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Orosomucoid (ORM), also called �-1 acid glycoprotein, is an
abundant plasma protein that is an immunomodulator induced
by stressful conditions such as infections. In this study,we reveal
that Orm is induced selectively in the adipose tissue of obese
mice to suppress excess inflammation that otherwise disturbs
energy homeostasis. Adipose Orm levels were elevated by met-
abolic signals, including insulin, high glucose, and free fatty
acid, as well as by the proinflammatory cytokine tumor necrosis
factor-�, which is found in increased levels in the adipose tissue
of morbid obese subjects. In both adipocytes and macrophages,
ORM suppressed proinflammatory gene expression and path-
ways such as NF-�B and mitogen-activated protein kinase sig-
nalings and reactive oxygen species generation. Concomitantly,
ORM relieved hyperglycemia-induced insulin resistance as well
as tumor necrosis factor-�-mediated lipolysis in adipocytes.
Accordingly, ORM improved glucose and insulin tolerance in
obese and diabetic db/db mice. Taken together, our results
suggest that ORM integrates inflammatory and metabolic
signals to modulate immune responses to protect adipose tis-
sue from excessive inflammation and thereby frommetabolic
dysfunction.

Inflammation is an essential host response to tissue injury or
infection for the eventual restoration of tissue structure and
function. Prolonged inflammation, however, can contribute to
the pathogenesis ofmany diseases leading to loss of the tissue or

organ function as in rheumatoid arthritis, myocardial infarc-
tion, and ischemia-reperfusion injury. Recently, the chronic
increase of systemic and local inflammation in peripheral tis-
sues has also been shown to play causative roles in the develop-
ment of metabolic disorders such as atherosclerosis and type 2
diabetes mellitus, which are often observed in morbidly obese
subjects (1, 2). In obese subjects, chronic inflammation in
the adipose tissue interferes with its normal functions that
include buffering lipid metabolites and secreting adipocyto-
kines; these functions are involved in regulating the local and
systemic insulin sensitivity and in the development of meta-
bolic abnormalities. For instance, TNF�,3 a prominent proin-
flammatory cytokine, is observed at elevated levels in the adi-
pose tissue of obese subjects and hampers insulin signaling and
expression of adipocyte-specific genes such as peroxisome pro-
liferator-activated receptor-� and adiponectin by activating
MAPKs and NF-�B transcription factor pathways (2–6). Con-
versely, the neutralization of TNF� with specific antibodies
improves glucosemetabolism in obese anddiabetic subjects (3).
Accumulating evidence has suggested that the induction of

inflammatory gene expression in the adipose tissue of obese
subjects is associated with an increase of macrophage infiltra-
tion into the adipose tissue (7–9). In obese subjects, increased
production of chemokines and inflammatory cytokines from
adipocytes facilitates the recruitment of macrophages into the
adipose tissue (2, 10). In particular, macrophages in the adipose
tissue of obese subjects are prone to secrete high levels of proin-
flammatory cytokines, which stimulate lipolysis in adipocytes
thus releasing free fatty acids (FFAs); the FFAs activate the
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macrophages to produce more proinflammatory cytokines (4).
This reciprocal activation between adipocytes and macro-
phages forms a vicious cycle to potentiate proinflammatory
responses in the adipose tissue of obese subjects, concomitant
with the dysregulation of the adipocytokine genes. Indeed, fat-
specific ablation of the macrophage chemoattractant protein-1
(MCP-1), a critical chemokine for macrophage infiltration into
inflamed tissues, protectsmice fromhigh fat diet-induced insu-
lin resistance; however, MCP-1 overexpression causes insulin
resistance inmice (11). This suggests that adipose tissuemacro-
phages mediate local inflammation and eventually influence
the development of metabolic disturbances. Therefore, it is
conceivable that suppression of proinflammatory pathways in
both adipocytes andmacrophagesmight be beneficial for treat-
ing obesity-related metabolic disorders.
Glucose and lipid metabolites are potential stimulants for

inflammatory pathways in both adipocytes and macrophages.
For example, abnormally increased levels of FFAs in obese sub-
jects not only activates a proinflammatory response in macro-
phages but also stimulates JNKs and proinflammatory path-
ways in adipocytes to confer insulin resistance (12). Moreover,
chronic increase in glucose concentration promotes the
expression of several inflammatory genes as well as the produc-
tion of reactive oxygen species (ROS), eventually leading to
insulin resistance in adipocytes (13, 14). Therefore, it is likely
that metabolic homeostasis would be disrupted by accumulat-
ing responses that result from metabolic changes and inflam-
matory signals in metabolic tissues.
Orosomucoid (ORM), also known as �-1 acid glycoprotein,

is one of the most abundant plasma proteins, accounting for
about 1% of all plasma proteins (15, 16). As a member of the
acute phase reactant protein family, it is expressed in hepato-
cytes and secreted into the plasma under stressful conditions
such as tissue injury, infection, and inflammation. There are
two isoforms ofOrm in humans, three in mice, and one in rats.
Although its role in circulation is not well understood, ORM
has been implicated in at least three different functions as fol-
lows: immunomodulatory function, barrier function, and car-
rier function (15, 16). As an immunomodulator, ORM inhibits
mitogen-induced proliferation of lymphocytes and aggregation
of platelets as well as chemotaxis, superoxide generation, and
aggregation of neutrophils via unknown mechanisms (16, 17).
Consistently, injection of exogenous ORM protects mice from
TNF�-induced lethality (18). Additionally, it has been pro-
posed that ORM changes the polyanionic charge selectivity of
capillary walls, and thereby plays the role of a barrier for capil-
lary permeability (19, 20). Another interesting feature of ORM
is associated with its structure. As a member of the lipocalin
family, inwhich the proteins possess a pocket structure for lipid
molecules (lipocalin pocket), ORM interacts with several
endogenous and exogenous lipid molecules, including fatty
acids, lysophosphatidylcholine, and biliverdin (21, 22), suggest-
ing a possible role of ORM as a lipid carrier protein in circula-
tion, similar to albumin.
Although the molecular mechanisms of proinflammatory

responses in the adipose tissue of obese subjects have been
extensively studied, little is known about the endogenousmedi-
ators and mechanisms that can potentially abate inflammation

to restore adipose tissue function and whole body energy
homeostasis. Here, we prove that ORM is induced in response
to both metabolic and inflammatory signals in the adipose tis-
sue of obese mice to protect them from severe inflammation,
unless there is serious disturbance in glucose and lipid homeo-
stasis, which can eventually lead to systemic metabolic compli-
cations. Thus, we suggest that ORM is the protein that coordi-
nates metabolic homeostasis in regulation of both energy
metabolism and inflammation.

EXPERIMENTAL PROCEDURES

Cell Culture—3T3-L1 preadipocytes were grown to conflu-
ence in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% bovine calf serum. Two days postconfluence,
the 3T3-L1 cells were incubated with DMEM containing 10%
fetal bovine serum, methylisobutylxanthine (500 �M), dexa-
methasone (1 �M), and insulin (5 �g/ml) for 48 h. The culture
mediumwas replenished every other day with DMEM contain-
ing 10% fetal bovine serum and insulin (1 �g/ml). THP-1
human monocytes and RAW264.7 mouse macrophages were
maintained in RPMI 1640 medium supplemented with 10%
fetal bovine serum.
Q-PCR—cDNAwas synthesized using theMoloney leukemia

virus reverse transcriptase with dNTPs and oligo(dT) primers
(Invitrogen). These cDNAs served as templates with specific
primers at annealing temperatures ranging between 54 and
60 °C in the presence of dNTPs and TaqDNA polymerase. Real
time reverse transcription-PCR amplification reactions were
brought to a final volume of 20 �l and contained 20 ng of
reverse-transcribed total RNA, 0.25 �M of the forward and
reverse primers, and SYBR Green (Bio-Rad). The MyiQ real
time PCR detection system (Bio-Rad) was used for PCR ampli-
fication in 96-well plates. All reactions were performed in trip-
licate and repeated at least three times. The relative amounts of
each mRNA were calculated by using the comparative thresh-
old cycle (CT) method.GAPDHmRNA or 18 S rRNAwas used
as the invariant control. Orm isoforms in mouse samples were
distinguished by isoform-specific primers as follows: Orm1-F,
5�-gtgcagctttcagaaaactcgagtaca-3�; Orm1-R, 5�-tgtttcctcagc-
actataaggtgggc-3�; Orm2-F, 5�-tgcatcttcaagactatcaggtctgc-3�;
Orm2-R, 5�-gtgcggctgtcctaaaccctgattacc-3�; Orm3-F, 5�-ctgtg-
gctgactcagaccctgattata-3�; and Orm3-R, 5�-tgtttctctagcactct-
caggtggag-3�. The rest of the primer sequences used for PCR
are available upon request.
Orm1 Knockdown—Duplex siRNA oligonucleotides were

cloned into the HindIII and BglII sites in pSUPER.retro (Oligo-
engine, Seattle, WA), and insert fidelity was confirmed by
sequencing both strands. The sense strand of the siRNA
pSUPER.retro insert was as follows: gatccccGGGAAGGAGA-
CCAAGAAAGttcaagagaCTTTCTTGGTCTCCTTCCCttttta.
For stable expression of orm1 siRNA, 3T3-L1 preadipocytes
were transfected with pSuper.retro-orm1siRNA plasmid DNA
using Microporator (NanoEnTek, Korea). 24 h after transfec-
tion, cells were selected in media containing puromycin (2 �g/
ml) for 1 week and then collected for biochemical and cellular
assays.
Transient Transfection and Luciferase Reporter Assays—

h293 cells were transfected 1 day before confluence by the
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calcium phosphate method, and luciferase reporter assays
were performed as described previously (23). The orm1-lu-
ciferase plasmid contains a �1.4-kb to �150-bp fragment of
the mouse Orm1 promoter in front of a luciferase reporter
gene.
Chromatin Immunoprecipitation Analysis—Chromatin

immunoprecipitation assays were performed as described pre-
viously (24). Primers used were as follows: forward, 5�-GAG-
GTTGATGTATGTGTAGGTTTCACTCCT-3�; reverse, 5�-
CTTACCCAGCTCAGGGTCTC-3�.
Animals and Treatments—Male C57BL/6J, ob/ob, and db/db

mice were housed in colony cages in 12-h light/12-h dark
cycles. Experiments were staggered such that all mice were sac-
rificed at the same time, which was at the end of the dark cycle.
For glucose tolerance and insulin tolerance tests, the db/db
mice were fasted for 16 and 6 h, respectively, and basal blood
samples were taken, followed by intraperitoneal injection of
glucose (1.5 g/kg) or insulin (2 units/kg; Novolin R, Novo Nor-
disk). Blood samples were drawn at 15, 30, 60, 90, and 120 min
or at 15, 30, 45, 60, 90, and 120 min after injection.

Human Serum Samples—Human
serum samples from 60 obese and
overweight nondiabetic patients
were provided by Obesity Research
Center in King Saud University and
were analyzed for ORM protein
expression by enzyme-linked im-
munosorbent assay. This work is
under a program to study adipocyte
biology and adipokines. The whole
project was approved by the College
of Medicine Ethics Committee,
King Saud University.
ORM Treatment of db/db Mice—

7-Week-old male db/db mice were
treated with ORM protein as a
continuous systemic infusion using
micro-osmoticpumps.ORMprotein,
which ispurified fromhumanplasma,
was purchased fromSigma.Over 95%
of the protein was glycosylated. The
Alzet micro-osmotic pump (model
1004, Alza) was inserted subcutane-
ously into the back of each mouse.
The pumps released 0.34 �g/min
of purified ORM protein (approxi-
mately the same rate of endogenous
ORMproduction inmice), which ele-
vated the level of ORM up to 2-fold
than that of endogenous ORM. At 2
and 3 weeks after implantation, the
mice were subjected to insulin toler-
ance and glucose tolerance tests and
then sacrificed for tissue preparation.
Orm1 Adenovirus—Mouse Orm1

expressing adenovirus was pro-
duced from Newgex Co. (Korea).
Measurement of Glycerol Concen-

tration—The glycerol content thatwas released into the culture
mediumof the 3T3-L1 adipocytes served as an index of lipolysis
and was determined by using a colorimetric assay kit (Sigma).
Glucose Uptake Assay—Glucose uptake assays were per-

formed as described previously (25).
Measurement of Monocyte Recruitment to Adipocytes

(Immunocytochemistry)—3T3-L1 cells were differentiated into
adipocytes on glass coverslips. Differentiated adipocytes (day 7)
and THP-1monocytes were pretreated with ORM (250 �g/ml)
or sodium salicylate (500 �M) for 6 h and then co-cultured in
Transwell plates (adipocytes in the lower plates and THP-1
in the upper plates; pore size, 8 �m) in the presence or
absence of TNF� (10 ng/ml) for a further 24 h. After discard-
ing the upper plates, the cells on the coverslips were washed
three times with PBS, fixed with 3.7% paraformaldehyde,
permeabilized with PBS with 0.5% Triton X-100 (PBST),
incubated with 0.1% PBST containing 3% bovine serum albu-
min for blocking for 1 h, and subsequently incubated with
CD68 monoclonal antibody (DakoCytomation) at room
temperature for 1 h and washed with 0.1% PBST. The cells

FIGURE 1. Orm is induced in the plasma and adipose tissues of obese subjects. A, Northern blot analysis of
Orm expression in various mouse tissues. BAT, brown adipose tissue; WAT, white adipose tissue. B, mRNA levels
of each Orm isoform in adipocytes and SVCs from epididymal adipose tissues of lean C57BL6 mice. Adiponectin
(AdipoQ) was used as an adipocyte-specific marker gene. n � 4. C, Northern blot analysis of Orm expression in
the liver and adipose tissue of obese ob/ob and db/db mice. D, Western blot analysis of ORM protein expression
in the liver and adipose tissue. As ORMs are heavily glycosylated proteins (about 45% of their total mass is
composed of carbohydrates), Western blot analysis of ORM with tissue samples accompanies both its glyco-
sylated as well unglycosylated forms, as illustrated. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
E, ORM protein level in the plasma of lean and obese mice. n � 4 or 5. F, correlation of plasma ORM level with
body mass index (BMI). Serum ORM level was measured by enzyme-linked immunosorbent assay and plotted
in accordance with body mass index. R � 0.3, p � 0.021.
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were then incubated at room temperature with TRITC-con-
jugated secondary antibodies. The coverslips were rinsed
and placed on a slide glass with a mounting solution contain-
ing 4�,6-diamino-2-phenylindole. The cells were then visu-
alized using a fluorescence microscope (Olympus), and the
CD68-positive cells were quantitated using an imaging anal-
ysis program (LSM510 version 3.5; Carl Zeiss).
Whole-mount Immunohistochemistry—Themice were anes-

thetized by an intramuscular injection of a combination of
anesthetics, and their adipose tissues were whole-mounted
after fixation by vascular perfusion of 1% paraformaldehyde
in PBS. The whole-mounted tissues were then incubated for
1 h at room temperature with a blocking solution containing
5% goat serum (Jackson ImmunoResearch) in 0.3% PBST.
After blocking, the whole-mounted tissues were incubated
overnight at 4 °C with antibodies against F4/80 (clone
Cl:A3-1, diluted 1:1,000; Serotec) and �-1 acid glycoprotein
(diluted 1:500; DakoCytomation). After several washes with
PBST, the whole-mounted tissues were incubated for 1 h at
room temperature with secondary antibodies, namely Cy3-
or Cy5-conjugated anti-rat antibody or anti-rabbit antibody
(diluted 1:500; Jackson ImmunoResearch). The adipocytes
were stained with fluorescein isothiocyanate-conjugated
BODIPY. For control experiments, the primary antibody was
omitted or substituted with preimmune serum. The signals
were visualized, and digital images were obtained using a
Zeiss ApoTome microscope and a Zeiss LSM 510 confocal
microscope equipped with argon and helium-neon lasers
(Carl Zeiss).

RESULTS

Orm Is Selectively Induced in the Fat Tissues of Obese and/or
Diabetic Mice—In an attempt to identify novel adipocytokines,
we analyzed gene expression profiles in 3T3-L1 preadipocytes
and adipocytes, aswell as in the fat tissues and plasma of normal
and obese/diabetic mice by using surface-enhanced laser
desorption ionization-time-of-flight mass spectrometry com-
binedwith RNAmicroarray analysis. Among the candidates for
novel adipocytokines, ORM protein was expressed to a greater
extent in adipocytes than in the stromal vascular cells (SVCs) of
adipose tissue and was also found in increased levels in the fat
tissues and plasma of obese and/or diabetic mice (data not
shown). To examine the tissue distribution of Orm mRNA in
mice, we performed Northern blot analysis with several mouse
tissues. Orm has previously been reported to be produced
mainly in liver and expressed abundantly in adipose tissue (14–
16). Consistently, high levels of Orm expression were observed
in the liver, white adipose tissue, and brown adipose tissue (Fig.
1A). In mice,Orm has three isoforms,Orm1,Orm2, andOrm3.
To investigate whichOrm isoform is predominantly expressed
in adipocytes, we conducted real time quantitative reverse
transcription-PCR (Q-PCR) in both adipocytes and SVCs
from the epididymal adipose tissue. As shown in Fig. 1B, all
three Orm isoforms were preferentially expressed in adipo-
cytes than in SVCs, and Orm1 was predominantly expressed
in adipocytes as compared with the otherOrm isoforms (Fig.
1B). Consistent with this, the expression ofOrm1mRNAwas

induced during adipocyte differentiation of the 3T3-L1 cells
(supplemental Fig. S1).

Next, we tested whether Orm expression is elevated in the
adipose tissue of obese mice with Northern and Western blot
analyses. Amarked increase inOrm expressionwas observed in
the adipose tissue, but not in liver, of obese and/or diabetic
ob/ob and db/db mice in both the mRNA and protein levels
(Fig. 1, C and D, and supplemental Fig. S2), concurrently with
the increasing plasma Orm levels (Fig. 1, C–E). Similarly,
plasma Orm levels were also found to be elevated in obese
and/or diabetic human patients (Fig. 1F and supplemen-
tal Fig. S3). On measuring the Orm expression in the diet-in-
duced obese (DIO)mice,OrmmRNA expression in epididymal
fat tissue elevated selectively and rapidly upon high fat diet
(HFD) (Fig. 2). TheOrm inductionwas exaggerated at 3months
of HFD (data not shown). Thus, it appears that adipose Orm
would respond to metabolic changes and/or stresses more sen-
sitively than liver Orm in obese and/or diabetic mice.
Orm Is Induced by Both Inflammatory andMetabolic Signals

inAdipocytes—Abnormal regulation of adipocyte-specific gene
expression in obese subjects is associated with proinflamma-
tory signals and elevated metabolic stresses in the adipose tis-
sue. To test whether Orm induction in the adipose tissue of
obesemice is related to those signals, we treated 3T3-L1 adipo-
cytes with TNF�, insulin, palmitate (an FFA), or high glucose.
As illustrated in Fig. 3, A–C, the three Orm isoforms were
induced by TNF�, insulin, palmitate, and high glucose chal-
lenges. Accordingly, ORM protein secretion from adipocytes
was markedly promoted by those stimuli (Fig. 3D). Thus, it
appears that adiposeOrm expression is sensitively up-regulated
by proinflammatory andmetabolic signals raised in the adipose
tissues of obese and/or diabetic mice. Interestingly, the expres-

FIGURE 2. Orm is induced selectively in adipose tissue upon HFD feeding.
Q-PCR analysis of Orm expression in the epididymal adipose tissue (A) and
liver (B) of C57BL6 mice fed with a normal chow diet (NCD; day 0) or HFD for 7
days. *, p � 0.05. n � 4 or 10.
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sion of adipose ORM remained unaltered when LPS was
injected into lean mice, although there was potent induction of
liver and plasmaORM levels (supplemental Fig. S4), suggesting
that adiposeOrm is more sensitive to metabolic stresses rather
than acute systemic inflammation by LPS.
ADD1/SREBP1c and C/EBP Regulate Orm1 Expression—To

investigate which transcription factors are involved in the reg-
ulation of Orm1 expression in response to the metabolic sig-
nals, we analyzed the mouse Orm1 promoter and found puta-
tive binding sites for ADD1/SREBP1c and C/EBP transcription
factors. Previously, it is well known that ADD1/SREBP1cmedi-
ates insulin-dependent gene expression (24), while C/EBPs
could mediate high glucose-activated gene expression (26). To
examine whether the Orm1 promoter is regulated by ADD1/
SREBP1c, we performed luciferase reporter assays using Orm1
promoter luciferase in the presence or absence of ADD1/
SREBP1c. As shown in Fig. 4A, Orm1 promoter activity was
enhanced by ADD1/SREBP1c overexpression. Moreover,
adenoviral overexpression of ADD1/SREBP1c in adipocytes
stimulated the expression of Orm1 mRNA (Fig. 4B). Further-
more, chromatin immunoprecipitation assays revealed that

binding of ADD1/SREBP1c to the
Orm1 promoter was increased by
insulin treatment (Fig. 4C), indicat-
ing that ADD1/SREBP1c could
mediate insulin-dependent Orm1
expression in adipocytes. Consis-
tent with these results, Orm1
expression in adipose tissue was
regulated by nutritional condi-
tions, such as fasting and refeed-
ing, where ADD1/SREBP1c expres-
sion is regulated (supplemental
Fig. S5).
We also investigated whether

C/EBP transcription factors are
involved in Orm1 gene expression.
Luciferase reporter assays demon-
strated that C/EBP� and C/EBP�
stimulated Orm1 promoter activity
(Fig. 4D), whereas dominant nega-
tive C/EBP abolished high glucose-
induced Orm1 promoter activity
(Fig. 4E). Furthermore, in adipo-
cytes, binding of C/EBP transcrip-
tion factors to the Orm1 promoter
was augmented by high glucose
conditions (Fig. 4F). Together, these
data indicate that ADD1/SREBP1c
and C/EBPs would mediate insulin-
and high glucose-dependent regula-
tion of Orm1 mRNA expression in
adipocytes.
Orm Suppresses Inflammatory

Activation of Adipocytes andMono-
cytes/Macrophages—In obesity, ad-
ipose tissue inflammation is in-
volved in not only the induction of

inflammatory gene expression in adipocytes but also the
increase of recruitment, adhesion, and activation of mono-
cytes/macrophages, eventually augmenting local inflammation
to perturb adipocyte homeostasis. To investigate the role of
ORM in the adipose tissue, we tested the effect of ORM in both
adipocytes and monocytes/macrophages in the presence or
absence of inflammatory stimulus with TNF�, which induces
Orm expression. When ORM levels were elevated either by
treatment with theORMprotein or by infection with theOrm1
adenovirus, the TNF�-induced expression of proinflammatory
genes, namely IL-6, iNOS, and MCP-1, was diminished in
3T3-L1 adipocytes (Fig. 5A) and mouse primary fat cells (data
not shown). On the other hand, knockdown ofOrm1 promoted
both basal and TNF�-induced expression of proinflammatory
genes in adipocytes, which was prevented by ORM protein
treatment (Fig. 5B) (supplemental Fig. S6). Similarly, in THP-1
monocytes and mouse intraperitoneal macrophages, increased
ORM levels down-regulated the expression of proinflamma-
tory genes in the presence of TNF� (Fig. 5, C and D). Further-
more, ORM abrogated basal and TNF�-dependent expression
of adhesion molecules such as CD11a, CD11b, CD11c, and

FIGURE 3. Orm is induced by both proinflammatory and metabolic signals. A, TNF� induces the three Orm
isoforms in 3T3-L1 adipocytes. Differentiated adipocytes were treated with TNF� (10 ng/ml) for 15 h. mRNA
levels of each isoform of Orm, TNF�, and adiponectin (AdipoQ) were analyzed by Q-PCR. mRNA levels of TNF�
and adiponectin (AdipoQ) were used as controls for the effect of TNF�. B, metabolic signals induce the three
Orm isoforms. Differentiated adipocytes were preincubated in low glucose (Glc; 5.5 mM) media for 24 h and
then treated with a series of concentrations of insulin (10 or 100 nM) in the presence or absence of high glucose
(Glc; 25 mM) challenge. C, effect of palmitate (Pal; 500 �M) on Orm mRNA expression in 3T3-L1 adipocytes.
D, secretion of ORM is promoted by metabolic and inflammatory signals in adipocytes. Differentiated adipo-
cytes were preincubated in low glucose (Glc; 5.5 mM) containing DMEM supplemented with 0.2% bovine serum
albumin. After 24 h, culture media were chased with fresh media, and the cells were treated with insulin (Ins;
100 nM), TNF� (10 ng/ml) or high glucose (25 mM) for additional 24 h. Secretion of ORM was evaluated by
Western blot analysis with the cell-conditioned media. Ctl, control.
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CD49d in THP-1 monocytes, which might be required for the
adhesion and recruitment of monocytes into the adipose tissue
(Fig. 5C). Additionally, ORM reduced FFA (palmitate)-induced
activation of inflammatory gene expression in primary macro-
phages (Fig. 5E), indicating that ORM is capable of suppressing
inflammatory responses by nullifying a loop of reciprocal acti-
vation between adipocytes and macrophages. These data sug-
gest that proinflammatory and metabolic stress-induced Orm
expression might constrain excess inflammatory responses in
both adipocytes and monocytes/macrophages to restrain fur-
ther inflammatory responses in the adipose tissue.
ORM Reduces Recruitment of Macrophages to Adipocytes—

In obese subjects, elevated proinflammatory cytokines and che-
mokines from adipocytes play critical roles in triggeringmacro-

phage infiltration into the adipose
tissue, which requires acquisition of
the adhesive property of mono-
cytes/macrophages (11). To inves-
tigate whether ORM could affect
the physical interaction between
adipocytes and monocytes/macro-
phages, we tested the effect of
adipocyte-conditioned media ex-
pressing mock or Orm1 siRNA on
monocyte adhesion. Compared
with the control, the incubation of
THP-1 monocytes with adipocyte-
conditioned media expressing Orm1
siRNA enhanced the adhesion of
the cells to the bottoms of the cell
culture dishes (Fig. 6A, panels i ver-
sus iii). However, pretreatment of
the adipocytes with ORM attenu-
ated monocyte attachment to the
bottom of the culture dishes under
the same condition (Fig. 6A, panels
iii versus iv). Moreover, monocyte
adhesion induced by TNF�-treated
adipocyte-conditioned media was
reduced byORMpretreatment (Fig.
6A, panels v versus vi). Next, to
examine whether ORM affects the
recruitment of monocytes to adipo-
cytes, we co-cultured 3T3-L1 adipo-
cytes (lower chamber) and THP-1
monocytes (upper chamber) in
Transwell plates and investigated
the recruitment and adhesion of
THP-1 to adipocytes in the presence
or absence of TNF�, salicylate, or
ORM. Consistent with previous
reports (27, 28), we found that
TNF� increased the recruitment
and adhesion of monocytes to the
adipocytes (Fig. 6B, panels i versus
ii), which was suppressed by salicy-
late treatment (Fig. 6B, panels ii ver-
sus iv). ORM, like salicylate, greatly

suppressed the TNF�-induced increase in the recruitment of
monocytes to adipocytes (Fig. 6B, panels ii versus vi), suggesting
that ORM would prohibit physical interaction between adipo-
cytes and macrophages upon encountering inflammatory
signals.
Because most circulating signaling molecules attach to the

surface of the target cells to exert their signaling cascades, we
hypothesized that ORM might bind to the surface of macro-
phages in the adipose tissue if ORM is actively involved in the
regulation ofmacrophage-mediated inflammatory responses in
the adipose tissue. To determine this in vivo, we performed
whole-mount immunohistochemistry with epididymal white
adipose tissue of lean and DIO mice. The highest Orm expres-
sion (red) was detected around lipid droplets (BODIPY-posi-

FIGURE 4. ADD1/SREBP1c and C/EBPs up-regulate Orm1 promoter activity in adipocytes. A, Orm1 pro-
moter activity is enhanced by ADD1/SREBP1c. h293 cells were co-transfected with luciferase reporter contain-
ing Orm1 promoter and �-galactosidase DNA with or without ADD1/SREBP1c (ADD1; 100 ng) expression plas-
mid. 24 h after transfection, cells were harvested. Luciferase activities were measured and normalized by
�-galactosidase activity. Ctl, control. B, in adipocytes, expression of Orm1 mRNA is stimulated by ADD1/
SREBP1c. 3T3-L1 adipocytes were infected with mock (�) or ADD1/SREBP1c (ADD1) expressing adenovi-
rus. 36 h after adenoviral infection, cells were harvested and subjected to Q-PCR analysis. FAS, fatty-acid
synthase. C, insulin augments binding of ADD1/SREBP1c to the Orm1 promoter. 3T3-L1 adipocytes were
incubated with or without insulin (100 nM) for 24 h and subjected to chromatin immunoprecipitation with
preimmune serum or anti-ADD1/SREBP1c antibody. D, Orm1 promoter activity is stimulated by C/EBP�
and C/EBP�. h293 cells were co-transfected with luciferase reporter containing the Orm1 promoter and
�-galactosidase DNA with or without C/EBP� (10 and 100 ng) or C/EBP� (10 and 100 ng) expression
plasmid. 24 h after transfection, cells were harvested. Luciferase activities were measured and normalized
by �-galactosidase activity. *, p � 0.05; **, p � 0.01. E, high glucose-induced Orm1 promoter activity is
suppressed by dominant negative C/EBP (dnC/EBP). h293 cells were co-transfected with the Orm1 pro-
moter luciferase reporter and �-galactosidase with or without dominant negative C/EBP� (500 ng) expres-
sion plasmid. 12 h after transfection, cells were incubated in low (5.5 mM) or high glucose (25 mM) media
for additional 24 h and subjected to luciferase activity assays. F, high glucose condition promotes binding
of C/EBP� and C/EBP� to the Orm1 promoter in adipocytes. 3T3-L1 adipocytes were incubated in low (5.5
mM) and high glucose (25 mM) conditions for 24 h and subjected to chromatin immunoprecipitation
assays using anti-C/EBP� or anti-C/EBP� antibodies.
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tive, green) in the adipose tissue, indicating that ORM was
expressed in unilocular adipocytes (Fig. 6C). Moreover, the
ORM signal was higher in the adipose tissue of DIO mice than

in that of leanmice, confirming that
Orm expression is greater in the
adipose tissue of obese mice.
Interestingly, high ORM levels
were frequently observed around
nonvascular stromal cells (PECAM-
negative), including F4/80-positive
macrophages, with the formation of
crown-like structures, especially
around dead adipocytes (Fig. 6C and
supplemental Fig. S7). These data
propose that ORM might suppress
inflammatory responses in adipose
tissue probably by suppressing the
interaction between adipocytes and
macrophages.
ORMStimulates Insulin Action in

Adipocytes—Elevated inflammatory
responses with chronic metabolic
stresses in the adipose tissue disturb
normal lipid and glucose metabo-
lism, at least in part, through ROS
generation (13, 29, 30). To assess
whether the anti-inflammatory
activity of ORM influences glucose
metabolism, we examined the effect
of ORM on high glucose-induced
ROS generation and insulin resis-
tance in 3T3-L1 adipocytes. Consis-
tent with previous reports (13),
hyperglycemia elevated ROS gener-
ation (Fig. 7A) and suppressed insu-
lin-stimulated glucose uptake activ-
ity by �45% (Fig. 7B, lane 3 versus
lane 4). In contrast, ORM treatment
markedly reduced hyperglycemia-
induced ROS generation (Fig. 7A)
and improved insulin sensitivity
(Fig. 7B, lane 7 versus lane 8). Fur-
thermore,ORMsuppressedLPS-in-
duced ROS generation from THP-1
monocytes and RAW264.7 macro-
phages as in adipocytes (supple-
mental Fig. S8). On the other hand,
suppression of Orm1 via siRNA in
adipocytes significantly disrupted
insulin-stimulated glucose uptake
activity (Fig. 7C, ratio between
lanes 1 and 3 versus lanes 2 and 4),
which was restored by ORM treat-
ment (Fig. 7C, ratio between lanes
5 and 7 versus lanes 6 and 8). Con-
sistent with these results, ORM
accelerated insulin-stimulated ty-
rosine phosphorylation at IRS-1,

although it decreased serine phosphorylation at IRS-1 (Fig.
7D), suggesting that ORM would stimulate insulin signaling
in adipocytes.

FIGURE 5. ORM suppresses inflammatory gene expression in adipocytes, monocytes, and macrophages.
A, effect of ORM treatment and adenoviral overexpression of Orm1 in TNF�-induced inflammatory gene
expression in 3T3-L1 adipocytes. Adenovirus-infected (50 multiplicities of infection, 2 days postinfection) or
noninfected adipocytes were incubated with TNF� (10 ng/ml) in the presence or absence of ORM (250 �g/ml).
Dose of ORM treatment was determined according to the circulating ORM level in normal mice. mRNA levels of
inflammatory genes were analyzed by Q-PCR analysis. *, p � 0.05; **, p � 0.01. n � 2 or 3. iNOS, inducible
nitric-oxide synthase; Rosi, rosiglitazone; IL-6, interleukin 6. B, knockdown of Orm1 induces inflammatory gene
expression in 3T3-L1 adipocytes. 3T3-L1 stable cell lines overexpressing mock or mouse Orm1-specific siRNA
were established by retroviral infection and following selection with puromycin. At day 7 of adipocyte differ-
entiation, the cells were treated with TNF� (10 ng/ml) and/or ORM (250 �g/ml) for 24 h. mRNA levels of
inflammatory genes were measured by Q-PCR analysis. C, ORM suppresses the expression of certain genes
involved in inflammation and cell adhesion in THP-1 monocytes. THP-1 monocytes were incubated with TNF�
(10 ng/ml) in the presence or absence of ORM (100 or 1000 �g/ml) for 6 h. mRNA levels of inflammatory genes
were analyzed by Q-PCR analysis. D, ORM (250 �g/ml) suppresses TNF�-induced inflammatory gene expres-
sion in mouse peritoneal macrophages (M�s). E, ORM (250 �g/ml) suppresses palmitate (Pal)-induced inflam-
matory gene expression in mouse peritoneal macrophages.

Protective Roles of ORM against Insulin Resistance

22180 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 29 • JULY 16, 2010

http://www.jbc.org/cgi/content/full/M109.085464/DC1
http://www.jbc.org/cgi/content/full/M109.085464/DC1
http://www.jbc.org/cgi/content/full/M109.085464/DC1


It has been reported that TNF� induces lipolysis and facili-
tates the release of FFAs by suppressing perilipin expression
and augmenting hormone-sensitive lipase activity (5, 6, 31),

which are repressed by an anti-in-
flammatory drug, salicylate (32). To
test whether ORM delays TNF�-in-
duced lipolysis in adipocytes, we
examined the levels of perilipin
mRNA and lipolysis after ORM
treatment. As reported previously
(32), the administration of salicylate
reversed the effects of TNF� on
perilipin expression and glycerol
release (Fig. 7, E and F). Similarly,
ORM repressed TNF�-induced
lipolysis with sustained perilipin
expression (Fig. 7, E and F). These
results suggest that ORM would
attenuate dysregulation of glucose
and lipid homeostasis, which is
mediated by chronic accumulation
of inflammatory and metabolic
stresses in the adipose tissue.
ORM Suppresses TNF�-induced

Activation of NF-�B and MAPKs in
Adipocytes and Macrophages—Ac-
cumulating evidence indicates that
proinflammatory responses of mac-
rophages are largely mediated by
activation of I�B kinase (IKK)/
NF-�B and/or MAPKs (e.g. JNK,
ERK, and p38 MAPK) pathways. In
adipocytes, activation of either the
IKK/NF-�B or MAPKs pathways by
TNF� has been implicated in the
dysregulation of lipid and glucose
metabolism as well as proinflamma-
tory responses (2–6). BecauseORM
suppressed TNF�-induced inflam-
matory gene expression in adipo-
cytes and macrophages (Fig. 5), we
examined whether ORM alters
TNF�-induced phosphorylation/
activation of MAPKs and IKK
pathways in those cells. In
both RAW264.7 macrophages and
3T3-L1 adipocytes, ORM, like sa-
licylate, potently blunted TNF�-
dependent activation of JNK and
ERK (Fig. 8A). However, unlike
JNK and ERK, ORM efficiently
repressed p38 MAPK in macro-
phages but not in adipocytes.
Moreover, phosphorylation/acti-
vation of IKK, subsequent degra-
dation of I�B, and nuclear accu-
mulation of NF-�B by TNF� were
abolished by ORM treatment (Fig.

8, B–D), suggesting that the anti-inflammatory activity of
ORM is associated with the suppression of both IKK/NF-�B
and MAPK activation.

FIGURE 6. ORM reduces interaction between adipocytes and macrophages. A, ORM suppresses the effect of
adipocyte-conditioned media on adhesion of THP-1 monocytes to the bottom of culture dishes. Adipocyte-
conditioned media were obtained from mock or Orm1 siRNA overexpressing 3T3-L1 adipocytes in the pres-
ence or absence of ORM (250 �g/ml) or TNF� (10 ng/ml) for 24 h. The adhesion of the THP-1 monocytes onto
the bottom of the culture dish was photographed after incubating the cells in the adipocyte-conditioned
media and washing them three times with PBS. B, ORM suppresses the recruitment of THP-1 monocytes to
adipocytes. 3T3-L1 adipocytes and THP-1 monocytes were pretreated with or without ORM (250 �g/ml) or
sodium salicylate (5 mM) for 24 h, and then the THP-1 monocytes were added to the upper chamber of the
Transwell plates that contained the adipocytes and stimulated with TNF�. The recruitment of THP-1 cells to
adipocytes was measured by immunostaining monocytes with an anti-CD68 antibody (red). C, ORM binds to
macrophages in the adipose tissue. Epididymal adipose tissues from the lean (control) or DIO (fed HFD for 3
months) mice were immunostained with fluorescein isothiocyanate-conjugated BODIPY (green; adipocytes) or
antibodies against ORM (red) or F4/80 (blue; macrophages) and whole-mounted for multiphoton fluorescence
confocal microscopy.
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ORM Ameliorates Systemic Insulin Resistance—To confirm
whether ORM suppresses inflammatory gene expression and
ameliorates insulin resistance in vivo, we administered ORM
into obese and diabetic db/db mice. To increase the level of
circulating ORM at a constant rate without periodic fluctua-
tions caused by daily injections, we adopted an autonomous
osmotic pump system to sustain the ORM level (347 ng/min)
(supplemental Fig. S9). Then we performed insulin tolerance
assays after 2 weeks of transplantation to avoid artifacts from
the activation of endogenousOrm after surgery and to stabilize
the release of exogenousORM from the pump.As shown in Fig.
9A, ORM substantially improved insulin tolerance in the db/db
mice without any significant change in body weight. Likewise,
adenoviral overexpression of Orm1 also improved glucose
metabolism in db/db mice (supplemental Fig. S10). Further-

more, in addition to being consistent with the in vitro results
(Fig. 5), ORM treatment in the db/dbmice reduced the expres-
sion of inflammatory cytokine genes (TNF� and IL-6) and pro-
oxidative genes (NOX2, p22Phox, p47Phox, and p67Phox) in
the adipose tissue, which was concurrent with the reduced
macrophage marker gene expression such as F4/80 and CD11c
(Fig. 9B). On the other hand, ORM increased the expression of
the insulin-sensitive glucose transporter, Glut4, in the adipose
tissue (Fig. 9B). These results suggest that ORM could improve
insulin resistance by suppressing the activation and/or recruit-
ment of macrophages in adipose tissue in vivo. Interestingly, in
the liver, elevatedORMsuppressed the expression of gluconeo-
genic genes (PEPCK and Glc-6-Pase) and stimulated that of
fatty acid oxidative genes (CPT-1 and ACO) (Fig. 9C); these
effects might contribute to restoring glucose and lipid metabo-
lism. Our data suggest that increased plasma ORM recovers
energy homeostasis by limiting inflammatory responses in
insulin-sensitive tissues.

DISCUSSION

Inflammation is a highly controlled process that is coordi-
nated by maintaining a balance between pro- and anti-inflam-
matory activities (33). Insulted tissues generate not only proin-
flammatory cytokines but also anti-inflammatory molecules to
resolve local and systemic inflammation (34). Accordingly,
inflamed adipose tissue in obese animal models exhibits
increased expression of several anti-inflammatory molecules
such as IL-10, IL-1Ra, and stamp2 as well as proinflammatory
cytokines to counterbalance the proinflammatory events (35,
36). However, the regulatory mechanisms and the roles of the
anti-inflammatory molecules following changes of energy bal-
ance in the adipose tissue are poorly understood. Nonetheless,
it has recently been shown that the knock-out of stamp2, an
adipocyte-specific anti-inflammatory molecule induced by
proinflammatory signals, elevates inflammatory gene expres-
sion and macrophage infiltration in the adipose tissue and also
triggers metabolic diseases (36), suggesting that innate anti-
inflammatory or pro-resolving activity of adipose tissue would
be critical for maintaining energy homeostasis.
In this study, we observed that the adipose tissue secretes

another anti-inflammatory molecule, ORM, to restrain and/or
resolve excessive inflammation. Notably, ORM was produced
mainly from metabolic cell types such as adipocytes and hepa-
tocytes in response to both metabolic and inflammatory stim-
uli, whereas other anti-inflammatory cytokines such as IL-10
were produced mainly from immune cells in response to
inflammatory signals (37). Moreover, we observed that ORM
was regulated by nutritional signals such as fasting and refeed-
ing in the adipose tissue (supplemental Fig. S5). Given thatmet-
abolic stresses upon excessive nutritional status have the poten-
tial to regulate proinflammatory pathways (9), ORM is likely to
be a specialized secretory factor with an anti-inflammatory
activity for balancing metabolic homeostasis by controlling
immune responses against daily fluctuations of the circulating
nutrient levels in both metabolic and immune cells.
Surprisingly, Orm expression was elevated selectively in the

adipose tissue with increasing plasma ORM levels in obese
mice. Adipose Orm expression was augmented rapidly upon

FIGURE 7. ORM improves energy metabolism in adipocytes. A, 3T3-L1 adi-
pocytes were incubated with low (5.5 mM) or high (25 mM) glucose (Gluc)
media in the presence or absence of ORM (250 �g/ml) for 24 h. The levels of
the accumulated ROS in adipocytes were measured by 5-(and -6)-chloro-
methyl-2�m7�-dichlorodihydrofluorescein diacetate, acetyl ester (CM-
H2DCFDA) fluorescence staining. B, basal and insulin-dependent glucose
uptake activity assay. 3T3-L1 adipocytes were incubated with low (5.5 mM) or
high (25 mM) glucose media in the presence or absence of ORM (250 �g/ml)
for 24 h. Glucose uptake activity was measured at 30 min after the insulin
treatment. NS, not significant. C, suppression of Orm1 expression via siRNA
impairs insulin sensitivity in adipocytes. 3T3-L1 cells stably expressing empty
pSuper.retro (mock) or pSuper.retro-Orm1siRNA were differentiated into adi-
pocytes. Mature adipocytes expressing mock or Orm1 siRNA were incubated
with or without ORM (250 �g/ml) for 24 h. Glucose uptake activity was mea-
sured at 30 min after insulin treatment. D, ORM potentiates insulin signaling.
3T3-L1 adipocytes were serum-starved for 16 h in hyperglycemic condition
(25 mM) and then treated with ORM (250 �g/ml) for 6 h. After 15 min of
stimulation with insulin (10 nM), the cells were subjected to Western blot
analysis. Ctl, control. E and F, 3T3-L1 adipocytes were pretreated with ORM
(250 �g/ml, black bar) or sodium salicylate (5 mM, gray bar) in DMEM supple-
mented with 0.2% bovine serum albumin and then stimulated with TNF� (10
ng/ml) for a further 48 h. mRNA levels of perilipin were measured by Q-PCR
analysis (E). Levels of lipolysis were determined by measuring glycerol con-
centration in the adipocyte-conditioned media (F). *, p � 0.05; **, p � 0.01.
n � 3.
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HFD (within a week) but not by acute inflammation with LPS
injection, although liver Orm was not induced by HFD but by
LPS (Fig. 2 and supplemental Fig. S4). These results suggest that
adiposeOrm, in contrast to liverOrm, is modulated by distinct
mechanisms upon pathophysiological conditions. Thus, the
question arises as to what decides the selectivity in the induc-
tion of Orm in the fat tissue of obese mice. It is possible to
speculate that differential sensitivities to metabolic changes in
the adipose tissue and liver may confer differential tissue
expression of Orm. Recently, we observed that inflammatory
gene expression was very rapidly modulated by HFD promi-
nently in the abdominal adipose tissue rather than in the liver or
muscle, whereas LPS induced inflammatory genes notably in
the liver rather than in the adipose tissue.4 Therefore, it is likely
that the adipose tissue preferentially recognizes and
responds to metabolic changes, although the liver is more
sensitive to acute and strong signals of infection to promote

inflammatory genes. However, it
remains to be elucidated whether
hepatic and adipose ORM have
distinct roles in the regulation of
systemic inflammation and/or
whole body energy metabolism.
Recent evidence suggests that adi-

pose tissue inflammation initiated by
metabolic changes in obese subjects
could be propagated by reciprocal
stimulation between adipocytes and
macrophages (4, 9, 11). Interest-
ingly, ORM reduced inflammation
in the adipose tissue by suppress-
ing the interaction between adipo-
cytes and macrophages. Pretreat-
ment of adipocytes with ORM
suppressed monocyte adhesion
induced by adipocyte-conditioned
media (Fig. 6A). Moreover, the co-
culture experiments performed
with Transwell plates revealed
that ORM reduces the recruit-
ment of THP-1 monocytes to the
adipocytes (Fig. 6B), implying that
the ORM secretion from adipo-
cytes would alter the immune
response in adipose tissue by
appropriately regulating the inter-
action between adipocytes and
macrophages to decrease the in-
flammatory response. Accord-
ingly, administration of purified
ORM protein into obese db/db
mice substantially reduced the
expression of the macrophage
marker genes in the adipose tissue
with diminished proinflammatory
gene expression (Fig. 9).

It should be noted that ORM suppressed TNF�-induced
inflammatory gene expression and ROS generation with the
suppression of IKK/NF-�B and MAPK pathways in adipocytes
and macrophages (Figs. 5, 7, and 8 and supplemental Fig. S8).
Metabolically stressful conditions such as high levels of TNF�,
insulin, glucose, and/or FFAs in the plasma of obese subjects
stimulate proinflammatory gene expression and ROS genera-
tion in adipocytes by activating JNK and ERK in the NF-�B and
MAPK pathways, thereby propagating dysregulation of adipo-
cytokines and insulin action inmorbidly obese subjects (5, 6, 13,
30, 31, 38, 39). For example, JNK triggers insulin resistance via
several mechanisms, including accelerating insulin receptor
substrate serine phosphorylation (40). Moreover, ERK activa-
tion in adipocytes by TNF� promotes lipolysis to release FFAs
(5, 6, 31), which triggers the production of more proinflamma-
tory cytokines in adipocytes and macrophages. Thus, it is plau-
sible that the inhibition of proinflammatory gene expression
andROSgeneration by the suppression ofNF-�BandMAPKby
ORM in adipocytes would be beneficial in preventing severe4 Y. S. Lee and J. B. Kim, unpublished data.

FIGURE 8. ORM suppresses MAPK and NF-�B activation in macrophages and adipocytes. A, RAW264.7
macrophages or 3T3-L1 adipocytes were pretreated with a vehicle, ORM (250 �g/ml), or sodium salicylate (Sal)
(5 mM) for 6 h and then stimulated by TNF� (10 ng/ml) for a further 10 min. The levels of the phosphorylated and
total MAPK proteins were measured by Western blot analysis. The results are representatives of at least three
independent experiments. Ctl, control; *, p � 0.05; **, p � 0.01. n � 3. B and C, ORM suppresses IKK activation
in macrophages (B) and adipocytes (C). D, ORM suppresses nuclear accumulation of NF-�B (p65) in macro-
phages. RAW264.7 macrophages were pretreated with a vehicle (ORM (250 �g/ml)) for 6 h, and then stimulated
by TNF� (10 ng/ml) for a further 15, 30, or 60 min. The nuclear extract was prepared from the cells, and the
protein level of p65 NF-�B was measured by Western blot analysis. RXR�, retinoid X receptor �.
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inflammation and the subsequent disturbance in the whole
body glucose and lipid metabolism. We observed that ORM in
adipocytes relieved high glucose-induced insulin resistance and
TNF�-induced lipolysis, in concurrence with suppression of
TNF�-induced NF-�B and MAPK activation (Figs. 7 and 8).
Moreover, increased ORM levels in circulation improved insu-
lin tolerance with the suppression of proinflammatory and pro-
oxidative gene expression in the adipose tissues of obese and
diabetic db/dbmice (Fig. 9).
However, the mechanism of how ORM affects immune

responses in macrophages and adipocytes still needs to be elu-
cidated. Several lines of evidence propose thatORMmight bind
to the macrophages through receptor-mediated interactions
with cell surface proteins such as CCR5 and Siglec5 (41, 42),
which are expressed in both adipocytes and macrophages
(supplemental Fig. S11). Moreover, although not direct evi-
dence, our immunohistochemistry data reveal that ORM
appears to interact with macrophages in the adipose tissue.
Because SVCs from the adipose tissue and intraperitoneal

macrophages exhibited quite low levels ofOrmmRNA expres-
sion (at least �1/20-fold of its level in adipocytes) (Fig. 1B and
supplemental Fig. S2), it is unlikely that ORM proteins are
derived from the macrophages. Rather, it appears that ORM
secreted from adipocytes might bind to the surface of macro-
phages as a means to exert its function in inflamed adipose
tissue. Thus, it is likely that ORM might transmit anti-inflam-
matory signals through the cell surface receptor-mediated sig-
naling cascades through its receptor(s). Consistent with this,
recently we observed that knockdown of Siglec-e, the mouse
homolog of human Siglec-5, suppressed ORM-mediated sup-
pression of inflammatory gene expression in macrophages.4
However, we cannot rule out the possibility that ORM might
exert its anti-inflammatory property by controlling the stability
or availability of lipid molecules in the plasma and peripheral
tissues, because ORM has been shown to interact with proin-
flammatory lipid molecules such as FFAs and lysophosphati-
dylcholine as well as anti-inflammatorymolecules such as biliv-
erdin and steroid hormones (21, 22).
Here, we present the first evidence thatOrm is induced in the

adipose tissue of obesemice tomaintainmetabolic homeostasis
by suppressing local and systemic inflammation. Because Orm
was induced as a response to metabolic changes and eventually
contributed to improving insulin tolerance in obese mice, it
appears that Orm would be a potential therapeutic target for
treating insulin resistance and metabolic disorders. Neverthe-
less, an obvious key question that needs to be addressed is why
inflammatory signals are chronically accumulated despite
increased Orm expression in the plasma and adipose tissue of
the obese mice. Given the fact that acute ORM injections pro-
vide resistance against TNF�-induced lethality (18), whereas
ORM transgenic mice still show sensitivity to TNF� (43), it is
likely that chronic increase of ORM might cause ORM resis-
tance. Additionally, we cannot exclude the possibility that a
chronic increase in Orm expression in circulation might play
unwanted roles in affecting metabolic complications in obese
subjects. Indeed, it has been recently reported that ORM inter-
acts with PAI-1 to recruit prothrombotic activity to atheroscle-
rotic lesions (44). Thus, further studies are required to explain
the persistence of elevated inflammatory responses despite the
induced expression of Orm in obese mice and to address the
role of increased levels of Orm expression in obesity-related
metabolic complications and cardiovascular diseases, empha-
sizing the importance of analyzing conditional Orm gene
knock-out mice.
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