Cells were pretreated with 1 x 10 M myricetin for 1 hour, followed by co-
treatment with 400 nM rotenone for 24 hours. Compared with the control
group, rotenone-treated cells displayed a significant increase in hepcidin
mMRNA expression. Myricetin significantly inhibited this effect. Hepcidin mRNA
expression was normalized to that of GAPDH (optical density ratio). Results
are presented as mean * SD of seven independent experiments. ***P < 0.001,
vs. control group; #P < 0.05, vs. rotenone group (one-way analysis of variance
followed by post hoc Tukey’s test). GAPDH: Glyceraldehyde 3-phosphate
dehydrogenase.
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Figure 5 | Effect of myricetin on Fpn1l mRNA (A) and protein (B) expression in rotenone-induced MES23.5 cells.

Cells were pretreated with 1 x 10°° M myricetin for 1 hour, followed by co-treatment with 400 nM rotenone for 24 hours. Rotenone treatment downregulated
Fpnl mRNA and protein expression compared with the control. Myricetin prevented induction of Fpnl mRNA and protein levels by rotenone. Data represent
mean +SD (n=4in A, 10in B). **P < 0.01, ***P < 0.001, vs. control group; #P < 0.05, vs. rotenone group (one-way analysis of variance followed by post hoc
Tukey's test). Fpnl: Ferroportin 1; GAPDH: glyceraldehyde 3-phosphate dehydrogenase. Relative mRNA expression of Fpn1l is normalized to that of GAPDH
(optical density ratio). Relative protein expression of Fpn1 is expressed as the optical density ratio to B-actin.
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accumulation. Myricetin triggers a neuroprotective effect
by inhibiting alterations of hepcidin and Fpn1 levels. These
results are consistent with a recent finding that myricetin
regulates iron homeostasis by suppressing hepcidin expression
in human hepatocellular carcinoma cells (Mu et al., 2016).
Our results indicate that myricetin accelerates the release
of cellular iron by increasing levels of the iron exporter Fpnl
through inhibition of hepcidin expression.

Considering the strong antioxidant capacity of myricetin, our
finding showing attenuation of rotenone-induced upregulation
of pSTAT3 is highly significant toward understanding
mechanisms of myricetin-mediated neuroprotection. Our
results show that myricetin inhibited rotenone-induced
upregulation of pSMAD1/5/9 protein. As a receptor-activated
factor, SMAD1/5/9 is activated and phosphorylated as a
downstream component of the bone morphogenetic protein
(BMP) signaling pathway. Studies have demonstrated an
increasingly important role of BMP/SMAD signaling pathways
in central nervous system development (Hegarty et al., 2013)
and promotion of neurogenesis by midbrain dopaminergic
neurons in vivo (Jovanovic et al., 2018). BMP expression
is reportedly increased in the SN and cerebrospinal fluid
of PD brains, suggesting that the BMP/SMAD signaling
pathway is closely related to PD (Nagatsu et al., 2000).
Hepcidin expression is regulated by BMP/SMAD signaling
pathways (Gerjevic et al., 2012). Myricetin can reportedly
regulate hepcidin expression by targeting the BMP/SMAD
signaling pathway (Mu et al., 2016). Thus, it seems likely that
mechanisms of myricetin-mediated inhibition of hepcidin
expression may partly be attributed to suppression of
SMAD1/5/9 activity by myricetin.

In conclusion, myricetin protected rotenone-treated
MES23.5 cells by preventing iron accumulation through
potent inhibition of hepcidin expression by altering STAT3
and SMAD1 signaling pathways. A simplified depiction of the
neuroprotective mechanisms of myricetin against rotenone-
induced cytotoxicity are summarized in Figure 7. However,
this study has several limitations that should be considered.
Our study only confirmed the protective effect of myricetin
in cell models and the pathogenesis of Parkinson’s disease
is highly complex. Further studies are needed to explore the
molecular mechanisms of myricetin in animal models of PD
before it could be considered as a candidate for clinical trials
to mitigate PD pathology.
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