
Melatonin modulates TLR4-mediated inflammatory genes through
MyD88- and TRIF-dependent signaling pathways in
lipopolysaccharide-stimulated RAW264.7 cells

Introduction

Melatonin is the major product of the pineal gland, with

maximal secretion at night [1]. As potent antioxidants,
melatonin, and its metabolites can directly scavenge hydroxyl
free radicals (ÆOH) [2–4] andperoxynitrite anion (ONOO)) [5].

Several reports have demonstrated that melatonin exhibits its
indirect antioxidant role through stimulating superoxide
dismutase (SOD) and glutathione peroxidase (GSH-Px)

activities [6–10]. Importantly, exogenous melatonin upregu-
lates the expression of antioxidant enzymes in different tissues
[11–14].Also,melatoninhas anti-inflammatory effects [15, 16].

According to a recent study, melatonin suppressed the
production of nitric oxide (NO) and interleukin-6 (IL-6) at
both gene transcription and translation levels in lipopolysac-
charide (LPS)-activated macrophages [17]. An in vivo report

from our laboratory showed that melatonin significantly
inhibited LPS-induced tumor necrosis factor alpha (TNF-a),

IL-1b, and IL-6 in maternal serum, amniotic fluid, fetal liver,
and fetal brain [18]. A recent study found that oral supple-
mentation with melatonin markedly attenuated the elevation
of TNF-a caused by strenuous exercise in adult human males

[19]. Indeed, melatonin could prevent from circulatory failure
in rats, mice, and humans with endotoxemia by repressing the
production of inflammatory cytokines [20–22]. Moreover,

melatonin alleviated heatstroke-induced systemic inflamma-
tion and protected rats from multiple organ dysfunction
syndromes [23]. Nevertheless, the molecular mechanism for

melatonin-mediated anti-inflammatory role remains obscure.
In mammals, the rapid response to pathogens is called

innate immunity. Increasing evidence demonstrates that

toll-like receptor 4 (TLR4) plays a critical role in innate
immune and inflammatory responses [24]. The TLR4
recognizes its ligand LPS, resulting in recruitment of the
adapter molecule myeloid differentiation factor 88

(MyD88), which in turn leads to the activation of the
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nuclear factor kappa B (NF-jB) and the mitogen-activated
protein kinase (MAPK) transduction cascades in macro-
phages [25]. Under unstimulated conditions, NF-jB is
usually retained in the cytoplasm by binding to the

inhibitor of kappa B (I-jB). I-jB phosphorylation leads
to release and translocation of NF-jB to the nucleus [26].
The MAPK family mainly includes extracellular signal-

regulated kinase (ERK), p38, and c-Jun N-terminal kinase
(JNK) [27]. The NF-jB and MAPK signal transduction
pathways are well known for their prominent roles in

switching on genes involved in TLR4-mediated inflamma-
tory responses [28]. Recently, numerous studies have
demonstrated that TLR4-mediated signaling also leads to

rapid activation of the phosphatidylinositol 3-kinase
(PI3K) and phosphorylation of Akt in macrophages [29].
Importantly, PI3K/Akt signaling is involved in TLR4-
mediated cytokine expression in macrophages [30].

The aim of the present study was to investigate the effect
of melatonin on TLR4-mediated inflammatory genes in
LPS-stimulated macrophages. In addition, we were to

explore whether melatonin modulates MyD88-dependent
and MyD88-independent signaling pathways in LPS-stim-
ulated macrophages. Our results found that melatonin

inhibited TLR4-mediated inflammatory genes in LPS-
stimulated macrophages. We demonstrate for the first time
that melatonin modulates TLR4-mediated inflammatory
genes through MyD88-dependent and TRIF-dependent

signaling pathways in macrophages.

Materials and methods

Chemicals and reagents

Lipopolysaccharide (Escherichia coli LPS, serotype

0127:B8) and melatonin were purchased from Sigma
Chemical Co. (St Louis, MO, USA). Antibodies against
phosphor-p38 (pp38), phosphor-ERK (pERK), phosphor-

JNK (pJNK), NF-jB p65, NF-jB p50, inhibitor of jB
(I-jB), cyclooxygenase (COX)-2, iNOS and Lamin A/C
were from Santa Cruz Biotechnologies (Santa Cruz, CA,

USA). Phosphor-Akt (pAkt), Akt, and MyD88 antibodies
were from Cell Signaling Technology (Beverley, MA,
USA). b-Actin antibody was from Boster Bio-Technology
Co. LTD (Wuhan, China). Chemiluminescence (ECL)

detection kit was from Pierce Biotechnology (Rockford,
IL, USA). TRI reagent was from Molecular Research
Center, Inc. (Cincinnati, OH, USA). RNase-free DNase

and RT and PCR kits were from Promega Corporation
(Madison, WI, USA). All the other reagents were from
Sigma or as indicated in the specified methods.

Cell culture and treatments

RAW264.7 cells, a rodent macrophage cell line, were grown
in Nunc flasks in Dulbecco�s modified Eagle�s medium
(DMEM) supplemented with 100 U/mL of penicillin,
100 lg/mL streptomycin, 10 mmHEPES, 2 mm l-glutamine,

Table 1. Primers for real-time RT-PCR

Name Sequences Sizes (bp)

GAPDH Forward: 5¢- ACCCCAGCAAGGACACTGAGCAAG -3¢
Reverse: 5¢- GGCCCCTCCTGTTATTATGGGGGT -3¢

109

TNF-a Forward: 5¢- CCCTCCTGGCCAACGGCATG -3¢
Reverse: 5¢- TCGGGGCAGCCTTGTCCCTT -3

109

IL-1b Forward: 5¢- GCCTCGTGCTGTCGGACCCATAT -3¢
Reverse: 5¢- TCCTTTGAGGCCCAAGGCCACA -3¢

143

IL-6 Forward: 5¢- AGACAAAGCCAGAGTCCTTCAGAGA -3¢
Reverse: 5¢- GCCACTCCTTCTGTGACTCCAGC -3¢

146

IL-8 Forward: 5¢- TTGCCTTGACCCTGAAGCCCCC -3¢
Reverse: 5¢- GGCACATCAGGTACGATCCAGGC -3¢

175

IL-17 Forward: 5¢- AACCGTTCCACGTCACCCTGGA -3¢
Reverse: 5¢- TGGTCCAGCTTTCCCTCCGCA -3¢

122

IFN-b Forward: 5¢- GGATCCTCCACGCTGCGTTCC -3¢
Reverse: 5¢- CCGCCCTGTAGGTGAGGTTGA -3¢

153

IFN-c Forward: 5¢- GCTGTTACTGCCACGGCACAGT -3¢
Reverse: 5¢- CACCATCCTTTTGCCAGTTCCTCC -3¢

129

IL-4 Forward: 5¢- GCCATATCCACGGATGCGACA -3¢
Reverse: 5¢- TCCATCTCCGTGCATGGCGTC -3¢

94

IL-10 Forward: 5¢- GGCTGGACGAGAGCCGAACG -3¢
Reverse: 5¢- CCCGGGGTGTAGGCACCACT -3¢

124

iNOS Forward: 5¢- GCTCGCTTTGCCACGGACGA -3¢
Reverse: 5¢- AAGGCAGCGGGCACATGCAA -3¢

146

COX-2 Forward: 5¢- GGGCTCAGCCAGGCAGCAAAT -3¢
Reverse: 5¢- GCACTGTGTTTGGGGTGGGCT -3¢

187

TLR4 Forward: 5¢- TCAGCAAAGTCCCTGATGACATTCC -3¢
Reverse: 5¢- AGAGGTGGTGTAAGCCATGCCA -3¢

180

IRF3 Forward: 5¢- ACGGCAGGACGCACAGATGG -3¢
Reverse: 5¢- TCCAGGTTGACACGTCCGGC -3¢

104

IRF7 Forward: 5¢- GCTCCAAACCCCAAGCCCTCTG -3¢
Reverse: 5¢- GACAGCTTCCACCTGCCATGCT -3¢

181

iNOS, inducible nitric oxide synthase.
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0.2% NaHCO3, and 10% [v/v] heat-inactivated FBS in a
humidified chamber with 5%CO2/95%air at 37�C. The cells
were seeded into 6-well culture plates at a density of
5 · 105 cells/well and incubated for at least 12 hr to allow

them to adhere to the plates. After washing three times with
medium, the cells were incubated with LPS (2.0 lg/mL) for
different times in the absence or presence of different

concentration of melatonin (10, 100 or 1000 lm, dissolved
in 0.25% ethanol: saline). The cells were washed with chilled
PBS for three times and thenharvested for real-timeRT-PCR

and immunoblots.

Isolation of total RNA and real-time RT-PCR

Total RNA was extracted using TRI reagent. RNase-free
DNase-treated total RNA (1.0 lg) was reverse-transcribed
with AMV (Promega Corporation). Real-time RT-PCR

was performed with a LightCycler� 480 SYBR Green I kit
(Roche Diagnostics GmbH, Mannheim, Germany) using
gene-specific primers as listed in Table 1. The amplification
reactions were carried out on a LightCycler� 480 Instru-

ment (Roche Diagnostics GmbH) with an initial hold step
(95�C for 5 min) and 50 cycles of a three-step PCR (95�C
for 15 s, 60�C for 15 s, 72�C for 30 s). The comparative CT-

method was used to determine the amount of target,
normalized to an endogenous reference (GAPDH) and
relative to a calibrator (2�DDCt ) using the Lightcycler 480

software (Roche, version 1.5.0). All RT-PCR experiments
were performed in triplicate.

Immunoblots

To prepare cell lysates, cells were washed three times with
ice-cold PBS and lysed by incubating for 30 min on ice with

(A) (B)

(C) (D)

(E) (F)

(G) (H)

Fig. 1. The effects of melatonin on LPS-induced inflammatory cytokines. RAW264.7 cells were incubated with LPS (2.0 lg/mL) in the
absence or presence of melatonin (1.0 mm). The expression of inflammatory cytokines in RAW264.7 cells was measured using real-time RT-
PCR at 2 and 6 hr after LPS treatment. (A) TNF-a; (B) IL-1b; (C) IL-6; (D) IL-8; (E) IL-17; (F) IFN-c; (G) IL-4; (H) IL-10. Data were
expressed as means ± S.E.M. of six samples. *P < 0.05, **P < 0.01 as compared with control group. �P < 0.05, ��P < 0.01 as com-
pared with LPS group.
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200 lL of lysis buffer (50 mm Tris–HCl, pH 7.4, 150 mm

NaCl, 1 mm EDTA, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% sodium dodecylsulphate, 1 mm phen-

ylmethylsulfonyl fluoride) supplemented with a cocktail of
protease inhibitors (Roche, Indianapolis, IN, USA). The
cell lysates were centrifuged at 10,000 g for 10 min to
remove insoluble material. For nuclear protein extraction,

the cells were washed with ice-cold PBS/phosphatase
inhibitors, collected with a cell scraper, and harvested by
centrifugation. The cell pellet was then resuspended in

hypotonic buffer and then kept on ice for 15 min. The
suspension was then mixed with detergent and centrifuged
for 30 s at 14,000 g. The nuclear pellet obtained was

resuspended in complete lysis buffer in the presence of the
protease inhibitor cocktail, incubated for 30 min on ice,
and centrifuged for 10 min at 14,000 g. Protein concentra-

tions were determined with the bicinchoninic acid (BCA)
protein assay reagents (Pierce) according to the manufac-
turer�s instructions. For immunoblots, same amount of
protein (40–80 lg) was separated electrophoretically by

SDS–polyacrylamide gel electrophoresis (SDS–PAGE).
The protein was transferred to a polyvinylidene fluoride
membrane by electroblotting. The membranes were incu-

bated for 2 hr with the following antibodies (1:1000
dilution): pAkt, pp38, pERK, pJNK, I-jB, NF-jB p65,
NF-jB p50, COX-2, and iNOS. For total protein, b-actin
was used as a loading control. For nuclear protein, lamin
A/C was used as a loading control. After washes in DPBS
containing 0.05% Tween-20 four times for 10 min each, the

membranes were incubated with goat anti-rabbit IgG or

goat anti-mouse antibody for 2 hr. The membranes were
then washed for four times in DPBS containing 0.05%
Tween-20 for 10 min each, followed by signal development

using an ECL detection kit.

Statistical analysis

Quantified data were expressed as means ± S.E.M. at each
point. ANOVA and the Student–Newmann–Keuls post hoc
test were used to determine differences between the treated

cells and the control. Differences were considered to be
significant only for P < 0.05.

Results

First, we analyzed the effects of melatonin on LPS-induced

proinflammatory cytokines in RAW264.7 cells. In response
to LPS, the expression of several proinflammatory cyto-
kines, such as TNF-a, IL-1b, IL-6, and IL-8, were
significantly increased at 2 hr after LPS treatment. The

expression of these proinflammatory cytokines remained
elevated at 6 hr after LPS treatment (Fig. 1A–D), whereas
LPS had little effect on the expression of IL-17 and IFN-c
in RAW264.7 cells (Fig. 1E,F). As shown in Fig. 1A–D,
melatonin significantly attenuated LPS-evoked upregula-
tion of proinflammatory cytokines. The effects of melatonin

on LPS-evoked expression of anti-inflammatory cytokines
are presented in Fig. 1G,H. As expected, the level of IL-10
mRNA was obviously increased at 2 hr after LPS treatment
(Fig. 1H), whereas LPS had little effect on the expression of

(A) (B)

(C) (D)

Fig. 2. The effects of melatonin on LPS-induced iNOS and COX-2. RAW264.7 cells were incubated with LPS (2.0 lg/mL) in the absence or
presence of melatonin (1.0 mm). (A and B) The levels of iNOS and COX-2 mRNA were measured using real-time RT-PCR at 2 and 6 hr
after LPS treatment. (A) iNOS; (B) COX-2. Data were expressed as means ± S.E.M. of six samples. (C and D) The levels of iNOS and
COX-2 protein in RAW264.7 cells were measured using immunoblots at 6 hr after LPS treatment. (C) A representative gel for iNOS (upper
panel) and b-actin (lower panel) was shown. (D) A representative gel for COX-2 (upper panel) and b-actin (lower panel) was shown. All
experiments were repeated for four times. Quantitative analyses of scanning densitometry on four different samples were performed.
**P < 0.01 as compared with control group. ��P < 0.01 as compared with LPS group.
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(A) (B)

(C) (D)

(E) (F)

Fig. 3. The effects of melatonin on LPS-induced MAPK signaling pathway. (A, C, and E) RAW264.7 cells were incubated with LPS
(2.0 lg/mL) for different times. (B, D, and F) Cells were incubated with LPS (2.0 lg/mL) for 30 min in the absence or presence of melatonin
(1.0 mm). (A and B) pJNK was measured using immunoblots. A representative gel for pJNK (upper panel) and b-actin (lower panel) was
shown. (C and D) pp38 was measured using immunoblots. A representative gel for pp38 (upper panel) and b-actin (lower panel) was shown.
(E and F) pERK was measured using immunoblots. A representative gel for pERK (upper panel) and b-actin (lower panel) was shown. All
experiments were repeated for four times. Quantitative analyses of scanning densitometry on four different samples were performed. Data
were expressed as means ± S.E.M. of four samples. *P < 0.05, **P < 0.01 as compared with control group.

(A) (B) (C)

Fig. 4. The effects of melatonin on LPS-induced NF-jB activation. RAW264.7 cells were incubated with LPS (2.0 lg/mL) for (A) 30 min
and (B) 1 hr in the absence or presence of melatonin (1.0 mm). (A) IjB was measured using immunoblots. A representative gel for IjB
(upper panel) and b-actin (lower panel) was shown. (B) Nuclear NF-jB p65 was measured using immunoblots. A representative gel for p65
(upper panel) and lamin A/C (lower panel) was shown. (C) RAW264.7 cells were incubated with LPS (2.0 lg/mL) for 6 hr in the absence or
presence of melatonin (1.0 mm). Nuclear NF-jB p50 was measured using immunoblots. A representative gel for p50 (upper panel) and
lamin A/C (lower panel) was shown. All experiments were repeated for four times. Quantitative analyses of scanning densitometry on four
different samples were performed. Data were expressed as means ± S.E.M. of four samples. **P < 0.01 as compared with control group. �
P < 0.05, ��P < 0.01 as compared with LPS group.
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IL-4 in RAW264.7 cells (Fig. 1G). Melatonin significantly
attenuated LPS-evoked upregulation of IL-10 in
RAW264.7 cells (Fig. 1H).

The effects of melatonin on LPS-induced expression of
iNOS were then investigated. As expected, the level of
iNOS mRNA was significantly increased at 2 hr after LPS
treatment. The expression of iNOS mRNA remained

elevated at 6 hr after LPS treatment (Fig. 2A). Interest-
ingly, melatonin significantly attenuated LPS-evoked
upregulation of iNOS mRNA (Fig. 2A). Correspondingly,

melatonin significantly attenuated LPS-induced elevation
of iNOS protein in RAW264.7 cells (Fig. 2C). Next, we
analyzed the effects of melatonin on LPS-induced expres-

sion of COX-2 in RAW264.7 cells. As shown in Fig. 2B, the
level of COX-2 mRNA was slightly increased at 2 hr after
LPS treatment. Further analysis showed that the expression

of COX-2 mRNA was significantly upregulated at 6 hr
after LPS treatment. Interestingly, melatonin briefly atten-
uated LPS-evoked upregulation of COX-2 mRNA
(Fig. 2B). Interestingly, melatonin almost completely inhib-

ited LPS-induced elevation of COX-2 protein in RAW264.7
cells (Fig. 2D).
To investigate the effects of melatonin on LPS-induced

MAPK signaling, the levels of pJNK, pp38, and pERK
were measured in LPS-stimulated RAW264.7 cells. As
expected, the levels of pJNK, pp38, and pERK were

significantly increased in LPS-treated RAW264.7 cells in a

time-dependent manner (Fig. 3A,C,E). Unexpectedly, mel-
atonin had no effect on LPS-induced JNK phosphorylation
(Fig. 3B). In addition, melatonin did not inhibit LPS-

induced p38 and ERK phosphorylation in RAW264.7 cells
(Fig. 3D,F). Surprisingly, melatonin alone induced the
phosphorylation of JNK, p38, and ERK in RAW264.7
cells (Fig. 3B,D,F).

The effects of melatonin on LPS-induced NF-jB
activation are presented in Fig. 4. As expected, the level
of I-jB was significantly decreased in LPS-stimulated

macrophages (Fig. 4A). By contrast, the levels of nuclear
NF-jB p65 and p50 were significantly increased in LPS-
stimulated macrophages (Fig. 4B,C). Melatonin signifi-

cantly attenuated LPS-induced I-jB degradation in rodent
macrophages (Fig. 4A). In addition, melatonin signifi-
cantly inhibited LPS-induced nuclear translocation of NF-

jB p65 and p50 (Fig. 4B,C).
The effects of melatonin on LPS-induced AKT phos-

phorylation were analyzed. As shown in Fig. 5A,B,
neither LPS nor melatonin regulated the expression of

AKT in RAW264.7 cells. LPS significantly increased the
level of pAkt in a time-dependent manner (Fig. 5C).
Interestingly, melatonin almost completely inhibited LPS-

induced elevation of pAkt in RAW264.7 cells (Fig. 5D).
The effects of melatonin on the expression of TLR4

and MyD88 were then analyzed RAW264.7 cells. As

shown in Fig. 6A, LPS alone had no effect on the

(A) (B)

(C) (D)

Fig. 5. The effects of melatonin on LPS-induced AKT phosphorylation. (A and C) RAW264.7 cells were incubated with LPS (2.0 lg/mL)
for different times. (B and D) RAW264.7 cells were incubated with LPS (2.0 lg/mL) for 30 min in the absence or presence of different
concentration of melatonin (10, 100 or 1000 lm). (A and B) AKT was measured using immunoblots. A representative gel for AKT (upper
panel) and b-actin (lower panel) was shown. (C and D) pAkt was measured using immunoblots. A representative gel for pAkt (upper panel)
and AKT (lower panel) was shown. All experiments were repeated for four times. Quantitative analyses of scanning densitometry on four
different samples were performed. Data were expressed as means ± S.E.M. of four samples. *P < 0.05, **P < 0.01 as compared with
control group. ��P < 0.01 as compared with LPS group.

Xia et al.

330



expression of TLR4 mRNA. Interestingly, melatonin

slightly upregulated the expression of TLR4 mRNA at
6 hr after LPS treatment (Fig. 6B). The effects of
melatonin on the level of MyD88 protein were analyzed.

As shown in Fig. 6C, melatonin had little effect on LPS-
induced elevation of MyD88 protein at 2 hr after LPS
treatment. Interestingly, melatonin significantly alleviated

LPS-induced elevation of MyD88 protein at 6 hr after
LPS treatment (Fig. 6D).

Finally, the effects of melatonin on the expression of

IFN-regulated factor-3 (IRF3), IRF7, and IFN-b were
analyzed in LPS-stimulated RAW264.7 cells. As shown in
Fig. 7A, LPS significantly upregulated the expression of
IRF7 mRNA, whereas the level of IRF3 mRNA was not

significantly increased at 6 hr after LPS treatment
(Fig. 7B). Interestingly, melatonin significantly attenuated
LPS-induced elevation of IRF7 mRNA in macrophages

(Fig. 7A). The effects of melatonin on LPS-induced expres-
sion of IFN-b mRNA are presented in Fig. 7C. As
expected, the level of IFN-b mRNA was significantly

increased in LPS-stimulated macrophages. Melatonin sig-
nificantly attenuated LPS-induced expression of IFN-b
mRNA.

Discussion

In the present study, we investigated the effects of melato-

nin on TLR4-mediated inflammation in macrophages. As
expected, melatonin significantly inhibited the expression of

IL-6 mRNA in LPS-stimulated macrophages. In addition,

melatonin significantly alleviated LPS-evoked upregulation
of COX-2 and iNOS mRNA in macrophages. These results
are in agreement with those from several others [17, 31].

Several in vivo studies demonstrated that melatonin signif-
icantly attenuated LPS-induced elevation of TNF-a in
serum [20, 32]. In addition, maternally administered mel-

atonin significantly alleviated LPS-induced TNF-a produc-
tion in maternal serum, amniotic fluid, fetal liver, and fetal
brain [18]. The present study showed that melatonin

significantly alleviated LPS-induced expression of TNF-a
mRNA in macrophages. In addition, the present study
found for the first time that melatonin almost completely
inhibited TLR4-mediated elevation of IL-1b and IL-8

mRNA in LPS-stimulated macrophages. These results
suggest that melatonin alleviates TLR4-mediated expression
of inflammatory genes in LPS-stimulated macrophages.

The MAPK signaling is one of the most important
signaling cascades that regulate TLR4-mediated inflamma-
tory genes [33]. The MAPK family mainly includes ERK,

p38, and JNK [27]. The effects of melatonin on MAPK
signaling remain controversial. An in vivo study showed
that melatonin suppressed the increase in ERK and JNK
phosphorylation in ischemia/reperfusion-treated rat liver

[34]. According to an in vitro report, melatonin increased
the phosphorylation of ERK independently from the
presence of UVB stress and decreased the UVB-mediated

activation of p38 and JNK in U937 cells [35]. A recent
study demonstrated that melatonin significantly inhibited

(A) (B)

(C) (D)

Fig. 6. The effects of melatonin on the expression of TLR4 and MyD88 in RAW264.7 cells. RAW264.7 cells were incubated with LPS
(2.0 lg/mL) in the absence or presence of melatonin (1.0 mm). (A and B) The expression of TLR4 mRNA was measured using real-time RT-
PCR. (A) TLR4 mRNA at 2 hr after LPS treatment. (B) TLR4 mRNA at 6 hr after LPS treatment. Data were expressed as mean-
s ± S.E.M. of six samples. (C and D) The level of MyD88 protein was measured using immunoblots. (C) MyD88 at 1 hr after LPS
treatment. (D) MyD88 at 6 hr after LPS treatment. A representative gel for MyD88 (upper panel) and b-actin (lower panel) was shown. All
experiments were repeated for four times. Quantitative analyses of scanning densitometry on four different samples were performed. Data
were expressed as means ± S.E.M. of four samples. *P < 0.05, **P < 0.01 as compared with control group. �P < 0.05, ��P < 0.01 as
compared with LPS group.
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phosphorylation of ERK but not p38 or JNK in a human
osteoblastic cell line 1.19 [36]. Another study found that
melatonin significantly increased the level of phosphory-

lated p38, ERK, and JNK in HepG2 cells [37]. In the
present study, we investigated the effects of melatonin on
TLR4-mediated MAPK signaling in LPS-stimulated mac-

rophages. As expected, LPS quickly activated MAPK
signaling, as determined by the elevation of ERK, p38,
and JNK phosphorylation. Interestingly, melatonin had no

effect on the phosphorylation of ERK, p38, and JNK in
LPS-stimulated macrophages. Unexpectedly, melatonin
alone increased the level of ERK, p38, and JNK phos-

phorylation in macrophages. These results suggest that
melatonin inhibits TLR4-mediated expression of inflam-
matory genes independent of MAPK signaling pathway.
NF-jB plays a central role in TLR4-mediated inflam-

matory genes in macrophages. Under unstimulated condi-
tions, NF-jB is usually retained in the cytoplasm by
binding to the I-jB. I-jB degradation leads to release and

translocation of NF-jB p65 and p50 subunits to the
nucleus [26]. According to an earlier report, reactive oxygen

species is involved in TLR4-mediated NF-jB activation in
LPS-stimulated neutrophils [38]. Indeed, melatonin is a
potent antioxidant. An earlier study showed that melatonin

significantly inhibited TLR3-mediated nuclear transloca-
tion of NF-jB p65 subunit in macrophages [39]. The
present study showed that melatonin significantly attenu-
ated TLR4-mediated I-jB degradation in LPS-stimulated

macrophages. In addition, melatonin significantly inhibited
TLR4-mediated nuclear translocation of NF-jB p65 and
p50 subunits. These results are in agreement with those

from a recent report [17], in which melatonin inhibits
nuclear translocation of NF-jB p50 subunit and NF-jB
DNA-binding activity in Prevotella intermedia LPS-

activated macrophages. Thus, we guess that the inhibitive
effect of melatonin on TLR4-mediated inflammatory genes
might be, at least partially, attributed to the repression of
NF-jB activation in macrophages.

Numerous reports have demonstrated that PI3K medi-
ates LPS-induced activation of NF-jB and regulates
TLR4-mediated inflammatory genes in LPS-stimulated

macrophages [30, 40, 41]. Indeed, Akt is a major
downstream target of PI3K and PI3K activation is
necessary and sufficient for Akt phosphorylation [42].

Several reports demonstrate that melatonin persistently
activates neuronal PI3K/Akt signaling pathway [43–45].
Moreover, melatonin induces tyrosine phosphorylation of

insulin growth factor receptor and insulin receptor and
activates the PI3K/Akt signaling pathway in isolated rat
pancreatic islets [46]. By contrast, melatonin inhibits
reactive oxygen species-mediated Akt phosphorylation in

H4IIE hepatoma cells [47]. In addition, melatonin sup-
presses acrolein-induced Akt activation in human pulmo-
nary fibroblasts [48]. In the present study, we investigated

the effects of melatonin on TLR4-mediated Akt activa-
tion in LPS-stimulated macrophages. Our results found
for the first time that melatonin almost completely

inhibited TLR4-mediated Akt phosphorylation in LPS-
stimulated macrophages. Thus, our results do not exclude
that melatonin inhibits TLR4-mediated NF-jB activation

and regulates TLR4-mediated inflammatory genes
through repressing Akt phosphorylation.
TLR4 modulates the expression of inflammatory genes

through at least two branches of downstream signaling

pathways, MyD88-dependent and TRIF-dependent signal-
ing pathways [49]. MyD88 is the key signaling adaptor that
is involved in TLR4-mediated expression of inflammatory

genes in LPS-stimulated macrophages [50]. The present
study showed that the level of MyD88 protein was
significantly increased in LPS-stimulated macrophages.

These results are in agreement with those from others, in
which the expression of MyD88 was significantly increased
in response to LPS stimulus [51]. An in vivo study
demonstrated that melatonin significantly suppressed the

elevation of MyD88 in livers of ischemia/reperfusion-
treated rats [34]. The present study investigated the effects
of melatonin on the expression of MyD88 in LPS-stimu-

lated macrophages. Our results found for the first time that
melatonin inhibited the elevation of MyD88 protein in
LPS-stimulated macrophages. TRIF, another adapter mol-

ecule of TLR4, is mainly responsible for the regulation of
TRIF-dependent signaling pathway in macrophages [52].

(A)

(B)

(C)

Fig. 7. The effects of melatonin on the expression of IRF3, IRF7,
and IFN-b in RAW264.7 cells. RAW264.7 cells were incubated
with LPS (2.0 lg/mL) in the absence or presence of melatonin
(1.0 mm). The expression of IRF3, IRF7, and IFN-b mRNA was
measured using real-time RT-PCR at 6 hr after LPS treatment. (A)
IRF3 mRNA. (B) IRF7 mRNA. (C) IFN-b mRNA. Data were
expressed as means ± S.E.M. of six samples. **P < 0.01 as
compared with control group. ��P < 0.01 as compared with LPS
group.
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TLR4-mediated TRIF-dependent signaling, which induces
IFN-a/b and IFN-inducible genes, is mediated by IRF3 and
IFR7 [53]. The present study showed that the level of IRF7

mRNA was markedly increased in LPS-stimulated macro-
phages. Interestingly, melatonin inhibited the expression of
IRF7 mRNA in LPS-stimulated macrophages. In addition,
melatonin significantly attenuated TLR4-mediated

expression of IFN-bmRNA inLPS-stimulatedmicrophages.
Taken together, these results suggest that melatonin modu-
lates TLR4-mediated inflammatory genes through MyD88-

dependent and TRIF-dependent signaling pathways.
In summary, the present study indicates that melatonin

inhibits TLR4-mediated inflammatory genes in macrophag-

es. In addition, melatonin alleviates TLR4-mediated NF-
jB and Akt activation in macrophages. Importantly,
melatonin inhibits not only MyD88, the key signaling
adaptor for MyD88-dependent signaling pathway, but also

IRF7, which is involved in TRIF-dependent signaling
pathway, in LPS-stimulated macrophages. The present
study suggests that melatonin modulates TLR4-mediated

inflammatory genes through not only MyD88-dependent
but also TRIF-dependent signaling pathway. Thus, mela-
tonin may have potential preventive and therapeutic

utilities for protecting against TLR4-mediated inflamma-
tion.
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