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ORIGINAL ARTICLE

Endocrine Research

Matrix Metalloproteinase-9 Is Increased in Obese
Subjects and Decreases in Response to Pioglitazone

Resat Unal, Aiwei Yao-Borengasser, Vijayalakshmi Varma, Neda Rasouli,
Craig Labbate, Philip A. Kern, and Gouri Ranganathan

The Central Arkansas Veterans Healthcare System (A.Y.-B., V.V., N.R,, C.L., G.R.), and the Department
of Medicine, Division of Endocrinology, University of Arkansas for Medical Sciences, Little Rock, Arkansas
72205; and Division of Endocrinology (R.U., P.A.K.), Department of Medicine, University of Kentucky,
and Barnstable Brown Diabetes and Obesity Center, Lexington, Kentucky 40536

Context: The study investigated the regulation of matrix metalloproteinases (MMP)-9 in obesity-
associated insulin resistance in humans.

Objectives: The objectives of the investigation were to study MMP-9 regulation by insulin
resistance and pioglitazone treatment in impaired glucose tolerant subjects using adipose tissue bi-
opsies and study the mechanism of MMP-9 regulation by pioglitazone in adipocyte cultures.

Research Design: 86 nondiabetic, weight-stable subjects between 21 and 66 yr of age were re-
cruited in a university hospital research center setting. All subjects underwent a sc adipose tissue
incisional biopsy from the lower abdominal wall and insulin sensitivity testing using a frequently
sampled iv glucose tolerance test. Impaired glucose-tolerant subjects were randomized to receive
metformin or pioglitazone for 10 wk. To study the mechanism of MMP-9 regulation in adipocytes,
cells were treated with pioglitazone or protein kinase Ca antisense oligomers, and MMP-9 levels
were examined.

Results: There was a positive correlation between MMP-9 and body mass index (r = 0.40, P < 0.01)
and negative correlation between MMP-9 and insulin sensitivity (r = —0.46, P < 0.001). The im-
provement in insulin sensitivity from pioglitazone resulted in a 52 = 0.2% reduction in MMP-9
mRNA. Fractionation of adipose tissue indicated that MMP-9 was mostly in the stromal vascular
fraction. Pioglitazone also decreased MMP-9 in 3T3-F442A adipocytes and THP1 macrophages.
Coculture of adipocytes with macrophages augmented MMP-9 expression in adipocytes and pio-
glitazone decreased MMP-9 in both adipocytes and macrophages.

Conclusion: These data indicate that MMP-9 is elevated in insulin resistance and is reduced by
pioglitazone. (J Clin Endocrinol Metab 95: 2993-3001, 2010)

he loss of the balance between food intake and energy
T expenditure results in a massive expansion of adipose
tissue, which is defined as obesity. Obesity is a growing ep-
idemic and is associated with metabolic diseases such as in-
sulin resistance, hypertension, and cardiovascular disease
(1). Chronic inflammation is one of the major consequences,
which results in dysfunction of adipose tissue in obese
patients (2).
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With the expansion of adipose tissue and the enlarge-
ment of fat cells, there is a considerable need for constant
remodeling of the stromal matrix (3). Matrix metallopro-
teinases (MMPs) are proteolytic enzymes that are respon-
sible for remodeling extracellular matrix by affecting the
degradation and turnover of connective tissue and base-
ment membrane proteins such as collagen, proteoglycans,
and elastin. MMPs are a family of more than 23 members

Abbreviations: ADHASC, Adult-derived human adipocyte stem cell; BMI, body mass index;
IGT, impaired glucose tolerant; LPL, lipoprotein lipase; MMP, matrix metalloproteinase;
NGT, normal glucose tolerant; PKC, protein kinase C; PMA, phorbol myristyl acetate; PPAR,
peroxisomal proliferator-activated receptor; S, insulin sensitivity; SVF, stromal vascular
fraction.
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and each MMP is a product of a different gene, yet there
are shared structural features, and all MMPs are multiple
domains containing proteins with a catalytic zinc-binding
domain (4, 5). There are several studies suggesting that
MMPs play an important role in obesity-mediated adipose
tissue remodeling (6). Studies on the Pima Indian popu-
lation indicated that MMP-9 levels are increased in the
stromal vascular fraction of obese subjects (7), suggesting
the role of MMP-9 in the expansion/remodeling of the
obese adipose tissue.

A number of previous studies linked MMP9 to protein
kinase C (PKC)-a, which in turn has been implicated in the
development of insulin resistance. Obesity and insulin re-
sistance are associated with elevated nonesterified fatty
acids, and the formation of cellular diacylglycerol after
adipocyte lipolysis activates many PKC isoforms, includ-
ing PKCa (8, 9). Up-Regulation of MMP-9 has been dem-
onstrated in bronchial epithelial cells in response to phor-
bol myristyl acetate (PMA) treatment, and the increase in
MMP-9 was inhibited by isoform-specific PKC inhibitors
(10). The transcriptional activation of MMP-9 was iden-
tified as PKCa-nuclear factor-«B mediated and in vitro
studies with hepatocarcinoma cells demonstrated that
PKC-dependent nuclear factor-«B activation is essential
for MMP-9 induction by PMA (11).

This study examined the expression of MMP-9 in the
adipose tissue of subjects with a wide range of body mass
index (BMI) and insulin sensitivity (S;), and the regulation
of MMP-9 by the insulin sensitizer pioglitazone both in
vivo and in vitro. MMP-9 was increased in insulin-resis-
tant subjects and was decreased by pioglitazone for 10 wk
along with an improvement in insulin sensitivity and the
inhibition of MMP-9 expression by pioglitazone was me-
diated by PKCa-dependent mechanisms.

Subjects and Methods

Human subject recruitment

We recruited generally healthy nondiabetic subjects by local
advertisement. All subjects provided written, informed consent
under protocols approved by the local institutional review
board, and studies were conducted at the University of Arkansas
Medical Center/Central Arkansas Veterans Healthcare System-
General Clinical Research Center. Subjects were included if fast-
ing glucose was less than 126 mg/dl and 2-h postchallenge glu-
cose was less than 200 mg/dl determined by an initial 75-g oral
glucose tolerance test. Subjects classified as normal glucose tol-
erant (NGT) had fasting glucose of less than 110 mg/dl and 2-h
glucose of less than 140 mg/dl, and impaired glucose-tolerant
(IGT) subjects had 2-h glucose of 140-199 mg/dl. Eighty-six
nondiabetic subjects were recruited for this study (70 women and
16 men), of whom 41 had IGT. The subjects were weight stable
and between 21 and 66 yr of age. Subjects with a history of
coronary artery disease were excluded. All subjects underwent a
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sc adipose tissue incisional biopsy from the lower abdominal
wall and insulin sensitivity testing using a frequently sampled iv
glucose tolerance test. IGT subjects were randomized to receive
metformin or pioglitazone, with a 2-wk dose escalation followed
by 8 wk at 1000 mg twice per day of metformin or 45 mg daily
of pioglitazone. After 10 wk of treatment, the oral and iv glucose
tolerance tests and biopsy were repeated. Many of the subjects
described in this study are the same subjects who have been
included in previous studies (12, 13).

Insulin sensitivity measurement

S; was measured by insulin-modified frequently sampled iv
glucose tolerance test using a glucose infusion of 11.4 g/m? and
an insulin injection of 0.04 U/kg, as described previously (14).
Plasma insulin was measured using a chemiluminescent assay
(Molecular Light Technology Research, Ltd., Cardiff, Wales,
UK), and plasma glucose was determined by duplicate determi-
nations using the glucose oxidase method. S; was calculated from
the insulin and glucose data using the MINMOD program (15).

RNA isolation and real-time RT-PCR

Total RNA from adipose tissue was extracted using an RNeasy
lipid tissue minikit from QIAGEN (Valencia, CA). The quantity
and quality of the isolated RNA was determined using Agilent
2100 Bioanalyzer (Palo Alto, CA). One microgram of total RNA
was reverse transcribed using random hexamer primers with Tag-
Man RT reagents (Applied Biosystems, Foster City, CA). Reverse-
transcribed RNA was amplified with SYBR Green PCR master
mix (Applied Biosystems) plus 0.3 mMm of gene-specific upstream
and downstream primers during 35 cycles on a Rotor-Gene 3000
using real-time thermal cycler (Corbett Research, Sydney, Austra-
lia). Each cycle consisted of denaturation at 94 C for 20 sec, an-
nealing at 58 C for 20 sec, and extension at 72 C for 20 sec.
Amplified 18S expression was used as a standard control to nor-
malize the differences in individual samples. There was no corre-
lation between 18S RNA and BMI or S;, and similar results were
obtained when mRNA data were expressed in terms of total RNA.
The primer sequences for human MMP-9 and 18S RNA, as well as
mouse MMP-9 and PKCa, are described below. All data were
expressed in relation to 18S RNA and standard curves were gen-
erated using pooled cDNA from the samples being assayed. There-
fore, the data represent arbitrary units, which accurately compare
samples within each assay but do not necessarily accurately com-
pare samples between different assays. All samples were analyzed
twice; to avoid genomic DNA contamination, primers were also
designed spanning an intron. The primers used for amplification
are as follows: human MMP-9, forward, 5'-CCTTCTACGGC-
CACTACT-3', reverse, 5'-ATGGCGTCGAAGATGTTCA-3';
mouse MMP-9, forward, 5'-CCAACTATGACCAGGATAAAC-
3’, reverse, 5'-TTCTTGTCAGTGTCGAAGTTC-3’; mouse
PKCa, forward, 5'-CCCATTCCAGAAGGAGATGA-3/, reverse,
5'-CGTTGACGTATTCCATGACG-3’; 18S, forward, 5'-TTC-
GAACGTCTGCCCTATCAA-3’, reverse, 5'-ATGGTAGG-
CACGGCGACTA-3".

Fractionation of adipocytes and stromal vascular
fraction (SVF) from whole adipose tissue

Adipocytes and SVF are separated from adipose tissue spec-
imens obtained by biopsy using procedures described earlier

(13). Adipose tissue was digested with 5 volumes of collagenase
type 1 (Worthington, Freehold, NJ) containing 3% BSA and §
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mM dextrose in 20 mMm HEPES (pH 7.4). After digestion the
collagenase was inactivated by the addition of 5% serum, and
adipocytes and stromal vascular cells were separated by centrif-
ugation at 1000 X g. To ensure that the preparation of adipo-
cytes was relatively free of other cell types, the floating layer of
adipocytes was washed in PBS and recovered after a second low-
speed centrifugation. In previous studies, 10 times more lipopro-
tein lipase (LPL) was found in the adipocyte fraction, compared
with the SVF, and 14 times more CD68 was expressed by the
SVF, compared with the adipocyte fraction (13, 16). RNA was
isolated from the adipocyte and stromal vascular fractions using
lipid RNAeasy kit (QIAGEN).

Cell culture and differentiation

3T3-F442A adipocytes were obtained from Dr. Howard
Green (Harvard Medical School, Boston, MA). Cells were main-
tained in DMEM (Life Technologies, Inc., Grand Island, NY),
supplemented with 10% calf serum. For experiments, cells were
grown to confluence and stimulated to differentiate in DMEM
containing 10% fetal bovine serum and 100 nM insulin for 14 d.
For pioglitazone treatment, adipocytes differentiated for 14 d
were cultured in plain DMEM with the specified concentration
of pioglitazone (0, 1.0, 3.0, or 10.0 um) added for 24 h, and
medium was assayed for MMP-9 using Western blot or gelati-
nase B zymography to measure activity.

Culture and treatment of THP1 cells

Human monocytes THP1 cells (American Type Culture Col-
lection, Manassas, VA) are maintained in RPMI 1640 with 10%
fetal bovine serum and 1% penicillin-streptomycin. To obtain
macrophages, cells were cultured in serum-free culture medium
with 250 nm phorbol ester (12-O-tetradecanoylphorbol-13-ac-
etate) for 3 d to differentiate the THP1 monocyte to macro-
phages, followed by culture in the absence of phorbol ester. Cells
were treated with pioglitazone as specified for 24 h in serum-free
medium to measure MMP-9 expression and secretion.

Adipocyte-macrophage coculture experiments
Adipocytes were derived by differentiation of adult-derived
human adipocyte stem cells (ADHASCs) obtained from normal
women undergoing adipose liposuction, based on previously de-
scribed procedures (13). The preadipocyte fraction was cultured
in DMEM/Ham’s F10 (Invitrogen, Carlsbad, CA) with 10% fe-
tal bovine serum and 50 U penicillin and 50 pg streptomycin per
milliliter. For experiments, preadipocytes were grown to con-
fluence on polystyrene membrane inserts with 0.4-pm pore size
and pore density of 4 X 10%/cm? in six-well culture dishes (Corn-
ing, Corning, NY) and differentiated as described previously
(17). Adipocytes were differentiated for 14 d or until 80% dif-
ferentiation before coculturing with THP1 macrophages. THP-1
cells were differentiated into macrophages using tetradecanoyl
phorbol acetate as described above. THP1 cells were scraped and
counted for replating into companion six-well plates. In this cul-
ture system, ADHASC adipocytes and THP1 macrophages are
cultured together in the same well on two different surfaces,
which are 0.9 mm apart, exchanging the same medium. Adipo-
cytes and macrophages are cocultured for 48 h. In experiments
examining the effect of pioglitazone, the cultures or cocultures
were treated with 1.5 um pioglitazone or DMSO (vehicle for
pioglitazone) for 24 h. At the completion of the treatment, adi-
pocytes and macrophages were washed in PBS and lysed inde-
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pendently in RNA lysis buffer. All coculture experiments were
performed in triplicates and repeated for confirmation of results.

Transfection of adipocytes with oligonucleotides

Oligonucleotides were synthesized with phosphoorothioate
containing 2-methoxyethyl modification at positions 1-5 and
15-20 (Isis Pharmaceuticals, Carlsbad, CA). The sequences were
as follows: Isis 14012 antisense PKCa, 5'-CAGCCATGGTTC-
CCCCCAAC-3'; and Isis 17250 scrambled oligomer, 5’'-
CCAGTCACTCGCACCATCGC-3". All oligomers were syn-
thesized using an Applied Biosystems 380B automated DNA
synthesizer as described previously. Differentiated 3T3-F442A
adipocytes were transfected using serum-free DMEM containing
15 pg/ml Lipofectin (Invitrogen) and 1.0 uM PKCa antisense
oligomer for 16 h and incubated in differentiation medium for
72 h. In some experiments, pioglitazone 1 um was added during
the final 24 h. Control cultures were treated similarly but with
Lipofectin and scrambled oligomer or Lipofectin alone in the
presence of DMEM (18, 19).

Gelatin zymography

Gelatinolytic MMP activity was determined on substrate im-
pregnated gels. Briefly, samples were separated on sodium do-
decyl sulfate-10% polyacrylamide gels containing 1 mg/ml gel-
atin B (Difco, Detroit, MI) under nonreducing conditions. These
gels were washed twice with 2.5% Triton X-100, incubated for
24 hat 37 Cin 0.25 M Tris-HCI, 1 M NaCl, 25 mm CaCl2 (pH
7.4), and stained with 0.5% Coomassie G 250 (Bio-Rad, Rich-
mond, CA) in methanol/acetic acid/water (30:10:60). The clear
lysed areas (white bands) on the stained gels were measured with
a densitometer (Bio-Rad) (20).

Western blot analysis of MMP-9

Medium from THP1 cells or 3T3-F442A adipocytes treated
as specified in Results and figure legends were assayed for
MMP-9 by Western blot analysis on 10% SDS-PAGE. MMP-9
antibody was purchased from Cell Signaling Technology Inc.
(Beverly, MA).

Statistical analysis

Data were presented as mean * SE. Student’s ¢ tests were
performed to determine the statistical significance of MMP9 ex-
pression among different experimental groups. P < 0.05 was
considered significant.

Results

Adipose tissue MMP-9 mRNA levels are correlated
with obesity and insulin resistance

To determine whether MMP-9 in adipose tissue was
associated with obesity or insulin resistance, we examined
MMP-9 mRNA expression (expressed in relation to 18s
RNA) in adipose tissue biopsy samples of 86 nondiabetic
subjects with varying BMI (19-40 kg/m?) and S; (1-
13.64 X 107> X min/pmol-liter). As shown in Fig. 1A,
MMP-9 mRNA was higher in subjects with higher BMI
(r=0.40,P <0.0001,n = 86), and MMP-9 was inversely
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r=0.40, n=86, p<0.01

(arbitrary units)

(¥

Relative MMI™-9 mRNA Expression
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FIG. 1. Adipose expression of MMP-9: correlation with BMI and S,.
MMP-9 mRNA was quantitated in the adipose tissue of 86 subjects, as
described in Subjects and Methods, by real-time RT-PCR and was
expressed relative to endogenous 18S RNA. A, MMP-9 expression in
relation to BMI. B, MMP-9 expression relative to Sl (log scale). S, was
measured by frequently sampled iv glucose tolerance test.

correlated with S; (r = —0.46, P < 0.0001, n = 86) (Fig.
1B). Consistent with this stronger relationship between S;
and MMP-9, IGT subjects, who were more insulin resis-
tant than NGT subjects (IGT: S; 1.9 = 0.16; NGT: S,
3.75 £ 0.38, P < 0.001) demonstrated higher expression
of MMP-9 (IGT: 1.7 £ 0.27;NGT: 1.1 £ 0.17, P = 0.05).
As expected, BMI and S; were correlated with each other
(r=—0.62, P < 0.0001, n = 86).

Pioglitazone treatment decreased MMP-9
expression

A number of studies have demonstrated macrophage
infiltration into the adipose tissue of insulin-resistant sub-
jects along with a decrease in inflammation after thiazo-
lidinedione treatment (13). To determine whether im-
provement in S; after pioglitazone treatment altered
adipose expression of MMP-9, 41 subjects with IGT were
randomized to receive either pioglitazone or metformin
for 10 wk. Only subjects for whom pre- and posttreatment
adipose samples was available were included in the anal-
ysis. As described in previous studies, treatment with pio-
glitazone, but not metformin, resulted in an improvement
inS; (12, 13). Adipose tissue MMP-9 expression was mea-
sured in these subjects before and after pioglitazone or
metformin treatment. Pioglitazone treatment caused a sig-
nificant decrease in MMP-9 mRNA (Fig. 2). MMP-9
mRNA levels were not changed significantly after met-
formin treatment.
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FIG. 2. Effect of pioglitazone or metformin on MMP-9 expression. IGT
subjects were treated with either pioglitazone (PIO; n = 20) or
metformin (MET; n = 21) for 10 wk. MMP-9 mRNA was measured in
adipose tissue by real-time PCR as described in Subjects and Methods
and normalized to endogenous 18S RNA. The values expressed as
arbitrary units represent changes from baseline after drug treatment
(means * sem). *, P < 0.05 vs. baseline.

MMP-9 in adipocytes, macrophages, and cellular
fractions of adipose tissue

The decrease in adipose MMP-9 from pioglitazone
treatment could have resulted from the change in insulin
sensitivity or other pleiotropic effects or could have re-
sulted from a direct effect of pioglitazone on cells in adi-
pose tissue. To better understand the cellular origins and
regulation of MMP-9 in adipose tissue, we examined
MMP-9 expression in adipocytes and in the stromal vas-
cular fraction of adipose tissue using a collagenase diges-
tion to fractionate the cells (21). Although MMP-9 was
expressed in both fractions, approximately 9-fold more
MMP-9 mRNA was found in the stromal vascular fraction
of subjects (adipocytes: 0.17 = 0.03 U; SVF: 1.55 = 0.35
U, P <0.002). This finding raised the question of whether
adipocyte MMP-9 contributed significantly to total adi-
pose MMP-9 expression and whether adipocyte MMP-9
was subject to any regulation.

To assess the expression and regulation of MMP-9 in
adipocytes, experiments were performed with both the
mouse 3T3-F442A cell line differentiated for 14 d (Fig. 3)
and human ADHASCs (Table 1). To assess the direct ef-
fects of pioglitazone on 14 d differentiated 3T3-F442A
adipocytes, MMP-9 activity was studied in culture me-
dium using gelatin zymography in parallel with the mea-
surement of MMP-9 mRNA levels in the adipocytes after
treatment of the adipocytes with 1.0, 3.0, and 10 um pio-
glitazone for 24 h. MMP-9 secretion decreased with in-
creasing concentration of pioglitazone (Fig. 3A), and both
3 and 10 uMm pioglitazone decreased MMP-9 secretion by
more than 50% (P < 0.05). To examine whether piogli-
tazone altered MMP-9 mRNA expression, 3T3-F442A
adipocytes were treated for 24 h with 3 uMm pioglitazone.
MMP-9 mRNA expression also decreased by 50% after
pioglitazone treatment (P < 0.05) (Fig. 3B). Because the
SVF contains adipocyte precursors, we examined MMP-9

€202 ¥1snBny pz uo 1s9nB A $588652/€662/9/56/2101HE/Wad(/W00"dno olwapese/:sd)y WOl pepeojumod



J Clin Endocrinol Metab, June 2010, 95(6):2993-3001

W Control
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Reelative MMP-9 Proteinase Activity
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C B pre-differentiated
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1.2
1.0
08
0.6
04
02

0

(arbitrary units)

Relative MMP-9 mRNA Expression

Fad42A
FIG. 3. Effect of pioglitazone on MMP-9 activity and mRNA in 3T3-
F442A adipocytes. A, 3T3-F442A adipocytes were treated with
increasing concentrations pioglitazone (PIO; 1, 3, and 10 uM) in serum-
free medium for 24 h, and MMP-9 activity was measured using gelatin
zymography assay. Clear areas on the Coomasie stained gels are
quantitated by densitometry and represented as arbitrary units. B,
Effect of 3 um pioglitazone treatment for 24 h on MMP-9 mRNA in
3T3-F442A cells fully differentiated for 14 d. MMP-9 mRNA was
quantitated using real-time PCR, as described in Subjects and
Methods. The results represent three separate experiments performed
in duplicates as means *+ sem. C, Change in MMP-9 mRNA expression
during differentiation was quantitated on d 0, 5, 8, and 14 after
initiation of differentiation of 3T3-F442Aadipocytes. *, P < 0.05.

mRNA expression on d 0, 5, 8, and 14 after induction of
differentiation of 3T3-F442A adipocytes. MMP-9 expres-
sion was relatively high in undifferentiated preadipocytes
and decreased by 75% by d 8 after differentiation and
decreased with further differentiation on d 14 (Fig. 3C).
Thus, both preadipocytes and adipocytes express MMP-9,
and adipocyte MMP-9 is subject to regulation by
pioglitazone.

Because macrophages are present in adipose tissue, we
examined the expression and regulation of MMP-9 by

jcem.endojournals.org 2997

TABLE 1. MMP-9 and LPL expression in adipocytes

Cell culture MMP-9 LPL
Adipocytes alone 0.0035 = 0.0002  0.35 = 0.02
Adipocytes + 0.0040 = 0.0002  1.12 = 0.2°
pioglitazone

Adipocytes cocultured 0.47 = 0.07° 0.37 = 0.09
with macs

Adipocytes cocultured 0.28 + 0.04° 1.26 + 0.25°
with macs +
pioglitazone

Data are mean = sp; MMP-9 and LPL are expressed relative to 185
RNA in arbitary units. macs, Macrophages.

? P < 0.05 vs. cells not treated with pioglitazone.
b p < 0.05 vs. ADHASC adipocytes cultured alone.

pioglitazone on THP1 macrophages in culture. THP1
macrophages were treated with pioglitazone (1.5 or 3 um)
for24 h. MMP-9 mRNA expression was studied in control
and pioglitazone-treated THP1 macrophages. As shown
in Fig. 4A, pioglitazone had no effect on MMP-9 mRNA
expression. However, when MMP-9 secretion into the me-
dium was measured by Western blot, THP-1 macrophages
demonstrateda45 = 10% (P < 0.05) reductionin MMP-9
after pioglitazone treatment (Fig. 4B).

To determine whether there are interactions between
adipocytes and macrophages that may explain the changes
that occur in whole adipose tissue, coculture experiments
were performed using human ADHASC adipocytes and
the human THP1 macrophage cell line. As described in
Subjects and Methods, human ADHASC adipocytes were
grown and differentiated on inserts and then cocultured
for 48 h with THP-1 macrophages, which were grown and
differentiated in six-well plates to determine the effects of

A B Control  Pioglitazone
B s <= MMP-9 (82kDa)
L 120
® Control -
z Control
g B PIO(1.5pM) g
3 O PO £ O PIO (3uM)
£ g
] g %0
<Z 10 i
4 3% .
E P T
2 £ o E
&35 a2
== Sfw
% 0.5 ==
- ]
Z 2
3 ]
=
# -1
L. 0

0

FIG. 4. Effect of pioglitazone on MMP-9 protein and mRNA
expression in THP1 macrophage cells. THP1 macrophages were
differentiated as described in Subjects and Methods and treated with
pioglitazone (PIO; 1.5 or 3 um) for 24 h in serum-free medium. A,
MMP9 mRNA expression was measured by real-time PCR and
expressed relative to 18S RNA. B, MMP-9 protein secretion was
measured in medium by Western blots using specific antibodies as
described in Subjects and Methods. Relative expression on MMP-9
secretion is expressed as arbitrary units. *, P < 0.05 vs. control.
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E z 5 and 10 pMm pioglitazone (P < 0.05). To
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Rl # ek examine the effects of PKCa on MMP-9
z S more directly, 3T3-F442A adipocytes
= 3 0 — were treated with antisense oligos to
Antisense PKCea. In previous studies, these anti-
C _Control _PKCalpha D Contral AsPRCa  AvPKCa+PIO i d d b
% < wosnon  S€Nse oligos were demonstrated to be
Rleait s o specific to the PKCa isoform (18).
g * 4 B APKCalpha Treatment of adipocytes with 1 uM an-
30 . < O AsPRC alpha+PIO ) .
P 0 Somrol . PRC alphe $ - 2] tisense oligomers to PKCa caused a
- :Ei modest decrease (45 *+ 10%) in PKCa
i1 . £g s mRNA expression (Fig. 5B) and also re-
gpt £ .,/ sultedina 60 = 5% (P < 0.05) decrease
5 B i in MMP-9 secretion into the medium,
% 03 AR using zymography to measure MMP-9
g L = - activity (Fig. 5C). Because pioglitazone

FIG. 5. Dose-dependent effect of pioglitazone treatment on PKCa mRNA and effect of PKCa
depletion on MMP-9 activity in 3T3-F442A adipocytes. A, Adipocytes were treated with
increasing concentration of pioglitazone (PIO; 1, 3, and 10 um) for 24 h, and PKCa mRNA
was measured using real-time PCR. B, The decrease in PKCa after treatment of cells with
antisense oligos to PKCa. C, Effect of PKCa depletion on MMP-9 activity is measured using
gelatin zymography assay, as described in Subjects and Methods, in fully differentiated 3T3-
F442A cells. D, Fully differentiated 3T3-F442A adipocytes were treated with PKCa antisense
oligos with and without treatment with pioglitazone 1 um for 24 h. The results represent
three separate experiments performed in duplicates as means *+ sem. *, P < 0.05.

the shared medium on adipocyte MMP-9 expression. As
shown in Table 1, relative MMP-9 gene expression was
very low in cultured human adipocytes. After coculture
with macrophages, however, there was greater than 100-
fold increase in adipocyte MMP-9 expression. Although
the addition of pioglitazone to the coculture had no effect
on the low levels of MMP-9 in adipocytes alone, the ad-
dition of pioglitazone decreased the adipocyte expression
of MMP-9 in the adipocyte/macrophage coculture. As ex-
pected, LPL expression increased in the adipocytes in re-
sponse to pioglitazone, both when adipocytes were cul-
tured alone and in the presence of macrophages, but
coculture with macrophages did not affect adipocyte LPL
expression.

Pioglitazone-induced MMP-9 regulation is PKCa
mediated

Previous studies showed that PMA induced PKCa ac-
tivation and up-regulated MMP-9 expression in bronchial
epithelial cells and hepatocarcinoma cells (10, 11). To de-
termine whether pioglitazone treatment affected MMP-9
expression through PKCa-dependent mechanisms, 3T3-
F442A adipocytes were treated with increasing concen-

decreased both MMP-9 and PKCa and
PKCa knockdown inhibited MMP-9,
these data suggested that the effects of
pioglitazone occurred through PKCa.
To obtain further evidence for this, adi-
pocytes were treated with the antisense
RNA to PKCea and also with pioglita-
zone. As shown in Fig. 5D, PKCa anti-
sense RNA treatment resulted in a de-
crease in MMP-9 activity, using zymography. The
addition of pioglitazone to PKCa antisense RNA-treated
cells did not have an additive effect and did not decrease
MMP-9 activity further.

Discussion

Although there is a significant correlation between obesity
and insulin resistance, the mechanisms underlying this re-
lationship are not completely understood (2, 22). Recent
studies have been focused on the potential role of the ad-
ipose tissue extracellular matrix. Adipose tissue is an or-
gan composed of cells that can undergo considerable volu-
metric expansion during the progression from the lean to
obese state. Such an expansion of fat cell size would re-
quire a pliant extracellular matrix, and recent studies sug-
gested that the absence of such a pliant matrix could lead
to adipose tissue inflammation, which characterizes the
adipose tissue of subjects with insulin resistance and other
features of the metabolic syndrome (23).

Tissue remodeling is a normal physiological process
regulated by a balance between synthesis and degradation
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of the extracellular matrix. Although there is significant
correlation between obesity and insulin resistance, the
pathophysiology of this relationship is not completely un-
derstood (24). MMPs are proteolytic enzymes that play an
essential role in extracellular matrix remodeling. MMPs
are involved in two important events of this process and
control proteolysis and adipogenesis during obesity-me-
diated fat mass development (235). Several previous studies
suggested a role for MMPs in adipose tissue remodeling.
Obese mice expressed higher levels of numerous MMPs
(6), and studies in Pima Indians indicated that MMP-9
levels are increased in the SVF of adipose tissue in obese
subjects (7). No other study has carefully examined the
regulation of MMP-9 in humans, and in this study we
examined the relationship between MMP-9 and insulin
resistance and the response to insulin sensitizers, and we
performed studies to examine the cellular regulation of
MMP-9 in adipose tissue.

Tounderstand the role of MMP-9 in obesity and insulin
resistance, we measured MMP-9 in humans over a wide
range of obesity and insulin resistance. MMP-9 expression
correlated positively with BMI and negatively with insulin
sensitivity. Some of the subjects in this study had been
treated with the insulin sensitizers pioglitazone or met-
formin, and previous studies have described the clinical
findings in these subjects more fully (12). Although pio-
glitazone and metformin both improve insulin sensitivity,
they have different mechanisms of action. Pioglitazone is
a peroxisomal proliferator-activated receptor (PPAR)-y
agonist that targets adipose tissue and reduces inflamma-
tion and results in a decrease in lipotoxicity (12, 26). Met-
formin reduces blood glucose levels by decreasing hepatic
glucose output; the precise target for metformin is not
clear, but increases in AMP kinase have been described in
vitro (27, 28). Pioglitazone treatment resulted in a de-
crease in MMP-9 expression in adipose tissue.

To assess the direct effects of pioglitazone on adipocytes,
we treated fully differentiated 3T3-F442A adipocytes in cul-
ture with this PPAR yagonist. Because 3T3-F442A cells do
not require a PPARy agonist for differentiation, they are
responsive to pioglitazone. The addition of pioglitazone to
adipocytes resulted in a decrease in MMP-9 expression
and activity. In adipose tissue, however, most of the
MMP-9 expression was from the stromal vascular fraction
(20), which is composed of preadipocytes, macrophages,
and other cells. Preadipocytes expressed higher levels of
MMP-9 than adipocytes after induction of differentiation.
Although these data indicate that MMP-9 is decreased
with induction of adipocyte differentiation, MMP-9 is
also decreased with pioglitazone treatment of mature adi-
pocytes. Although mature adipocytes are fully differenti-
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ated, it is possible that pioglitazone further induces adi-
pocyte differentiation and thereby reduces MMP-9.

To assess the direct effects of pioglitazone in macro-
phages, we treated THP-1 macrophages with pioglitazone
and observed a decrease in MMP-9 protein, although no
change in THP-1 MMP-9 mRNA, suggesting posttran-
scriptional regulation of macrophage MMP-9. It is of in-
terest that pioglitazone decreases MMP-9 in both adipo-
cytes and macrophages, but in adipocytes the regulation
occurs at the level of mRNA, whereas in THP1 macro-
phages, the regulation is posttranscriptional. It would be
of interest to better define the pathways of macrophage
MMP-9 regulation, which may be different from in
adipocytes.

With obesity and insulin resistance, adipose tissue con-
tains a higher proportion of macrophages, and the inter-
action between these cell types becomes more important.
To better understand the interactions between adipocytes
and macrophages and the origin of the elevated MMP-9
expression, we cocultured human ADHASC adipocytes,
which were induced to differentiate from stem cells, with
THP-1 macrophages. Although the ADHASC adipocytes
expressed only low levels of MMP-9, coculture with mac-
rophages resulted in a greater than 100-fold increase in
adipocyte MMP-9 expression, and this up-regulation of
MMP-9 in the ADHASCs was attenuated by the addition
of pioglitazone. Pioglitazone did not have a significant
effect on ADHASC adipocyte MMP-9. Adipose stem cells
require a thiazolidinedione for differentiation and there-
fore may be less responsive to the subsequent addition of
pioglitazone. These data indicate that macrophage secre-
tory products have a specific role to increase adipocyte
MMP-9 expression, even in the absence of a tissue that is
undergoing remodeling. It cannot be determined from
these data whether the pioglitazone was acting on the adi-
pocytes or macrophages. Although pioglitazone has direct
effects on adipocytes, macrophages also express PPARYy,
and the thiazolidinediones have well-described antiin-
flammatory effects on macrophages (26,29). On the other
hand, other studies found direct effects of PPARy agonists
on MMP-9 activity. Rosiglitazone treatment inhibited
MMP-9 activity in murine mammary tumor cells, and this
inhibition of MMP-9 activity occurred through PPAR~y
activation (30).

Several previous studies suggested a connection be-
tween the activation of PKC and MMP-9 regulation. The
treatment of hepatocarcinoma cells with PMA, which are
activators of diacylglycerol-dependent conventional PKC
activation, increased the secretion of MMP-9, and this
increase was inhibited by PKC inhibitors (11). In a similar
manner, PMA treatment of endothelial cells activated
PKCa and caused an increase in MMP-9 activity and ex-
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pression (10). In addition, other studies found decreases in
PKCa activity after treatment with a thiazolidinedione
(31, 32). Our data are consistent with these findings and
indicate that MMP-9 is regulated by pioglitazone through
PKCa-mediated mechanisms. Pioglitazone treatment of
3T3-F442A adipocytes caused a dose-dependent decrease
in PKCa mRNA expression and MMP-9 activity. We also
demonstrate that PKCa depletion using antisense oli-
gomers inhibited MMP-9 secretion in 3T3-F442A adipo-
cytes, and the treatment of cells with both PKCa antisense
oligos and pioglitazone yielded no further decrease in
MMP-9 activity. We therefore propose that the pioglita-
zone-mediated decrease in MMP-9 could be caused by the
inhibition of PKCa in adipocytes, and this may counteract
the increased activation of PKC that occurs in response
to the elevation in free fatty acids that occurs with obe-
sity and insulin resistance. Pioglitazone is known to pro-
mote differentiation in adipocytes, and both PKCa and
MMP-9 levels could also be regulated by adipocyte lipid
accumulation.

In summary, these data examine the expression and
activity of MMP-9 in adipose tissue and adipose cells.
MMP-9 expression in adipose tissue is increased with obe-
sity and insulin resistance and is increased in adipocytes in
response to coculture with macrophages. This increase in
MMP-9 is ameliorated by treatment with the thiazo-
lidinedione pioglitazone, both in humans and iz vitro, and
this effect appears to occur through the PPARy-mediated
inhibition of PKCa. These data are consistent with the
emerging image of adipose tissue in obese subjects that is
in a state of chronic inflammation and remodeling.
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