
Epigenetic Regulation of Macrophage Polarization by

DNA Methyltransferase 3b

Xiaosong Yang, Xianfeng Wang, Dongxu Liu, Liqing Yu, Bingzhong Xue,

and Hang Shi

Center for Infection and Immunity Research (X.Y., D.L.) , School of Life Sciences, Hubei University,

Wuhan, China; Department of Biology (X.Y., B.X., H.S.), Georgia State University, Atlanta, Georgia

30303; Department of Internal Medicine (X.W., B.X., H.S.), Wake Forest University School of Medicine,

Winston-Salem, North Carolina 27106; and Department of Animal and Avian Sciences (L.Y.), University

of Maryland, College Park, Maryland 20742

Adipose tissue macrophages (ATMs) undergo a phenotypic switch from alternatively activated

antiinflammatory M2 macrophages in lean individuals to classically activated proinflammatory M1

macrophages in obese subjects. However, the molecular mechanism underlying this process re-

mains unclear. In this study we aim to determine whether DNA methyltransferase 3b (DNMT3b)

regulates macrophage polarization and inflammation. We found that the expression of DNMT3b

was significantly induced in macrophages exposed to the saturated fatty acid stearate, was higher

in ATMs isolated from obese mice, but was significantly lower in alternatively activated M2 vs

classically activated M1 ATMs, suggesting a role for DNMT3b in regulation of macrophage polar-

ization and inflammation in obesity. DNMT3b knockdown promoted macrophage polarization to

alternatively activated M2 phenotype and suppressed macrophage inflammation, whereas over-

expressing DNMT3b did the opposite. Importantly, in a macrophage-adipocyte coculture system,

we found that DNMT3b knockdown significantly improved adipocyte insulin signaling. The pro-

moter of peroxisome proliferator activated receptor (PPAR)�1, a key transcriptional factor that

regulates macrophage polarization, is enriched with CpG sites. Chromatin immunoprecipitation

assays showed that DNMT3b bound to the methylation region at PPAR�1 promoter, which was

further enhanced by stearate. Moreover, pyrosequencing analysis revealed that stearate in-

creased DNA methylation at PPAR�1, which was prevented by DNMT3b deficiency. Therefore, our

data demonstrate that DNMT3b plays an important role in regulating macrophage polarization

through epigenetic mechanisms. In obesity, elevated saturated fatty acids enhance DNMT3b

expression, leading to DNA methylation at the PPAR�1 promoter, which may contribute to de-

regulated adipose tissue macrophage polarization, inflammation, and insulin resistance. (Molec-

ular Endocrinology 28: 565–574, 2014)

Chronic inflammation is a key link between obesity and

insulin resistance/type 2 diabetes (1, 2). An important

feature of obesity-induced inflammation is the infiltration

of macrophages into adipose tissue (3, 4). Adipose tissue

macrophages (ATMs) play an important role in obesity-

induced inflammation and insulin resistance (3, 4). ATMs

can be distinguished into M1 and M2 macrophages by

their differential expression of surface markers F4/80,

CD11c, and CD206/mannose receptor C type 1 (Mrc1)

(5–8). ATMs from lean animals show an alternatively

activated, M2 phenotype (9, 10). These M2 macrophages

are normally induced by Th2 cytokines IL-4 and IL-13,

and typically have down-regulated inducible nitric oxide

synthase and up-regulated arginase 1 (Arg1) expression

and elevated expression of antiinflammatory factors

(IL-10 and IL-1 receptor antagonist [IL-1RN]), therefore
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attenuating inflammation (11, 12). The cellular signal

mediating the activation of M2 macrophage polarization

has been investigated. IL-4 and IL-13 induce the tyrosyl

phosphorylation and activation of signal transducer and

activator of transcription 6 (STAT6). STAT6, in turn,

regulates gene expression characteristic of M2 activation

(2). Recently, it was reported that peroxisome prolifera-

tor activated receptor (PPAR)� and PPAR� also play im-

portant roles in this process (13–18). Obesity is associated

with deregulated ATM polarization, characterized by an

increase in classically activated M1 ATMs (F4/

80�CD11c�CD206�) and a reduction in alternatively ac-

tivated M2 ATMs (F4/80�CD11c�CD206�) (5–8),

which eventually tips the balance of ATMs toward a more

proinflammatory phenotype and contributes to obesity-

induced inflammation and insulin resistance. A critical

question is how obesity causes defective ATM alternative

polarization and tips the balance of ATMs toward more

proinflammatory phenotypes.

Whereas numerous studies have been devoted to the

evaluation of genetic factors related to obesity and its

associated complications, much less is known about epi-

genetic changes that occur without alterations in the

DNA sequence. Epigenetic regulation, including DNA

methylation, is a molecular link between environmental

factors (eg, diets) and complex diseases, including obesity

and diabetes. DNA methylation of cytosines at primarily

CpG dinucleotides is the most common epigenetic modi-

fication. CpGs are often enriched in the promoter and the

first exon/5�-untranslated region of genes (19). De novo

methylation is mediated by DNA methyltransferase

(DNMT) 3a and 3b. Once established, DNA methylation

is then maintained through mitosis primarily by the main-

tenance enzyme DNMT1 (20). Promoters of transcrip-

tionally active genes are typically hypomethylated (21),

whereas DNA hypermethylation can result in gene silenc-

ing by affecting the binding of methylation-sensitive DNA

binding proteins and/or by interacting with various his-

tone modifications and corepressors that alter DNA ac-

cessibility to transcriptional factors (20, 22). Alterations

of DNA methylation have also been implicated in chronic

inflammation-related diseases (23, 24). However, little is

known about the role of epigenetics in obesity-induced

inflammation. Recently, histone methylation has been

implicated in the regulation of macrophage alternative

activation (25, 26). However, it is not known whether

changes in DNA methylation are involved in this process.

In the present study, we tested the hypothesis that

DNMT3b mediates epigenetic regulation of macrophage

polarization and inflammation, alteration of which may

contribute to deregulated adipose tissue macrophage po-

larization, inflammation, and insulin resistance in obe-

sity. To test this hypothesis, we examined the expression

of DNMT3b in macrophages exposed to the saturated

fatty acids (SFAs), the circulating levels of which are com-

monly increased in obesity. We also examined the

DNMT3b expression in ATMs isolated from obese vs

lean mice, and in alternatively activated M2 vs classically

activated M1 ATMs. Using gain or loss of function of

DNMT3b, we examined the M2 macrophage alternative

activation and macrophage inflammation in response to

lipopolysaccharide and the SFAs. To determine whether

alterations of macrophage polarization and inflammation

by DNMT3b affect adipocyte insulin sensitivity, we es-

tablished a macrophage-adipocyte coculture system and

examined adipocyte insulin signaling. Finally, we investi-

gated the mechanism underlying DNMT3b regulation of

macrophage polarization and determined whether

DNMT3b binds to PPAR�1 promoter and alters its DNA

methylation, leading to regulation of macrophage polar-

ization and inflammation.

Materials and Methods

Animals
For diet-induced obesity studies, 5-week-old male C57BL/6J

mice were purchased from The Jackson Laboratory and were
put on either a low-fat (catalog no. D12450B; 10% calories
from fat; Research Diets, Inc) or a high-fat diet (catalog no.
D12492; 60% calories from fat; Research Diets, Inc) for 24
weeks. ob/ob mice 8 weeks of age and lean control (�/?) were
also purchased from The Jackson Laboratory and were fed a
regular chow diet (Lab diet5P00; fat content 14% by calorie).
All animals were housed with a 12-hour light/12-hour dark
cycle in a temperature-controlled facility and had free access to
water and food. All animal studies were approved by the Insti-
tutional Animal Care and Use Committee at Wake Forest
School of Medicine.

Isolation of adipose macrophages and M1 and M2

macrophages
Isolation of adipose tissue stromal vascular cells was per-

formed as we described previously (27). Stromal vascular cells
were then incubated with rat antimouse F4/80 polyclonal anti-
bodies (AbD Serotec), followed by a pull down of F4/80-positive
cells with sheep antirat microbeads using a magnetic-activated
cell sorting system according to manufacturer’s instructions
(Miltenyi Biotec). Isolated F4/80� adipose tissue macrophages
(ATMs) were used for gene expression analysis. In another ex-
periment, stromal vascular cells were labeled with APC-F4/80,
PE-Cy7-CD11c, and PE-CD206, and M1/M2 macrophage sub-
sets were isolated using BD FACSAria Cell Sorting machine
(Becton Dickinson).

Cell culture
Raw264.7 macrophages were cultured in DMEM containing

10% heat-inactivated fetal bovine serum. Fatty acids (stearate,
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Sigma-Aldrich) were conjugated with BSA at a 4:1 M ratio be-

fore treatment. Fatty acids were dissolved in 95% ethanol at

60°C and then were mixed with prewarmed BSA (10%) to yield

a stock concentration of 5 mM. Bone marrow-derived macro-

phages (BMDMs) were cultured in 10% fetal bovine serum and

30% L929 for 8 days.

Macrophage migration assay was performed using a Cyto-

Select 96-Well Cell Migration Assay kit (Cell Biolabs) according

to the manufacturer’s instruction. Arg 1 activity was performed

as previously described (7). Cells were plated in the membrane

chamber that was placed on top of the feeder tray and then

incubated with 10 ng/mL MCP-1 at 37°C for 20 hours. Cells

that migrated were lyzed and CyQuant GR dye was measured

fluorometrically. TNF� protein secretion into medium was

measured using the mouse TNF� ELISA kit (R&D Systems).

The macrophage-adipocyte coculture experiment was con-

ducted as we previously described (28). Briefly, macrophages

were plated in a transwell insert (0.4-�m porous membrane)

and placed into a well containing 3T3-L1 adipocytes at day 8

after the induction of differentiation (29). Four days after co-

culture, adipocytes were stimulated with 100 nM insulin for 5

minutes. Cells were harvested and homogenized in a modified

radioimmunoprecipitation assay lysis buffer.

Immunoblotting

Cells were harvested and homogenized in a modified radio-

immunoprecipitation assay buffer containing 50 mM Tris (pH

7.4), 1 mM EDTA (pH 8.0), 150 mM NaCl, 1% Nonidet P-40,

0.5% sodium deoxycholate, 1 mM each of NaF, NaVO3, and

phenylmethylsulfonyl fluoride, 1% of protease inhibitor cock-

tail (Sigma-Aldrich), and 1% each of serine and tyrosine phos-

phatase inhibitor cocktail (Sigma-Aldrich). Immunoblotting

was conducted as we previously described (28). Rabbit poly-

clonal antibodies against insulin receptor (Tyr-1162/1163) and

insulin receptor substrate 1 (Tyr-612) phosphorylation were

obtained from Upstate Biotechnology, Inc.

Small interfering RNA (siRNA) knockdown

Raw264.7 macrophages were reversely transfected with

DNMT3b and or PPAR�1 siRNA (SMART pool; Dharmacon;

Thermo Scientific) using Lipofectamine RNAiMAX (Invitro-

gen). Briefly, siRNA was premixed and incubated with the

RNAiMAX reagents. The siRNA-RNAiMAX complexes were

then mixed with cell suspension at 1 � 105cells/mL before being

plated into 24-well plates (10 nM siRNA at final concentration).

BMDMs were electroporated with DNMT3b siRNA using

Nucleofector II (Lonza) with the Mouse Macrophage Nucleo-

fector kit (Lonza).

Lentiviral constructs and infection

The DNMT3b cDNA vector was purchased from Open Bio-

systems and was further subcloned into pLVX lentiviral vectors

(CLONTECH). The pLVX DNMT3b lentivirus was generated

according to the instruction from CLONTECH. Medium con-

taining the lentivirus was harvested and filtered and was used to

infect Raw264.7 cells. The infected cells were selected with pu-

romycin (8 �g/mL) for 10 days, and the surviving cells were

pooled for further experiments.

Total RNA extraction and quantitative RT-PCR
Macrophage total RNA was extracted using the Tri Reagent

kit (Molecular Research Center), according to the manufactur-
er’s protocol. The expression of genes of interest was assessed by
quantitative RT-PCR (ABI Universal PCR Master Mix; Applied
Biosystems) using a Stratagene Mx3005p thermocycler (Strat-
agene), as we previously described (28, 30). The primer and
probe pairs used in the assays were purchased from Applied
Biosystems.

Chromatin immunoprecipitation (ChIP) assay
ChIP was conducted using a ChIP assay kit (Upstate Biotech-

nology) as we previously described (28). Briefly, cells were fixed
with 1% of formaldehyde and then harvested in cell lysis buffer
(5 mM 1,4-piperazinediethane sulfonic acid, 85 mM KCl, and
0.5% Nonidet P-40, supplemented with protease inhibitors, pH
8.0). The lysates were sonicated to shear genomic DNA to an
average fragment length of 200–1000 bp. Lysates were centri-
fuged, and the supernatants were collected. The supernatants
underwent overnight immunoprecipitation, elution, reverse
cross-link, and protease K digestion. A mock immunoprecipita-
tion with normal serum IgG was also included as a negative
control for each sample. The DNAs recovered from phenol-
chloroform extraction were used for PCR, the primer sequences
of which are: PPAR�1 forward, 5�-GGCTGTGAGGAG-
CAAGGCGG-3�; reverse, 5�-CCGGGGCGACTCTGACC
TGA-3�.

Bisulfite conversion and pyrosequencing
Genomic DNA will be prepared by phenol-chloroform ex-

traction. Bisulfite conversion will be performed using EpiTech
Bisulfite Kit (QIAGEN). The primers that were used to amplify
PPAR�1 promoter/5�-untranslated region covering CpG sites
were commercially designed by EpiGenDx. Bisulfite-converted
DNA (1 �g) was amplified by PCR, and pyrosequencing was
performed by EpiGenDx.

PPAR�1 promoter cloning and luciferase reporter

assays
A 1.5-kb fragment covering PPAR�1 proximal promoter and

part of 5-untranslated region was PCR amplified from PPAR�1
bacterial artificial chromosome with primers as follows.
PPAR�1 forward-1(F1), 5�-GTCTGGTACCTCTGGTGAG-
GATGGTTTGTA-3�; PPAR�1 reverse-1 (R1), 5�-CCGGGGC-
GACTCTGACCTGA-3�; PPAR�1 forward-2 (F2), 5�-GGCT-
GTGAGGAGCAAGGCGG-3�; PPAR�1 reverse-2 (R2), 5�-
CCCTAGATCTTTGTCTGTCACACAGTCCTG-3�. The
primer sets F1/R1 and F2/R2 amplify 2 overlapping fragments
on the PPAR�1 promoter (see Figure 5A). The two PCR frag-
ments were digested with KpnI/ApalI and ApalI/BglII, respec-
tively. The digested fragments were ligated to pGL3-Basic at
KpnI/BglII sites to generate pGL3-PPAR�1. The constructs were
confirmed by sequencing. To obtain unmethylated promoter,
the reporter constructs were transformed into the dam-/dcm-
Escherichia coli strain (New England Biolabs). To obtain fully
methylated reporter, constructs were incubated with 3 U/�g SssI
methylase (New England Biolabs) in the presence of 160 �M of
S-adenosylmethionine at 37°C for 3 hours (31, 32). Methylation
was confirmed by checking the resistance of reporter constructs
to HpyCH4IV digestion (31). The unmethylated or methylated
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PPAR�1 reporter constructs were transfected into RAW cells
using a SuperFect Transfection Reagent kit (QIAGEN), and lu-
ciferase activity was measured using a Dual-Luciferase Reporter
Assay kit (Promega Corp) as we described (28).

Statistics
All data are expressed as mean � SEM. Data were evaluated

for statistical significance by one-way ANOVA, and statistical
significance for comparison of means of different groups was
calculated by the least-significant-difference test using the SPSS
software package version 11.5. P � .05 was considered
significant.

Results

DNMT3b expression is associated with

macrophage polarization in obesity

We first determined the physiological relevance of DN-

MTs in obesity-induced macrophage phenotypic switch.

We isolated M1 and M2 ATM populations using fluores-

cent-activated cell sorting according to the surface expres-

sion of F4/80, CD11c (M1), and Mrc1/CD206 (M2) (5, 6,

9, 10) (Supplemental Figure 1). We found that DNMT3b

expression was much lower in F4/80�CD11c�CD206�

M2 ATMs than that in F4/80�CD11c�CD206� M1

ATMs (Figure 1A), whereas there was no difference in the

expression of DNMT3a between these 2 populations

(Figure 1A) (we will report the DNMT1 data elsewhere).

We further determined the expression of DNMT3a and

3b in ATMs isolated from lean and obese mice. Interest-

ingly, DNMT3b expression was also significantly ele-

vated in ATMs isolated from ob/ob mice compared with

that of lean controls, whereas no difference in DNMT3a

expression was observed (Figure 1B). Similar results, to a

lesser extent, were observed in ATMs isolated from diet-

induced obese mice (Figure 1C). Dietary SFAs, levels of

which are elevated in obesity, have been implicated in

promoting the metabolic disorders, including obesity and

insulin resistance/type 2 diabetes, partly by increased re-

cruitment of proinflammatory M1 macrophages into in-

flamed adipose tissue (33). We determined whether these

obesity-associated factor SFAs would affect DNMT3b

expression. We found that the SFA stearate stimulated

DNMT3b mRNA and protein levels in macrophages (Fig-

ure 1, D and E). In contrast, DHA, an antiinflammatory

polyunsaturated fatty acid, suppressed DNMT3b expres-

sion (Figure 1F). Interestingly, IL-4, a Th2 cytokine that

induces M2 macrophage polarization, also inhibited

DNMT3b mRNA and protein levels (Figure 1, G and H).

These data suggest that DNMT3b may be an important

determinant of the deregulated

ATM polarization in the obese adi-

pose tissue.

DNMT3b regulates macrophage

polarization and inflammation

To determine the role of

DNMT3b in regulation of macro-

phage polarization, we used gain- or

loss-of-function approaches to ei-

ther knock down or overexpress

DNMT3b in Raw264.7 macro-

phages and then determined the ex-

pression of M2 macrophage mark-

ers. Raw264.7 macrophages were

transfected with DNMT3b siRNA

using a reverse transfection ap-

proach. The DNMT3b mRNA was

suppressed by 73% in knockdown

macrophages (Supplemental Figure

2A), which was consistent with a

significant decrease at DNMT3b

protein levels (Supplemental Figure

2B). We found that DNMT3b

knockdown was sufficient to induce

M2 macrophage polarization, evi-

dent by increased expression of M2

Figure 1. DNMT3b expression is associated with macrophage polarization in obesity. A, The

expression of DNMT3b, but not DNMT3a, is decreased in F4/80�CD11c�CD206� M2 ATMs

more than that in F4/80�CD11c�CD206� M1 ATMs. B and C, The expression of DNMT3b, but

not DNMT3a, is elevated in ATMs isolated from ob/ob (B) and diet-induced obese mice (C).

Isolation of M1/M2 ATMs and total ATMs was conducted as described in Materials and Methods.

LF: low fat diet, HF: high fat diet (n � 4/group). D–H, Stearate stimulates DNMT3b mRNA (D) and

protein (E) levels, whereas docosahexaenoic acid (DHA) (F) inhibits DNMT3b mRNA and IL-4

inhibits both DNMT3b mRNA (G) and protein (H) levels in macrophages. Raw264.7 macrophages

were treated with BSA, stearate (C:18, 200 �M), DHA (50 �M), or IL-4 (10 ng/mL) for 48 hours

(n � 6/group). Gene expression was measured by real-time RT-PCR and normalized to

cyclophilin. Protein levels were measured by immunoblotting. All data are expressed as mean �

SEM; *, P � .05.
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macrophage markers, such as arginase 1 (Arg1), mannose

receptor C type 1 (Mrc1), and macrophage galactose-type

c-type lectin (Mgl1) (Figure 2, A–C). Likewise, DNMT3b

knockdown also increased Arg1 activity (Supplemental

Figure 3). Moreover, DNMT3b deficiency further pro-

moted IL-4-induced expression of M2 macrophage

markers (Figure 2, A–C). We also performed a gain of

function study by overexpressing DNMT3b in macro-

phages. The DNMT3b protein level was elevated by

overexpression (Supplemental Figure 4). In contrast to

the loss of function data shown above, overexpressing

DNMT3b inhibited IL-4-induced Arg1 expression in

macrophages (Figure 2D). Similar results were ob-

served in BMDMs with DNMT3b knockdown, indi-

cated by increased expression of M2 macrophage

markers (Supplemental Figure 5). These data suggest

that DNMT3b is an important determinant of macro-

phage polarization.

To determine whether regulation of macrophage po-

larization by DNMT3b further affects macrophage in-

flammation, we measured inflammatory gene expression

in Raw264.7 macrophages with DNMT3b knockdown.

We found that macrophages with DNMT3b knockdown

displayed decreased expression of inflammatory genes

such as TNF�, IL-1�, and inducible nitric oxide synthase

(Figure 2, E–J). Further, DNMT3b knockdown substan-

tially blocked lipopolysaccharide- and stearate-induced

expression of inflammatory genes (Figure 2, E–J). Like-

wise, DNMT3b knockdown also largely suppressed

TNF� secretion into the medium at both basal and li-

popolysacchride-stimulated levels (Supplemental Figure

6). We also determined whether DNMT3b deficiency af-

fects macrophage functionality and performed macro-

phage chemotatic assays. We found that DNMT3b

knockdown decreased the ability of macrophage to mi-

grate toward a chemotatic gradient of MCP-1 (Supple-

mental Figure 7). These data suggest

that endogenous DNMT3b is a key

regulator of macrophage polariza-

tion and inflammation.

Macrophage DNMT3b deficiency

improves adipocyte insulin

signaling

To mimic the physiological con-

dition of adipose tissue in which

ATMs constantly interact with adi-

pocytes in a paracrine fashion, we

established a coculture system in

which DNMT3b-kockdown macro-

phages were cocultured with differ-

entiated 3T3-L1 adipocytes in tran-

swells. After 2-day coculture,

adipocytes were stimulated with

100 nM insulin. We found that in-

sulin signaling events, including in-

sulin-stimulated tyrosyl phosphory-

lation of insulin receptor, insulin

receptor substrate 1 and serine phos-

phorylation of Akt/PKB, were mark-

edly improved in adipocytes cocul-

tured with DNMT3b-knockdown

macrophages compared with those

of adipocytes cocultured with con-

trol macrophages (Figure 3). These

data suggest that inactivation of

macrophage DNMT3b likely down-

regulates macrophage inflammation

and cytokine expression, which may

Figure 2. DNMT3b regulates M2 macrophage polarization and inflammation. A–D, DNMT3b

knockdown induces M2 macrophage polarization. Raw264.7 macrophages were reversely

transfected with DNMT3b siRNA and then treated with IL-4 (10 ng/mL) for 24 hours. Arg1 (A),

Mrc1 (B), and Mgl1 (C) mRNA were measured by real-time RT-PCR and normalized to cyclophilin.

All data are expressed as mean � SEM (n � 6/group); *, P � .05. D, Overexpressing DNMT3b

inhibits IL-4-induced Arg1 expression. Raw264.7 macrophages were infected with pLVX DNMT3b

lentivirus and selected with puromycin. Cells were then treated with IL-4 (10 ng/mL) for 24

hours. Arg1 mRNA was measured by real-time RT-PCR and normalized to cyclophilin. All data

are expressed as mean � SEM (n � 4/group); *, P � .05.3b. KD, DNMT3b knockdown;

Dnmt3b: pLVX DNMT3b. E–J, DNMT3b knockdown inhibits macrophage inflammation. E–G,

DNMT3b knockdown inhibits lipopolysaccharide (LPS)-stimulated expression of

proinflammatory genes. H–J, DNMT3b knockdown inhibits stearate-stimulated expression of

proinflammatory genes. Raw264.7 macrophages were reversely transfected with DNMT3b

siRNA and then treated with LPS (100 ng/mL) or stearate (C18, 500 �M) for 4 hours. TNF�,

IL-1�, and inducible nitric oxide synthase (iNOS) mRNA were measured by real-time RT-PCR

and normalized to cyclophilin. All data are expressed as mean � SEM (n � 6/group); *, P �

.05. 3bKD, DNMT3b knockdown.
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lead to improved insulin sensitivity in adipocytes in a

paracrine effect.

Methylation at PPAR�1 promoter is a target for

DNMT3b

The nuclear receptor PPAR� is a key transcriptional

factor that controls macrophage alternative activation

(14, 17). We found that the proximal promoter and 5�-

untranslated region of PPAR�1 are enriched with CpG

sites (Figure 4A). This raised a possibility that PPAR�1

may be subjected to epigenetic regulation. Indeed, our

ChIP assays showed that the SFA stearate significantly

increased, whereas IL4 reduced, the binding of DNMT3b

to PPAR�1 promoter in macrophages (Figure 4B). 5-aza-

2�-deoxycytidine, a DNMT inhibitor that can degrade the

DNMT protein (34), was used as a positive control in the

ChIP assay. We then determined whether the binding of

DNMT3b to PPAR�1 promoter regulates PPAR�1 ex-

pression. We found that DNMT3b knockdown stimu-

lated basal and IL-4-induced expression of PPAR�1

mRNA (Figure 5A), whereas DNMT3b overexpression

did the opposite (Figure 5B). Likewise, DNMT3b knock-

down up-regulated PPAR�1 protein levels whereas over-

expression decreased its contents (Figure 5, C and D). The

data are consistent with the effect of DNMT3b knock-

down on promoting M2 macrophage polarization (Figure

2), suggesting that PPAR�1 might be a target for

DNMT3b to regulate macrophage polarization. Consid-

ering the importance of PPAR� in the regulation of mac-

rophage alternative activation, we determined whether

PPAR�1 promoter methylation is a target for DNMT3b

to regulate macrophage polarization. Using pyrosequenc-

ing, we examined the DNA methylation status at PPAR�1

promoter in macrophages with DNMT3b knockdown.

We found that DNMT3b knockdown significantly de-

creased DNA methylation at PPAR�1 promoter (CpG

sites from 15–29 shown in Figure 4A) (Figure 6, A and B).

Interestingly, DNA methylation at PPAR�1 promoter can

be dynamically regulated, indicated by enhanced methyl-

ation by the SFA stearate (Figure 6C). However,

DNMT3b knockdown prevented stearate-induced in-

crease on PPAR�1 promoter methylation (Figure 6C). To

determine whether the PPAR�1 promoter activity is in-

Figure 3. Knockdown of macrophage DNMT3b improves adipocyte

insulin (Ins) signaling in a coculture system. Raw264.7 macrophages

were reversely transfected with DNMT3b siRNA and then cocultured

with differentiated 3T3–L1 adipocytes for 2 days. Adipocytes were

stimulated with 100 nM insulin for 5 minutes, and insulin signaling

was measured as described in Materials and Methods. 3bKD, DNMT3b

knockdown; IR, insulin receptor; IRS, insulin receptor substrate.

Figure 4. DNMT3b binds to PPAR�1 promoter. A, Schematic

illustration of PPAR�1 promoter and 5�-untranslated region. The

transcription start site is indicated as �1. TATA box, exon A1, and

intron 1 are indicated. The CpG sites are indicated as upward vertical

lines with open circles. Positions 1–10 are located upstream of the

TATA box, and positions 11–77 are located between TATA box and

the end of exon A1. The HNF5, CCAAT enhancer-binding protein (C/

EBP), Ap2, Myc, and HNF3 motifs are shown in colored boxes. Arrows

indicate positions of forward and reverse primer used in cloning of the

1.5-kb promoter and ChIP assays. B, ChIP assays indicating DNMT3b

binding to PPAR�1 promoter. Raw264.7 macrophages were treated

with BSA, stearate (C18, 250 �M), IL-4 (10 ng/mL), or 5-aza-2�-

deoxycytidine (5-aza-dC) (0.5 �M) for 24 hours. ChIP assays were

conducted as described in Materials and Methods.

Figure 5. DNMT3b regulates PPAR�1 expression. A and B, DNMT3b

regulates PPAR�1 mRNA. C and D, DNMT3b regulates PPAR�1 protein.

DNMT3b siRNA knockdown or overexpression in Raw264.7

macrophages was conducted as described in Figure 2. PPAR�1 mRNA

was measured by real-time RT-PCR and normalized to cyclophilin and

protein was measured by immunoblotting. All data are expressed as

mean � SEM (n � 6/group); *, P � .05. 3bKD, DNMT3b knockdown;

Dnmt3b, pLVX DNMT3b.
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deed regulated by methylation, we examined the fully

methylated vs unmethylated PPAR�1 promoter activity

using luciferase assays. A 6-hour transfection assay (the

data on longer transfection times will be reported else-

where) revealed that the luciferase activity of the unmeth-

ylated promoter constructs was higher than that of the

fully methylated promoter constructs (Figure 7), suggest-

ing that the PPAR�1 promoter activity is highly regulated

by DNA methylation. These data suggest that PPAR�1

may be a target for DNMT3b to regulate macrophage

polarization.

To determine the role of PPAR�1 in mediating M2

macrophage polarization induced by DNMT3b defi-

ciency, we performed double knockdown of both

PPAR�1 and DNMT3b in Raw cells. We found that

DNMT3b deficiency significantly increased basal and IL-

4-stimulated expression of M2 macrophage markers in-

cluding Arg1, Mrc1, and Mgl1, which was substantially

prevented by PPAR�1 knockdown (Figure 8A). Further,

PPAR�1 knockdown significantly blocked the ability of

DNMT3b deficiency to suppress inflammatory gene ex-

pression (Figure 8B). These data suggest that PPAR�1

plays an important role in mediating DNMT3b deficien-

cy-induced M2 macrophage polarization and antiinflam-

matory phenotypes.

Discussion

Our data demonstrate that DNMT3b plays a key role in

regulation of macrophage polarization and inflamma-

tion, which may involve modulation of DNA methylation

at the PPAR�1 promoter. Our study is the first to provide

a novel mechanism whereby DNA methylation mediates

macrophage alternative activation, which may mediate

macrophage phenotypic switch in obesity and, in turn,

contribute to obesity-induced inflammation and insulin

resistance.

Most complex diseases, including obesity and diabe-

tes, are results of gene and environment interactions. One

of the mechanisms by which environmental factors such

as diets affect gene expression patterns involves their ca-

pacity to reprogram the epigenome (35, 36). To better

understand how obesity, a disorder that typically results

from environment (eg, high-fat diet) and gene interac-

tions, causes defective ATM alternative polarization and

tips the balance of ATMs toward more proinflammatory

phenotypes, we focused on epigenetic mechanisms, par-

ticularly DNA methylation. We found that DNMT3b ex-

pression is significantly induced in macrophages exposed

to SFAs and is higher in ATMs isolated from obese mice

vs. lean, but is significantly lower in alternatively acti-

vated M2 vs classically activated M1 ATMs. The data

suggest that the expression of DNMT3b in macrophages

is physiologically important and relevant in obesity-asso-

ciated macrophage phenotypic switch. Our studies with

gain or loss of function approaches show that DNMT3b

Figure 6. DNMT3b regulates DNA methylation at PPAR�1 promoter.

A and B, DNMT3b knockdown decreases DNA methylation at PPAR�1

promoter. A, Methylation levels at CpG sites corresponding to 15–29

on PPAR�1 promoter (see Figure 5A). B, Average methylation levels of

all these CpG sites. DNMT3b siRNA knockdown in Raw264.7

macrophages was conducted as described in Figure 2. CpG

methylation was measured by pyrosequencing as described in

Materials and Methods. All data are expressed as mean � SEM (n �

4/group0; *, P � .05 vs control. 3bKD, DNMT3b knockdown. C,

DNMT3b knockdown prevents stearate-induced increase of PPAR�1

promoter methylation. All data are expressed as mean � SEM (n �

4/group); #, P � .05 vs control or 3bKD�C:18. 3bKD, DNMT3b

knockdown.

Figure 7. DNA methylation regulates PPAR�1 promoter activity. A

1.5-kb PPAR�1 promoter fragment was cloned into pGL3 luciferase

reporter. Unmethylated vs fully methylated PPAR�1 promoter activity

was conducted as described in Materials and Methods.
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knockdown promoted macrophage polarization to alter-

natively activated M2 phenotype, leading to attenuation

of macrophage inflammation, whereas overexpressing

DNMT3b in macrophages prevented M2 macrophage

conversion. To test whether DNMT3b regulation of mac-

rophage polarization and inflammation would affect in-

sulin sensitivity in adjacent adipocytes, we established a

macrophage-adipocyte coculture system. We found that

DNMT3b knockdown significantly improved adipocyte

insulin signaling in the coculture system. Our data suggest

a scenario in which elevated SFAs in obesity may induce

the expression of DNMT3b, which prevents M2 macro-

phage conversion and tips the balance of ATMs toward

more proinflammatory M1 phenotype, leading to exag-

gerated inflammation in obese adipose tissue. Dietary

SFAs, levels of which are elevated in obesity, may there-

fore contribute to obesity-induced inflammation and in-

sulin resistance via an epigenetic mechanism. Our study is

in line with rapidly growing evidence converged to sug-

gest that epigenetic events figure prominently in the de-

velopment of obesity and diabetes, including epigenetic

regulation of insulin resistance in various tissues (37–41).

To further understand the target

genes by which DNMT3b regulates

DNA methylation, we focused on

PPAR�1 the expression of which in

macrophages is critical in the regu-

lation of macrophage alternative ac-

tivation, inflammation, and whole-

body glucose metabolism (13, 14,

16–18). Given the fact that the

proximal promoter and 5�-untrans-

lated region of PPAR�1 is enriched

with CpG sites, PPAR�1 may be

subjected to DNA methylation. Us-

ing ChIP assays, we found the direct

binding of DNMT3b to PPAR�1

promoter/5�-untranslated region in

macrophages, suggesting that

DNMT3b is the major enzyme re-

sponsible for this process. Interest-

ingly, unlike the traditional view of

DNA methylation, which was

thought to be stable, DNMT3b reg-

ulation of PPAR�1 promoter meth-

ylation is dynamic, because the SFA

stearate regulates DNMT3b binding

to PPAR�1 promoter. Indeed, our

pyrosequencing assays confirmed

that stearate significantly increased

DNA methylation at the PPAR�1

promoter, whereas DNMT3b defi-

ciency prevented the SFA’s effect on the PPAR�1 methyl-

ation. This suggests that DNA methylation at PPAR�1

promoter, which was thought to be a very stable epige-

netic marker, is actually dynamic in response to physio-

logical stimuli such as nutritional cues (eg, SFA), and this

dynamic methylation change on PPAR�1 promoter re-

quires DNMT3b. In addition, we demonstrate that

PPAR�1 promoter activity is highly regulated by DNA

methylation. Finally, our loss of function experiment with

PPAR�1 knockdown demonstrates that PPAR�1 is re-

quired for full capacity of DNMT3b deficiency to induce

M2 macrophage polarization and to antagonize inflam-

mation. However, it is noteworthy that PPAR�1 knock-

down can not completely prevent the M2 macrophage

phenotypes caused by DNMT3b deficiency, suggesting

that PPAR�1 may not be the only target gene that

DNMT3b acts on to exert its functions. Indeed, other

transcriptional factors (eg, PPAR�, CCAAT enhancer-

binding protein �, and STAT6, etc,) also play critical roles

in regulation of macrophage polarization (2). Therefore,

additional studies will be required to determine new

downstream signals that mediate DNMT3b’s effect on

Figure 8. PPAR�1 knockdown substantially blocks the effects of DNMT3b deficiency on M2

macrophage polarization and inflammation. A, PPAR�1 knockdown substantially blocks the

effects of DNMT3b on M2 macrophage polarization. B, PPAR�1 knockdown substantially blocks

the effects of DNMT3b on macrophage inflammation. Raw264.7 macrophages were reversely

transfected with DNMT3b and PPAR�1 siRNAs and then treated with IL-4 (10 ng/mL) for 24

hours or treated with lipopolysaccharide (LPS) (100 ng/mL) for 4 hours. mRNA was measured by

real-time RT-PCR and normalized to cyclophilin. All data are expressed as mean � SEM (n � 6/

group); bars that are labeled with different letters are statistically significant; P � .05. 3bKD,

DNMT3b knockdown; PPAR�1KD, PPAR�1 knockdown. INOS, inducible nitric oxide synthase.
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macrophage polarization and inflammation. Nonetheless

all these data point to PPAR�1 as an important target, if

not the only target, for DNMT3b to regulate macrophage

polarization.

Alterations of DNA methylation have also been impli-

cated in chronic inflammation-related diseases (23, 24).

However, little is known about the role of DNA methyl-

ation in obesity-induced inflammation. It has become ap-

parent that DNA methylation and histone methylation

have a close cross talk and DNA methylation can set up a

platform for histone modifications (42–45). Evidence has

shown that changes in key chromatin histone methylation

patterns can affect inflammatory signaling and gene ex-

pression in several cell types in diabetic conditions and

models (39, 46). Recently, histone methylation has been

implicated in the regulation of macrophage alternative

activation (25, 26). Therefore, it would be interesting to

determine whether altered DNA methylation on the

PPAR�1 promoter by SFAs would cause modifications of

histone methylation. Interestingly, previous studies show

that even a transient hyperglycemic exposure may induce

sustained epigenetic changes at histone methylation and

subsequent long-lasting expression of inflammatory

genes, which has been termed as “hyperglycemic mem-

ory” (47, 48). Considering that DNA methylation is a

more stable epigenetic marker than histone methylation,

future studies are warranted to address whether epige-

netic alterations of the DNA methylation at the PPAR�1

promoter also reflect a long-term metabolic memory in

response to a transient exposure to SFAs.

In summary, we demonstrate that DNA methylation

by DNMT3b plays an important role in the regulation of

macrophage polarization and inflammation. Gain and

loss of function studies demonstrate an important role for

DNMT3b as a negative regulator of M2 macrophage po-

larization. DNA methylation at the PPAR�1 promoter in

macrophages is enhanced by obesity-associated factors

SFAs, which is dynamically regulated by DNMT3b. De-

regulated DNA methylation at PPAR�1 promoter by

DNMT3b, presumably in response to elevated nutritional

cues (eg, SFAs) in obesity, may result in deregulated mac-

rophage polarization, thereby contributing to obesity-in-

duced inflammation and insulin resistance. These studies

could also help guide the development of epigenetic reg-

ulation as new therapeutic targets in the prevention and

treatment of obesity-induced insulin resistance/type 2

diabetes.
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