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Abstract

Background: Inhibition of 11b-hydroxysteroid dehydrogenase type 1 (11b-HSD1) is being pursued as a new therapeutic
approach for the treatment of obesity and metabolic syndrome. Therefore, there is an urgent need to determine the effect
of 11b-HSD1 inhibitor, which suppresses glucocorticoid action, on adipose tissue inflammation. The purpose of the present
study was to examine the effect of BVT.2733, a selective 11b-HSD1 inhibitor, on expression of pro-inflammatory mediators
and macrophage infiltration in adipose tissue in C57BL/6J mice.

Methodology/Principal Findings: C57BL/6J mice were fed with a normal chow diet (NC) or high fat diet (HFD). HFD treated
mice were then administrated with BVT.2733 (HFD+BVT) or vehicle (HFD) for four weeks. Mice receiving BVT.2733 treatment
exhibited decreased body weight and enhanced glucose tolerance and insulin sensitivity compared to control mice.
BVT.2733 also down-regulated the expression of inflammation-related genes including monocyte chemoattractant protein 1
(MCP-1), tumor necrosis factor alpha (TNF-a) and the number of infiltrated macrophages within the adipose tissue in vivo.
Pharmacological inhibition of 11b-HSD1 and RNA interference against 11b-HSD1 reduced the mRNA levels of MCP-1 and
interleukin-6 (IL-6) in cultured J774A.1 macrophages and 3T3-L1 preadipocyte in vitro.

Conclusions/Significance: These results suggest that BVT.2733 treatment could not only decrease body weight and
improve metabolic homeostasis, but also suppress the inflammation of adipose tissue in diet-induced obese mice. 11b-
HSD1 may be a very promising therapeutic target for obesity and associated disease.
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Introduction

Central obesity, an established risk factor for human health,

plays an important role in the pathogenesis of insulin resistance,

type 2 diabetes, hypertension and cardiovascular disease [1,2].

However, the underlying mechanisms remain largely unknown

[3,4]. Recently, it has been suggested that amplification of

glucocorticoid action within the adipose tissue by the intracellular

enzyme 11b-hydroxysteroid dehydrogenase type 1 (11b-HSD1) is

involved in the development of central obesity [5,6,7,8,9]. 11b-

HSD1 increases intracellular glucocorticoid levels by converting

inert 11-dehydrocorticosterone (cortisone in humans) to active

corticosterone (cortisol) in adipocyte and macrophages [10,11].

Studies performed in model animals and humans have shown that

11b-HSD1 expression is specifically increased in adipose tissue as

a result of obesity. Furthermore, Masuzaki et al demonstrated that

white adipose tissue (WAT)-specific transgene of 11b-HSD1 could

cause visceral obesity, insulin resistance, diabetes, dyslipidemia,

and hypertension in mice [8]. In contrast, mice with a targeted

disruption of the 11b-HSD1 gene (11b-HSD-12/2 mice) exhibited

enhanced glucose tolerance, attenuated gluconeogenic responses,

and improved lipid profile [12,13,14]. These findings suggest that

increased activity of 11b-HSD1 in adipose tissue contributes to

dysfunction of adipose tissue and subsequent metabolic derange-

ment.

Recently, inhibition of 11b-HSD1 has emerged as a new

therapeutic target for the treatment of obesity and metabolic

syndrome [15]. Major pharmaceutical companies are now

engaged in a new wave of drug development for selective 11b-

HSD1 inhibition [16]. These 11b-HSD1 pharmacological inhib-

itors can improve insulin sensitivity and ameliorate metabolic
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syndrome not only in most mouse models but also in human

[15,17,18].

On the other hand, the profound effects of glucocorticoid on the

immune system preclude its widespread use as a therapeutic agent

for inflammatory diseases [19]. The magnified glucocorticoid

action caused by 11b-HSD1 might serve as an important link at

the interface of inflammation and obesity [20]. Furthermore,

obesity is associated with a chronic low-grade inflammation state,

an important risk factor in cardiovascular disease, which might be

caused by adipocyte hypertrophy together with infiltration of

macrophages into adipose tissue [3]. Therefore, it is imperative

that the effects of 11b-HSD1 inhibitor on the inflammation of

adipose tissue be clarified.

The aim of the present study was to examine the effect of

BVT.2733, a selective inhibitor of 11b-HSD1, on diet induced

obesity with a focus on the expression of pro-inflammatory

mediators and macrophage infiltration in adipose tissue in mice.

Our data affirm the notion that 11b-HSD1 may be a very

promising therapeutic target for obesity and associated disease.

Results

Effect of HFD and BVT.2733 on Adiposity and Metabolic
Parameters

C57BL/6J mice were fed a normal fat diet or HFD for 24

weeks. Mice on HFD showed a significantly higher body weight

gain compared with mice on a NC (data not shown). During the

last four weeks the HFD-fed mice were treated with BVT.2733

(100 mg/kg, orally) (HFD+BVT mice) or vehicle (HFD mice). The

BVT.2733 treatment was not only able to prevent the develop-

ment of obesity, but also caused rapid weight loss (Fig. 1A). Mice

fed on HFD showed glucose intolerance, as evaluated by

intraperitoneal glucose tolerance test (Fig. 1B). However, glucose

tolerance (Fig. 1B) and insulin levels (Fig. 1C) were improved by

BVT.2733 treatment. What’s more, HFD caused marked alter-

ations in the expression of adipokines in adipose tissue including

decreased expression of adiponectin (Fig. 1D) and vaspin (Fig. 1F),

and increased expression of leptin (Fig. 1E). BVT.2733 adminis-

tration normalized the expression profile of adiponkines by up-

regulating the mRNA levels of adiponectin (Fig. 1D) and vaspin

(Fig. 1F) and down-regulating the expression of resistin (Fig. 1G) in

adipose tissue. In line with these changes in adipose tissue serum

levels of adiponectin (Fig. 1H) and leptin (Fig. 1I) were also

improved by BVT.2733 treatment.

Effect of HFD and BVT.2733 Treatment on the
Abundance of Macrophage in Adipose Tissue

To determine the infiltration of macrophages in adipose tissue

after BVT.2733 treatment, immunohistochemistry staining using

a specific macrophage marker F4/80 was performed. As shown

in Fig. 2A, the number of F4/80 positive macrophages was

increased in HFD mice but decreased in HFD+BVT mice. These

results were corroborated by quantitative analysis of the number

of macrophages present in adipose tissue (Fig. 2B). In agreement

with decreased macrophage infiltration, the mRNA expression of

macrophage-specific gene F4/80 (Fig. 2C) and macrophage

inflammatory protein-1a (MIP-1a) (Figure 2E) was down-

regulated in total adipose tissue in HFD+BVT mice compared

to HFD mice. However, there was little change in the expression

of another macrophage marker gene CD68 between HFD and

HFD+BVT mice (Figure 2D). To verify the changes in

macrophage infiltration, cells in the stromal vascular fraction

(SVF) of epididymal fat tissue from both groups of mice were

analyzed by flow cytometry (Figure 3A). The ratio of the F4/80-

positive cells was increased in HFD mice, but decreased in

HFD+BVT mice (Fig. 3B). F4/80-positive cells were further

sorted with anti-CD11c and anti-CD11b antibodies. The data

shown that both the CD11b+ CD11c2 subset of macrophages

(Fig. 3C) and CD11b+ CD11c+ macrophages (Fig. 3D) were

decreased in HFD+BVT mice. Together, these data suggest that

BVT.2733 treatment decreased macrophage infiltration in

adipose tissue in obese mice.

Effect of HFD and BVT.2733 Treatment on the
Inflammation Gene Expression in the Adipose Tissue and
the Level of Circulating Inflammation Markers

Macrophage infiltration of adipose tissue was increased in HFD

mice, and decreased in HFD+BVT mice. Therefore, we investi-

gated the effect of BVT.2733 on the expression and circulating

levels of pro-inflammatory cytokines/chemokines. Total RNA was

isolated from the whole epididymal fat tissues to determine the

expression levels of IL-6, TNF-a and MCP-1 (Fig. 4A, B, C) using

real-time RT-PCR. mRNA levels of MCP-1 and TNF-a, but not

those of IL-6, were increased in adipose tissue of mice fed a HFD

compared to mice fed a NC and BVT.2733 treatment decreased

the expression of TNF-a (P,0.05, n = 526) and MCP-1 (P,0.05,

n = 526). However, plasma concentrations of IL-6, MCP-1 TNF-

a (Fig. 4D, E) were not decreased in HFD+BVT mice, suggesting

that TNF-a and MCP-1 expressions decreased only locally (within

the adipose tissue).

Effect BVT.2733 on the Inflammation Gene Expression in
PA or LPS-activated J774A.1 Macrophages and 3T3-L1
Preadipocyte in vitro

To further assess the effect of BVT.2733 on the expression of

inflammation genes in macrophages and preadipocyte, we

stimulated murine macrophages (J774A.1) and 3T3-L1 preadipo-

cyte with palmitate (PA) or LPS in vitro. mRNA levels of 11b-

HSD1 and inflammation genes including IL-6, MCP-1 and TNF-

a was increased in macrophages J774A.1 treated with PA or LPS

(Fig. 5A). BVT.2733 attenuated the mRNA levels of MCP-1 and

IL-6 in PA (Fig. 5B) or LPS (Fig. 5C) treated J774A.1

macrophages. The protein levels of MCP-1 and IL-6 in the

medium were also attenuated (Fig. S2A and S2C). However the

mRNA levels of TNF-a were not changed after the treatment of

BVT.2733. Similar results were observed in 3T3-L1 preadipocyte

(Fig. 6A and 6D).

Effect of 11b-HSD1 Knockdown on Proinflammatory
Properties in J774A.1 Macrophages and 3T3-L1
Preadipocytes

To further verify the potential role of 11b-HSD1 in cytokine

expression in activated J774A.1 macrophages and preadipocytes,

11b-HSD1 was depleted using lentiviral-based RNAi. When

J774A.1 macrophages and 3T3-L1 preadipocytes were infected

with 11b-HSD1 shRNA by lentivirus, the expression of 11b-

HSD1 was markedly decreased both at mRNA level (Fig. 5D)

and the protein level (Fig. 5E). Negative control RNAi did not

influence the expression of 11b-HSD1. Consequently, knock-

down of 11b-HSD1 in PA (Fig. 5F) or LPS (Fig. 5G)-treated

J774A.1 macrophages effectively reduced MCP-1 and IL-

6 mRNA levels. Again, the mRNA levels of TNF-a were not

changed after the knocked down of 11b-HSD1 in PA (Fig. 5F)

or LPS (Fig. 5G)-treated J774A.1 macrophages. Similar results

were observed in 3T3-L1 preadipocyte (Fig. 6B and 6E).

BVT.2733 Suppresses Inflammation in DIO Mice
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Over-expression of 11b-HSD1 Augmented MCP-1 and IL-
6 in PA or LPS-treated J774A.1 Macrophages and 3T3-L1
Preadipocytes

We next examined whether over-expression of 11b-HSD1 by

lentiviral infection would be sufficient to drive the augmentation of

pro-inflammatory molecules in activated J774A.1 macrophages

and preadipocyte. The over-expression efficiencies were confirmed

by real-time RT-PCR (Fig. 5H) and Western blot (Fig. 5I)

analyses. PA–induced messages of MCP-1, IL-6 and TNF-a were

all augmented by 11b-HSD1 (Fig. 5J). The protein levels of MCP-

1 and IL-6 in the medium were also augmented (Fig. S2B and

S2D). However in LPS-activated macrophage, 11b-HSD1 over-

expression only augmented the expression of MCP-1 (Fig. 5K).

Furthermore, pharmacological inhibition of 11b-HSD1 by

BVT.2733 not only attenuated MCP-1 and IL-6 mRNA levels

(Fig. 5J and 5K) but also protein levels (Fig. S2B and S2D) in these

cells. Similar results were observed in 3T3-L1 preadipocyte

(Fig. 6C and 6F).

Effect of Glucocorticoid Receptor (GR) on
Proinflammatory Properties of 11b-HSD1 in J774A.1
Macrophages

To further investigate the mechanism whereby 11b-HSD1

augments inflammation in activated macrophages and preadipo-

cyte, we treated J774A.1 macrophages with glucocorticoid

antagonist RU486 in the presence of PA. Surprisingly, we found

that RU486 attenuated MCP-1 and IL-6 mRNA levels in

activated J774A.1 macrophages (Fig. 7A). Further more, we found

that lower concentration corticosterone can increased the inflam-

mation in macrophage (Fig. 7B) in steroid hormones free medium.

Normal FBS contains steroid hormones which can act as

substrates for HSD1. Therefore, we repeated our experiments

with different doses of 11-dehydro-corticosterone in J774A.1

macrophages in Charcoal Dextran Stripped Serum media (steroid

hormones free). We found that whereas low concentration 11-

dehydro-corticosterone increased the expression of IL-6, higher

concentration of 11-dehydro-corticosterone suppressed the ex-

pression of IL-6 (Fig. 7C). In addition, J774A.1 macrophages were

transfected with the expression vector for 11b-HSD1 (HSD1) or a

Figure 1. Effect of HDF and BVT.2733 on adiposity and metabolic parameters in C57BL/6J mice. A, Percentage change in body weight.
B–C, Glucose tolerance and plasma insulin level. D–G, Changes in adipose gene mRNA expression. H–I, Serum adiponectin and leptin concentration.
The results are shown as the means 6 SEM. *, P,0.05; **, P,0.01 compared with NC group; #, P,0.05; ##, P,0.01 compared with HFD group.
n = 5210 animals per group.
doi:10.1371/journal.pone.0040056.g001
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corresponding empty vector (emp). Cells were activated by LPS

(100 ng/ml) in the absence (con) or presence of increasing

amounts of 11-dehydro corticosterone (10211 M to 1025 M) for

24 h in Charcoal Dextran Stripped Serum media. When lower

concentration 11-dehydro-corticosterone was added in the media,

the expression of IL-6 was increased in HSD1 over-expression

group, however when higher concentration 11-dehydro-cortico-

sterone was added in the media the expression of IL-6 was

suppressed in HSD1 over-expression group (Fig. 7C).

We propose that GCs may exert distinct effects on macrophage

function depending on concentration. 11b-HSD1 may augment

inflammation by increasing the concentration of local glucocor-

ticoid.

Discussion

During the last 10 years, evidence has accumulated that

strongly argues for an etiological role of 11b-HSD1 in obesity

and metabolic syndrome.11b-HSD1 has thus emerged as a major

potential drug target for the treatment of obesity and its

associated medical conditions. BVT.2733 is a new selective

inhibitor of murine 11b-HSD1. In line with previous reports, we

report here that inhibition of 11b-HSD1 by BVT.2733 could not

only prevent the development of obesity, but also cause rapid

weight loss and improve glucose tolerance and insulin levels

[15,17]. What’s more, BVT.2733 treatment for four weeks also

caused a marked increase in the expression of adipokines

including adiponectin and vaspin in adipose tissue in vivo and

we also found that BVT.2733 administration normalized the

expression of vaspin (Fig. S1C) and resistin (Fig. S1D) in PA-

treated adipocyte in vitro. Thus, our findings further confirmed

that BVT.2733 could be regarded as an effective agent that

ameliorates obesity and metabolic syndrome.

Moreover, growing evidence has asserted that obesity is closely

associated with a state of low-grade inflammation in adipose tissue

which is characterized by abnormal cytokine production and

increased macrophages infiltration [21]. This association has been

interpretated as significant in rodents and human studies, and is

causally linked to either obesity itself or closely linked diseases such

as insulin resistance, type 2 diabetes, and cardiovascular disease

[22]. On the other hand, 11b-HSD1 inhibitors might have a

harmful effect on adipose tissue by weakening the anti-inflamma-

tory responses of glucocorticoid. In fact, it has been documented

that 11b-HSD12/2mice were more susceptible to endotoxemia

[23] and 11b-HSD1 played an important role in promoting rapid

clearance of apoptotic cells during the resolution of inflammation

[24]. Concomitantly, we observed a dramatic decrease in a series

of inflammation-related genes including MCP-1 and TNF-a in

adipose tissue isolated from HFD+BVT mice compared with HFD

mice. We also observed fewer macrophages accompanied by

down-regulated expression of a panel of macrophages markers in

adipose tissue in HFD+BVT mice. However, macrophages in

adipose tissue do not represent a uniform population of cells but

rather can exhibit a range of activation states. As reported

previously, F4/80, CD11b, and CD11c triple-positive macro-

phages show very high levels of inflammatory markers. These

triple-positive cells account for the majority of the increased

macrophages content in obese adipose tissue [25]. Therefore, we

further analyzed cells in the SVF of epididymal fat tissue from

mice using flow cytometry, and we found decreased ratios of F4/

80-positive and triple-positive cells with the treatment of

BVT.2733. These findings indicate that BVT.2733 may suppress

inflammation in adipose tissue via, at least in part, inhibition of

Figure 2. Effect of HFD and BVT.2733 treatment on the abundance of macrophage in adipose tissue. A–B, Representative
immunohistochemical staining of white adipose tissue using the specific macrophage marker F4/80 and quantification of the of macrophages
present in adipose tissue. C–E, Changes in the expression of macrophage marker genes determined by real time PCR. The results are shown as the
means 6 SEM. *, P, 0.05; **, P, 0.01 compared with NC group; #, P,0.05; ##, P, 0.01 compared with HFD group. n = 628 animals per group.
Bar = 50 mm.
doi:10.1371/journal.pone.0040056.g002
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cytokine production and lowering the number of macrophages in

vivo.

It is well known that adipose tissue is a composition of an

overwhelming majority of adipocyte, a sizeable majority of

preadipocyte, a smaller number of macrophage and a few other

cell types [26]. It has been suggested that nonadipocytes (e.g. SV

cells) in adipose tissue are the major producers of IL-6 and TNF-a
rather than adipocytes [27]. Macrophage infiltration into obese

adipose tissue contributes to local and systemic inflammation in

subjects with obesity [28]. Recently, it has been suggested that

preadipocytes share certain similarities with macrophages in

phagocytosis and secretion of inflammatory substances [29]. Our

results also indicate that preadipocytes rather than adipocytes play

an essential role in LPS-induced cytokine gene expression as

shown in (Fig. S1A and S1B). For instance, Ishii-Yonemoto found

that TNF-aand IL-1b augmented 11b-HSD1 mRNA expression

and activity in 3T3-L1 preadipocytes [30]. Therefore, we

employed murine macrophages (J774A.1) and 3T3-L1 preadipo-

cyte for in vitro studies. HFD are typically enriched in PA, and

excess nutritional intake may increase plasma and tissue PA

concentrations [31,32]. J774A.1 and 3T3-L1 preadipocyte were

stimulated with PA or LPS. Interestingly, we found that expression

of the inflammation–related genes and 11b-HSD1 were both

substantially increased in PA or LPS activated J774.1 macrophag-

es. Consistent with the results in vivo, we observed BVT.2733 or

11b-HSD1 knockdown decreased expression levels of various

inflammation-related genes, including IL-6 and MCP-1, in

activated macrophages. In contrast, over-expression of 11b-

HSD1 augmented expression of MCP-1 and IL-6 in activated

J774A.1 macrophages and 3T3-L1 preadipocytes. Therefore, our

cell-based and animal results revealed that 11b-HSD1 is an

important regulator at the interface of obesity and inflammation,

and the inhibition of 11b-HSD1 by BVT.2733 could prevent the

development of obesity and reduce the inflammation of adipose

tissue both in vivo and in vitro.

Glucocorticoids have been widely used to treat inflammatory

diseases for almost 60 years due to the potent anti-inflammatory

properties [19], but it has been known to have both permissive and

suppressive effects on gluconeogensis, glycogenolysis and lipolysis

[33]. However, our studies suggest that slight increase of

glucocorticoid by 11b-HSD1 may have a permissive effect on

inflammation. Our data support that over-expression of 11b-

HSD1 augmented MCP-1 and IL-6 in PA or LPS-treated J774A.1

macrophages and 3T3-L1 preadipocytes. Furthermore, we found

glucocorticoid at low concentration can increase the inflammation

in macrophage (Fig.7B). Meanwhile, pharmacological inhibition of

11b-HSD1 and RNA interference against 11b-HSD1 reduced the

mRNA levels of MCP-1 and IL-6. In addition, the expression of

inflammation-related gene augmented by 11b-HSD1 overexpres-

sion was also attenuated by BVT.2733 in macrophages and

preadipocytes. In fact, Lim et al [34] has also reported that

10210 M of corticosterone enhanced expression of pro-inflamma-

Figure 3. Effect of HFD and BVT.2733 treatment on the number of macrophages in SVF of epididymal fat tissue. Cells in the SVF of
epididymal fat tissue from three groups of mice were analyzed using flow cytometry as described in METHODS section. A, Representative flow
cytometric profiles of cells in the SVF of epdidymal fat tissue derived from NC, HFD, and HFD+BVT mice individually. B, The cell number in F4/80-
positive fraction. C, F4/80-positive/CD11b-positive/CD11c- negetive fraction. D, F4/80-positive/CD11b-positive/CD11c- positive fraction. The results
are shown as the means 6 SEM. *, P,0.05; **, P,0.01 compared with NC group; #, P,0.05; ##, P,0.01 compared with HFD group. n = 324 animals
per group.
doi:10.1371/journal.pone.0040056.g003
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tory cytokines while higher concentrations of corticosterone

(1027 M–1026 M) strongly repressed macrophage function. Our

data also supported that low concentration 11-dehydro-cortico-

sterone added in the steroid hormone-free media mimics the

medium supplemented with 10% heat-inactivated FBS, but when

higher concentration of 11-dehydro-corticosterone was added into

the media it acts as an anti-inflammatory hormone. Recently,

Wamil et al [35] demonstrated that HSD1 deficiency also

suppressed inflammation of adipose tissue in obesity. Therefore,

it seems that glucocorticoids may exert both positive and negative

influence on inflammation dependent on their concentrations. It

may open a fresh avenue for molecular and cellular mechanism of

adipose inflammation and dysfunction.

In summary, we demonstrate that treatment of a selective

inhibitor of 11b-HSD1, BVT.2733, could prevent the develop-

ment of obesity and reduce inflammation in cells and adipose

tissues in DIO mice. Our study suggests that 11b-HSD1 is an

important regulator at the interface of obesity and inflammation,

and maybe be a promising target of obesity-associated diseases.

Materials and Methods

Ethics Statement
All animal and tissue sample experiments were performed in

accordance with the guidelines of the National Institutes of Health

and Nanjing Medical University with procedures(ID:2082101)

approved by the Institutional Animal Care and Use Committee of

the university.

Reagents
BVT.2733, an 11b-HSD1 selective inhibitor was synthesized

according to the patent information by China Pharmaceutical

University. Anti-F4/80 antibody was purchased form Serotec

(Oxford, UK). Phycoerythrin-Cy5 conjugated anti-mouse F4/80

antibody was purchased form eBioscience (San Diego,CA, USA).

Phycoerythrin anti-mouse CD11b and Alexa Fluor488 anti-mouse

CD11c antibodies were purchased from BioLegend (San Die-

go,CA). RU486, corticotisone, LPS and PA were purchased from

(Sigma-Aldrich, St. Louis, MO). M-MLV, dNTP, RNase inhibitor

and other reverse transcription reagents were purchased from

Promega Corp (Madison, WI, USA). Trizol were purchased from

Invitrogen (Carlsbad, CA, USA).

Animals
Male C57BL/6J mice at age of 18 days were purchased from

Slac Laboratories (Shanghai, China). In all experiments, mice

were housed three or four per cage in a room kept at 2361uC with

a 12-h light, 12-h dark cycle and were allowed free access to water

and food. From 3 weeks of age, all mice were fed with a normal

chow diet containing 10% calory from fat (NC mice) (Collabo-

rative Bio-Engineering Corporation, Nanjing, China), or a high fat

diet (HFD) containing 50% calorie from fat (Collaborative Bio-

Engineering Corporation, Nanjing, China) for 24 weeks. During

the last four weeks the HFD-fed mice were dosed (09.00 and

17.00 h) with BVT.2733 (100 mg/kg, orally) (HFD+BVT mice) or

vehicle (HFD mice). Body weight and food intake were determined

weekly. At the time of sacrifice, trunk blood was collected,

centrifuged, and stored at 220uC. Adipose tissues were weighed,

frozen in liquid nitrogen, and stored at 280uC.

Intraperitoneal Glucose Tolerance Test
The mice were fasted overnight and then injected intraperito-

neally with 2 mg/g D-glucose (25% stock solutionin saline). Blood

samples were taken by tail venesection at 0 min (before injection

and within 1 min of disturbing the cage) and at 15-, 30-, 60-, and

120-min intervals after the glucose load. Glucose was measured

with the Accu-Chek Aviva system (Roche, Germany) at 0-, 15-,

30-, 60-, and 120-min post glucose load. Insulin was measured

Figure 4. Effect of HFD and BVT.2733 treatment on the inflammation gene expression in the adipose tissue and the level of
circulating inflammation markers. A–C, The mRNA expression of IL-6, TNF-a and MCP-1 in adipose tissue. D–E, Plasma concentrations of IL-6,
TNF-a and MCP-1. The results are shown as the means 6 SEM. *, P,0.05; **, P, 0.01 compared with NC group; #, P,0.05; ##, P,0.01 compared
with HFD group. n = 526 animals per group.
doi:10.1371/journal.pone.0040056.g004
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with the Ultra Sensitive Mouse Insulin ELISA kits (Millipore

Corporation, MA, USA) at 0-, 15-, 30-, 60-min post glucose load.

Immunohistochemistry of Macrophages in White
Adipose Tissues

Portions of epididymal adipose tissue were removed and fixed

with 10% formaldehyde and embedded in paraffin. Sections were

stained with hematoxylin and eosin. For the detection of

macrophage infiltration in adipose tissue, immunohistochemistry

was performed with F4/80 antibody, which detected macrophage-

specific protein. The number of F4/80-positive cells was counted

in a blinded fashion under a microscope with a 4006 objective.

More than 50 serial fields were examined in each mouse, and five

mice were analyzed per group.

Isolation of Adipocytes and Stromal-vascular Fractions
Epididymal adipose tissues from mice were rinsed in saline,

minced into fine pieces, and digested with collagenase (Sigma-

Aldrich, St. Louis, MO) with Krebs-Hense-leit-HEPES buffer,

pH 7.4, supplemented with 20 mg/ml of BSA and 2 mmol/l

glucose at 37uC using a shaker for 45 min. Then, the samples were

passed through a mesh and fractionated by brief centrifugation

(1,000 rpm). The pellets or the floating cells were collected as the

stromal-vascular fraction (SVF) or as the adipocyte fraction,

respectively. Cells in each fraction were used for flow cytometry

analysis.

Flow Cytometry Analysis
Cells in the SVF were incubated with Fc Block (BD

Biosciences, San Jose, CA) for 20 min at 4uC prior to staining

with fluorescently labeled primary antibodies or control IgGs for

25 min at 4uC. Then cells were gently washed twice and

resuspended in FACS buffer with propidiumiodide (Sigma-

Aldrich). SVF were analyzed using FACS Calibur and FACS

Aria flow cytometers (BD Biosciences). Unstained, single stains,

and fluorescence minus one controls were used for compensa-

tion and gates settings. The data analysis was performed using

FlowJo (Tree Star, Ashland, OR). Macrophages were identified

Figure 5. Effect of 11b-HSD1 on the inflammation gene expression in PA or LPS-activated J774A.1 macrophages in vitro. A, J774.1
macrophages were treated with palmitic acid (PA) (502200 mmol/L) or LPS (100 ng/ml) for 24 h. B–C, J774.1 macrophages were activated by PA
(200 mmol/L) or LPS (100 ng/ml) and co-treated with 11b-HSD1 inhibitor BVT.2733 (252100 mmol/L) for 24 h. D–G, J774.1 macrophages were
transfected with either sh-RNA for mouse 11b-HSD1 (sh-HSD1) or a negative control (sh-con) by Lentivirus. After 72 h incubation, cells were treated
with PA (200 mmol/L) or LPS (100 ng/ml) for 24 h. Efficiency of 11b-HSD1 knockdown on mRNA level (D) and protein level (E). Effects of knockdown of
11b-HSD1 on MCP-1, IL-6, and TNF-a expression in PA (F) or LPS (G) treated macrophages. H–K, J774.1 macrophages were transfected with the
expression vector for 11b-HSD1 (HSD1) or a corresponding empty vector (emp) using Lentivirus. After 72 h incubation, cells were treated with PA
(100 mmol/L) or LPS (50 ng/ml) and co-treated with 11b-HSD1 inhibitor BVT.2733 for 24 h. Efficiency of 11b-HSD1 overexpression on mRNA level (H)
and protein level (I). Effects of overexpression of 11b-HSD1 on MCP-1, IL-6, and TNF-a expression in PA (J) or LPS (K) treated macrophages. mRNA for
IL-6, MCP-1 and TNF-a were determined by real-time PCR, protein of 11b-HSD1 were determined by Western blot. The results are shown as the means
6 SEM of three individual experiments. *P,0.05; **P,0.01 vs con (B, C, F, G) or sh-con (D) or emp (H) or emp+PA (J) or emp+LPS (K). # P,0.05;
## P,0.01 vs PA (B) or LPS (C) or sh-con+PA (F) or sh-con+LPS (G) or HSD1+PA (J) or HSD1+LPS (K).
doi:10.1371/journal.pone.0040056.g005
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as F4/80-positive, F4/80-positive/CD11b-positive or F4/80-

positive/CD11b-positive/CD11c-positive cells, respectively. The

numbers of macrophages were shown according to the

percentage of each fraction per 10000 cells.

Serum Analysis
Serum levels of adiponectin and leptin were determined using

commercially available ELSA kits from Millipore (Millipore

Corporation, MA) and Linco (LINCO Research Inc., St. Charles,

MO) individually. Proinflammatory cytokines interleukin-6 (IL-6),

monocyte chemoattractant protein-1 (MCP-1) and tumour necro-

sis factor a (TNF a) were determined using the mouse

commercially available kit from Bender (Bender MedSystems,

Austria). All assays were performed according to the manufactur-

er’s protocol.

Cell Culture
The mouse reticulum cell sarcoma-derived cell, J774.1, was

obtained from the American Type Culture Collection (ATCC,

Manassas, VA), and maintained in RPMI 1640 supplemented with

10% heat-inactivated FBS(Life Technologies Corporation, USA)in

a humidified 37uC/5% CO2 incubator. Some J774.1 was

maintained in RPMI 1640 supplemented with 10% Charcoal

Dextran Stripped Serum (Life Technologies Corporation, USA) as

indicated. The mouse fibroblast 3T3-L1 preadipocytes was

obtained from ATCC and maintained in DMEM culture medium

supplemented with 10% fetal calf serum and 4 mM glutamine.

Plasmids and Lentiviral Vectors
Full-length mouse cDNA sequence for 11b-HSD1 was cloned

into pLL3.7-BSD lentiviral vector. The RNAi construct for 11b-

HSD1 was generated using one sequence in the coding region of

11b-HSD1: 59 -GTACGGAACTGCATAAGCA-39 (Sigma). Ol-

igonucleotides containing this sequence or random sequence were

subcloned into the lentiviral vector.

Lentivirus Production and Infection of J774A.1
Macrophage and 3T3-L1 Preadipocyte

Recombinant lentiviruses were produced by cotransfecting

293T cells with the lentivirus expression plasmid and packaging

plasmids using Lipofectamine 2000 (Invitrogen) according to

themanufacturer’s instruction. Infectious lentiviruses were harvest-

ed at 48 after transfection and filtered through 0.45 m cellulose

acetate filters. The infection of 3T3-L1 preadipocytes and J774A.1

macrophages was carried out by adding lentivirus into the cell

culture; the controls were infected with scrambled shRNA or

vector. 12 hours after the incubation, the medium was changed.

Infected cells were selected with BSD (3 mg/ml).

Preparation of PA
To avoid bacterial LPS contamination, [36,37] PA were

reconstituted to 10 mmol/L in ethanol, and diluted directly into

warmed culture medium for experiments.

RNA Preparation and Quantitative Real-time PCR
Total RNA was extracted from epididymal adipose tissues

using TRIZOL reagent (Invitrogen) according to the manufac-

turer’s instructions. Two micrograms of total RNA were

reverse-transcribed with 200 U Moloney murine leukemia virus

reverse transcriptase (M-MLV, Promega, Madison, WI, USA),

and in the presence of 0.5 mmol/L deoxynucleotide triphos-

Figure 6. Effect of 11b-HSD1 on the inflammation gene expression in PA or LPS-activated 3T3-L1 preadipocytes in vitro. 3T3-L1
preadipocytes were activated by PA (200 mmol/L) (A) or LPS (200 ng/ml) (D) and co-treated with 11b-HSD1 inhibitor BVT.2733 (502100 mmol/L) for
24 h. 3T3-L1 preadipocytes were transfected with either sh-RNA for mouse 11b-HSD1 (sh-HSD1) or a negative control (sh-con) by Lentivirus. Cells
were treated with PA (200 mmol/L) (B) or LPS (200 ng/ml) (E) for 24 h. 3T3-L1 preadipocytes were transfected with the expression vector for 11b-HSD1
(HSD1) or a corresponding empty vector (emp) using Lentivirus. Cells were treated with PA (200 mmol/L) (C) or LPS (200 ng/ml) (F) for 24 h. mRNA for
IL-6, MCP-1 and TNF-a were determined by real-time PCR. The results are shown as the means 6 SEM of three individual experiments. *P,0.05;
**P,0.01 vs con (A, B, D, E) or or emp+PA (C) or emp+LPS (F). # P,0.05 vs PA (A) or LPS (D) or sh-con+PA (B) or sh-con+LPS (E) or HSD1+PA (C) or
HSD1+LPS (F).
doi:10.1371/journal.pone.0040056.g006
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phate, 25 U RNase inhibitor, and 0.5 mg N15 random primers,

in a total volume of 25 ml. PCR primers were designed by

Primer5 software. The sequences of the primers used are

available upon request. Each quantitative real-time PCR was

carried out in triplicate, in a 25 ml volume of SYBR Green

Real-time PCR Master Mix (Toyobo, Osaka, Japan). The PCR

program was designed as follows: 60 s at 95uC, followed by 40

cycles of 15 s at 95uC, 15 s at 60uC, 45 s at 72uC, and 5 s at

80uC on the plate reader (Rotor Gene-3000, Corbett Research,

Sydney, Australia). All data were analyzed using the expression

of the gene encoding b-actin as an internal reference.

Expression for each gene is arbitrarily set at 1 to facilitate

comparison between several groups.

Western Blot Analysis
For western blot analysis, cells or tissues were lysed in RIPA

buffer (0.5% NP-40, 0.1% SDS, 150 mM NaCl, 50 mM Tris-Cl

[pH 7.5]). Proteins were separated by SDS-PAGE, transferred to

PVDF membrane (Millipore) and probed with anti-11b-HSD1

(Abcam), and anti-Tubulin (Abcam) antibodies.

Statistics
Comparisons were performed using the Student’s t test for two

groups, or ANOVA for multiple groups. Results are presented as

means 6 SEM. A p value of less than 0.05 was considered

statistically significant.

Supporting Information

Figure S1 Effect of BVT.2733 on the adipokines gene
expression in 3T3-L1 adipocyte. 3T3-L1 preadipocytes were

induced to differentiation adipocyte, d0, d4, d8 cells were

harvested for the mRNA analyses of MCP-1 (A). Preadipocytes

and fully differentiation adipocytes were activated by LPS(0.01–

10 mg/ml) separately for 24 h (B). Fully differentiation adipocytes

were activated by PA(100 mmol/L) or coatreated with BVT.2733

for 24 h (C), mRNA for MCP-1, Vaspin and Resistin were

determined by real-time PCR. The results are shown as the means

6 SEM. *, P,0.05; **, P, 0.01 compared with d0 or con group;

#, P,0.05; ##, P,0.01 compared with PA group.

(TIF)

Figure S2 Effect of 11b-HSD1 on the inflammation
protein levels in medium in vitro. J774.1 macrophages were

Figure 7. Effect of glucocorticoid receptor (GR) on proinflammatory properties of 11b-HSD1 in J774A.1 macrophages. A, J774A.1
macrophages were transfected with the expression vector for 11b-HSD1 (HSD1) or a corresponding empty vector (emp) using Lentivirus. Cells were
treated with PA (100 mmol/L) or co-treated with glucocorticoid antagonist RU486 for 24 h. B, J774A.1 macrophages were activated by LPS(100 ng/ml)
in the absence (con) or presence of increasing amounts of corticosterone (10210 M to 1026 M) for 24 h in steroid hormones free media. C, J774A.1
macrophages were activated by LPS (100 ng/ml) in the absence (con) or presence of increasing amounts of 11-dehydro corticosterone (10210 M to
1025 M) for 24 h in Charcoal Dextran Stripped Serum media. D, J774A.1 macrophages were transfected with the expression vector for 11b-HSD1
(HSD1) or a corresponding empty vector (emp) using Lentivirus. Cells were activated by LPS(100 ng/ml) in the absence (con) or presence of
increasing amounts of 11-dehydro corticosterone (10211 M to 1025 M) for 24 h in Charcoal Dextran Stripped Serum media. mRNA for IL-6, MCP-1 and
TNF-a were determined by real-time PCR. The results are shown as the means 6 SEM of three individual experiments. *P,0.05; **P,0.01 vs emp+PA
(A) or con (B–C) or emp (D), # P,0.05 vs HSD1+PA (A).
doi:10.1371/journal.pone.0040056.g007
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activated by PA (200 mmol/L) and co-treated with 11b-HSD1

inhibitor BVT.2733 (50–100 mmol/L) for 24 h, concentrations of

MCP-1 (A)and IL-6(C)in the media were measured by ELISA.

J774.1 macrophages were transfected with the expression vector

for 11b-HSD1 (HSD1) or a corresponding empty vector (emp)

using Lentivirus. After 72 h incubation, cells were treated with PA

(100 mmol/L) and co-treated with 11b-HSD1 inhibitor BVT.2733

for 24 h; concentrations of MCP-1 (B) and IL-6 (D) in the media

were measured by ELISA. The results are shown as the means 6

SEM. *, P,0.05; **, P, 0.01 compared with con or emp+PA

group; #, P,0.05; ##, P,0.01 compared with PA or HSD1+PA

group.

(TIF)

Author Contributions

Conceived and designed the experiments: LW JL YZ GXD. Performed the

experiments: LW JL HMQ ASZ PC SL. Analyzed the data: XZ YZ GXD.

Contributed reagents/materials/analysis tools: LW JY WJD JMZ XCK.

Wrote the paper: LW JL.

References

1. Greenberg AS, Obin MS (2006) Obesity and the role of adipose tissue in

inflammation and metabolism. Am J Clin Nutr 83: 461S–465S.
2. Lenz A, Diamond FB Jr (2008) Obesity: the hormonal milieu. Curr Opin

Endocrinol Diabetes Obes 15: 9–20.

3. Stienstra R, Duval C, Keshtkar S, van der Laak J, Kersten S, et al. (2008)
Peroxisome proliferator-activated receptor gamma activation promotes infiltra-

tion of alternatively activated macrophages into adipose tissue. J Biol Chem 283:
22620–22627.

4. Hara Y, Wakino S, Tanabe Y, Saito M, Tokuyama H, et al. (2011) Rho and
Rho-kinase activity in adipocytes contributes to a vicious cycle in obesity that

may involve mechanical stretch. Sci Signal 4: ra3.

5. Rask E, Olsson T, Soderberg S, Andrew R, Livingstone DE, et al. (2001) Tissue-
specific dysregulation of cortisol metabolism in human obesity. J Clin Endocrinol

Metab 86: 1418–1421.
6. Rask E, Walker BR, Soderberg S, Livingstone DE, Eliasson M, et al. (2002)

Tissue-specific changes in peripheral cortisol metabolism in obese women:

increased adipose 11beta-hydroxysteroid dehydrogenase type 1 activity. J Clin
Endocrinol Metab 87: 3330–3336.

7. Livingstone DE, Jones GC, Smith K, Jamieson PM, Andrew R, et al. (2000)
Understanding the role of glucocorticoids in obesity: tissue-specific alterations of

corticosterone metabolism in obese Zucker rats. Endocrinology 141: 560–563.

8. Masuzaki H, Paterson J, Shinyama H, Morton NM, Mullins JJ, et al. (2001) A
transgenic model of visceral obesity and the metabolic syndrome. Science 294:

2166–2170.
9. Paulmyer-Lacroix O, Boullu S, Oliver C, Alessi MC, Grino M (2002) Expression

of the mRNA coding for 11beta-hydroxysteroid dehydrogenase type 1 in adipose
tissue from obese patients: an in situ hybridization study. J Clin Endocrinol

Metab 87: 2701–2705.

10. Tomlinson JW, Moore J, Cooper MS, Bujalska I, Shahmanesh M, et al. (2001)
Regulation of expression of 11beta-hydroxysteroid dehydrogenase type 1 in

adipose tissue: tissue-specific induction by cytokines. Endocrinology 142: 1982–
1989.

11. Napolitano A, Voice MW, Edwards CR, Seckl JR, Chapman KE (1998) 11Beta-

hydroxysteroid dehydrogenase 1 in adipocytes: expression is differentiation-
dependent and hormonally regulated. J Steroid Biochem Mol Biol 64: 251–260.

12. Kotelevtsev Y, Holmes MC, Burchell A, Houston PM, Schmoll D, et al. (1997)
11beta-hydroxysteroid dehydrogenase type 1 knockout mice show attenuated

glucocorticoid-inducible responses and resist hyperglycemia on obesity or stress.
Proc Natl Acad Sci U S A 94: 14924–14929.

13. Morton NM, Holmes MC, Fievet C, Staels B, Tailleux A, et al. (2001) Improved

lipid and lipoprotein profile, hepatic insulin sensitivity, and glucose tolerance in
11beta-hydroxysteroid dehydrogenase type 1 null mice. J Biol Chem 276:

41293–41300.
14. Morton NM, Paterson JM, Masuzaki H, Holmes MC, Staels B, et al. (2004)

Novel adipose tissue-mediated resistance to diet-induced visceral obesity in 11

beta-hydroxysteroid dehydrogenase type 1-deficient mice. Diabetes 53: 931–
938.

15. Alberts P, Engblom L, Edling N, Forsgren M, Klingstrom G, et al. (2002)
Selective inhibition of 11beta-hydroxysteroid dehydrogenase type 1 decreases

blood glucose concentrations in hyperglycaemic mice. Diabetologia 45: 1528–
1532.

16. Stewart PM, Tomlinson JW (2009) Selective inhibitors of 11beta-hydroxysteroid

dehydrogenase type 1 for patients with metabolic syndrome: is the target liver,
fat, or both? Diabetes 58: 14–15.

17. Wang SJ, Birtles S, de Schoolmeester J, Swales J, Moody G, et al. (2006)
Inhibition of 11beta-hydroxysteroid dehydrogenase type 1 reduces food intake

and weight gain but maintains energy expenditure in diet-induced obese mice.

Diabetologia 49: 1333–1337.
18. Rosenstock J, Banarer S, Fonseca VA, Inzucchi SE, Sun W, et al. (2010) The 11-

beta-hydroxysteroid dehydrogenase type 1 inhibitor INCB13739 improves

hyperglycemia in patients with type 2 diabetes inadequately controlled by

metformin monotherapy. Diabetes Care 33: 1516–1522.

19. Rhen T, Cidlowski JA (2005) Antiinflammatory action of glucocorticoids–new

mechanisms for old drugs. N Engl J Med 353: 1711–1723.

20. Staab CA, Maser E (2010) 11beta-Hydroxysteroid dehydrogenase type 1 is an

important regulator at the interface of obesity and inflammation. J Steroid

Biochem Mol Biol 119: 56–72.

21. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, et al. (2003)

Obesity is associated with macrophage accumulation in adipose tissue. J Clin

Invest 112: 1796–1808.

22. Shoelson SE, Lee J, Goldfine AB (2006) Inflammation and insulin resistance.

J Clin Invest 116: 1793–1801.

23. Zhang TY, Daynes RA (2007) Macrophages from 11beta-hydroxysteroid

dehydrogenase type 1-deficient mice exhibit an increased sensitivity to

lipopolysaccharide stimulation due to TGF-beta-mediated up-regulation of

SHIP1 expression. J Immunol 179: 6325–6335.

24. Gilmour JS, Coutinho AE, Cailhier JF, Man TY, Clay M, et al. (2006) Local

amplification of glucocorticoids by 11 beta-hydroxysteroid dehydrogenase type 1

promotes macrophage phagocytosis of apoptotic leukocytes. J Immunol 176:

7605–7611.

25. Nguyen MT, Favelyukis S, Nguyen AK, Reichart D, Scott PA, et al. (2007) A

subpopulation of macrophages infiltrates hypertrophic adipose tissue and is

activated by free fatty acids via Toll-like receptors 2 and 4 and JNK-dependent

pathways. J Biol Chem 282: 35279–35292.

26. Hauner H (2005) Secretory factors from human adipose tissue and their

functional role. Proc Nutr Soc 64: 163–169.

27. Fain JN, Bahouth SW, Madan AK (2004) TNFalpha release by the nonfat cells

of human adipose tissue. Int J Obes Relat Metab Disord 28: 616–622.

28. Xu H, Barnes GT, Yang Q, Tan G, Yang D, et al. (2003) Chronic inflammation

in fat plays a crucial role in the development of obesity-related insulin resistance.

J Clin Invest 112: 1821–1830.

29. Charriere G, Cousin B, Arnaud E, Andre M, Bacou F, et al. (2003) Preadipocyte

conversion to macrophage. Evidence of plasticity. J Biol Chem 278: 9850–9855.

30. Ishii-Yonemoto T, Masuzaki H, Yasue S, Okada S, Kozuka C, et al. (2010)

Glucocorticoid reamplification within cells intensifies NF-kappaB and MAPK

signaling and reinforces inflammation in activated preadipocytes. Am J Physiol

Endocrinol Metab 298: E930–940.

31. Hunnicutt JW, Hardy RW, Williford J, McDonald JM (1994) Saturated fatty

acid-induced insulin resistance in rat adipocytes. Diabetes 43: 540–545.

32. Shi H, Kokoeva MV, Inouye K, Tzameli I, Yin H, et al. (2006) TLR4 links

innate immunity and fatty acid-induced insulin resistance. J Clin Invest 116:

3015–3025.

33. Sapolsky RM, Romero LM, Munck AU (2000) How do glucocorticoids

influence stress responses? Integrating permissive, suppressive, stimulatory, and

preparative actions. Endocr Rev 21: 55–89.

34. Lim HY, Muller N, Herold MJ, van den Brandt J, Reichardt HM (2007)

Glucocorticoids exert opposing effects on macrophage function dependent on

their concentration. Immunology 122: 47–53.

35. Wamil M, Battle JH, Turban S, Kipari T, Seguret D, et al. (2011) Novel fat

depot-specific mechanisms underlie resistance to visceral obesity and inflamma-

tion in 11 beta-hydroxysteroid dehydrogenase type 1-deficient mice. Diabetes

60: 1158–1167.

36. Erridge C, Samani NJ (2009) Saturated fatty acids do not directly stimulate Toll-

like receptor signaling. Arterioscler Thromb Vasc Biol 29: 1944–1949.

37. Schwartz EA, Zhang WY, Karnik SK, Borwege S, Anand VR, et al. (2010)

Nutrient modification of the innate immune response: a novel mechanism by

which saturated fatty acids greatly amplify monocyte inflammation. Arterioscler

Thromb Vasc Biol 30: 802–808.

BVT.2733 Suppresses Inflammation in DIO Mice

PLoS ONE | www.plosone.org 10 July 2012 | Volume 7 | Issue 7 | e40056


