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Summary. Background: Development of adipose tissue is a

complex process involving adipogenesis, angiogenesis and

proteolytic remodeling of the extracellular matrix. The matrix

metalloproteinase (MMP) system plays an important role in

these processes. Objective: To establish a functional role of

gelatinase A (MMP-2) in the development of adipose tissue.

Methods: Mice with genetic deficiency in gelatinase A (MMP-

2)/)) and their wild-type littermates (MMP-2+/+), as well as

wild-typemice treatedwithagelatinase inhibitor,werekept ona

high-fat diet (HFD) for 15 weeks, and this was followed by

analysis of weight and composition of the fat pads. Results:

MMP-2)/) mice gained significantly (P < 0.05) less weight on

the HFD than MMP-2+/+ mice, resulting in lower body

weights (P < 0.0005).Theweightsof the isolated subcutaneous

and gonadal adipose tissues were also significantly lower

(P < 0.005andP < 0.0005, respectively). Immunohistochem-

ical analysis revealed significant (P < 0.05) adipocyte hypo-

trophy in both fat pads. Treatment of wild-type mice with the

gelatinase inhibitorTolylsam resulted in an approximately 15%

reduction of body weight (P < 0.0001) and significantly lower

subcutaneous and gonadal adipose tissue mass, associated with

adipose hypotrophy (all P < 0.0001). Conclusion: Deficiency

of MMP-2 impairs adipose tissue development in mice by

contributing to adipocyte hypotrophy.

Keywords: adipocyte, adipose tissue, gelatinase, matrix metal-

loproteinase, obesity.

Introduction

Obesity and its associated diseases such as atherosclerosis, non-

insulin-dependent diabetes mellitus and hypertension have

become major health issues. Development of obesity is a

complex process associated with extensive modifications in

adipose tissue involving adipogenesis, angiogenesis and extra-

cellular matrix (ECM) remodeling [1]. Matrix metalloprotein-

ases (MMPs) contribute to each of these processes by

degradation of ECM and basement membrane components

or by activation of latent growth factors [2,3]. Their specific role

in the development of adipose tissue remains, however, to be

revealed. In this study, we focused on onemember of a subclass

of this zinc-dependent superfamily of enzymes, gelatinase A

(MMP-2). Its main substrates are gelatins, different types of

collagen, laminin, fibronectin, and elastin [4]. Several lines of

evidence suggest its involvement in the development of adipose

tissue. Thus, MMP-2 activity was detected in conditioned

medium of rat adipocytes and may play a role in their

multicellular organization [5]. MMP-2 is highly expressed in

adipose tissue of mice with nutritionally induced obesity [6,7],

as well as in genetically obese mice [6]. Analysis of the

expression of gelatinases in adipose tissue of obese mice

revealed upregulation of mRNA levels of MMP-2 [6–8].

Human adipocytes also produce MMP-2 [9]. Its specific effect

on adipose tissue, however, remains unknown, mainly because

of the lack of appropriate animal models. We have studied

nutritionally induced development of fat tissue in mice with

genetic MMP-2 deficiency and in wild-type mice treated with a

selective gelatinase inhibitor.

Materials and methods

Animals

MMP-2-deficient mice (MMP-2)/), genetic background 100%

C57Bl/6) and corresponding wild-type littermates (MMP-

2+/+) were obtained from heterozygous breeding pairs as

described elsewhere [10].

Genotyping was performed using the following primers: for

MMP-2+/+ mice, 5¢-CAACGATGGAGGCACGAGTG-3¢
and 5¢-GCCGGGGAACTTGATGATGG-3¢; and for MMP-

2)/) mice, 5¢-TGCAAAGCGCATGCTCCAGA-3¢ and 5¢-
TGTATGTGATCTGGTTCTTG-3¢; After a denaturation

step at 95 �C for 5 min, isolated DNA was subjected to a

polymerase chain reaction (PCR) consisting of denaturation at

94 �C for 1 min, followed by 1 min of annealing at 62 �C and

1 min of elongation at 72 �C for 35 cycles.
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Obesity model

Five-week-oldmalemice were kept inmicroisolation cages on a

12-h day/night cycle and fed at libitum with a high-fat diet

(HFD; Harlan Teklad TD 88137, Zeist, The Netherlands;

42% kcal as fat, 20.1 kJ g)1) for 15 weeks. Weight and food

intake were measured at weekly intervals. Mice were anesthe-

tized by intraperitoneal injection of 60 mg kg)1 Nembutal

(Abbott Laboratories, North Chicago, IL, USA). Blood was

collected via the retro-orbital sinus on trisodium citrate (final

concentration 0.01 mol L)1), and plasma was stored at

)80 �C. Intra-abdominal (gonadal) and inguinal subcutaneous

fat pads were removed and weighed; portions were snap-frozen

in liquid nitrogen for histologic and zymographic analysis,

RNA extraction, or protein extraction. Other organs, including

kidneys, lungs, spleen, pancreas, liver and heart, were also

removed, weighed and snap-frozen.

For comparison, mice of each genotype (n = 4) were kept

on standard fat diet (SFD; KM-04-k12,Muracon, Carfil, Oud-

Turnhout, Belgium; 13% kcal as fat, 10.9 kJ g)1). Body weight

and food intake were monitored weekly. To evaluate energy

expenditure, spontaneous physical activity was evaluated by

placing the mice in a separate cage equipped with a turning

wheel linked to a computer to register full turning cycles in a

72-h period. Data are expressed as number of cycles per night

(12 h), as daytime activity was very low. Body temperature was

measured using a rectal probe (TR-100; Fine Science Tools,

Foster City, CA,USA). Data were first averaged per mouse for

a 1-week period, and are given as means ± SEM for the

number of animals studied.

In separate experiments, male wild-type mice (C57Bl/6

genetic background) were fed the HFD for 15 weeks with

(n = 10) or without (n = 10) addition of 100 mg kg)1 per day

of Tolylsam [(R)-3-methyl-2-{4-(3-p-tolyl-1,2,4-oxadiazol-5-

yl)-benzenesulfonylamino}-butyric acid], an inhibitor of

MMP-2, MMP-9 and MMP-12 (a kind gift of Shionogi &

Co., Ltd, Osaka, Japan) [11].

All animal experiments were approved by the local ethical

committee (KULeuven, P06022) and were performed in

accordance with the guiding principles of the American

Physiological Society and the International Society on Throm-

bosis and Haemostasis [12].

Histologic analysis

The size and density of adipocytes was determined on 10-lm
paraffin sections of subcutaneous or gonadal adipose tissue,

stained with hematoxylin–eosin under standard conditions.

For each mouse, at least 10 areas in 12 sections were

measured using a computerized image analyzer, and the

volume of each cell was calculated assuming spherical

morphology [13]. Data are expressed as mean ± SEM for

the number of animals studied. Blood vessel staining was

performed using the biotinylated Bandeiraea (Griffonia)

Simplicifolia BSI lectin (Sigma-Aldrich, Bornem, Belgium)

[14] followed by signal amplification with the Tyramide

Signal Amplification Cyanine System (Perkin Elmer, Boston,

MA, USA), and analysis by computer-assisted image anal-

ysis. Blood vessel density was normalized to the adipocyte

number.

Gelatinase determination

Gelatinase activity was determined by zymography or using a

quenched fluorescently labeled substrate. Extracts were pre-

pared by lysing adipose tissues in 10 mmol L)1 phosphate

buffer, pH 7.2, containing 150 mmol L)1 NaCl, 1%Triton X-

100, 0.5% sodiumdeoxycholate, and 0.2% sodium azide. Total

protein concentration was determined using the bicinchoninic

acid (BCA) method (BCATM Protein Assay Kit assay; Pierce,

Rockford, IL, USA). Samples were analyzed by zymography

on gelatin-containing gels as previously described [15,16].

Twenty micrograms of protein was subjected to non-reduced

sodiumdodecylsulfate polyacrylamide gel electrophoresis using

10% gels containing 0.1% gelatin. Gels were renatured by

exchanging sodium dodecylsulfate with Triton X-100 (2.5%),

and then incubated for 24 h at 37 �C in developing buffer

(50 mmol L)1 Tris–HCl, pH 7.5, containing 7 mmol L)1

CaCl2, 0.2 mol L)1 NaCl, and 0.02% Brij-35). Gels were

subsequently stained with Coomassie (0.5% Coomassie R250,

45%MeOH, 10%acetic acid) for 3 h, and this was followed by

destaining (45% EtOH and 10% acetic acid). To activate pro-

MMPs, protein extracts were incubated with 0.5 mmol L)1 p-

aminophenylmercuric acid (APMA) for 16 h at 37 �C prior to

loading on gels. Gels were scanned (Epson Perfection V700

PHOTO scanner, Nagano, Japan) and bands quantified with

NIH ImageJ 1.30 software.

Alternatively, 20 lg of total protein was diluted in assay

buffer (50 mmol L)1 Tris–HCl, pH 7.4, containing 0.1% Brij-

35, 10 mmol L)1 CaCl2, and 10 lmol L)1 ZnCl2) containing

5 lmol L)1 quenched fluorescently labeled substrate (Omni-

MMP Fluorogenic substrate; Biomol, Plymouth Meeting, PA,

USA) [17]. For background correction, equivalent samples

were measured in the presence of EDTA (50 mmol L)1 Tris–

HCl, pH 7.4, containing 0.1% Brij-35 and 50 mmol L)1

EDTA). MMP activity was monitored for 12 h with a Spectra

Gemini fluorometer (Molecular Devices Corp., Sunnyvale,

CA, USA) and analyzed with SOFTmax pro 4.0 (Molecular

Devices Corp.).

Analysis of mRNA expression

Expression of mRNA of MMP-2, MMP-9, tissue inhibitor of

metalloproteinase (TIMP)-1, TIMP-2 and an endogenous

control gene [glyceraldehyde-3-phosphate dehydrogenase

(GAPDH)] was measured by real-time PCR using TaqMan

Gene Expression Assay products [product numbers:

Mm99999915_g1 (GAPDH), Mm00439506_m1 (MMP-2),

Mm01240562_g1 (MMP-9), Mm00441818_m1 (TIMP-1),

Mm00441825_m1 (TIMP-2); Applied Biosystems, Foster City,

CA, USA] on an ABI PRISM 7900 HT Sequence Detection

System (Applied Biosystems). MMP-2, MMP-9, TIMP-1 and
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TIMP-2 mRNA levels were normalized to that of endogenous

GAPDH mRNA.

Adipose tissues were homogenized using lysing matrix tubes

(Qbiogene, Carlsbad, CA, USA) in a Hybaid ribolyser

(Thermo, Wallham, MA, USA). Total DNA-free RNA was

extracted using the RNAEasyQuiagen kit (Quiagen, Valencia,

CA, USA), and RNA concentrations were determined with the

RiboGreenRNAquantificationkit (MolecularProbes,Eugene,

OR, USA). Samples were aliquoted and stored at )80 �C.
Reverse transcription reactions were performed from 10 ng

of total RNA with thermostable reverse transcriptase (rTth) at

70 �C for 15 min, and this was followed by 2 min of incubation

at 95 �C for denaturation of RNA–DNA heteroduplexes,

using the GeneAmp Thermostable RNA PCR Kit (Applied

Biosystems) and target-specific antisense primers. Amplifica-

tion was started with 15 s at 94 �C, 20 s at 68 �C and 10 s at

72 �C (35 cycles) and terminated by 2 min at 72 �C, on a

GeneAmp PCR System 9700 thermocycler (Perkin Elmer,

Waltham, MA, USA).

Metabolic parameters

Blood glucose concentrations were measured using Glucocard

strips (Menarini Diagnostics, Firenze, Italy). Levels of triglyce-

rides, total cholesterol, high-density lipoprotein cholesterol and

low-density lipoprotein cholesterol in plasma were determined

using standard laboratory assays. Insulin (Mercodia, Uppsala,

Sweden), adiponectin (R&D Systems, Abingdon, UK), leptin

(R&D Systems), resistin (R&D Systems) and vascular endo-

thelial growth factor (VEGF)-A (R&D Systems) levels were

determined using commercially available enzyme-linked immu-

nosorbent assays. For glucose tolerance and insulin sensitivity

tests, after overnight fasting, glucose (3 mg g)1 body weight) or

insulin (0.5 mU g)1) were injected into the peritoneal cavity of

20-week-old MMP-2)/) mice (body weight = 24.4 ± 0.5 g,

n = 4) or MMP-2+/+ mice (body weight = 26.7 ± 0.4 g,

n = 4) kept on standard chow. Blood was collected via the tail

vein for glucosemeasurement before injection and at 15–30-min

intervals for 150 min. The area under the curve (AUC) of

glucose levels vs. time was determined for each experiment.

Statistical analysis

Data are expressed as mean ± SEM. Differences between

groups were analyzed with the non-parametric t-test (Mann–

Whitney). Comparison of progress curves was performed by

two-way repeated-measures ANOVA. Statistical significance was

set at P < 0.05.

Results

Effect of MMP-2 deficiency on adipose tissue development

Body weight and adipose tissue composition At 5 weeks of

age, the body weight ofMMP-2)/) mice was lower than that of

wild-type littermates (MMP-2+/+) (Fig. 1A and Table 1).

During HFD feeding, weight gain was significantly reduced for

MMP-2)/) as compared to MMP-2+/+ mice (Fig. 1B),

resulting in significantly lower body weight at the end of the

15-week experimental period.

Food intake was lower for MMP-2)/) mice (3.0 ± 0.02 g

per day vs. 3.1 ± 0.03 g per day for MMP-2+/+ mice,

P < 0.0001), but feeding efficiency (weight gain normalized to

caloric intake) was not different (2.7 ± 0.3 mg kJ)1 vs.

3.2 ± 0.3 mg kJ)1, P = 0.11).

The weight of the isolated subcutaneous and gonadal

adipose tissues was also significantly lower for the MMP-2)/)

mice. The weight of kidneys, lungs and spleen did not differ

between the two genotypes, whereas heart, pancreas and liver

weights were lower in MMP-2)/) mice (Table 1).

When kept on normal chow (SFD), the body weight of age-

and sex-matched MMP-2)/) mice was significantly lower than

that of MMP-2+/+ mice (28 ± 0.4 g vs. 32 ± 0.4 g, P =

0.03), whereas food intake was comparable (4.6 ± 0.17 g per

mouse per day vs. 4.5 ± 0.16 g per mouse per day, P = 0.88).

Energy expenditure for MMP-2+/+ and MMP-2)/) mice, as

measured in cages with a computer-linked turning wheel, was

comparable (11 890 ± 2600 turning cycles/12 h vs. 12 730 ±

1330 turning cycles/12 h, P = 1.00). Also, the rectal

temperature was not different between MMP-2+/+ and

MMP-2)/) mice (38.6 ± 0.04 �C vs. 38.7 ± 0.06 �C,
P = 0.63).

Histologic analysis of hematoxylin–eosin-stained paraffin

sections revealed a smaller adipocyte size in both subcutaneous

and gonadal adipose tissues of MMP-2)/) mice, corresponding

to a higher adipocyte density (Table 2 and Fig. 2A,B). Staining

with an endothelial cell-specific lectin revealed no differences in

blood vessel size or density, even after normalization for

adipocyte density (Table 2).

ObeseMMP-2)/) mice displayed significantly lower levels of

glucose, insulin and cholesterol than their wild-type littermates,

whereas triglyceride levels were not affected (Table 3). No

differences were observed betweenMMP-2+/+ andMMP-2)/)

mice in glucose tolerance (AUC of 58.100 ± 5.510 vs.

64.800 ± 4.650, P = 0.68) (Fig. 3A) or in insulin sensitivity

(AUC of 10.800 ± 130 vs. 10.900 ± 440, P = 1.00)

(Fig. 3B).

Plasma levels of resistin were comparable in MMP-2)/) and

MMP-2+/+ mice (12 ± 0.5 ng mL)1 vs. 11 ± 1.0 ng mL)1,

P = 0.24), whereas adiponectin levels were significantly higher

(8.92 ± 0.64 lg mL)1 vs. 6.77 ± 0.37 lg mL)1, P = 0.008)

and leptin levels were significantly lower (12 ± 1.0 ng mL)1

vs. 18 ± 0.80 ng mL)1, P = 0.0008) in MMP-2)/) mice.

VEGF-A protein levels in adipose tissue extracts of MMP-

2+/+ and MMP-2)/) mice were comparable for subcutaneous

(10 ± 0.9 pg mg)1 protein vs. 10 ± 0.6 pg mg)1 protein) and

gonadal (13 ± 1.5 pg mg)1 protein vs. 16 ± 1.5 pg mg)1

protein) tissues.

TIMP-1mRNA levels were comparable forMMP-2+/+ and

MMP-2)/) mice in both subcutaneous (13 ± 3.0 arbitrary

units (AU) vs. 10 ± 1.0 AU) and gonadal (76 ± 15 AU vs.

50 ± 9 AU) adipose tissues. Similarly, TIMP-2 mRNA levels
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were similar for MMP-2+/+ and MMP-2)/) mice in subcuta-

neous (2290 ± 150 AU vs. 2720 ± 200 AU) and gonadal

(3380 ± 320 AU vs. 3060 ± 300 AU) fat.

Gelatinase expression and activity On zymograms, four

gelatinolytic bands were consistently observed in adipose

tissues from wild-type mice, corresponding to pro-MMP-9

(92 kDa), pro-MMP-2 (72 or 68 kDa, differently glycosylated)

and active MMP-2 (58 kDa). Active MMP-2 (62-kDa form)

and active MMP-9 (82-kDa form) were not consistently

detected. Zymography confirmed the absence of MMP-2 in

the MMP-2)/) subcutaneous and gonadal adipose tissues

(Fig. 4) and revealed an upregulation of MMP-9 in

subcutaneous adipose tissues of MMP-2)/) mice

(14 ± 1.4 AU vs. 5 ± 1.2 AU for MMP-2+/+, P = 0.03),

but not in gonadal adipose tissues (5 ± 0.6 AU vs.

5 ± 0.4 AU).

Activation with APMA for 16 h resulted in reduced levels of

the latent forms of MMP-2, with concomitant increase of

active MMP-2 (58 kDa) and appearance of 62-kDa active

MMP-2.

In subcutaneous adipose tissue of MMP-2)/) mice, a

significant upregulation of MMP-9 mRNA was observed

(157 ± 16 AU vs. 70 ± 6 AU in MMP-2+/+ samples,

P < 0.0001). This difference was not observed in the gonadal

adipose tissues (31 ± 4 AU vs. 32 ± 6 AU).

Zymography with plasma samples further confirmed

the absence of MMP-2 in MMP-2)/) mice and revealed

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 150 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

45 MMP-2 Tolylsam

Weeks on HFD

40 

35 

30 

20 

25 

15

B
od

y 
w

ei
gh

t (
g)

 

45 

40 

35 

30 

20 

25 

15 

25

20 

15 

10 

5 

0

W
ei

gh
t g

ai
n 

(g
) 

B D 
25

20 

15 

10 

5 

0

A C 

Fig. 1. Effect of gelatinase A deficiency on body weight (A) and weight gain (B) of mice on a high-fat diet (HFD) for 15 weeks. Open circles indicate

matrixmetalloproteinase (MMP)-2)/)mice (A, B) or wild-typemice treated with Tolylsam (C,D). Black squares indicate wild-typeMMP-2+/+ littermates

(A, B) or placebo-treated controls (C, D). Data are mean ± SEM. Analysis by two-way repeated-measures ANOVA revealed significantly (P < 0.0001)

reduced body weights for MMP-2)/) as compared to MMP-2+/+ mice (A) and for Tolylsam-treated mice as compared to placebo-treated mice (C).
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upregulation of MMP-9 (10 ± 1.0 AU vs. 5 ± 0.5 AU in

MMP-2+/+ mice, P = 0.0003).

Effect of gelatinase inhibition on adipose tissue development

Body weight and adipose tissue composition Wild-type mice

fed the HFD supplemented with Tolylsam had a lower body

weight gain (Fig. 1D), resulting in a lower body weight after

15 weeks as compared to the mice on HFD only (Fig. 1C).

Food intake of inhibitor-treated mice (2.2 ± 0.04 g per day)

was higher than that of untreated mice (2.0 ± 0.05 g per day,

P = 0.003), but the feeding efficiency was lower

(2.9 ± 0.4 mg kJ)1 vs. 4.9 ± 0.7 mg kJ)1, P = 0.02).

The weight of subcutaneous and gonadal fat pads was

significantly lower in the inhibitor-treated than in the placebo-

treated mice (Table 1). Histologic analysis revealed a smaller

adipocyte size (Fig. 2C,D) and smaller vessels in adipose tissues

(Fig. 5). The blood vessel density was not affected in inhibitor-

treated mice, but after normalization for adipocyte density, this

was significantly lower for both subcutaneous and gonadal fat

pads (Table 2).

Table 2 Effect of gelatinase A deficiency and gelatinase inhibition on

adipocyte and blood vessel size and density in adipose tissue of mice kept

on a high-fat diet for 15 weeks

Gelatinase A Tolylsam

MMP-2+/+

(n = 10)

MMP-2)/)

(n = 9)

Controls

(n = 10)

Inhibitor

(n = 10)

Adipocyte size (lm2)

SC fat 4160 ± 170 3350 ± 270* 4330 ± 142 3040 ± 169�

GON fat 6860 ± 310 5430 ± 520* 6800 ± 261 4960 ± 241�

Adipocyte density (·10)6 lm)2)

SC fat 255 ± 17 338 ± 30* 239 ± 8 355 ± 22�

GON fat 151 ± 8 203 ± 28* 150 ± 5 208 ± 10�

Blood vessel size (lm2)

SC fat 44 ± 4.5 35 ± 3.1 41 ± 1.9 28 ± 1.7�

GON fat 45 ± 3.6 43 ± 2.4 45 ± 1.7 30 ± 2.7�

Blood vessel density (·10)6 lm)2)

SC fat 320 ± 56 312 ± 60 320 ± 14 330 ± 19

GON fat 227 ± 26 261 ± 56 236 ± 9 214 ± 13

Normalized blood vessel density

SC fat 1.3 ± 0.2 1.0 ± 0.2 1.3 ± 0.1 0.9 ± 0.1�

GON fat 1.4 ± 0.2 1.4 ± 0.3 1.5 ± 0.1 1.0 ± 0.1�

MMP, matrix metalloproteinase; SC, subcutaneous; GON, gonadal.

Data are mean ± SEM of n experiments in each group. *P < 0.05, �

P < 0.005, �P < 0.0005 vs. the corresponding wild-type mice.

Table 1 Effect of gelatinase A deficiency and gelatinase inhibition on

adipose tissue and organ weights of mice kept on a high-fat diet for

15 weeks

Gelatinase A Tolylsam

MMP-2+/+

(n = 10)

MMP-2)/)

(n = 9)

Controls

(n = 10)

Inhibitor

(n = 10)

Body weight

start (g)

21 ± 0.3 18 ± 0.7� 22 ± 0.3 22 ± 0.4

Body weight

end (g)

42 ± 1.0 34 ± 1.3� 43 ± 1.0 36 ± 0.7�

Weight gain

(g)

21 ± 0.9 16 ± 1.3* 21 ± 0.8 15 ± 0.7�

SC fat (g) 1.6 ± 0.1 0.9 ± 0.1� 1.6 ± 0.1 0.8 ± 0.1�

GON fat (g) 2.5 ± 0.1 1.5 ± 0.1� 2.1 ± 0.1 1.3 ± 0.1�

Lungs (mg) 166 ± 18 163 ± 15 172 ± 17 189 ± 13

Spleen (mg) 83 ± 5 77 ± 5 106 ± 6 96 ± 3

Heart (mg) 148 ± 5 136 ± 7* 149 ± 6 149 ± 4

Pancreas (mg) 262 ± 18 201 ± 14* 255 ± 20 173 ± 10�

Liver (mg) 2650 ± 155 1390 ± 140� 2620 ± 172 2470 ± 99

Kidneys (mg) 401 ± 20 375 ± 18 450 ± 16 414 ± 8

MMP, matrix metalloproteinase; SC, subcutaneous; GON, gonadal.

Data are mean ± SEM of n experiments in each group. *P < 0.05, �

P < 0.005, �P < 0.0005 vs. the corresponding wild-type mice.

MMP–2+/+
Controls

MMP-2–/– Tolylsam treated

100µm100µm

100µm 100µm

A C

DB

Fig. 2. Representative hematoxylin--eosin staining of subcutaneous adi-

pose tissues of matrix metalloproteinase (MMP)-2+/+ (A) andMMP-2)/)

(B) mice on a high-fat diet, and of Tolylsam-treated (D) and control

mice (C).

Table 3 Effect of gelatinase A deficiency and gelatinase inhibition on

plasma metabolic parameters of mice kept on a high-fat diet for 15 weeks

Gelatinase A Tolylsam

MMP-2+/+

(n = 10)

MMP-2)/)

(n = 9)

Controls

(n = 10)

Inhibitor

(n = 10)

Glucose (mg dL)1) 187 ± 13 139 ± 16* 142 ± 14 101 ± 16*

Insulin (mg mL)1) 1.8 ± 0.3 0.9 ± 0.2* 1.8 ± 0.3 1.2 ± 0.3

Triglycerides

(mg dL)1)

48 ± 3 56 ± 9 68 ± 5 47 ± 5*

Total cholesterol

(mg dL)1)

176 ± 19 114 ± 11* 163 ± 13 181 ± 11

HDL cholesterol

(mg dL)1)

166 ± 14 117 ± 11* 152 ± 5 169 ± 10

LDL cholesterol

(mg dL)1)

35 ± 5 18 ± 2� ND ND

MMP, matrix metalloproteinase; HDL, high-density lipoprotein;

LDL, low-density lipoprotein; ND, not determined. Data are

mean ± SEM of n experiments in each group.

*P < 0.05, �P < 0.0005 vs. the corresponding wild-type mice.
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Metabolic parameters were not significantly affected by

Tolylsam treatment, with the exception of reduced glucose and

triglyceride levels (both P < 0.05) (Table 3).

Plasma levels of resistin (16 ± 1.2 ng mL)1 vs. 14 ±

0.70 ng mL)1, P = 0.13) and adiponectin (4.73 ±

1.6 lg mL)1 vs. 2.5 ± 0.67 lg mL)1, P = 0.48) were com-

parable in Tolylsam-treated and in control mice, whereas leptin

levels were significantly reduced (10 ± 1.1 ng mL)1 vs.

17 ± 0.70 ng mL)1, P = 0.0003) in Tolylsam-treated mice.

VEGF-A levels in subcutaneous adipose tissues were not

affected by Tolylsam treatment (11 ± 0.7 pg mg)1 protein vs.

10 ± 0.3 pg mg)1 protein for controls), but were enhanced in

gonadal adipose tissues (22 ± 1.6 pg mg)1 protein vs.

13 ± 0.5 pg mg)1 protein for controls, P < 0.0001).

Treatment with Tolylsam did not affect TIMP-1 mRNA

levels in subcutaneous (17 ± 3 AU vs. 22 ± 3 AU for

controls) or gonadal (60 ± 5 AUvs. 74 ± 7 AU for controls)

adipose tissues. Similarly, TIMP-2 mRNA levels were not

affected in either subcutaneous (2240 ± 130 AU vs.

2020 ± 100 AU for controls) or gonadal (2250 ± 140 AU

vs. 2770 ± 350 AU for controls) adipose tissues.

Gelatinase expression and activity Overall MMP activity in

adipose tissue extracts, monitored using a fluorescent broad-

spectrum substrate, was only slightly decreased in the samples

treated with inhibitor, as compared to placebo (P = 0.58)

(data not shown).

In both subcutaneous (553 ± 41 AU vs. 1040 ± 53 AU,

P < 0.0001) and gonadal (282 ± 22 AU vs. 554 ± 41 AU,

P = 0.0002) adipose tissues of inhibitor-treated mice, mRNA

levels of MMP-2 were significantly lower than in adipose

tissues of controls, whereas mRNA levels of MMP-9 were

higher in inhibitor-treated tissues (for subcutaneous tissue,

77 ± 4 AU vs. 44 ± 4 AU, P = 0.0006; and for gonadal

tissue, 20 ± 2 AU vs. 12 ± 1 AU, P = 0.002).

Zymography of subcutaneous adipose tissue extracts

revealed no difference in 92-kDa pro-MMP-9 and 68-kDa or

72-kDa pro-MMP-2 levels. The 58-kDa active MMP-2 levels

were, however, strongly reduced in the inhibitor-treated mice.

Thus, 58-kDa active MMP-2 levels amounted to 11 ± 2% of

the total MMP-2 species (active plus latent) for inhibitor-

treated subcutaneous adipose tissues, as compared to
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26 ± 2% for placebo-treated samples (P < 0.0005). Active

MMP-9 could not be consistently detected (Table 4).

In extracts from gonadal fat tissue, a significant decrease in

68-kDa and 72-kDa pro-MMP-2 levels, as well as in 58-kDa

active MMP-2 levels, was observed. The 58-kDa active MMP-

2 levels corresponded to 6 ± 3% of the total MMP-2 species

for inhibitor-treated gonadal adipose tissues, as compared to

28 ± 3% for placebo-treated samples (P < 0.0005). Pro-

MMP-9 (92 kDa) or active MMP-9 (82 kDa) could not be

consistently detected.

Discussion

AsMMPs may represent a target for treatment of obesity, it is

important to determine their expression profile and role in the

development of adipose tissue. mRNA levels of MMP-2,

MMP-3, MMP-12, MMP-14, MMP-19 and TIMP-1 are

strongly induced in fat tissues of obese mice as compared to

lean controls, whereas MMP-7, TIMP-3 and TIMP-4 mRNA

levels decrease with obesity [7,8]. In humans, glucose intake

induces enhancedMMP-2 andMMP-9 levels [18], andMMP-9

plasma levels are enhanced in obese subjects [19–21], whereas

MMP-2 is decreased [22]. Several studies have suggested the

potential to modulate adipose tissue development by regulating

MMP activity and/or expression. Thus, administration of the

broad-spectrum MMP inhibitor galardin to mice on an HFD

resulted in significantly reduced adipose tissue mass [23].

Genetically obese ob/ob mice gained somewhat less weight

when treated with the MMP inhibitor Bay 12-9566 [24],

whereas the relatively gelatinase-specific inhibitor Ro 28-

2653 had moderate effects on adipose tissue development and

cellularity [25]. In addition, in nutritionally induced obesity

models, mice deficient in MMP-3 (stromelysin-1) [26], MMP-

11 (stromelysin-3) [27] and MMP-19 [28] developed more

adipose tissue, whereas TIMP-1-deficient mice had lower body

and adipose tissue weight [29]. Thus, although these studies

support a functional role of the MMP system in adipogenesis

and adipose tissue development, the role of specific MMPs

remains to be identified, mainly because of overlapping

substrate specificity of MMPs and the lack of specific synthetic

inhibitors. In the present study, we have evaluated the

contribution of MMP-2 (gelatinase A) to adipose tissue

development using mice with specific gene inactivation as well

as a more specific gelatinase inhibitor. Gelatinase A is indeed

secreted by adipocytes, and its expression is modulated with

obesity [7,8,30].

Our data suggest a functional role of MMP-2 as well as the

potential to reduce adipose tissue development by gelatinase

inhibition. These conclusions are supported by the findings

that: (i) MMP-2)/) mice kept on an HFD have lower body

weight and fat mass than wild-type littermates, associated with

marked adipocyte hypotrophy; and (ii) gelatinase inhibition

with Tolylsam induces similar effects and, in addition, affects

angiogenesis.

Several advantages and limitations of our experimental

approach can be identified. As far as the genetic model is

concerned,MMP-2)/)mice were reported to be smaller at birth

and to have slower growth rates [10]. This was confirmed in our

study, and on an HFD the body weight gain was lower,

although the feeding efficiency was comparable. This may be

related to the lower HFD intake of MMP-2)/) mice, as we did

not observe differences in energy expenditure or body temper-

ature. The weights of several other organs also remained lower

in theMMP-2)/) mice. The significantly lower pancreas weight

may be related to the observed lower circulating insulin levels in

the MMP-2)/) mice. However, the lower plasma insulin levels

could also be related to greater insulin sensitivity due to lower

adiposity. Indeed, the glucose concentrations, and thus

homeostatic model assessment insulin resistance, are also lower

for the MMP-2)/) mice.

Analysis of othermetabolic parameters furthermore revealed

lower levels of cholesterol in MMP-2)/) mice on an HFD,

suggesting that the cholesterol metabolism is affected, which

was not observed after treatment with Tolylsam.

The competitive gelatinase inhibitor used in our study,

Tolylsam, has been modified so that it is more specific for

MMP-2, MMP-9 and MMP-12. IC50 values of this inhibitor,

as measured in rats, are: 0.005 lmol L)1 for MMP-2;

0.049 lmol L)1 for MMP-9; 0.034 lmol L)1 for MMP-12;

5.558 lmol L)1 for MMP-3; 0.397 lmol L)1 for MMP-8;

and 0.201 lmol L)1 for MMP-13. The IC50 for other MMPs

and other proteinases is >10 lmol L)1. Tolylsam was used

previously at a dose of 50 mg kg)1 per day in a cerebral

aneurysm model in the rat [11]. However, as the serum

concentration of Tolylsam achieved upon oral gavage is

several-fold lower in mice than in rats, we used a dose of

100 mg kg)1 per day. This would correspond to plasma

levels of approximately twice the IC50 for human MMP-2,

MMP-9 and MMP-12.

Mice fed with an HFD supplemented with this inhibitor

showed the same effect on adipose tissue as the MMP-2)/)

mice, although the food intake of inhibitor-treated mice was

Table 4 Effect of Tolylsam on gelatinolytic activity in adipose tissues of

mice kept on a high-fat diet for 15 weeks

Placebo Tolylsam

SC adipose tissue

92-kDa Pro-MMP-9 3.5 ± 0.3 3.7 ± 0.2

82-kDa Active MMP-9 ND ND

72-kDa Pro-MMP-2 17 ± 1.4 15 ± 0.9

62-kDa Active MMP-2 ND ND

68-kDa Pro-MMP-2 27 ± 2.1 27 ± 1.9

58-kDa Active MMP-2 10 ± 1.4 3.5 ± 0.8*

GON adipose tissue

92-kDa Pro-MMP-9 ND ND

82-kDa Active MMP-9 ND ND

72-kDa Pro-MMP-2 15 ± 2.2 6 ± 0.7*

62-kDa Active MMP-2 ND ND

68-kDa Pro-MMP-2 29 ± 1.3 15 ± 1.0*

58-kDa Active MMP-2 12 ± 1.8 0.9 ± 0.4*

SC, subcutaneous; GON, gonadal; ND, not detected. Data are

mean ± SEM and are expressed in arbitrary units.

*P < 0.0005 vs. placebo-treated mice.
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somewhat higher than that of the controls, possibly due to an

effect on appetite. Treated mice also had reduced fat pads and

smaller adipocytes as compared to their littermate controls.

This adipocyte hypotrophy may be associated with variations

in adipokine levels. We have indeed observed that bothMMP-

2 deficiency and Tolylsam treatment are associated with

significantly reduced levels of leptin and with enhanced levels

of adiponectin. These variations probably correspond to the

variations in body weight and fat mass. Previous studies have

indeed reported that body weight (obesity) is negatively

correlated with adiponectin levels [31,32]. In contrast, secretion

of leptin is positively correlated with body fat mass and

adipocyte size [33]. It remains to be shown whether Tolylsam

would also affect adipose tissue development in genetically

obese mice (ob/ob), deficient in leptin.

An interesting observation was that mice treated with

inhibitor had smaller blood vessels and lower normalized

blood vessel densities than their controls. Adipose tissue-related

angiogenesis, in contrast, was not different betweenMMP-2)/)

mice and controls. Whereas the reduced adipose tissue

formation in MMP-2)/) mice on an HFD thus appears to be

unrelated to altered angiogenesis, it cannot be excluded that in

Tolylsam-treated mice this antiangiogenic effect plays a role.

Indeed, MMP-9, which is inhibited by Tolylsam, releases

matrix-bound VEGF and thereby induces angiogenesis [34].

We observed increased levels of VEGF-A in gonadal but not in

subcutaneous adipose tissues of Tolylsam-treated mice,

whereas in either subcutaneous or gonadal fat of MMP-2+/+

and MMP-2)/) mice, the levels were comparable. However, in

both models, the reduced fat mass was associated with

adipocyte hypotrophy, suggesting a functional role of MMP-

2 in adipocyte growth, independent of angiogenesis. It is

conceivable that MMP-2 deficiency as such does not affect

angiogenesis in fat pads, whereas combined inhibition of

MMP-2, MMP-9 and MMP-12 does.

Adipocyte hypotrophy may reflect decreased triglyceride

storage. MMP-2 may affect the conversion of circulating

plasmatic triglycerides to their storage form as intracellular

lipid droplets, perhaps by impairing synthesis and/or activity of

the lipoprotein lipase. Circulating triglyceride levels in plasma

of MMP-2)/) mice were somewhat, but not significantly,

elevated as compared to those in MMP-2+/+ littermates. We

did not observe an effect of MMP-2 deficiency on glucose

tolerance or insulin sensitivity.

It should also be kept in mind that the total absence of

MMP-2 is different from pharmacologic inhibition at a later

stage in development. Indeed, there are 18 otherMMPs besides

MMP-2 with reported activity against gelatin [35], whereas

some ADAM (a disintegrin and metalloproteinase) family

members also degrade gelatin [36]. Deficiency of gelatinase A

may also affect some of the other proteinases that depend on

MMP-2 for their activation.

Furthermore, inhibitor treatment resulted in downregulation

of MMP-2 expression in subcutaneous and gonadal adipose

tissue, but upregulation ofMMP-9 expression. Overall, we did,

however, obtain a marked inhibition of active MMP-2 and

active MMP-9 levels remained very low. Modulation of MMP

expression associated with the use of synthetic inhibitors was

previously reported for Batimastat [37], Ro 28-2653 [25] and

galardin [23].

Although the knockout mouse model provides interesting

information about the specific role of MMP-2, a possible

limitation may be that other proteases that cleave the same

substrates compensate for the MMP-2 deficiency. However,

the phenotype seen in the knockout mice seems to resemble the

one in the Tolylsam-treated mice, indicating that they share

MMP-2 as a common target.

In conclusion, MMP-2 enhances adipose tissue development

in mice on an HFD, at least in part by contributing to

adipocyte growth.
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