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Molecular mechanisms of melatonin in the reversal of
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Abstract. Peritoneal dialysis (PD)-associated peritoneal
fibrosis is a serious complication in patients with chronic
renal failure on dialysis maintenance. Studies have shown
that patients on long-term PD have chronic inflammation. The
epithelial-to-mesenchymal transition (EMT) induced by inflam-
mation is a major cause of peritoneal fibrosis and dysfunction.
As a potent antioxidant property, melatonin has an antifibrotic
effect. The present study investigated the effects of melatonin
on lipopolysaccharide (LPS)-induced EMT and examined the
molecular mechanisms in peritoneal mesothelial cells using
western blotting, reverse transcription-polymerase chain reac-
tion and immunofluorescence staining. The results of the study
found that melatonin inhibited LPS-induced morphological
changes, decreased the expression of LPS-induced markers
of EMT, including vimentin and a-smooth muscle actin, and
increased the expression of E-cadherin. In addition, it was found
that the action of melatonin was mediated through the inactiva-
tion of the Toll-like receptor (TLR)4/c-Jun N-terminal kinase
and TLR4/nuclear factor-kB-Snail signaling pathways. Thus,
these data provided novel insight into the mechanisms under-
lying the function of melatonin in peritoneal mesothelial cells
during the processes of EMT, and may provide a theoretical
basis for the treatment of peritoneal fibrosis.

Introduction

As one of the major life-threatening diseases, end-stage renal
disease (ESRD) is increasing in developed and the developing
countries, and imposes a major social and economic burden
on the majority of countries (1,2). Patients with ESRD have
three principal choices for renal replacement therapy, including
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hemodialysis (HD), peritoneal dialysis (PD) and kidney trans-
plantation (3). PD and HD are dialysis options for patients with
ESRD for whom preemptive kidney transplantation is not an
option. There is limited evidence that one form of dialysis is more
successful than the other, although patients on PD have signifi-
cantly improved quality of life in physical and psychological
aspects, and have significantly lower mortality rates, compared
with patients on HD (4). At present, an increasing number of
patients are opting for PD. According to statistics, the number
of patients treated with PD increased worldwide between 1997
and 2008, with a 2.5-fold increase in the prevalence of patients
on PD in developing countries (5). However, peritoneal fibrosis
remains a serious complication of long-term PD, which leads
to the failure of peritoneal function and ending of dialysis. A
variety of injury-inducing factors contribute to the occurrence
of peritoneal fibrosis, including bioincompatible dialysate
components, uremic toxins, refractory or recurrent infectious
peritonitis and chronic inflammation (6). Chronic inflammation
is a major cause of peritoneal fibrosis and dysfunction.

Epithelial-mesenchymal transition (EMT), which has previ-
ously been described in chronic inflammatory and fibrogenic
diseases, is a conserved process in which polarized, immobile
epithelial cells lose tight junctions and associated adherence,
and become migratory mesenchymal cells (7). Emerging
evidence shows that the EMT of peritoneal mesothelial cells
induced by chronic inflammation may be an important process
in peritoneal fibrosis (8). LPS is a critical factor, which can
induce EMT and the production of extracellular matrix in
several tissues and organs (9), therefore, reducing the frequency
of peritonitis in patients remains a challenge.

Further investigations are required to identify mechanisms,
which can delay or minimize the occurrence of LPS-induced
EMT during PD. As an antioxidant, melatonin has antifibrotic
properties, although there are limited data providing support
for this. Thus, melatonin may be a novel option for inhibiting
LPS-induced EMT and assist in reducing the risk of perito-
neal fibrosis. The present study aimed to find novel treatment
procedures for renal fibrosis using melatonin.

Materials and methods

Reagents. Ultra-pure LPSs from Escherichia coli (O111:B4)
were obtained from Invivogen; Thermo Fisher Scientific,
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Inc. (Waltham, MA, USA). Melatonin, RNase-free DNasel,
DMSO and Triton X-100 were purchased from Sigma-Aldrich;
Thermo Fisher Scientific, Inc.). SP600125 and BAY 11-7082
were purchased from Beyotime Institute of Biotechnology
(Shanghai, China). Dulbecco's modified Eagle's medium/F12
(DMEM/F12) and fetal bovine serum (FBS) were purchased
from Gibco; Thermo Fisher Scientific, Inc. Anti-GAPDH,
anti-total (t)-c-Jun N-terminal kinase (JNK), anti-phosphory-
lated (p)-JNK, anti-vimentin, anti-E-cadherin, anti-a-smooth
muscle actin (SMA) and anti-Snail antibodies were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
The ECL kit was purchased Pierce; Thermo Fisher Scientific,
Inc.). All water used was glass distilled.

Cell culture. The human peritoneal mesothelial cell line
(HMrSV5) was purchased from the Cell Culture Centre,
Chinese Academy of Medical Sciences (Beijing, China).
The HMrSV5 cells were cultured in DMEM/F12 medium
containing 10% FBS in a humidified atmosphere consisting
of 95% O, and 5% CO, at 37°C. The cells were subcultured
every 3 days using 0.2% trypsin and 0.02% EDTA. For experi-
ments, the cells were seeded at a density of 3x10* cells/cm? and
cultured for 24 h to obtain monolayers in 3 ml DMEM/F12
with 10% FBS. At 80% confluence, the cells were exposed
to the following conditions: i) control groups, the cells were
treated with fresh serum-free DMEM/F12 only; ii) experi-
mental groups, the cells were subjected to pretreatment with
10 pg/ml LPS for 24, 48 and 72 h in the absence or presence
of 1 uM melatonin at 37°C in a humidified atmosphere of 5%
CO,. To further elucidate into this signaling pathway leading
to the protection of EMT by melatonin in HMrSV5 cells,
10 umol/l1 SP600125 or BAY 11 77082 (10 mM) were used.
Cells were incubated with or without 10 M of SP600125 or
10 mM BAY 11 77082 for 1 h, and then exposed to 10 pg/ml
LPS for 48 h with or without 1 M melatonin pretreatment.
For experiments, the cells were cultured for 24 h to obtain
monolayers in 3 ml DMEM/F12 with 10% FBS. Following
rinsing of the cells with phosphate-buffered saline (PBS), the
medium was replaced and the cells were cultured further.

Immunofluorescence staining. The HMrSVS5 cells were
seeded into six-well plates for 24 h. Following fixing with
ice-cold methanol for 5 min, the cells were permeabilized
with 0.1% Triton-X100 for 5 min, blocked with 1% bovine
serum albumin (Sangon Biotech Co., Ltd., Shanghai,
China) for 10 min, and incubated with mouse monoclonal
anti-E-cadherin antibody (cat. no. sc-21791; 1:400) or
anti-vimentin antibody (cat. no. sc-373717; 1:400) for 2 h at
37°C. Following three washes in PBS, the cells were incubated
with tetramethylrhodamine isothiocyanate- and fluorescein
isothiocyanate-conjugated goat anti-mouse IgG (1:100 in PBS)
for 0.5 h at room temperature. Subsequently, Hoechst 33342
was added to the cells for 15 min. Following washing three
times with PBS, all the samples were examined using optical
microscopy (Olympus Corporation, Tokyo, Japan).

Reverse transcription-polymerase chain reaction (RT-PCR)
analysis. Total RNA was extracted from the HMrSV5 cells
using TRIzol (Tiangen Biotech Co., Ltd., Beijing, China). The
RT-PCR kit was purchased from (Takara Bio, Inc., Otsu, Japan).
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First-strand cDNA was synthesized from a 1 ug aliquot of the
total RNA samples using oligo-dT primers and reverse tran-
scriptase. The following primers were used: GAPDH, forward
5-CGGAGTCAACGGATTTGGTCGTAT-3 and reverse
5-AGCCTTCTCCATGGTGGTGAAGAC-3; E-cadherin,
forward S-TTGCTCACATTTCCCAACTCCTC-3 and reverse
5-CACCTTCAGCCATCCTGTTTCTC-3; Vimentin, forward
5-GCTGAATGACCGCTTCGCCAACT-3 and reverse 5-AGC
TCCCGCATCTCCTCCTCGTA-3; a-SMA, forward 5-AAG
AGGAAGACAGCACAGCTC-3 and reverse 5-TTACAG
AGCCCAGAGCCATT-3; Toll-like receptor (TLR)-4, forward
5-TGTCTGAACTCCCTCCAGGT-3 and reverse 5-CACACT
GAGGACCGACACAC-3; nuclear factor (NF)-xB, forward
5-TGGTGAAGACCTTGCTGCTAAATGC-3 and reverse
5-ACTGGGTGAGGTTGTCTGTCGGTA-3. RT-PCR was
performed for 30 cycles. The reactions were performed with
a Gene Amp PCR system 9700 (PerkinElmer, Inc., Waltham,
MA, USA). The amplified products were separated by elec-
trophoresis on a 2% agarose gel and visualized by ethidium
bromide staining. Each product was visualized following
separation and using GAPDH as an internal control. The image
density was quantified using a Fluorolmager SI (Amersham
Pharmacia Biotech, Amersham, UK).

Western blot analysis. The HMrSV5 cells were washed with
cold PBS three times and lysed in RIPA buffer (Beyotime
Institute of Biotechnology). The cell lysates were harvested
by centrifugation at 12,000 g for 10 min at 4°C, and the
protein concentration was determined using a Bradford assay
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The samples,
containing 10 ug of proteins, were electrophoresed on a 10%
SDS-PAGE gel and then transferred onto a polyvinylidene
fluoride membrane (EMD Millipore, Billerica, MA, USA). The
membranes were incubated at 4°C overnight with the following
primary antibodies: Anti-a-SMA (cat. no. sc-324317; 1:400),
anti-E-cadherin (1:400), anti-vimentin (1:400), anti-t-JNK
(cat. no. sc-137018; 1:400), anti-p-JNK (cat. no. sc-6254;
1:400), anti-Snail (cat. no. sc-10432; 1:400) and anti-GAPDH
(cat. no. sc-365062; 1:1,000). Subsequently, the membranes
were incubated with the appropriate peroxidase-conjugated
secondary antibodies (cat. no. sc-3795) for 2 h at room
temperature, and detection was performed using an enhanced
chemiluminescence kit (Pierce; Thermo Fisher Scientific, Inc.).
The relative expression levels of the proteins were analyzed,
and the results were quantified using QuantityOne software
(Bio-Rad Laboratories, Inc.

Statistical analysis. The data were analyzed statistically
using SPSS software 18.0 (IBM SPSS, Armonk, NY, USA)
and presented as the mean =+ standard deviation. Analysis was
performed using one-way analysis of variance followed by
Dunnett's post-hoc test. P<0.05 was considered indicative of a
statistically significant difference.

Results

LPS induces EMT in HMrSV5 cells. LPS is released during
the lysis of bacteria. It has been reported that LPS can induce
cytokines from immune cells and induce cell apoptosis (10),
however, whether LPS induces EMT in HMrSV5 cells remains
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Figure 1. Effect of LPS on the epithelial-mesencyhmal transition of HMrSV5 cells. (A) HMrSVS5 cells were cultured with 10 gg/ml LPS for 24,48 and 72 h,
and the expression levels of vimentin, E-cadherin and a-SMA were detected using western blot analysis. (B) All data are presented as the mean + standard
deviation (n=6). GAPDH protein was used as an internal control (“P<0.01, vs. LPS 0 h group). (C) HMrSV5 cells were cultured with 10 gzg/m1 LPS for 24 h, and
the expression levels of E-cadherin and vimentin were detected using immunofluorescence. Magnification, x100. LPS, lipopolysaccharide; a-SMA, a-smooth

muscle actin.

to be elucidated. To investigate LPS-induced EMT, in the
present study, HMrSV5 cells were treated with 10 pgg/ml LPS
for 24, 48 and 72 h, and the expression levels of E-cadherin,
vimentin and a-SMA were detected using western blot anal-
ysis and immunofluorescence. The concentration of LPS was
selected based on a previous study (11). As shown in Fig. 1A
and B, the results of the western blot analysis showed that LPS
treatment downregulated the level of E-cadherin, and upregu-
lated the expression levels of vimentin and a-SMA. Similarly,
immunofluorescence confirmed the that the protein expres-
sion of vimentin was increased, and that of E-cadherin was
decreased following culture with LPS (Fig. 1C). Collectively,
these observations suggested that the HMrSVS5 cells had
undergone EMT following treatment with LPS.

Melatonin suppresses LPS-induced EMT. Previous reports
have shown that melatonin has an anti-inflammatory
effect (12). The present study investigated the effects of mela-
tonin on LPS-induced EMT in HMrSV5 cells. The HMrSV5
cells were subjected to 10 ug/ml LPS for 48 h in the absence
or presence of 1 xM melatonin. The concentration of mela-
tonin was selected based on a previous study (13), and had no
effect on proliferation or apoptosis. The effects of melatonin

on LPS-induced EMT of HMrSV5 cells were assessed using
western blot and RT-PCR analyses. The EMT induced by LPS
was attenuated by co-treating the cells with 1 M melatonin,
which was evidenced by the reduced upregulation of a-SMA
and vimentin, and amelioration of the inhibited expression
of E-cadherin at the mRNA (Fig. 2A) and protein (Fig. 2B)
levels. These results showed that melatonin supplementation
reversed LPS-induced EMT in the HMrSVS5 cells.

Melatonin inhibits the LPS-induced activation of TLR4/JNK
signaling. TLRs recognize a variety of microbial structural
components, termed pathogen-associated molecular patterns.
TLR4/JNK signaling is involved in tumor invasion and
EMT (14). The present study examined whether melatonin
mediated its effects on EMT in HMrSVS5 cells through this
pathway. The HMrSV5 cells were cultured with 10 pg/ml
LPS, with or without 1 M melatonin for 48 h, and the levels
of TLR-4, t-JNK and p-JNK were detected using RT-PCR and
western blot analyses. The results revealed that LPS upregulated
the level of TLR-4 and the phosphorylation of JNK. However,
no significant change was observed in the expression of t-JNK
(P>0.05; Fig. 3A and B). These results led to the hypothesis
that melatonin may suppress EMT in HMrSVS5 cells through
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Figure 2. Melatonin inhibits LPS-induced epithelial-mesenchymal transition in HMrSV5 cells. (A) HMrSVS5 cells were cultured in 10 gg/ml LPS with or
without 1 #M melatonin for 48 h, and the mRNA expression levels of vimentin, E-cadherin and a-SMA were detected using reverse transcription-polymerase
chain reaction analysis. (B) All data are presented as the mean + standard deviation (n=6). GAPDH was used as an internal control (“P<0.01, vs. control,
"P<0.01 LPS, vs. LPS+melatonin). (C) Cells were cultured in 10 gg/ml LPS with or without 1 M melatonin for 48 h, and the expression levels of vimentin,
E-cadherin and a-SMA were detected using western blot analysis. (D) All data are presented as the mean + standard deviation (n=6). GAPDH protein was
used as an internal control (“P<0.01, vs. LPS). LPS, lipopolysaccharide; a-SMA, a-smooth muscle actin.

inhibiting the TLR4/JNK pathway. The present study further
investigated the effect of melatonin on the TLR4/JNK pathway
with 10 gmol/l SP600125, an inhibitor of JNK. The concentra-
tion of SP600125 was selected based on a previous study (15).
From the results of Fig. 3C, The inhibitor of JNK effectively
eliminated the protective effect of melatonin, causing a decrease
in the level of E-cadherin, and increases in the levels of vimentin
and a-SMA. Taken together, these findings suggested that the
inactivation of the TLR4/JNK pathway was a critical event in
the melatonin-induced anti-EMT effect in HMrSVS5 cells.

Melatonin inhibits the LPS-induced activation of
TLR4/NF-kB-Snail signaling pathway. Several studies have
reported that TLR4/NF-kB inactivation can protect EMT (16).
To further elucidate into this signaling pathway leading to the
protection of EMT by melatonin in HMrSV5 cells, a specific

NF-xB inhibitor, BAY 11-77082 (10 mM) was used. The
concentration of BAY 11-7082 was selected based on a previous
study (17). As shown in Fig. 4A-C, melatonin significantly
downregulated the increased expression levels of TLR-4, NF-xB
and Snail, determined using RT-PCR and western blot analyses.
However, the inhibitor of NF-kB effectively eliminated the
protective effect of melatonin, causing a decrease in the level of
E-cadherin, and increases in the levels of vimentin and a-SMA.
Taken together, these findings suggested that inactivation of
the TLR4/NF-«kB-Snail pathway was a critical event in the
melatonin-induced anti-EMT effect in HMrSVS5 cells.

Discussion

The neurohormone melatonin is secreted rhythmically
by a circadian pacemaker located in the suprachiasmatic
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Figure 3. Melatonin inhibits LPS-induced epithelial-mesenchymal transition through the TLR4/JNK signaling pathway. (A) HMrSVS5 cells were cultured with
10 ug/ml LPS, with or without 1 M melatonin, for 48 h, and the mRNA level of TLR-4 was detected using RT-PCR analysis. GAPDH was used as an internal
control (“P<0.01, vs. control; “P<0.01 LPS, vs. LPS+melatonin). (B) Expression levels of t-JNK and p-JNK were detected using western blot analysis. GAPDH
was used as an internal control (“P<0.01, vs. control; “P<0.01 LPS, vs. LPS+melatonin). (C) Cells were incubated with or without 10 uM of SP600125 for 1 h,
and then exposed to 10 zg/ml LPS for 48 h with or without 1 M melatonin pretreatment. The mRNA expression levels of vimentin, E-cadherin and a-SMA
were detected using RT-PCR analyses. Data in all graphs are presented as the mean + standard deviation (n=6). GAPDH was used as an internal control
("P<0.01, vs. control; “P<0.01 LPS, vs. LPS+melatonin; 4P>0.05 LPS+melatonin+SP600125, vs. LPS). LPS, lipopolysaccharide; TLR4, Toll-like receptor 4;
JNK, c-Jun N-terminal kinase; T-, total; P-, phosphorylated; a-SMA, a-smooth muscle actin; RT-PCR, reverse transcription-polymerase chain reaction.
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Figure 4. Melatonin inhibits LPS-induced epithelial-mesenchymal transition through the TLR4/NF-xB-Snail signaling pathway. (A) HMrSV5 cells were
cultured in 10 xg/ml LPS with or without 1 M melatonin for 48 h, and the mRNA expression of TLR4 was detected using RT-PCR analysis. GAPDH was
used as an internal control (“P<0.01, vs. control; “P<0.01 LPS, vs. LPS+melatonin). (B) Cells were treated, as described above and the expression of NF-xB
was detected using RT-PCR analysis. GAPDH was used as an internal control (“P<0.01. vs. control; “P<0.01 LPS vs, LPS+melatonin). (C) Cells were treated,
as described above, and the expression of Snail was detected using western blot analysis. GAPDH was used as an internal control ("P<0.01, vs. control,
"P<0.01 LPS, vs. LPS+melatonin). (D) Cells were incubated with or without 10 M of BAY 11-7082 for 1 h, and then exposed to 10 xg/ml LPS for 48 h in the
presence or absence of 1 M melatonin pretreatment. The mRNA expression levels of vimentin, E-cadherin and a-SMA were detected using RT-PCR analysis.
(""P<0.01, vs. control; “P<0.01 LPS, vs. LPS+melatonin; #P>0.05 LPS+melatonin+BAY 11-7082, vs. LPS). All data are presented as the mean + standard devia-
tion (n=6). GAPDH was used as an internal control EMT, epithelial-mesenchymal transition; LPS, lipopolysaccharide; TLR4, Toll-like receptor 4; a-SMA,
a-smooth muscle actin; NF-«xB, nuclear factor-kB; RT-PCR, reverse transcription-polymerase chain reaction.

nucleus (18). Melatonin regulates several physiological func-
tions, including sleep and circadian rhythms, immune
function, body weight and energy balance, and has anticancer
effects (19,20). In addition, as a potent antioxidant, melatonin
has been found to be effective in a variety of disorders linked
to oxidative stress and inflammation (21). Several studies
have demonstrated that melatonin alleviates the LPS-induced
expression of inflammatory cytokines/chemokines. Melatonin
has been found to regulate LPS-induced proinflammatory
and anti-inflammatory cytokines in the serum, fluid, liver

and brain (22). Melatonin inhibits the production of NO and
protects neural stem cells against LPS-induced inflamma-
tory stress (23). Melatonin also reduces the expression of
pro-inflammatory mediators and enhances the expression
of heme oxygenase 1 via the NF-kB, p38 mitogen-activated
protein kinase and nuclear factor erythroid 2 related factor 2
cascade signaling pathways in murine macrophages (24). In
the present study, it was confirmed that melatonin was asso-
ciated with anti-inflammation effects and has a protective
role in LPS-induced EMT in HMrSV5 cells, reducing the
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upregulation of a-SMA and vimentin, and ameliorating the
expression of E-cadherin (Fig. 2).

LPS-induced inflammation and LPS-induced EMT are
key in peritoneal fibrosis in PD. A previous study found that
exposure to LPS in a rat model led to peritoneal fibrosis and
neoangiogenesis (25). TLR4 is responsible for the immediate
response to Gram-negative bacteria and is recruited to initiate
a signaling cascade leading to production of pro-inflammatory
cytokines. The presents study investigated the expression
of TLR4 during LPS stimulation. A shown in Fig. 3, LPS
significantly upregulated the level of TLR4, determined using
RT-PCR. A previous study confirmed this result, in which
LPS/TLR4 signaling led to the activation of the transcription
factors, NF-«kB, IL-6 and TNF-a (26). In the present study, it
was confirmed that melatonin was associated with TLR4/JNK
and TLR4/NF-«kB-Snail inactivation in LPS-treated HMrSV5
cells (Figs. 3 and 4). Therefore, it is possible that melatonin
suppresses LPS-induced EMT via inhibiting the TLR4/JNK
and TLR4/NF-«xB-Snail pathways. Therefore, targeting inflam-
mation, EMT or associated cell signaling pathways may inhibit
peritoneal fibrosis in PD. The findings of the present study
indicated that melatonin offers potential in the prevention and
therapy of peritoneal fibrosis.
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