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Macrophage inhibitory cytokine-1 (MIC-1), a divergent member of the TGF-␤ superfamily, is involved in the control of multiple cellular processes and mediates cachexia through the inhibition
of appetite. Adipose tissue as an endocrine organ secretes proteins (adipokines) that regulate
energy homeostasis and other cellular functions. This study investigated whether MIC-1 is expressed in adipose tissue and whether MIC-1 is a secretory product of adipocytes. Mouse and human
adipose tissues were collected from different depots. 3T3-L1 preadipocytes and human preadipocytes were induced to differentiate into adipocytes in cell culture. MIC-1 mRNA was detected in the
major mouse adipose depots (epididymal, perirenal, sc). In these depots, MIC-1 gene expression was
evident in both isolated mature adipocytes and stromal-vascular cells. In 3T3-L1 adipocytes, MIC-1
mRNA was detected before and after differentiation. MIC-1 mRNA and protein secretion were
evident in human preadipocytes as well as differentiated adipocytes. MIC-1 production by human
adipocytes was stimulated by H2O2 and 15d-prostaglandin J2. In addition, recombinant MIC-1
increased adiponectin secretion by differentiated human adipocytes. MIC-1 mRNA and protein
were also observed in human sc and visceral fat. MIC-1 mRNA levels were positively correlated with
adiponectin mRNA. Moreover, MIC-1 mRNA was negatively associated with body mass index and
body fat mass in human subjects. We conclude that MIC-1 is expressed in adipose tissue and secreted
from adipocytes and is therefore a new adipokine. MIC-1 may have a paracrine role in the modulation of adipose tissue function and body fat mass. (Endocrinology 150: 1688 –1696, 2009)

M

acrophage inhibitory cytokine (MIC)-1 is a divergent
member of the TGF-␤ superfamily (1). The cDNA sequence of MIC-1 is identical with several other sequences, including growth differentiation factor-15 (2, 3), placental bone
morphogenetic protein (4), placental transforming growth factor-␤ (5, 6), prostate-derived factor (7), and nonsteroidal antiinflammatory drug-activated protein-1 (8). MIC-1 mRNA encodes a secreted protein, resulting from cleavage of a propeptide to
give rise to the mature form as a 25-kDa dimer, which contains
seven conserved cysteine residues in the carboxyl terminal (1, 2, 9).
MIC-1 is distributed in various tissues, being highly expressed in
macrophages and epithelial cells of the choroid plexus, prostate,
lung, kidney proximal tubules, and intestinal mucosa (7, 10, 11).
MIC-1 was initially considered to function as a macrophage

inhibitor (1), but further studies suggested that it has other roles,
involving the regulation of cellular processes including the cell
cycle (12), proliferation (13), differentiation (14), and apoptosis
(15). MIC-1 expression can be induced by stress conditions such
as tissue injury (16, 17) and malignancy (18). MIC-1 is overexpressed by a variety of cancers, which probably relates to its
antitumorigenic and proapoptotic properties (19, 20). MIC-1
has also been implicated as a cachexia mediator inducing weight
loss because MIC-1 tumor-bearing mice and MIC-1-transgenic
mice exhibit a marked decrease in body weight and total fat mass
(21, 22). Furthermore, serum MIC-1 levels are higher in prostate
cancer patients with cachexia than those without (21). The cachectic effects of MIC-1 have been attributed to its central actions on appetite control in the hypothalamus, inhibiting the
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orexigenic mediator neuropeptide Y and stimulating the anorexigenic proopiomelanocortin (21). However, to date, little is known
of the presence and potential actions of MIC-1 in adipose tissue.
White adipose tissue (WAT) is recognized as an important
endocrine organ that not only stores triglyceride as energy but
also regulates energy homeostasis and other metabolic processes
(23). Adipose tissue has cross talk with the brain, liver, and skeletal muscle through its secreted proteins (adipokines). Over the
last decade, a growing number of adipokines have been identified
such as leptin, adiponectin, visfatin, chemerin, and zinc-␣2-glycoprotein (ZAG), which modulate appetite, nutrient metabolism, insulin sensitivity, stress responses, and inflammation in an
autocrine/paracrine and/or endocrine manner (23, 24). Given
the diverse roles of MIC-1, adipose tissue could be important in
the physiological function of this factor.
The aim of this study was therefore to examine whether
MIC-1 is expressed in adipose tissue, both murine and human,
and whether MIC-1 is a secretory product of adipocytes. The
study also investigated factors that modulate MIC-1 production
and the potential role of MIC-1 in adipocytes.

Materials and Methods
Tissue collection
Fifteen-week-old male mice (C57BL/6J) from Harlan (Bicester,
Oxon, UK) were housed at an ambient temperature of 22 ⫾ 1 C under
a 12-h light, 12-h dark cycle (lights on at 0700 h) and fed ad libitum
(CRM diet; Labsure, Poole, UK). The mice were killed by cervical dislocation and the following tissues rapidly dissected and frozen in liquid
nitrogen: WAT (epididymal, perirenal, and sc depots), interscapular
brown adipose tissue (BAT), intestine, spleen, liver, heart, kidneys, lungs,
and brain. Mouse colonic adenocarcinoma was kindly provided by Professor M. J. Tisdale (Aston University, Birmingham, UK). Nine-week-old male
obese (ob/ob) and lean (ob/⫹) mice were purchased from Harlan. Epididymal adipose tissue was collected after mice were killed. The tissues were
stored at ⫺80 C until analysis. All animal studies were carried out in accordance with the provisions of the United Kingdom Animals (Scientific
Procedures) Act 1986, in the fully licensed premises of the University of
Liverpool.
Human adipose tissue samples were obtained during elective abdominal
surgery (cholecystectomy or bariatric surgery) from patients [12 males and
14 females, aged 44 ⫾ 12 yr (mean ⫾ SD) (range 19 –76 yr), body mass index
(BMI) 44.8 ⫾ 17.7 kg/m2 (mean ⫾ SD, range 19 – 80 kg/m2)]. Body composition was assessed by whole-body electrical bioimpedance analysis
(Bodystat 1500; Bodystat, Isle of Man, UK), allowing the measurement of
total fat mass. Blood samples were taken, and plasma obtained after centrifugation and stored at ⫺80 C. All subjects were free from major illnesses
(e.g. infection, diabetes, cancer) at the time of surgery. Fully informed and
written consent was obtained in all cases and the study protocol was approved by the Sefton Research Ethics Committee. After removal of adipose
tissue from omental (visceral) and abdominal sc sites, the samples were
immediately frozen in liquid nitrogen and stored at ⫺80 C until use.

Cell culture
3T3-L1 cells (American Type Culture Collection, Manassas, VA)
were cultured as described previously (25). Differentiation of the cells
was initiated 2 d after confluence by incubation for 2 d in DMEM containing 10% fetal calf serum, 1 M dexamethasone, 0.5 mM 3-isobutyl1-methyl-xanthine and 2 M insulin. After induction, cells were maintained in feeding medium (DMEM with 10% fetal calf serum and 2 M
insulin), which was changed every other day. Differentiation into adi-
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pocytes was confirmed by accumulation of lipid droplets observed under
the microscope. The cells were either maintained for up to 16 d after
differentiation and sampled every 2– 4 d for the study of MIC-1 expression during differentiation or maintained for 10 d and incubated with
specific agents for 24 h. The agents used were as follows: mouse leptin
(0.1 or 2 M; Sigma, Poole, Dorset, UK), mouse IL-1␤ (5 ng/ml or 20
ng/ml; Sigma), mouse TNF-␣ (10 or 30 nM; Sigma), and 15d-prostaglandin (PG) J2 (3 or 10 M; Alexis Biochemicals, Nottingham, UK). The
addition of hydrogen peroxide (H2O2; 0.1, 0.25, 0.5, and 2 mM; Sigma)
was for 4 h. The control cells had no agent added to the media. After the
completion of treatment, cells were collected in Trizol reagent (Invitrogen, Carlsbad, CA) and stored at ⫺80 C until analysis.
Human primary adipocytes isolated from sc adipose tissue and culture media were obtained from Zen-Bio (Research Triangle Park, NC).
The cells were from a female donor (24 yr old) with a BMI of 22 kg/m2.
Cells were maintained and induced to differentiation according to the
manufacturer’s protocol. Briefly, cells were maintained in preadipocyte
medium containing DMEM/Ham’s F12 (1:1,vol/vol), 10% fetal calf serum, 15 mM HEPES, 100 U/ml penicillin, 100 g/ml streptomycin, and
0.25 g/ml amphotericin B. At confluence, cells were induced in differentiation medium supplemented with 0.25 mM 3-isobutyl-1-methyl-xanthine, 1 M dexamethasone, and 10 M of a peroxisomal proliferatoractivated receptor (PPAR)-␥ agonist for 7 d. Cells were then cultured
with adipose medium containing DMEM/Ham’s F12 (1:1,vol/vol), 3%
fetal calf serum, 1 M dexamethasone, 15 mM HEPES, 100 U/ml penicillin, 100 g/ml streptomycin, and 0.25 g/ml amphotericin B, and the
medium changed every 3 d. The differentiated cells at d 14 after differentiation were treated with human TNF-␣ (30 ng/ml), H2O2 (0.5 mM),
15d-PGJ2 (5 M), or recombinant human MIC-1 (0.05, 0.5, or 5 ng/ml;
R&D Systems, Abingdon, UK) for 24 h. The control cells had no agent
added to the media. Cells were harvested in Trizol reagent (Invitrogen)
or lysis buffer and stored at ⫺80 C until analysis.

RNA extraction and cDNA synthesis
Total RNA was extracted from tissues or cells using Trizol and the RNA
concentration determined from the absorbance at 260 nm. First-strand
DNA was reverse transcribed from 0.5 g of total RNA using a Reverse-iT
first-strand synthesis kit (ABgene, Epson, UK) in a final volume of 10 l.

RT-PCR
MIC-1 gene expression in tissues and adipocytes was detected by
RT-PCR. One microliter of reverse transcription reaction was amplified
with 20 M of each primer and 1.1⫻ Reddy Mix PCR master mix (ABgene) in a volume of 25 l. The following primer pairs were used: mouse
MIC-1, 5⬘-CGC CCT GGC AAT GCC TGA ACA ACG AC-3⬘ (forward), 5⬘-GCA CGC GGT AGG CTT CGG GGA GAC C-3⬘ (reverse);
mouse ␤-actin, 5⬘-TGC TGT CCC TGT ATG CCT CT-3⬘ (forward),
5⬘-AGG TCT TTA CGG ATG TCA ACG-3⬘ (reverse); human MIC-1,
5⬘-ACT GCT GGC AGA ATC TTC GT-3⬘ (forward), 5⬘-AAT GAG
CAC CAT GGG ATT GT-3⬘ (reverse); human MAC-1, 5⬘-CAT AGC
CAG CGG ATA GCA-3⬘ (forward), 5⬘-GCA ACT GTA GTT TCA GGG
TC-3⬘ (reverse). Primers for human adiponectin, ZAG, and ␤-actin were
as reported previously (26, 27). PCR was performed on a thermal cycler
(Hybaid, Middlesex, UK), with an initial denaturation at 94 C for 2 min
followed by 32 cycles for MIC-1, 25 cycles for adiponectin, 33 cycles for
ZAG, and 23 cycles for ␤-actin, consisting of denaturation at 94 C for 20 sec,
annealing at optimized temperature for 1 min, and extension at 72 C for 30
sec. Negative controls (without template) were also carried out. To confirm
the identity of PCR products, the products were sequenced commercially
(MWG, Ebersberg, Germany). PCR products were separated on a 1%
agarose gel and images recorded with a Kodak 1D Image Analysis
System (Kodak Digital Science, Rochester, NY).

Real-time PCR
Real-time PCR amplification was performed in a final volume of 12.5
l, containing cDNA (equivalent to 12.5 ng of RNA), optimized concentrations of primers, TaqMan probe FAM-TAMRA, and a master mix
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made from quantitative PCR core kit (Eurogentec, Southampton, UK)
using a Mx3005P detector (Stratagene, La Jolla, CA). Except for human
MIC-1, the sequences of primers and probes were as described previously
(26). The sequences for human MIC-1 (accession no. NM_004864)
were: 5⬘-CCA TGG TGC TCA TTC AAA AGA C-3⬘ (forward), 5⬘-GGA
AGG ACC AGG ACT GCT CAT-3⬘ (reverse), 5⬘-FAM-TGA CTT GTT
AGC CAA AGA CTG CCA CTG CA-TAMRA-3⬘ (probe). PCR amplification was performed in duplicate using a 96-well plate and the PCR
cycling conditions were as follows: 50 C for 2 min and 95 C for 10 min
followed by 40 cycles (95 C for 15 sec, 60 C for 1 min). Blank controls
without cDNA were run in parallel. ␤-Actin was used as a reference gene.
All samples were normalized to the ␤-actin values and the results expressed as fold changes of cycle threshold (Ct) value relative to controls
using the 2-⌬⌬ct formula.
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sured using the glucose hexokinase method with the Advia 1650 system
(Bayer UK, Newbury, UK). Insulin resistance was estimated using the
homeostasis model of insulin resistance (HOMA-IR) with the formula:
HOMA-IR ⫽ fasting insulin (international units per milliliter) ⫻ fasting
glucose (millimoles per liter)/22.5.

Statistical analysis
Data are expressed as means ⫾ SEM. Differences between two groups
were analyzed by Student’s unpaired t test, and a paired t test was used
for comparing depot expression. Differences between multigroups were
analyzed by ANOVA coupled with Bonferroni’s t tests. The association
between MIC-1 and adiponectin mRNA was assessed with Pearson’s
correlation test. Differences were considered as statistically significant
when P ⬍ 0.05.

Western blotting
Proteins were isolated from mouse WAT, BAT, and cultured adipocytes (ZenBio). Ten percent of homogenates from human WAT samples
were prepared in a buffer of 250 mM sucrose, 10 mM Tris-HCl, and 1 mM
EDTA (pH 7.4), and protein concentration was determined by the BCA
method. Tricine-sodium dodecyl sulfate electrophoresis (28) of the samples was performed on 10% polyacrylamide slab gels (Mini Protean
Tetra; Bio-Rad, Hercules, CA) using the same aliquots of sodium dodecyl
sulfate-solubilized proteins (20 –30 g/slot). Proteins from the gel were
blotted onto a nitrocellulose membrane (Hybond C EXTRA; Amersham
Bioscience, Amersham, Buckinghamshire, UK) by wet transfer (Trans
Blot; Bio-Rad) at 100 V for 1 h.
The membrane was blocked in 1⫻ Tris-buffered saline (TBS) containing 0.1% Tween 20 and 2% BSA overnight at ⫹4 C with constant
agitation. Immunoblotting was performed using a polyclonal antibody
against mouse MIC-1 (Santa Cruz Biotechnology, Santa Cruz, CA) at a
1:500 dilution or a polyclonal antibody against human MIC-1 (R&D
Systems) at 0.1 g/ml. In both cases, antibodies were diluted in TBS
containing 0.1% Tween 20 and 2% BSA and incubation was overnight
at ⫹4 C. Blots were then incubated with an antigoat horseradish peroxidase secondary antibody (R&D Systems) at a dilution of 1:2000.
Signal was detected on film by chemiluminescence (West Pico kit, Pierce,
Rockford, IL). The size of the proteins detected was estimated with PageRuler protein markers (Fermentas, Hanover, MD). For the control of
protein loading, blots were stripped and incubated with a mouse monoclonal anti-␣-tubulin antibody (Sigma) diluted at 1:5000 in TBS containing 0.1% Tween 20 and 2% BSA and subsequently incubated with
horseradish peroxidase conjugated rabbit antimouse IgG (Bio-Rad)
at 1:2000.

Results
MIC-1 gene expression in mouse adipose tissue
In the initial studies, the gene expression pattern of MIC-1
was examined in mouse tissues by RT-PCR. A strong signal was
detected in the mouse colonic adenocarcinoma tumor and the
liver, and a moderate signal was present in interscapular BAT
and the WAT depots (Fig. 1A). Three different white fat depots
were examined (epididymal, perirenal, and sc) and each showed
a marked signal for MIC-1 mRNA. The 257-bp PCR product
was sequenced and found to be 100% identical with the corresponding region of murine MIC-1 cDNA. Whether the MIC-1
gene was expressed in mature adipocytes and/or in stromal vascular (SV) fraction of white fat was then examined. As shown in
Fig. 1B, the MIC-1 transcript was detected in both mature adipocytes and in the cells of the SV fraction. Next, the relative
MIC-1 mRNA levels in the two fractions was determined by
real-time PCR in each of the three WAT depots (epididymal,

Measurement of MIC-1, adiponectin, and ZAG protein
by ELISA
Zen-Bio cells were differentiated as described above. For determining
the secretion of MIC-1, culture medium was collected at the indicated
time point before and after differentiation. For examining the effects of
15d-PGJ2, TNF-␣, and H2O2 on MIC-1 or adiponectin secretion, cells at
d 14 after differentiation were incubated with the indicated concentration of 15d-PGJ2 or TNF-␣ for 24 h or H2O2 for 4 h. The medium from
each sample was collected and centrifuged at 1000 rpm for 10 min to
remove cell debris with the supernatant being stored at ⫺80 C until
analysis. The concentration of MIC-1 or adiponectin in each sample was
determined using ELISA kits (both from R&D Systems, Abingdon, UK)
according to the manufacturer’s protocol. To determine the effects of MIC-1
on ZAG and adiponectin release from adipocytes, cells at d 14 after differentiation were incubated with the indicated concentrations of recombinant
human MIC-1 (R&D Systems) for 24 h. The concentration of ZAG in the
medium was measured using an ELISA kit (BioVendor, Modrice Czech
Republic) and adiponectin concentration determined as above.

Measurement of plasma insulin and glucose
Fasting plasma insulin levels were determined by ELISA (BioSource
Europe, Nivelles, Belgium). Plasma glucose concentrations were mea-

FIG. 1. MIC-1 gene expression in various mouse tissues. A, RT-PCR analysis of
RNA isolated from tissues of adult male C57B6/J mice. B, MIC-1 gene expression
by RT-PCR in isolated mature adipocytes (Ad) and the SV fraction, obtained by
collagenase digestion of adipose tissue. C, MIC-1 mRNA levels in isolated mature
adipocytes and the SV fraction by real-time PCR; data are means ⫾ SEM for
groups of five to six. e-WAT, Epididymal adipose tissue; p, perirenal; s, sc; BAT,
interscapular BAT.
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perirenal, and sc), and no significant differences between adipocytes and the SV cells were apparent (Fig. 1C). We further assessed MIC-1 expression in epididymal adipose tissue harvested
from ob/ob mice and their lean counterparts. mRNA levels of
MIC-1 were increased by 2.7-fold in ob/ob mice relative to lean
controls [1.00 ⫾ 0.25 (lean) vs. 2.70 ⫾ 0.34 (obese), P ⬍ 0.01].
Expression and regulation of MIC-1 in 3T3-L1 adipocytes
Because the MIC-1 gene was expressed in freshly isolated
mouse adipocytes, we further investigated its expression in
3T3-L1 adipocytes in culture. Examination by RT-PCR indicated that the MIC-1 signal was evident both before and after the
induction of differentiation of the cells to adipocytes; consistently, MIC-1 mRNA was detectable in 3T3-L1 preadipocytes as
well as differentiated adipocytes using real-time PCR (data not
shown).
To investigate the possible regulation of MIC-1 expression,
the effects of leptin, proinflammatory cytokines (IL-1␤ and TNF␣), H2O2 (an oxidative stress inducer), and a PPAR␥ agonist
15d-PGJ2 were examined on MIC-1 gene expression in differ-
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entiated 3T3-L1 adipocytes (d 10). To assess the specificity of the
effect of these agents on MIC-1 expression, mRNA levels of
adiponectin were also determined.
Leptin led to a reduction in MIC-1 mRNA levels, which decreased by 55% at the lower dose (P ⬍ 0.01) and 37% at the
higher dose (P ⬍ 0.05) (Fig. 2A). IL-1␤ treatment resulted in a
59% fall in MIC-1 mRNA level at the lower dose (P ⬍ 0.001) and
a 40% decrease at the higher dose (P ⬍ 0.01) (Fig. 2B). However,
addition of TNF-␣ had no effect on MIC-1 mRNA (Fig. 2C).
Treatment with H2O2 for 4 h induced a dose-dependent increase
in MIC-1 mRNA levels. The rise began at the 0.1 mM dose (by
33%) and was 4.4-fold higher compared with the controls at the
highest dose (2 mM, P ⬍ 0.001) (Fig. 2D). 15d-PGJ2 led to a
substantial (19-fold) increase in MIC-1 mRNA levels at the
higher dose (P ⬍ 0.001) (Fig. 2E).
Leptin and IL-1␤ led to a decrease in adiponectin mRNA at
the higher dose (P ⬍ 0.05 and P ⬍ 0.001, respectively) (Fig. 2, A
and B). A 20-fold reduction of adiponectin mRNA was induced
by TNF-␣ at the higher dose (P ⬍ 0.01) (Fig. 2C). H2O2 treatment caused a dose-dependent fall in adiponectin mRNA (Fig.

FIG. 2. Regulation of MIC-1 gene expression in 3T3-L1 adipocytes. Effects of leptin (A), IL-1␤ (B), TNF-␣ (C), H2O2 (D), and 15d-PGJ2 (E) on MIC-1 and adiponectin
mRNA levels in 3T3-L1 adipocytes. Cells were harvested at d 11 after the induction of differentiation and incubated for 24 h in media to which each agent was added.
Leptin (0.1 or 2 M), IL-1␤ (5 or 20 ng/ml), TNF-␣ (10 or 30 nM), and 15d-PGJ2 (3 or 10 M). The addition of H2O2 at the indicated concentrations (0.1, 0.25, 0.5, and 2
mM) was for 4 h. Control cells received no addition. MIC-1 and adiponectin mRNA levels were determined by real-time PCR. Data are means ⫾ SEM for groups of four to
five, presented as changes relative to controls. *, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001 compared with controls.
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preadipocytes than in differentiated adipocytes
(all P ⬍ 0.001; Fig. 3C).

FIG. 3. MIC-1 gene expression and protein secretion in human adipocytes. A, RT-PCR of MIC-1
gene expression in comparison with adiponectin, ZAG, MAC-1, and ␤-actin (reference gene) in
ZenBio preadipocytes (d 0, before induction of differentiation) and differentiated adipocytes at d 7
and 14 after induction. B, MIC-1 mRNA levels in ZenBio cells before and after differentiation by realtime PCR. C, Secretion of MIC-1 protein by human adipocytes, measured as MIC-1 protein
concentrations in the medium of ZenBio cells before and after differentiation. Data are means ⫾ SEM
for groups of three, presented as changes relative to the mean value of d 0. **, P ⬍ 0.01; ***, P ⬍
0.001 compared with d 0.

2D). In contrast, adiponectin mRNA levels were unaffected by
15d-PGJ2 (Fig. 2E).
Expression and secretion of MIC-1 by human adipocytes
Because MIC-1 mRNA was present in murine 3T3-L1 adipocytes, we further explored whether the MIC-1 gene was also
expressed by human adipocytes. As shown in Fig. 3A, a clear
signal for MIC-1 mRNA was detected by RT-PCR in human
preadipocytes (d 0), and adipocytes at d 7 and 14 after differentiation. Sequence analysis of the PCR product demonstrated
100% identity with the corresponding region of human MIC-1
cDNA. Expression of adiponectin and ZAG mRNA was similarly examined for comparison with MIC-1, and the mRNA for
both adipokines was detected in differentiated adipocytes only at
d 7 and 14, consistent with our previous report (27).
We also assessed whether gene expression of MIC-1 in preadipocytes was due to the contamination of macrophages; this
was not the case because MAC-1, a macrophage marker, was not
expressed in preadipocytes or mature adipocytes (Fig. 3A). Further quantitation of MIC-1 mRNA by real-time PCR showed
that the expression levels were 6-fold higher in preadipocytes (d
0) than in differentiated adipocytes (d 7 and 14) (both P ⬍ 0.01;
Fig. 3B). We next examined whether MIC-1 is secreted by human
adipocytes and is therefore an adipokine. Consistent with the
gene expression results, MIC-1 protein was detected by ELISA in
the medium of both preadipocytes (d 0) and adipocytes at d 7, 10,
and 13 after differentiation. The MIC-1 levels were higher in

Regulation of MIC-1 expression and
secretion in human adipocytes
The effects of TNF-␣, H2O2, and 15D-PGJ2
on the expression and secretion of MIC-1 were
then studied in human adipocytes. In agreement
with the results with 3T3-L1 cells, addition of
TNF-␣ had no effect on MIC-1 mRNA, and
MIC-1 protein levels in the medium were unaffected by the treatment (Fig. 4A). In contrast,
H2O2 induced a large increase in MIC-1 mRNA
(by 8-fold, P ⬍ 0.01) in human adipocytes, consistent with the finding in 3T3-L1 cells (Fig. 4B).
In parallel, the concentration of MIC-1 in the medium with H2O2 treatment increased (by 50%)
compared with the controls (P ⬍ 0.01; Fig. 4B).
Similar to the stimulatory effect observed in
3T3-L1 cells, 15d-PGJ2 treatment led to a major
increase in MIC-1 mRNA level (by 18-fold) in
human adipocytes (P ⬍ 0.001; Fig. 4C). Concurrently, the concentration of MIC-1 protein in the
medium of cultured adipocytes was elevated (by
43%) with 15d-PGJ2 (P ⬍ 0.01; Fig. 4C).

The effect of recombinant human MIC-1 on
adipokine release
To explore whether MIC-1 may have an autocrine/paracrine role in the modulation of adipokine production by adipocytes, ZAG and adiponectin protein
release from human adipocytes that were exposed to recombinant human MIC-1 for 24 h was examined. There was no significant (P ⬎ 0.05) effect of MIC-1 on ZAG release (Fig. 5A).
However, an increase in adiponectin secretion into the medium
was evident with MIC-1 treatment; this was statistically significant at a dose of 0.5 ng/ml (by 69%; P ⬍ 0.01) and 5 ng/ml (by
53%; P ⬍ 0.05) (Fig. 5B).

MIC-1 expression in human white fat
In the final studies, visceral and sc adipose tissue from a group
of obese subjects were probed for MIC-1 mRNA by RT-PCR,
and a signal was evident from both fat depots (Fig. 6A). In a
comparison using paired samples, real-time PCR measurements
indicated that MIC-1 mRNA levels were higher (⬎2-fold, P ⬍
0.05) in sc than in visceral fat (Fig. 6B). The presence of both
preprotein and mature MIC-1 was also detected by Western blotting in both visceral and sc fat (Fig. 6C). Both forms of MIC-1
were higher in sc than in visceral fat samples (1.4-fold for preprotein, 4.5-fold for mature protein), but neither difference was
found to be statistically significant, probably due to a limited
number of available samples (Fig. 6D).
Furthermore, MIC-1 mRNA levels were positively correlated
with adiponectin mRNA in both the visceral (r ⫽ 0.43, P ⬍ 0.05)
and sc depot (r ⫽ 0.65, P ⬍ 0.01) (Fig. 6E). To explore whether
MIC-1 gene expression was associated with body fat or insulin
sensitivity, we examined the correlation between MIC-1 expres-
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in both freshly isolated adipocytes and the
stromal vascular fraction, and the expression levels were similar in the two fractions
of adipose tissue. The stromal vascular fraction of white fat is recognized to contain several cell types in addition to preadipocytes,
including fibroblasts, vascular endothelial
cells, mast cells, and macrophages (29). Our
cell culture studies clearly indicate that
MIC-1 is synthesized by preadipocytes as
well as mature adipocytes, but whether
the nonfat cells in adipose tissue also synthesize the factor is unclear. However,
expression of MIC-1 has been demonstrated in a number of cell types including
macrophages (15).
We further assessed MIC-1 expression in
adipose tissue of genetically obese (ob/ob)
mice, and there was an increase in MIC-1
mRNA levels in ob/ob mice compared with
their lean controls. Because ob/ob mice are
leptin deficient, this result may suggest that
leptin could be one of the factors modulating
MIC-1 expression.
In both 3T3-L1 cells and human primary adipocytes, the MIC-1 gene is expressed before and after the induction of
differentiation into adipocytes. This is in
contrast to the expression pattern of the
other two adipokines examined, ZAG and
adiponectin, both of which are expressed
only in differentiated adipocytes, as observed in this study and previously
(27).Thus, MIC-1 may play a role in the
FIG. 4. Effects of TNF-␣ (A), H2O2 (B), and 15d-PGJ2 (C) on MIC-1 mRNA level and protein secretion in
function of both preadipocytes and difhuman adipocytes. ZenBio cells were harvested at d 14 after the induction of differentiation and incubated
for 24 h in media containing TNF-␣ (30 ng/ml), H2O2 (0.5 mM), or 15d-PGJ2 (5 M). Control cells received no
ferentiated adipocytes.
addition. MIC-1 mRNA levels by real-time RT-PCR were expressed relative to the controls. MIC-1 protein
A further important finding of the
concentrations in the medium were measured using ELISA. Data are means ⫾ SEM for groups of four to six.
present study is the demonstration that
**, P ⬍ 0.01; ***, P ⬍ 0.001 compared with controls.
MIC-1 is a secretory product of adipocytes.
MIC-1 has been shown to be a secreted protein in the case of
sion and indexes of adiposity and insulin sensitivity. As shown in
several other cell types, including cardiomyocytes (30), primary
Fig. 6, F and G, MIC-1 mRNA was negatively correlated with BMI
erythroblasts (31), and keratinocytes (14). Here MIC-1 protein
(visceral: r ⫽ ⫺0.53, P ⬍ 0.01; sc: r ⫽ ⫺0.56, P ⬍ 0.05) and total
was found to be secreted by preadipocytes as well as differentifat mass (visceral: r ⫽ ⫺0.47, P ⬍ 0.05; sc: r ⫽ ⫺0.49, P ⬍ 0.05).
ated human adipocytes. Consistent with the gene expression
However, there was no significant association between MIC-1
data, MIC-1 protein release was higher in preadipocytes than
mRNA and plasma insulin (visceral: r ⫽ ⫺0.21, P ⬎ 0.05; sc: r ⫽
mature adipocytes. Several adipokines, including IL-6 (32) and
⫺0.31, P ⬎ 0.05) or between MIC-1 mRNA and HOMA-IR (visnerve growth factor (33), are like MIC-1 secreted at higher levels
ceral: r ⫽ ⫺0.18, P ⬎ 0.05; sc: r ⫽ ⫺0.29, P ⬎ 0.05).
by preadipocytes than mature adipocytes, which suggests that
preadipocytes could be a significant source of these proteins.
Notwithstanding this difference, our data indicate that MIC-1 is
Discussion
a novel adipokine. As such, it is possible that, like other adipokines, MIC-1 could influence adipose tissue function in an auIn the present study, we demonstrate for the first time that the
tocrine/paracrine fashion, both directly and indirectly.
MIC-1 gene, which encodes macrophage inhibitory cytoSeveral factors were shown to influence MIC-1 expression
kine-1, a divergent member of the TGF-␤ superfamily, is exand secretion by adipocytes. The effects of potential mediators
pressed by adipose tissues. MIC-1 mRNA was detected in the
on MIC-1 gene expression were initially studied in 3T3-L1 cells.
major white adipose tissue depots (epididymal, perirenal, and sc)
Leptin led to a small reduction in MIC-1 mRNA levels, suggestand in brown fat of mice. In white fat, MIC-1 mRNA was evident
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FIG. 5. Effects of MIC-1 on ZAG (A) and adiponectin (B) secretion by human
adipocytes. Cells were harvested at d 14 after the induction of differentiation
and incubated for 24 h in media containing recombinant human MIC-1. Control
cells received no addition. Protein concentrations in the medium were measured
by ELISA. Data are means ⫾ SEM for groups of four to five. *, P ⬍ 0.05; **, P ⬍
0.01 compared with controls.

ing the potential involvement of leptin. Similar to the result of
leptin, a small inhibitory effect on MIC-1 gene expression was
observed with IL-1␤. Because both leptin and IL-1␤ are
known to have proinflammatory effects, MIC-1 is probably
not part of the proinflammatory response in adipocytes. This
view is reinforced by the lack of effect of the major pleiotrophic, proinflammatory cytokine TNF-␣ on MIC-1 gene expression, whereas TNF-␣ markedly reduced adiponectin
mRNA level. However, the present study demonstrated that
treatment with H2O2 induces a dose-dependent increase in
MIC-1 mRNA levels; this may suggest that MIC-1 is involved
in the stress response of adipocytes. The effect of 15d-PGJ2, a
natural ligand that activates PPAR␥, on MIC-1 gene expression was also assessed, and it led to a marked increase in
MIC-1 mRNA level.
We further investigated whether MIC-1 production in human
adipocytes was also affected by some of these agents. Consistent
with the observation in 3T3-L1 cells, TNF-␣ had no effect on
MIC-1 mRNA levels in human adipocytes. MIC-1 protein release was also unaffected by TNF-␣, although the induction of
MIC-1 mRNA and protein by TNF-␣ has been reported in macrophages (1, 15). The cell-specific responses of MIC-1 expression
to TNF-␣ presumably reflect the different immunological nature
of adipocytes compared with macrophages.
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H2O2 induced a marked increase in MIC-1 gene expression in
human adipocytes, in line with the observations in 3T3-L1 adipocytes, and MIC-1 protein secretion was also increased with the
treatment. As an inducer of oxidative stress, H2O2 has been
shown to strongly increase MIC-1 gene transcripts in human
lung epithelial cells (34) and protein expression in human macrophages (15). MIC-1 expression in humans is also up-regulated
by other stress conditions such as tissue injury, cancer, and anoxia (16, 18, 35). The induction of MIC-1 production in adipocytes by H2O2 may suggest a role for the cytokine in defense
against stress in adipose tissue. Although the exact molecular
pathways in adipocytes await future experiments, MIC-1 is considered as a prominent downstream mediator of p53 function in
cellular stress signaling (36).
MIC-1 production in human adipocytes is stimulated by
15d-PGJ2, and the effect is comparable in scale with that observed
with 3T3-L1 cells and is accompanied by a rise in MIC-1 protein
release. Our findings thus indicate the involvement of 15d-PGJ2 in
modulating MIC-1 synthesis and secretion in adipocytes. 15d-PGJ2
has been reported to induce MIC-1 protein expression, promoting apoptosis in cancer cells (37). In addition, 15d-PGJ2 has been
linked to the suppression of monocyte activation (38), inhibition
of angiogenesis (39), and antiinflammatory responses (40). Interestingly, a potential antiinflammatory function of MIC-1 has
been reported in macrophages becauseMIC-1 attenuated LPSinduced TNF-␣ secretion (1). Thus, the major stimulatory effect
of 15d-PGJ2 on MIC-1 production reported here may imply potential roles for the cytokine in adipocytes.
In the present study, the putative role of MIC-1 in adipose
tissue was explored by examining its effects on the secretion of
other adipokines that are involved in adipocyte metabolism.
ZAG is a recently identified adipokine that has been implicated
in adipose atrophy in cancer cachexia (26, 27, 41). Because
MIC-1 mediates cachexia, we assessed whether MIC-1 affects
ZAG production in adipocytes, thereby influencing fat mass. As
observed in this study, MIC-1 had no significant effect on ZAG
protein release by adipocytes so that MIC-1 is unlikely to play a
key role in the regulation of ZAG production. Adiponectin, abundantly expressed in adipocytes, is an insulin-sensitizing adipokine
(42). In contrast to other adipokines whose levels increase with fat
mass, circulating adiponectin is inversely associated with adiposity
(43). It is evident that adiponectin acts through activation of AMP
kinase to stimulate glucose uptake and fatty acid oxidation and
decreases vascular inflammation (44). We found that MIC-1, at
physiologically relevant concentrations, increased adiponectin release from human adipocytes. This suggests that MIC-1 could act as
a paracrine signal to stimulate adiponectin production, and therefore, MIC-1 may well be important in modulating adiponectin action, including its insulin-sensitizing effect.
Finally, the present study shows expression of the MIC-1 gene
and protein in human adipose tissue, both visceral and sc. Interestingly, MIC-1 mRNA levels were higher in the sc than the
visceral depot, as has been reported previously for leptin, for
example (45). Moreover, there is a positive association between
MIC-1 mRNA and adiponectin mRNA levels in the two fat depots. Given the stimulatory effect of MIC-1 on adiponectin secretion by human adipocytes observed in this study, a potential
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FIG. 6. MIC-1 gene and protein expression in human adipose tissue. A, RT-PCR analysis of RNA isolated from human visceral and sc fat. B, MIC-1 mRNA levels in
paired human visceral and sc fat by real-time PCR. Data are means ⫾ SEM (n ⫽ 11). *, P ⬍ 0.05 compared with the mean value of visceral fat. C, Western blot of MIC-1
preprotein and mature protein in visceral and sc fat. D, MIC-1 protein levels in paired human visceral and sc fat samples. Data are means ⫾ SEM (n ⫽ 5). E, Comparison
of mRNA levels of MIC-1 and adiponectin in visceral (Pearson correlation, r ⫽ 0.43, P ⬍ 0.05, n ⫽ 23) and sc depot (Pearson correlation, r ⫽ 0.65, P ⬍ 0.01, n ⫽ 16).
F, Comparison of MIC-1 mRNA levels and BMI in visceral (Pearson correlation, r ⫽ ⫺0.53, P ⬍ 0.01, n ⫽ 23) and sc depot (Pearson correlation, r ⫽ ⫺0.56, P ⬍ 0.05,
n ⫽ 17). G, Comparison of MIC-1 mRNA levels and body fat mass in visceral (Pearson correlation, r ⫽ ⫺0.47, P ⬍ 0.05, n ⫽ 23) and sc depot (Pearson correlation, r ⫽
⫺0.49, P ⬍ 0.05, n ⫽ 17).

functional link between the two adipokines in adipose tissue is a
possibility, but further studies are needed to substantiate this. In
addition, our study shows that MIC-1 mRNA levels are decreased
with increased body adiposity in humans with a wide range of BMI
and body fat mass. This suggests that MIC-1 may have a role, directly or indirectly such as through up-regulation of adiponectin, in
modulating body fat accumulation. However, there is a lack of
significant association between MIC-1 expression and plasma insulin or HOMA-IR. Whether adipose tissue-derived MIC-1 is
strongly influenced by insulin requires further studies.
In conclusion, our study clearly demonstrates that the MIC-1
gene is expressed in the major adipose depots in mice and humans
and in mature adipocytes. We also show that MIC-1 is a secretory product of both preadipocytes and differentiated adipocytes. Recombinant MIC-1 enhances adiponectin release from
adipocytes, suggesting that MIC-1 is a positive regulator of adiponectin. In addition, MIC-1 expression in human adipose tissue
is negatively associated with body fat mass and may influence
adiposity. Finally, MIC-1 is a novel adipokine that may well have
a paracrine role in the modulation of adipose tissue function and
could even be a potential target for obesity treatment.

Acknowledgments
We thank Mr. Leif Hunter and Dr. Theodora Tzanavari for expert assistance and Dr. Jonathan Pinkney for organizing the tissue collection.
Address all correspondence and requests for reprints to: Dr. Chen
Bing, Obesity Biology Research Unit, School of Clinical Sciences, University of Liverpool, Liverpool L69 3GA, United Kingdom. E-mail:
bing@
liverpool.ac.uk.
This work was supported by the Liverpool University Research and
Development Fund and the Biotechnology and Biological Sciences Research Council (BBE015379).
Disclosure Summary: The authors have nothing to declare.

References
1. Bootcov MR, Bauskin AR, Valenzuela SM, Moore AG, Bansal M, He XY,
Zhang HP, Donnellan M, Mahler S, Pryor K, Walsh BJ, Nicholson RC, Fairlie
WD, Por SB, Robbins JM, Breit SN 1997 MIC-1, a novel macrophage inhibitory cytokine, is a divergent member of the TGF-␤ superfamily. Proc Natl
Acad Sci USA 94:11514 –11519
2. Fairlie WD, Moore AG, Bauskin AR, Russell PK, Zhang HP, Breit SN 1999
MIC-1 is a novel TGF-␤ superfamily cytokine associated with macrophage
activation. J Leukoc Biol 65:2–5

1696

Ding et al.

MIC-1 Is a New Adipokine

3. Bauskin AR, Zhang HP, Fairlie WD, He XY, Russell PK, Moore AG, Brown
DA, Stanley KK, Breit SN 2000 The propeptide of macrophage inhibitory
cytokine (MIC-1), a TGF-␤ superfamily member, acts as a quality control
determinant for correctly folded MIC-1. EMBO J 19:2212–2220
4. Hromas R, Hufford M, Sutton J, Xu D, Li Y, Lu L 1997 PLAB, a novel placental
bone morphogenetic protein. Biochim Biophys Acta 1354:40 – 44
5. Lawton LN, Bonaldo MF, Jelenc PC, Qiu L, Baumes SA, Marcelino RA, de
Jesus GM, Wellington S, Knowles JA, Warburton D, Brown S, Soares MB 1997
Identification of a novel member of the TGF-␤ superfamily highly expressed in
human placenta. Gene 203:17–26
6. Tan M, Wang Y, Guan K, Sun Y 2000 PTGF-␤, a type ␤ transforming growth
factor (TGF-␤) superfamily member, is a p53 target gene that inhibits tumor
cell growth via TGF-␤ signaling pathway. Proc Natl Acad Sci USA 97:109 –114
7. Paralkar VM, Vail AL, Grasser WA, Brown TA, Xu H, Vukicevic S, Ke HZ,
Qi H, Owen TA, Thompson DD 1998 Cloning and characterization of a novel
member of the transforming growth factor-␤/bone morphogenetic protein
family. J Biol Chem 273:13760 –13767
8. Baek SJ, Horowitz JM, Eling TE 2001 Molecular cloning and characterization of
human nonsteroidal anti-inflammatory drug-activated gene promoter. Basal transcription is mediated by Sp1 and Sp3. J Biol Chem 276:33384 –33392
9. Bottner M, Laaff M, Schechinger B, Rappold G, Unsicker K, Suter-Crazzolara
C 1999 Characterization of the rat, mouse, and human genes of growth/differentiation factor-15/macrophage inhibiting cytokine-1 (GDF-15/MIC-1).
Gene 237:105–111
10. Bottner M, Suter-Crazzolara C, Schober A, Unsicker K 1999 Expression of a
novel member of the TGF-␤ superfamily, growth/differentiation factor-15/
macrophage-inhibiting cytokine-1 (GDF-15/MIC-1) in adult rat tissues. Cell
Tissue Res 297:103–110
11. Kim KS, Baek SJ, Flake GP, Loftin CD, Calvo BF, Eling TE 2002 Expression
and regulation of nonsteroidal anti-inflammatory drug-activated gene
(NAG-1) in human and mouse tissue. Gastroenterology 122:1388 –1398
12. Agarwal MK, Hastak K, Jackson MW, Breit SN, Stark GR, Agarwal ML 2006
Macrophage inhibitory cytokine 1 mediates a p53-dependent protective arrest
in S phase in response to starvation for DNA precursors. Proc Natl Acad Sci
USA 103:16278 –16283
13. Lambert JR, Kelly JA, Shim M, Huffer WE, Nordeen SK, Baek SJ, Eling TE,
Lucia MS 2006 Prostate derived factor in human prostate cancer cells: gene
induction by vitamin D via a p53-dependent mechanism and inhibition of
prostate cancer cell growth. J Cell Physiol 208:566 –574
14. Ichikawa T, Suenaga Y, Koda T, Ozaki T, Nakagawara A 2008 TAp63-dependent induction of growth differentiation factor 15 (GDF15) plays a critical role in
the regulation of keratinocyte differentiation. Oncogene 27:409 – 420
15. Schlittenhardt D, Schober A, Strelau J, Bonaterra GA, Schmiedt W, Unsicker
K, Metz J, Kinscherf R 2004 Involvement of growth differentiation factor-15/
macrophage inhibitory cytokine-1 (GDF-15/MIC-1) in oxLDL-induced apoptosis of human macrophages in vitro and in arteriosclerotic lesions. Cell
Tissue Res 318:325–333
16. Zimmers TA, Jin X, Hsiao EC, McGrath SA, Esquela AF, Koniaris LG 2005
Growth differentiation factor-15/macrophage inhibitory cytokine-1 induction
after kidney and lung injury. Shock 23:543–548
17. Zimmers TA, Jin X, Hsiao EC, Perez EA, Pierce RH, Chavin KD, Koniaris LG
2006 Growth differentiation factor-15: induction in liver injury through p53
and tumor necrosis factor-independent mechanisms. J Surg Res 130:45–51
18. Welsh JB, Sapinoso LM, Kern SG, Brown DA, Liu T, Bauskin AR, Ward RL,
Hawkins NJ, Quinn DI, Russell PJ, Sutherland RL, Breit SN, Moskaluk CA,
Frierson Jr HF, Hampton GM 2003 Large-scale delineation of secreted protein
biomarkers overexpressed in cancer tissue and serum. Proc Natl Acad Sci USA
100:3410 –3415
19. Koopmann J, Buckhaults P, Brown DA, Zahurak ML, Sato N, Fukushima N,
Sokoll LJ, Chan DW, Yeo CJ, Hruban RH, Breit SN, Kinzler KW, Vogelstein
B, Goggins M 2004 Serum macrophage inhibitory cytokine 1 as a marker of
pancreatic and other periampullary cancers. Clin Cancer Res 10:2386 –2392
20. Bauskin AR, Brown DA, Kuffner T, Johnen H, Luo XW, Hunter M, Breit SN
2006 Role of macrophage inhibitory cytokine-1 in tumorigenesis and diagnosis of cancer. Cancer Res 66:4983– 4986
21. Johnen H, Lin S, Kuffner T, Brown DA, Tsai VW, Bauskin AR, Wu L,
Pankhurst G, Jiang L, Junankar S, Hunter M, Fairlie WD, Lee NJ, Enriquez RF,
Baldock PA, Corey E, Apple FS, Murakami MM, Lin EJ, Wang C, During MJ,
Sainsbury A, Herzog H, Breit SN 2007 Tumor-induced anorexia and weight
loss are mediated by the TGF-␤ superfamily cytokine MIC-1. Nat Med 13:
1333–1340
22. Eling TE, Baek SJ, Shim M, Lee CH 2006 NSAID activated gene (NAG-1), a
modulator of tumorigenesis. J Biochem Mol Biol 39:649 – 655
23. Trayhurn P, Bing C 2006 Appetite and energy balance signals from adipocytes.
Philos Trans R Soc Lond B Biol Sci 361:1237–1249

Endocrinology, April 2009, 150(4):1688 –1696

24. MacDougald OA, Burant CF 2007 The rapidly expanding family of adipokines. Cell Metab 6:159 –161
25. Haugen F, Jorgensen A, Drevon CA, Trayhurn P 2001 Inhibition by insulin of
resistin gene expression in 3T3-L1 adipocytes. FEBS Lett 507:105–108
26. Bing C, Bao Y, Jenkins J, Sanders P, Manieri M, Cinti S, Tisdale MJ, Trayhurn
P 2004 Zinc-␣2-glycoprotein, a lipid mobilizing factor, is expressed in adipocytes and is up-regulated in mice with cancer cachexia. Proc Natl Acad Sci USA
101:2500 –2505
27. Bao Y, Bing C, Hunter L, Jenkins JR, Wabitsch M, Trayhurn P 2005 Zinc␣2-glycoprotein, a lipid mobilizing factor, is expressed and secreted by human
(SGBS) adipocytes. FEBS Lett 579:41– 47
28. Schagger H, von Jagow G 1987 Tricine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis for the separation of proteins in the range from 1 to 100
kDa. Anal Biochem 166:368 –379
29. Cinti S, Zingaretti MC, Cancello R, Ceresi E, Ferrara P 2001 Morphologic
techniques for the study of brown adipose tissue and white adipose tissue.
Methods Mol Biol 155:21–51
30. Xu J, Kimball TR, Lorenz JN, Brown DA, Bauskin AR, Klevitsky R, Hewett
TE, Breit SN, Molkentin JD 2006 GDF15/MIC-1 functions as a protective and
antihypertrophic factor released from the myocardium in association with
SMAD protein activation. Circ Res 98:342–350
31. Tanno T, Bhanu NV, Oneal PA, Goh SH, Staker P, Lee YT, Moroney JW, Reed
CH, Luban NL, Wang RH, Eling TE, Childs R, Ganz T, Leitman SF, Fucharoen
S, Miller JL 2007 High levels of GDF15 in thalassemia suppress expression of the
iron regulatory protein hepcidin. Nat Med 13:1096 –1101
32. Antunes TT, Gagnon A, Chen B, Pacini F, Smith TJ, Sorisky A 2006 Interleukin-6 release from human abdominal adipose cells is regulated by thyroidstimulating hormone: effect of adipocyte differentiation and anatomic depot.
Am J Physiol Endocrinol Metab 290:E1140 –E1144
33. Peeraully MR, Jenkins JR, Trayhurn P 2004 NGF gene expression and secretion in white adipose tissue: regulation in 3T3-L1 adipocytes by hormones and
inflammatory cytokines. Am J Physiol Endocrinol Metab 287:E331–E339
34. Dandrea T, Hellmold H, Jonsson C, Zhivotovsky B, Hofer T, Warngard L,
Cotgreave I 2004 The transcriptosomal response of human A549 lung cells to
a hydrogen peroxide-generating system: relationship to DNA damage, cell
cycle arrest, and caspase activation. Free Radic Biol Med 36:881– 896
35. Albertoni M, Shaw PH, Nozaki M, Godard S, Tenan M, Hamou MF, Fairlie
DW, Breit SN, Paralkar VM, de Tribolet N, Van Meir EG, Hegi ME 2002
Anoxia induces macrophage inhibitory cytokine-1 (MIC-1) in glioblastoma
cells independently of p53 and HIF-1. Oncogene 21:4212– 4219
36. Baek SJ, Wilson LC, Eling TE 2002 Resveratrol enhances the expression of
non-steroidal anti-inflammatory drug-activated gene (NAG-1) by increasing
the expression of p53. Carcinogenesis 23:425– 434
37. Baek SJ, Kim JS, Nixon JB, DiAugustine RP, Eling TE 2004 Expression of
NAG-1, a transforming growth factor-␤ superfamily member, by troglitazone
requires the early growth response gene EGR-1. J Biol Chem 279:6883– 6892
38. Hounoki H, Sugiyama E, Mohamed SG, Shinoda K, Taki H, Abdel-Aziz HO,
Maruyama M, Kobayashi M, Miyahara T 2008 Activation of peroxisome
proliferator-activated receptor ␥ inhibits TNF-␣-mediated osteoclast differentiation in human peripheral monocytes in part via suppression of monocyte
chemoattractant protein-1 expression. Bone 42:765–774
39. Xin X, Yang S, Kowalski J, Gerritsen ME 1999 Peroxisome proliferator-activated receptor ␥ ligands are potent inhibitors of angiogenesis in vitro and in
vivo. J Biol Chem 274:9116 –9121
40. Monroy MA, Opperman KK, Pucciarelli M, Yerrum S, Berg DA, Daly JM
2007 THE PPAR␥ ligand 15d-PGJ2 modulates macrophage activation after
injury in a murine trauma model. Shock 28:186 –191
41. Bing C, Russell S, Becket E, Pope M, Tisdale MJ, Trayhurn P, Jenkins JR 2006
Adipose atrophy in cancer cachexia: morphologic and molecular analysis of
adipose tissue in tumour-bearing mice. Br J Cancer 95:1028 –1037
42. Yamauchi T, Kamon J, Waki H, Terauchi Y, Kubota N, Hara K, Mori Y, Ide
T, Murakami K, Tsuboyama-Kasaoka N, Ezaki O, Akanuma Y, Gavrilova O,
Vinson C, Reitman ML, Kagechika H, Shudo K, Yoda M, Nakano Y, Tobe K,
Nagai R, Kimura S, Tomita M, Froguel P, Kadowaki T 2001 The fat-derived
hormone adiponectin reverses insulin resistance associated with both lipoatrophy and obesity. Nat Med 7:941–946
43. Bruun JM, Lihn AS, Verdich C, Pedersen SB, Toubro S, Astrup A, Richelsen B
2003 Regulation of adiponectin by adipose tissue-derived cytokines: in vivo and
in vitro investigations in humans. Am J Physiol Endocrinol Metab 285:E527–533
44. Whitehead JP, Richards AA, Hickman IJ, Macdonald GA, Prins JB 2006 Adiponectin—a key adipokine in the metabolic syndrome. Diabetes Obes Metab
8:264 –280
45. Montague CT, Prins JB, Sanders L, Digby JE, O’Rahilly S 1997 Depot- and
sex-specific differences in human leptin mRNA expression: implications for
the control of regional fat distribution. Diabetes 46:342–347

