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  Melatonin, which is the main product of the pineal gland, has well documented antioxidant and 
immune-modulatory effects. Macrophages produce molecules that are known to play roles in 
inflammatory responses. We conducted microarray analysis to evaluate the global gene expression 
profiles in response to treatment with melatonin in lipopolysaccharide (LPS) activated RAW 264.7 
macrophage cells. In addition, eight genes were subjected to real-time reverse transcription polymerase 
chain reaction (RT-PCR) to confirm the results of the microarray. The cells were treated with LPS 
or melatonin plus LPS for 24 hr. LPS induced the up-regulation of 1073 genes and the down-regulation 
of 1144 genes when compared to the control group. Melatonin pretreatment of LPS-stimulated RAW 
264.7 cells resulted in the down regulation of 241 genes and up regulation of 164 genes. Interestingly, 
among genes related to macrophage-mediated immunity, LPS increased the expression of seven genes 
(Adora2b, Fcgr2b, Cish, Cxcl10, Clec4n, Il1a, and Il1b) and decreased the expression of one gene 
(Clec4a3). These changes in expression were attenuated by melatonin. Furthermore, the results of 
real-time PCR were similar to those of the microarray. Taken together, these results suggest that 
melatonin may have a suppressive effect on LPS-induced expression of genes involved in the regulation 
of immunity and defense in RAW 264.7 macrophage cells. Moreover, these results may explain 
beneficial effects of melatonin in the treatment of various inflammatory conditions.
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INTRODUCTION

  Inflammation is a complex phenomenon that involves nu-
merous mediators that trigger a number of biological effects 
that are crucial to the host’s normal defense against insults, 
pathogens or stress [1,2]. If the inflammatory response is 
not tightly regulated, chronic inflammation occurs, which 
results in a variety of pathologies, including cancer and 
neurodegenerative diseases [3,4]. Macrophages play a cen-
tral role in mediating many different immunopathological 
phenomena during inflammation. Inflammatory stimulants 
such as lipopolysaccharide (LPS) can activate macrophages 
to produce a variety of pro-inflammatory cytokines includ-
ing interleukin-1β (IL-1β), IL-6, and tumor necrosis fac-
tor-α (TNF-α), as well as other inflammatory mediators 
such as prostaglandins and nitric oxide (NO) [5-7].
  Melatonin (N-acetyl-5-methoxytryptamine) is an indole-

amine that is primarily produced in the pineal gland during 
the dark phase. Melatonin influences circadian rhythms 
and seasonal environmental changes, and is associated 
with adjustments of physiology of animals to seasonal envi-
ronmental changes [8]. Melatonin has also been shown to 
act as a potent antioxidant and free radical scavenger, pro-
tecting against a number of radical species in both in vivo 
and in vitro models of oxidative stress [9]. Melatonin pro-
tects against oxidative stress related processes in ex-
perimental models of ischemia/reperfusion, aging and neu-
rodegenerative disorders. It has recently been suggested 
that melatonin is able to counteract the increase in LPS-in-
duced levels of proinflammatory cytokines such as TNF, 
IL-12, and interferon (IFN)-γ, whereas it increases the pro-
duction of the anti-inflammatory cytokines IL-10 [10]. The 
anti-inflammatory actions of melatonin have been observed 
in experimental animals as well in humans [11]. In this 
study, a microarray assay was conducted to determine which 
genes are differentially expressed in response to melatonin 
in LPS activated macrophages. The results of the micro-
array analysis were then confirmed by real-time reverse 
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transcription polymerase chain reaction (RT-PCR). 

METHODS

Cell culture

  RAW 264.7 macrophage cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) media with 10% fetal 
bovine serum (FBS), 1% penicillin and 1% streptomycin. 
The cells were then maintained in a humidified atmosphere 
that contained 5% CO2 at 37oC. Next, the cells were 
pre-treated with melatonin for 30 min, and after which they 
were treated with 1 μg/ml of LPS for 24 h.

MTT assay for cell viabilities

  Cell viability was determined by 3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells 
were seeded in triplicate at a concentration of 1×105 cells 
per well on a 48-well plate. In a dose-dependent test, RAW 
264.7 cells were treated with melatonin at concentrations 
of 50, 100, and 500 μM for 24 h. After MTT (Sigma, St 
Louis, MO, USA) was added to each group, the cells were 
incubated for 4 h. The cells were then further incubated 
for 1 h in the solution in which the MTT was dissolved. 
The viability was then measured with a microplate reader 
(Bio-Tek, Winooski, VT, USA) at a test wavelength of 595 
nm with a reference wavelength of 690 nm. The optical den-
sity (O.D.) was calculated as the difference between the ref-
erence wavelength and the test wavelength. The percent 
viability was calculated as (O.D. of drug-treated sample/ 
O.D. of untreated sample)×100.

Nitrite assay

  After pre-incubating RAW 264.7 cells (1×105 cells/ml) 
with LPS for 24 h, the quantity of nitrite in the culture 
medium was measured and used as an indicator of NO 
production. Briefly, 50 μl of cell culture medium were mixed 
with 100 μl of Griess reagent (0.5% sulfanilic acid, 0.002% 
N-1-naphtyl-ethlenediamine dihydrochloride, 14% glacial 
acetic acid) (Promega, Madison, WI, USA) and then in-
cubated at room temperature for 10 min. Next, the absorb-
ance at 540 nm was measured with an ELISA plate reader 
(Bio-Tek, Winooski, VT, USA), using sodium nitrite as the 
standard. Fresh culture medium was used as a blank in 
every experiment. 

RNA preparation

  Total RNA was extracted using Trizol (Invitrogen Life 
Technologies, Carlsbad, USA) and then purified using 
RNeasy columns (Qiagen, Valencia, USA) according to the 
manufacturers’ protocol. After being subjected to DNase di-
gestion and clean-up procedures, the RNA samples were 
quantified, and stored at −80oC until use. For quality con-
trol, the RNA purity and integrity were evaluated by dena-
turing gel electrophoresis, OD 260/280 ratio, and analyzed 
on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo 
Alto, USA). 

Labeling and purification

  Total RNA was amplified and purified using an Ambion 

Illumina RNA amplification kit (Ambion, Austin, USA) to 
yield biotinylated cRNA according to the manufacturer’s 
instructions. Briefly, 550 ng of total RNA were reverse- 
transcribed to cDNA using a T7 oligo (dT) primer. Second- 
strand cDNA was synthesized, transcribed in vitro, and la-
beled with biotin-NTP. After purification, the cRNA was 
quantified using a ND-1000 spectrophotometer (NanoDrop, 
Wilmington, DE, USA). 

Hybridization and data export

  A total of 750 ng of labeled cRNA samples were hybri-
dized to each mouse-8 expression bead array for 16∼18 h 
at 58oC, according to the manufacturer's instructions 
(Illumina, Inc., San Diego, CA, USA). Detection of an array 
signal was conducted using Amersham fluorolink streptavi-
din-Cy3 (GE Healthcare Bio-Sciences, Little Chalfont, UK) 
following the bead array manual. Arrays were scanned with 
an Illumina bead array reader confocal scanner according 
to the manufacturer's instructions. Array data export proc-
essing and analysis was performed using Illumina Bead-
Studio v3.1.3 (Gene Expression Module v3.3.8).

Raw data preparation and statistical analysis 

  The quality of hybridization and overall chip performance 
were monitored by visual inspection of both internal quality 
control checks and the raw scanned data. Raw data were 
extracted using the software provided by the manufacturer 
Illumina GenomeStudio v2009.2 (Gene Expression Module 
v3.3.8). Array data were filtered by detection p＜0.05 
(similar to signal to noise) in all samples (we applied a fil-
tering criterion for data analysis; higher signal value was 
required to obtain a detection p＜0.05). The selected gene 
signal value was transformed by logarithm and normalized 
by the quantile method. Comparative analysis was carried 
out using a LPE-test adjusted FDR p value and fold-change. 
Biological ontology-based analyses were performed using 
the Panther database (http://www.pantherdb.org).

Real-time RT-PCR 

  For the LightCycler reaction, a mastermix of the follow-
ing reaction components was prepared to the indicated 
end-concentrations: 2.2 μl water, 0.4 μl forward primer, 
0.4 μl reverse primer and 5 μl SYBR premix EX taq 
(Takara, RR041A). LightCycler mastermix (8 μl) was add-
ed to the LightCycler glass capillaries and 1 μl cDNA was 
added as the PCR template. The capillaries were then 
closed, centrifuged and placed into the LightCycler rotor. 
The following LightCycler experimental run protocol was 
used: denaturation program (95oC for 3 min), amplification 
program repeated 50 times (95oC for 5 sec, 60oC for 10 sec, 
72oC for 30 sec), melting curve program (60∼95oC with a 
heating rate of 0.1oC per second and a continuous fluo-
rescence measurement) and finally a cooling step to 40oC 
for 30 sec. For the mathematical model, it was necessary 
to determine the crossing points (CP) for each transcript. 
CP is defined as the point at which the fluorescence rises 
appreciably above the background fluorescence. The Fit 
Point Method must be performed using the LightCycler 
software 3.3 (Roche Diagnostics), with CP being measured 
at a constant fluorescence level. The primers specific for 
the studied genes studied are listed in Table 1. 
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Table 1. Primer sequences of genes applied in real-time 
RT-PCR

 Gene                    Primers

Adora2b Sense: 5’- CTATGCCTACAGGAACCGAGACT -3’
Antisense: 5’- GTCAGCCAGACTTGTGTAACTCC-3’

Cish Sense: 5’- GTACAGGGATCTTGTCCTTTGC-3’
Antisense: 5’- GGCTGTAATAGAACCCCAGTACC-3’

Clec4a3 Sense: 5’- ACTCCTCAGACATCGACACAGAC-3’
Antisense: 5’- ACAGCTCCAGACTTTGTCTTCC-3’

Clec4n Sense: 5’- GTCCCTGAGTCGTATTTTGGAG-3’
Antisense: 5’-CTGACACCATAGTCCCTTCACTG-3’

Cxcl10 Sense: 5’-CTCTCTCCATCACTCCCCTTTAC -3’
Antisense: 5’-ACTTAGAACTGACGAGCCTGAGC -3’

Fcgr2b Sense: 5’-GAACTCTTCTACCCAGTGGTTCC -3’
Antisense: 5’-GCAGTAGTAGTCCCCACTGTGAC -3’

Il1a Sense: 5’- CCAGATCAGCACCTTACACCTAC-3’
Antisense: 5’-AGGTCGGTCTCACTACCTGTGAT -3’

Il1b Sense: 5’-CCTAAAGTATGGGCTGGACTGT -3’
Antisense: 5’-CTAGAGAGTGCTGCCTAATGTCC-3’
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Fig. 1. Cytotoxicity of melatonin was determined by 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. RAW
264.7 macrophage cells were exposed to melatonin at 0, 50, 100, 
and 500 μM in the absence or presence of LPS for 24 h. The results 
are presented as the mean±S.E.M. LPS, lipopolysaccharide.
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Fig. 2. The effects of melatonin on nitrite production. RAW 264.7 
cells were pretreated with 50, 100, and 500 μM of melatonin and 
then treated with lipopolysaccharides (1.0 μg/ml). The media were 
harvested 24 h later and assayed for nitrite production. Data are 
the means±S.E.M. LPS, lipopolysaccharide; Mel, melatonin. ##p＜
0.01 compared to control, **p＜0.01 compared to LPS.

RESULTS

Cytotoxicity of melatonin in RAW 264.7 cells

  To determine the cytotoxic effects of melatonin in RAW 
264.7 macrophage cells, cells were incubated with various 
concentrations of melatonin (50, 100 and 500 μM) for 24 
h. In an MTT assay, the viabilities of RAW 264.7 cells ex-
posed to melatonin for 24 h were 100.00±0.12%, 100.18± 
0.19%, 99.74±0.61%, and 99.75±0.20%, respectively (Fig. 1), 
indicating that treatment with melatonin did not have cyto-
toxic effects in RAW 264.7 cells. These results show that 
melatonin can be used safely. 

Effects of melatonin on the LPS-induced production of 
NO

  The effect of melatonin on NO production in LPS-acti-
vated RAW 264.7 cells was tested to investigate its anti-in-

flammatory effects. The amount of nitrite accumulated in 
the culture medium was estimated using Griess reagent as 
an index for NO. After LPS (1.0 μg/ml) treatment of RAW 
264.7 cells for 24 h, the nitrite concentration in the medium 
increased by about 13-fold (3.90±1.08 versus 51.40±1.51 μM). 
As shown in Fig. 2, when cells were treated with various 
concentrations of melatonin, NO production decreased in 
a dose-dependent manner. Melatonin treatment at 100 and 
500 μM was found to suppress NO production to 41.77± 
1.44 and 32.69±1.10 μM, respectively (p＜0.01).

Analysis of microarray expression data

  We conducted gene expression analysis using a cDNA mi-
croarray of the mouse genome 24k to search for genes regu-
lated by LPS, melatonin and melatonin plus LPS treatment 
in RAW 264.7 cells. To normalize the intensity ratio of each 
gene expression pattern, quantile normalization was used. 
After normalizing the data, the cut-off value was set at a 
fold-change of ±2 (p＜0.05). LPS treatment resulted in 
up-regulation of 1073 genes and down-regulation of 1144 
genes. The melatonin treatment caused up-regulation of 12 
genes and down-regulation of 85 genes. Melatonin plus LPS 
treatment resulted in up-regulation of 164 genes and 
down-regulation of 241 genes. To characterize the genes 
regulated by LPS and melatonin, the genes were grouped 
by biological function (http://www.pantherdb.org). Biological 
processes involved in genes regulated by LPS are shown 
in Fig. 3A, while those involved in genes regulated by mela-
tonin plus LPS are shown in Fig. 3B.

Gene expression profiles of melatonin plus LPS treated 
cells

  Of 31 biological processes regulated by LPS treatment, 
the most significant are immunity and defense-related 
genes. Overall, 162 genes were differentially expressed in 
the LPS-treated group when compared to the normal group, 
while 51 genes exhibited differential expression levels be-
tween the LPS and melatonin plus LPS-treated groups 
(data not shown).
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A B

Fig. 3. Functional analysis of genes selected using the Panther database. (A) Functional categories of genes regulated by LPS treatment 
in RAW 264.7 macrophage cells. (B) Functional categories of genes regulated by melatonin pretreatment in LPS-stimulated RAW 264.7 
macrophage cells.

Table 2. List of "macrophage-mediated immunity" genes 
regulated by lipopolysaccharide treatment in RAW 264.7 
macrophage cells 

Gene 
symbol Gene name Fold 

change

S100a4
Ltc4s
Clec4a3
Clec10a
Alox5ap
Lgals3bp

Adora2b
Ddt
Clec4d
Gbp1
Il10
Fcgr2b
Gbp2
Gbp3
Clec4e
Cish
Cxcl10
Clec4n
S100a8

Il1a
Il1b
Cxcl2

S100 calcium binding protein A4
Leukotriene C4 synthase
C-type lectin domain family 4, member a3
C-type lectin domain family 10, member A
Arachidonate 5-lipoxygenase activating protein
Lectin, galactoside-binding, soluble, 

3 binding protein
Adenosine A2b receptor
D-dopachrome tautomerase
C-type lectin domain family 4, member d
Guanylate binding protein 1
Interleukin 10
Fc receptor, IgG, low affinity IIb
Guanylate binding protein 2
Guanylate binding protein 3
C-type lectin domain family 4, member e
Cytokine inducible SH2-containing protein
Chemokine (C-X-C motif) ligand 10
C-type lectin domain family 4, member n
S100 calcium binding protein A8 

(calgranulin A)
Interleukin 1 alpha
Interleukin 1 beta
Chemokine (C-X-C motif) ligand 2

−8.88
−6.83
−2.83
−2.38
−2.23
−2.1

2.17
2.75
3
3.07
3.24
3.54
4.27
4.4
5.9
8.19

10.5
12.03
41.32

76.72
148.59
328.7

Table 3. List of “macrophage-mediated immunity” genes 
regulated by melatonin pretreatment in lipopolysaccharide- 
stimulated RAW 264.7 macrophage cells

Gene 
symbol Gene name Fold 

change

Cxcl10
Il1b
Adora2b
Fcgr2b
Il1a
Clec4n
Cish
Colec12
Cxcl4
Clec4a3

Chemokine (C-X-C motif) ligand 10
Interleukin 1 beta
Adenosine A2b receptor
Fc receptor, IgG, low affinity IIb
Interleukin 1 alpha
C-type lectin domain family 4, member n
Cytokine inducible SH2-containing protein
Collectin sub-family member 12
Chemokine (C-X-C motif) ligand 4
C-type lectin domain family 4, member a3

−7.54
−3.87
−3.13
−3
−2.73
−2.61
−2.46

2.21
2.22
2.5

  We focused on genes related to macrophage-mediated 
immunity. As shown in Table 2, S100a4, Ltc4s, Clec4a3, 
Mgl1, Alox5ap and Lgals3bp were down-regulated, while 
Adora2b, Ddt, Clec4d, Gbp1, Il10, Fcgr2b, Gbp2, Gbp3, 
Clec4e, Cish, Cxcl10, Clec4n, Clecsf9, S100a8, Il1a, Il1b and 
Cxcl2 were up-regulated in the LPS-treated group. Con-
versely, Colec12, Cxcl4 and Clec4a3 were up-regulated, 
while Cxcl10, Il1b, Adora2b, Fcgr2b, Il1a, Clec4n and Cish 

were down-regulated in the melatonin plus LPS-treated 
group when compared to the LPS-treated group (Table 3). 
Interestingly, the Adora2b, Fcgr2b, Cish, Cxcl10, Clec4n, 
Il1a and Il1b genes were significantly up-regulated in the 
LPS-treated group, whereas they were down-regulated by 
treatment with melatonin. Moreover, the Clec4a3 gene was 
down-regulated in the LPS-treated group, but was up-regu-
lated in response to treatment with melatonin.

Validation of microarray results by real-time RT-PCR

  To verify the gene expression profiles generated by the 
microarray analysis, expression pattern clustering was con-
ducted using real-time RT-PCR. As shown in Fig. 4, re-
al-time RT-PCR results were in agreement with the micro-
array data. LPS enhanced the mRNA expressions of 
Adora2b, Fcgr2b, Cish, Cxcl10, Clec4n, Il1a and Il1b, while 
it repressed the expression of Clec4a3. These changes in 
LPS-induced gene expression were also reversed by melato-
nin pretreatment. Overall, the microarray results and re-
al-time PCR results were found to be very similar.
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Fig. 4. Validation of microarray results using real-time RT-PCR. Relative expression of each gene in the control was designated as 1, values
are mean±S.E.M. LPS, lipopolysaccharide; Mel, melatonin. #p＜0.05, ##p＜0.01 compared to control, *p＜0.05, **p＜0.01 compared to LPS.
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DISCUSSION

  In a previous study, we demonstrated that melatonin in-
hibited LPS-induced CC chemokine subfamily gene ex-
pression in human peripheral blood mononuclear cells us-
ing a CombiMatrix 2k Human Inflammation chip [12]. In 
the present study, we investigated the effect of melatonin 
on global gene expression in LPS-stimulated RAW 264.7 
cells, using a 24K cDNA microarray. MTT assay revealed 
that melatonin showed no cytotoxic effects in RAW 264.7 
cells. Melatonin significantly inhibited LPS-induced NO 
production in RAW 264.7 cells. The results of the micro-
array analysis showed that 2217 genes were differentially 
expressed by RAW 264.7 cells following LPS treatment 
(1073 up-regulated and 1144 down-regulated). Melatonin 
plus LPS treatment resulted in differential expression of 
405 genes (164 up-regulated and 241 down-regulated) when 
compared to the LPS-treated group. However, this study 
only focused on genes belonging to categories of macro-
phage-mediated immunity. Treatment with melatonin in-
duced the down-regulation of seven genes that up-regulated 
by LPS (Adora2b, Fcgr2b, Cish, Cxcl10, Clec4n, Il1a and 
Il1b genes), whereas it caused the up-regulation of one 
down-regulated gene (Clec4a3).
  The ADORA2B (adenosine A2b receptor) gene encodes an 
adenosine receptor that is a member of the G pro-
tein-coupled receptor superfamily. Adenosine is released in 
response to various stimuli, including hypoxia, tissue dam-
age or chronic inflammation [13]. Adenosine signals through 
four subtypes of adenosine receptors (A1, A2a, A2b, and A3) 
that are ubiquitously expressed on various hematopoietic 
and non-hematopoietic cells. Each type of adenosine re-
ceptor exhibits a distinct pharmacological and physiological 
profile [14]. Adenosine receptors A2a and A2b have been 
recognized as important mediators in inflammatory models 
[15,16]. Additionally, Schingnitz et al. [17] showed that LPS 
treatment induced Adora2b transcription and correspond-
ing protein expression in in vivo and in vitro studies. In 
the present study, LPS induced an increase in the ex-
pression of Adora2b (2.17 fold), while melatonin pretreat-
ment inhibited the expression of LPS-stimulated Adora2b 
gene up-regulation (−3.13 fold).
  FCGR2B is a low affinity receptor for the Fc region of 
immunoglobulin gamma complexes that is involved in the 
phagocytosis of immune complexes and the regulation of 
antibody production by B-cells [18]. In this study, Fcgr2b 
increased 3.54 fold in response to LPS treatment when com-
pared to the control; however, its expression was decreased 
by melatonin treatment.
  CISH contains a SH2 domain and a SOCS box domain. 
Thus, the protein belongs to the cytokine-induced STAT in-
hibitor (CIS) family, which is also known as a suppressor 
of the cytokine signaling (SOCS) or STAT-induced STAT 
inhibitor (SSI). CIS family members are known to be cyto-
kine-inducible negative regulators of cytokine signaling. Jin 
et al. [19] reported that the expression levels of most SOCS 
genes, such as CISH, SOCS1-5 and SOCS9, were increased 
after LPS challenge, indicating that they are involved in 
inflammatory response. In the present study, Cish expression 
was highly increased (8.19-fold) by LPS treatment, but de-
creased in response to melatonin treatment.
  The CXCL10 gene encodes a chemokine of the CXC sub-
family and a ligand for the receptor CXCR3. The binding 
of this protein to CXCR3 results in pleiotropic effects, in-
cluding stimulation of monocytes, natural killer and T-cell 

migration, and modulation of adhesion molecule expression. 
CXCL10 is induced by LPS in RAW macrophage cells [20]. 
Feferman et al. [21] found increased expression of Cxcl10 
and its receptor, Cxcr3, in lymph node cells of rats with 
experimental autoimmune myasthenia gravis. In the pres-
ent study, Cxcl10 expression increased 10.50 fold in re-
sponse to LPS treatment, but decreased −7.54 fold in re-
sponse to melatonin treatment. Cxcl2 was also highly 
up-regulated (328.70 fold) by LPS, but was not affected by 
melatonin treatment. 
  Il1A and IL1B are members of the interleukin 1 cytokine 
family, which are pleiotropic cytokines involved in various 
immune responses, inflammatory processes and hemato-
poiesis. These cytokines are synthesized by a variety of cell 
types, including activated macrophages, stimulated B lym-
phocytes, and fibroblasts, and are potent mediators of in-
flammation and immunity [22]. Moreover, IL1A and IL1B 
polymorphisms are associated with various inflammatory 
diseases, such as periodontitis, osteomeylitis, and Bowel 
disease [23-25]. In this study, IL1A and IL1B were highly 
up-regulated by LPS, but down-regulated by melatonin 
treatment.
  In conclusion, our results showed that melatonin de-
creased the expression of various genes related to the mac-
rophage-mediated immunity that occurs in LPS stimulated 
RAW 264.7 cells. In addition, we confirmed these micro-
array data using real-time PCR. These results suggest that 
melatonin possesses anti-inflammatory properties, and is 
involved in the regulation of immunity and defense related 
genes that act as key mediators in various inflammatory 
processes.
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