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Obesity is consistently increasing in prevalence and can trig-
ger insulin resistance and type 2 diabetes. Many lines of evi-
dence have shown that macrophages play a major role in in-
flammation associated with obesity. This study was con-
ducted to determine metformin, a widely prescribed drug for 
type 2 diabetes, would regulate inflammation through down- 
regulation of scavenger receptors in macrophages from obe-
sity-induced type 2 diabetes. RAW 264.7 cells and peritoneal 
macrophages were stimulated with LPS to induce inflamma-
tion, and C57BL/6N mice were fed a high-fat diet to gen-
erate obesity-induced type 2 diabetes mice. Metformin re-
duced the production of NO, PGE2 and pro-inflammatory cy-
tokines (IL-1β, IL-6 and TNF-α) through down-regulation of 
NF-κB translocation in macrophages in a dose-dependent 
manner. On the other hand, the protein expressions of an-
ti-inflammatory cytokines, IL-4 and IL-10, were enhanced or 
maintained by metformin. Also, metformin suppressed secre-
tion of TNF-αand reduced the protein and mRNA expression 
of TNF-α in obese mice as well as in macrophages. The ex-
pression of scavenger receptors, CD36 and SR-A, were atte-
nuated by metformin in macrophages and obese mice. These 
results suggest that metformin may attenuate inflammatory 
responses by suppressing the production of TNF-α and the 
expressions of scavenger receptors.
[Immune Network 2013;13(4):123-132]

INTRODUCTION

The prevalence obesity is rapidly increasing all over the world 

(1,2). Obesity triggers many diseases, such as type 2 diabetes, 

atherosclerosis, hypertension, fatty liver and osteoarthritis 

(3,4). Diabetes mellitus is a chronic metabolic disease, and its 

incidence is consistently increasing (5). Type 2 diabetes is 

positively correlated with impaired insulin sensitivity (6). 

Insulin resistance is strongly associated with obesity and many 

studies have shown that inflammatory responses by macro-

phages can induce insulin resistance in obese subjects (7-9).

Macrophages account for 10% of all cells in lean adipose 

tissues (10,11). Macrophages maintain a low inflammatory 

state as stimulated by anti-inflammatory cytokines, such as in-

terleukin (IL)-4 and IL-10. Anti-inflammatory cytokines regu-

late excessive inflammation and improve insulin sensitivity 

(12,13). However, the percentage of macrophages in obese 

adipose tissue is increased by 40% through macrophage in-

filtration promoted by chemokines from adipocytes (10,11). 

Infiltrated macrophages attract other macrophages and accu-

mulated macrophages secrete pro-inflammatory cytokines 

such as IL-1β, IL-6 and tumor necrosis factor (TNF)-α. Pro-in-

flammatory cytokines promote unnecessary inflammation and 

trigger insulin resistance (14,15).

Macrophages express many types of scavenger receptors 

which bind and internalize modified low-density lipoprotein 

(LDL) (16). Scavenger receptors have been well-known to be 
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implicated in the development of atherosclerosis by contribut-

ing to macrophage foam cell formation (17,18). Numerous 

studies have subsequently reported that scavenger receptors 

can recognize and clear modified host component, apoptotic 

cells and pathogens, indicating that scavenger receptors play 

an essential role in innate immunity and inflammatory re-

sponses (18-20). Scavenger receptors enhance NF-κB activity 

through the uptake of lipopolysaccharide (LPS) and oxidized 

LDL (oxLDL), leading to pro-inflammatory cytokine produc-

tion (21,22). 

Metformin (1, 1-dimethylbiguanide) is a widely prescribed 

drug for the type 2 diabetes (23). Metformin has anti-hyper-

glycemic effects by suppressing gluconeogenesis and glyco-

genolysis in the liver, enhancing glucose uptake in muscle 

and inhibiting glucose absorption from the small intestine 

(24,25). Metformin also has anti-hyperlipidemic effects by re-

ducing free fatty acids, triglycerol and very low-density lip-

oproteins (VLDL) in blood (26). The main molecular target 

of metformin is AMP-activated protein kinase (AMPK) and this 

anti-diabetic effect improves insulin sensitivity (27-29). It has 

been shown that metformin can serve as potential drug to 

treat inflammation-related disorders (30-33). However, the 

mechanism of action of metformin on inflammation is not 

clearly understood. This study was conducted to determine 

whether metformin would regulate inflammation through 

down-regulation of scavenger receptors in macrophages from 

mice with high-fat diet induced type 2 diabetes.

MATERIALS AND METHODS

Reagents
Metformin (Diabex

Ⓡ
) was obtained from Daewoong Pharm. 

Co., Ltd. (Seoul, Republic of Korea) and dissolved in dime-

thylsulfoxide (DMSO, Sigma-Aldrich Co, St. Louis, MO, USA). 

Dulbecco's Modified Eagle's Medium (DMEM)-1640, fetal bo-

vine serum (FBS) and penicillin/streptomycin solution were 

obtained from Hyclone (Logan, UT, USA) and used for cell 

culture. Anti-inducible nitric oxide synthase (iNOS), anti-cy-

clooxygenase-2 (COX-2), anti-IL-1β, anti-IL-6 and anti-phos-

phorylated form of inhibitors of κB alpha (pIκBα) were 

purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, 

CA, USA), anti-TNF-α from eBioscience (San Diego, CA, 

USA), anti-IL-4 and anti-IL-10 from BD Pharmingen (San Jose, 

CA, USA), anti-p65 from Enzo Life Science Inc. (Farmingdale, 

LY, USA), and anti-phosphorylated form of AMPK (pAMPK) 

and anti-AMPK from Cell Signaling Technology, Inc. (Dan-

vers, MA, USA). The enhanced chemiluminescence solution 

kit was purchased from DAEILLAB SERVICE Co., Ltd. (Seoul, 

Republic of Korea). Untill specified otherwise, all other chem-

icals were purchased from Sigma-Aldrich Co.

Animals
Male ICR mice (6∼8 weeks) were purchased from Samtaco 

Inc. (Gyeonggi-Do, Republic of Korea), and male C57BL/6N mice 

(4 weeks) were purchased from Orient Bio Inc. (Gyeonggi-Do, 

Republic of Korea). The mice were kept in a temperature- 

controlled animal facility under a 12-hr light-dark cycle at 

22±2
o
C and 55±5% humidity and were fed rodent laboratory 

chow with sterile water ad libitum. The mice were treated 

in accordance with the guidelines for the care and use of lab-

oratory animals issued by Sahmyook University.

Cell culture
RAW 264.7 cells, a murine macrophage cell line, were ob-

tained from American Type Culture Collection (ATCC, Rock-

ville, MD, USA). The cells were maintained in DMEM, supple-

mented with 10% heat-inactivated FBS, 10,000 U/ml penicillin 

and 10,000μg/ml streptomycin at 37oC with 5% CO2.

Isolation of peritoneal macrophages
To stimulate peritoneal macrophages, 3% thioglycollate broth 

was intraperitoneally injected into ICR mice. After 4 days, the 

mice were sacrificed, and cold phosphate-buffered saline 

(PBS) was applied to the peritoneal cavity using a syringe. 

The abdominal site was gently kneaded for 3 minutes. Perito-

neal macrophages were collected using a syringe and treated 

with ACK buffer (50 mM NH4Cl, 1 M KHCO3, 0.1 mM 

Na2EDTA, pH 7.2-7.4) to lyse erythrocytes. Peritoneal macro-

phages were incubated in DMEM, supplemented with 10% 

heat-inactivated FBS, 10,000 U/ml penicillin and 10,000 μg/ml 

streptomycin at 37
o
C with 5% CO2.

Diets and experimental design
C57BL/6N mice were randomly assigned to 3 groups. One 

group was given a regular diet (Open Source diets #D12450B; 

Research Diets Inc., New Brunswick, NJ, USA) containing 

10% fat, while the other 2 groups were given a high-fat diet 

(Open Source diets #D12492; Research Diets Inc.) containing 

60% fat to induce obesity for 16 weeks. After 16 weeks, the 

group of mice fed a the high-fat diet was administered 250 

mg/kg metformin for 8 weeks using a feeding needle. At the 

completion of the experiment, the mice were sacrificed and 
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blood samples were taken from the heart and centrifuged at 

3,700 rpm for 7 minutes in order to isolate serum. The iso-

lated serum was stored at −80
o
C and used for cytokine 

assays. White adipose tissues (WATs) were removed from 

periepididymal and perirenal fat, frozen immediately in liquid 

nitrogen and stored at −70
o
C. WATs were used the detection 

of protein and mRNA expression.

Measurement of NO production
The concentration of nitric oxide (NO) produced by LPS-sti-

mulated macrophages was measured by NO assay. RAW 

264.7 cells and peritoneal macrophages (2×10
5
 cells/well) 

were incubated with various concentrations of metformin in 

the presence of LPS overnight at 37oC with 5% CO2. The cul-

ture medium of each sample was mixed with same volume 

of Griess reagent (stock I: 0.2% n-1-naphthylenediamine dihy-

drochloride, stock II: 2% sulfanilamide in 5% H3PO4). Light 

absorbance was measured at 540 nm.

Cytokine assay
Production of IL-1β, IL-6, TNF-α and prostaglandin E2 (PGE2) 

was measured using commercially available enzyme-linked 

immunosorbent assay (ELISA) kits from eBioscience Inc., BD 

Pharmingen and Enzo Life Sciences Inc. Macrophages were 

treated with LPS and different concentrations of metformin for 

24 hours at 37oC with 5% CO2. The supernatant was collected 

and assayed according to the manufacturer's instructions. 

Serum TNF-α levels were also measured in DIO mice using 

the ELISA kit (BD Pharmingen). Stored serum was used in 

assays according to the manufacturer's instructions.

Total RNA isolation and RT-PCR
Total RNA was extracted from macrophages and WAT in mice 

using the RiboEx
TM

 RNA purification kit (GeneAll Biotechnol-

ogy Co., Ltd., Seoul, Republic of Korea) in an RNase-free 

environment. The reverse transcription of quantified RNA was 

carried out by using M-MLV reverse transcriptase (Invitrogen, 

Carlsbad, CA, USA), an oligo (dT) 16 primer, dNTP (10 mM 

each) and 0.1 M DTT. After incubation at 65
o
C for 5 minutes 

and 37
o
C for 60 minutes, M-MLV reverse transcriptase was in-

activated by heating at 70oC for 15 minutes. The polymerase 

chain reaction (PCR) was performed with 25 mM MgCl2, 

dNTP mix (2.5 mM each), 2.5 U/μl of Taq DNA polymerase 

and 10 pM of each primer set for iNOS, COX-2, IL-1β, IL-6, 

TNF-α, scavenger receptor A (SR-A) and CD36. The cDNA 

was amplified by 30 cycles of denaturing at 94
o
C for 45 sec-

onds, annealing at 60
o
C for 45 seconds, and extension at 72

o
C 

for 1 minutes. The final extension was performed at 72oC for 

5 minutes. The PCR products were then electrophoresed on 

1% agarose gels and visualized with ethidium bromide (EtBr). 

The primer sequences were as follows: 5' AGCTCCTCCCAG-

GACCACAC 3' (forward) and 5' ACGCTGAGTACCTCATTG-

GC 3' (reverse) for iNOS, 5' AAGAAGAAAGTTCATTCCTGA-

TCCC 3' (forward) and 5' TGACTGTGGGAGGATACATCTC-

TC 3' (reverse) for COX-2, 5' CAGGATGAGACATGACACC 3' 

(forward) and 5' CTCTGCAGACTCAAACTCCAC 3' (reverse) 

for IL-1β, 5' GTACTCCAGAAGACCAGAGG 3' (forward) and 

5' TGCTGGTGACAACCACGGCC 3' (reverse) for IL-6, 5' TTG-

ACCTCAGCGCTGAGTTG 3' (forward) and 5' CCTGTAGCCC-

ACGTCGTAGC 3' (reverse) for TNF-α, 5' AGTAGGCGTGGG-

TCTGAAGG 3' (forward) and 5' CTTGCTTGCCCAGTCACAGG 

3' (reverse) for CD36, 5' GGAGACAGAGGGCTTACTGG 3' 

(forward) and 5' GTTGATCCGCCTACACTCCC 3' (reverse) for 

SR-A, 5' GTGGGCCGCCCTAGGACCAG 3' (forward) and 5' 

GGAGGAAGAGGATGCGGCAGT 3' (reverse) for β-actin and 

5' CAACTTTGGCATTGTGGAAGG 3' (forward) and 5' ATGG-

AAATTGTGAGGGAGATGC 3' (reverse) for GAPDH. GAPDH 

and β-actin were used as an internal control.

Western blot analysis
Macrophages were lysed with buffer (150 mM NaCl, 0.02% 

sodium azide, 1% Triton X-100, 100μg/ml phenylmethyl-

sulfonyl fluoride (PMSF), and 1μg/ml aprotinin, 50 mM 

Tris-Cl buffer, pH 8.0). Stored WAT also lysed with buffer 

after being frozen in liquid nitrogen. The samples were centri-

fuged at 4
o
C, 13,000 rpm for 30 minutes and protein concen-

trations of the supernatant were determined by BCA assay 

(Thermo Fisher Scientific Inc., Rockford, IL, USA). Then 20μg 

of protein from cell lysates was electrophoresed on 12∼15% 

SDS-polyacrylamide gels and transferred to nitrocellulose 

membranes. The membranes were blocked with 5% skim 

milk in 0.1% Tween-20 in Tris-buffered saline (TBST) for 1 

hour. After blocking, the membranes were incubated with an-

ti-iNOS, anti-IL-1β, anti-IL-6, anti-pIκBα, anti-TNF-α, an-

ti-IL-4, anti-IL-10, anti-p65, anti-pAMPK, and anti-AMPK mon-

oclonal antibodies for 16 hours. The membranes were wash-

ed with TBST for 1 hour and incubated with alkaline phos-

phatase (AP) or horseradish peroxidase (HRP)-labeled secon-

dary antibody for 2 hours. The bands of the membranes in-

cubated with AP-conjugated secondary antibody were vi-

sualized using AP buffer containing BCIP and NBT, or the 

bands on membranes incubated with HRP-conjugated secon-
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Figure 1. Metformin reduces the 
productions of NO and PGE2 in 
macrophages. RAW 264.7 cells (A 
and C) and peritoneal macrophages 
(B and D) were cultured with di-
fferent concentrations of metformin 
(0.5, 1, 2, and 4 mM) in the presen-
ce of LPS (1μg/ml) overnight (A and
C) or 24 hrs (B and D). NO pro-
duction was confirmed by NO assay 
and PGE2 production was detected 
by ELISA. The results were reported 
as the mean±S.D. of three indepen-
dent experiments. ††p＜0.01 and †p
＜0.05 compared with cells only. 
**p＜0.01 and *p＜0.05 compared
with LPS only.

dary antibody were visualized using an ECL solution kit.

Statistical analysis
All data are presented as the mean±SEM. Significant differ-

ences (p＜0.05) between the groups were evaluated using 

one-way analysis of variance in SPSS for windows (SPSS Inc., 

Chicago, IL, USA).

RESULTS

Effects of metformin on the production of NO and 
PGE2

The effect of metformin on NO production in LPS-induced 

macrophages were examined. RAW 264.7 cells and peritoneal 

macrophages did not release NO in control group (medium 

alone); LPS (1μg/ml) was used as a positive control for mac-

rophage activation (Fig. 1A and B). Various concentrations 

of metformin (0.5, 1, 2, and 4 mM) reduced NO production 

in a dose-dependent manner. We investigated whether met-

formin would reduce PGE2 production. Metformin at concen-

trations of 2 and 4 mM significantly reduced LPS-induced 

PGE2 production in RAW 264.7 cells (Fig. 1C), though there 

was no significant difference in PGE2 production between 

RAW 264.7 cells and peritoneal macrophages (Fig. 1D).

Production of pro-inflammatory cytokines inhibited 
by metformin
To determine whether metformin would have an effect on 

cytokine production, the levels of IL-1β, IL-6, and TNF-α were 

measured in the macrophages by ELISA. As shown in Fig. 2A, 

C and E, metformin dose-dependently inhibited IL-1β, IL-6, 

and TNF-α production in RAW 264.7 cells. In peritoneal mac-

rophages, production of TNF-α was significantly inhibited by 

metformin (Fig. 2F) whereas production of IL-1β and IL-6 

levels was not (Fig. 2B and D).

Protein and mRNA expressions of inflammatory me-
diators modulated by metformin
The mRNA expression of inflammatory mediators were as-

sessed by RT-PCR. Metformin dose-dependently down-regu-

lated the mRNA levels of iNOS, COX-2, IL-1β, IL-6 and TNF-α 

in LPS-stimulated RAW 264.7 cells and peritoneal macro-

phages (Fig. 3A and B). Western blot analysis revealed that 

the protein levels of iNOS, COX-2, IL-1β, IL-6 and TNF-α also 

suppressed by metformin (Fig. 3C and D). These results su-

ggest that metformin inhibited production of NO, PGE2 and 

pro-inflammatory cytokines through impaired protein and 

mRNA expressions in LPS-induced macrophages.
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Figure 2. Metformin decreases pro- 
inflammatory cytokine production 
in macrophages. RAW 264.7 cells 
(A, C and E) and peritoneal macro-
phages (B, D and F) were cultured 
with different concentrations of met-
formin (0.5, 1, 2, 4 mM) in the pre-
sence of LPS (1μg/ml) for 24 hrs. 
IL-1β, IL-6 and TNF-α production 
were detected by ELISA. The results 
were reported as the mean±S.D. of 
three independent experiments. ††p
＜0.01 and †p＜0.05 compared with
cells only. **p＜0.01 and *p＜0.05
compared with LPS only.

Effects of metformin on the expression of anti-infla-
mmatory cytokines
In order to investigate the effect of metformin on the ex-

pression of anti-inflammatory cytokines in macrophages, the 

levels of IL-4 and IL-10 were measured by Western blotting. 

Metformin enhanced or maintained the protein expression of 

IL-4 and IL-10 in RAW 264.7 cells and peritoneal macro-

phages (Fig. 4). These results suggest that metformin could 

prevent inflammation by inducing IL-4 and IL-10.

Suppression of NF-κB activation by metformin
We also studied the effects of metformin on the activation 

of the nuclear factor kappa B (NF-κB) by Western blot 

analysis. Metformin suppressed phosphorylation of IκBα and 

translocation of cytosolic NF-κB p65 subunit in macrophages 

(Fig. 5). These results imply that metformin may attenuate 

LPS-induced NF-κB activation.

Metformin reduces TNF-α secretion in vivo
Metformin effectively attenuated the production of pro-infla-

mmatory cytokines; especially TNF-α, in macrophages. Thus, 

we measured the serum TNF-α level by ELISA in blood samples 

taken from mice fed a regular diet (RD) and a high-fat diet 

(HFD) supplemented with metformin (HFD/Met). As shown in 

Fig. 6A, HFD was able to markedly induce TNF-α produc-

tion compared to RD. Metformin significantly decreased pro-

duction of TNF-α in HFD-fed mice. The protein and mRNA 

expressions of TNF-α in WAT isolated from the mice were 

analyzed by RT-PCR and Western blotting. These results 

mean that metformin may significantly down-regulated the 

levels of TNF-α mRNA and protein (Fig. 6B and C). These 

results show that metformin could reduce TNF-α production 

in obese mice as well as in macrophages.
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Figure 4. Metformin enhances the expressions of anti-inflammatory 
cytokines in macrophages. RAW 264.7 cells (A) and peritoneal 
macrophages (B) were cultured with different concentrations of 
metformin (0.5, 1, 2, and 4 mM) in the presence of LPS (1μg/ml) 
for 24 hours. The expression of IL-4 and IL-10 were analyzed by 
Western blotting.

Figure 5. Metformin inhibits translocation of NF-κB in macrophages. 
RAW 264.7 cells (A) and peritoneal macrophages (B) were cultured
with different concentrations of metformin (0.5, 1, 2, and 4 mM) in
the presence of LPS (1μg/ml) for 24 hours. The protein expression 
of pIκBα and cytosol NF-κB p65 were analyzed by Western blotting.

Figure 3. Metformin down-regulates 
the expressions of iNOS, COX-2, 
and proinflammatory cytokines in 
macrophages. RAW 264.7 cells (A 
and C) and peritoneal macrophages 
(B and D) were cultured with di-
fferent concentrations of metformin 
(0.5, 1, 2, and 4 mM) in the pre-
sence of LPS (1μg/ml) for 24 hours. 
The mRNA expressions of iNOS, 
COX-2, IL-1β, IL-6, and TNF-α were
analyzed by RT-PCR (A and B). The 
protein expressions of iNOS, COX-2, 
IL-1β, IL-6, and TNF-α were analyzed 
by Western blotting (C and D).
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Figure 6. Metformin reduces TNF-α secretion in obese mice. Male C57BL/6N mice were fed with a regular diet (RD) or a high-fat diet (HFD)
for 16 weeks to induce the DIO phenotype. HFD-fed mice were administered either saline or metformin (250 mg/kg; HFD/Met) for 8 weeks
with free access to the high-fat diet. (A) After the end of the 8-week experimental period, blood samples were taken from RD, HFD, and 
HFD/Met-fed mice. SerumTNF-α levels were measured by ELISA. Data are expressed as mean±S.D. of the 3 independent experiments. ††p＜0.01
compared with RD-fed mice. **p＜0.01 compared with HFD-fed mice. (B and C) WAT was isolated from the mice. The mRNA expression
of TNF-α was analyzed by RT-PCR, and the protein expression of TNF-α was analyzed by Western blotting.

Figure 7. Metformin attenuates the expression of scavenger receptors 
in macrophages and WAT from obese mice. RAW 264.7 cells (A) and
peritoneal macrophages (B) were cultured with 4 mM metformin in 
the presence of LPS (1μg/ml) for 24 hours. The mRNA expression
of CD36 and SR-A were analyzed by RT-PCR. (C) Male C57BL/6N 
mice were fed on a regular diet (RD) or a high-fat diet (HFD) for 16 
weeks to induce DIO phenotype. HFD-fed mice were administered 
either saline or metformin (250 mg/kg; HFD/Met) for 8 weeks with
free access to the high-fat diet. After the end of the 8-week ex-
perimental period, WAT were isolated from RD, HFD, and HFD/Met-
fed mice. The mRNA expressions of CD36 and SR-A were analyzed 
by RT-PCR.

Effects of metformin on the expression of scavenger 
receptors
To find out the effects of metformin on the induction of scav-

enger receptors, the gene expression of scavenger receptors 

was detected by RT-PCR. The expressions of CD36 and SR-A 

was increased after exposure to LPS alone in RAW 264.7 cells 

(Fig. 7A), but metformin effectively decreased the expressions 

of CD36 and mRNA. Metformin also significantly suppressed 

CD36 and SR-A in peritoneal macrophages (Fig. 7B) and 

WAT from HFD-fed mice (Fig. 7C). These results indicate that 

metformin could inhibit the expression of scavenger receptors 

in macrophages and obese mice.

DISCUSSION

Western diet-induced obesity triggers type 2 diabetes. It is 

well known that impaired insulin sensitivity induces type 2 

diabetes (6). Many studies have reported that inflammatory 

responses in the obese subjects can induce insulin resistance, 

and that macrophages play an important role in this process 

(7-9). Macrophages infiltrated obese adipose tissue secrete 

pro-inflammatory cytokines rather than anti-inflammatory cy-

tokines and induce infiltration and activation of other macro-

phages in blood. Accumulated macrophages cause unneces-

sary inflammation by pro-inflammatory response and trigger 

insulin resistance (12-15). In this study, we attempted to elu-

cidate the mechanism by which metformin modulate infla-

mmation in macrophages and a DIO mice.

NO and PGE2 are important inflammatory mediators (34,35). 

Because iNOS and COX-2 are expressed only after induction 
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of infection and NO and PGE2 synthesis catalyzed by iNOS and 

COX-2 can be the hallmarks of inflammation (36-38). In this 

study, metformin dose-dependently reduced the production 

of NO and PGE2 and suppressed the mRNA and protein levels 

of iNOS and COX-2 in LPS-activated macrophages.

Cytokines are the modulatory protein or glycoprotein re-

leased by immune cells or other cells in response to various 

stimuli (39). Pro-inflammatory cytokines promote inflamma-

tion by activating macrophages and other immune cells, while 

anti-inflammatory cytokines inhibit excessive inflammation and 

maintain homeostasis. Immune balance is regulated by antag-

onism between pro-inflammatory and anti-inflammatory cyto-

kines (40,41). However, the balance is broken due to in-

creased pro-inflammatory cytokine production by macro-

phages in the obese subject (12-15). In this study, metformin 

reduced the production of pro-inflammatory cytokines (IL-1β, 

IL-6, and TNF-α) by inhibiting protein and mRNA expression 

in a dose-dependent manner. However, the protein ex-

pression of anti-inflammatory cytokines (IL-4 and IL-10) was 

up-regulated or maintained by metformin. 

TNF-α exerts pleiotropic effects in the host; it stimulates 

immune cells and activates inflammatory responses to protect 

against infection whereas it mediates septic shock, rheuma-

toid arthritis and cancer (42-46). TNF-α is a very important 

cytokine that affects not only inflammation but also metabolic 

diseases (47). The TNF-α level is very high in the adipose 

tissues of obese rodents and humans (48,49), and increased 

TNF-α causes insulin resistance by inhibiting insulin signaling 

pathways, impairing expression of glucose transporter 4 and 

altering adipokine levels; down-regulates adiponectin where-

as enhances leptin (50,51). TNF-α interferes with the lipid 

metabolism by increasing triglycerol and free-fatty acid con-

centrations in blood and altering composition of lipoprotein 

such as LDL and VLDL (51). Elevated TNF-α level is also as-

sociated with cardiovascular diseases like recurrent my-

ocardial infarction and atherosclerosis (52). TNF-α-stimulated 

endothelial cells express chemokines and adhesion molecules 

(intercellular adhesion molecule 1 (ICAM-1), vascular cell ad-

hesion molecule 1 (VCAM-1), E-selectin and P-selectin) to at-

tract circulating monocytes (53). Monocyte-derived macro-

phages and vascular endothelial cells increase inflammatory re-

sponses in the atherosclerotic lesions by releasing chemo-

attractants and pro-inflammatory cytokines (52,54), and TNF-α 

induces cholesterol accumulation in macrophages by increas-

ing expression of scavenger receptors (55). On the other 

hand, cholesterol efflux is decreased because TNF-α attenu-

ates expression of ATP binding cassette transporter A1 

(ABCA1), which leads to foam cell formation (54). Lipid-la-

den foam cells play a critical role in pathogenesis of athero-

sclerosis by accumulated in the intima (53,56). In particular, 

metformin significantly suppressed the production of TNF-α 

and attenuated gene and protein expression of TNF-α in 

macrophages and obese mice. This suggests that metformin 

inhibits inflammation in DIO mice and macrophages by at-

tenuating TNF-α production.

The transcription factor NF-κB plays an important role in in-

flammatory responses. When inflammatory stimuli activate IκB 

kinase (IKK), IKK phosphorylates the α subunit of IκB, and 

the p65 subunit of NF-κB is activated by IκB degradation. 

NF-κB p65 subunit induces expression of pro-inflammatory 

cytokines through nuclear translocation (57). In our study, 

metformin exerted anti-inflammatory effects by concentration- 

dependently reducing the production of pro-inflammatory cy-

tokines via suppression of IκBα phosphorylation and trans-

location of NF-κB p65 from cytosol to the nucleus. 

Scavenger receptors constitute a large family with structur-

ally diverse patterns of recognition receptors and they have 

been implicated in the development of atherosclerosis by 

contributing to macrophage foam cell formation through their 

interaction with oxLDL (17,18). The receptors are also im-

plicated in inflammatory responses and the production of 

pro-inflammatory cytokines by the uptake of LPS and oxLDL 

(21,22). In our study, the gene expression of scavenger re-

ceptors, such as CD36 and SR-A, were effectively suppressed 

by metformin in macrophages and WAT. 

In conclusion, metformin can modulate inflammatory re-

sponses in LPS-stimulated macrophages and in mice with 

high-fat diet induced type 2 diabetes through suppression of 

TNF-α production and impaired expression of scavenger 

receptors.
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