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Abstract

The effect of Ro 28-2653, a synthetic matrix metalloproteinase (MMP) inhibitor, on adipose tissue development was studied in
mice kept on a high fat diet (HFD). Five-week-old male wild-type (C57Bl/6J) mice were fed the HFD (42% kcal as fat, 20.1 kJ/g)
and received daily p.o. instillations of inhibitor (30 mg/kg) or vehicle. After 15 weeks of the HFD, the body weight gain was lower in
the inhibitor-treated group (7.4 ± 0.88 g versus 10 ± 1.4 g) whereas the weights of the isolated subcutaneous (SC) or gonadal (GON)
fat deposits were 10–15% lower. The number of adipocytes in adipose tissues of the inhibitor-treated mice was somewhat higher (10–
17%) but their diameter was smaller (about 10%). In situ zymography showed reduced gelatinolytic activity in SC (about 2.7-fold)
and GON (1.4-fold) adipose tissue of inhibitor-treated mice, whereas their fibrillar collagen content was higher (1.5- and 4.7-fold,
respectively). In both SC and GON adipose tissues of inhibitor-treated mice, MMP-2 (gelatinase A) and MMP-14 (membrane type-1
MMP) were 2- to 3-fold upregulated, whereas MMP-9 (gelatinase B) mRNA levels were not affected. Thus, in this in vivo model
partial inhibition of gelatinolytic activity is associated with moderate effects on adipose tissue development and cellularity. Possibly,
enhanced MMP expression to some extent counteracts the in vivo effect of the inhibitor in adipose tissue.
� 2005 Elsevier Inc. All rights reserved.
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Development of obesity is associated with extensive
modifications in adipose tissue involving adipogenesis,
angiogenesis, and extracellular matrix (ECM) remodel-
ing [1]. Matrix metalloproteinases (MMPs) may con-
tribute to tissue remodeling by degradation of ECM
and basement membrane components or activation of
latent growth factors [2,3]. Several lines of evidence
suggest a potential role of MMPs in development of
adipose tissue. Conditioned medium of rat adipocytes
contains a MMP-2 (gelatinase A) like gelatinolytic
activity, that may play a role in their organization into
large multicellular clusters [4]. High expression of
MMP-2 was reported in adipose tissue of mice with
nutritionally induced obesity [5,6] as well as in geneti-
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cally obese mice [5], and in human adipose tissue [7].
A detailed analysis of the expression of MMP system
components revealed upregulation of mRNA levels of
MMP-3, -11, -12, -13, -14, and TIMP-1, and downreg-
ulation of mRNA levels of MMP-7, -9, -16, -24, and
TIMP-4 in adipose tissue of obese mice [8]. Recent
studies in mice with nutritionally induced obesity re-
vealed that MMP-3 (stromelysin-1) deficient mice
developed more adipose tissue [9], whereas TIMP-1
deficient mice had lower body and adipose tissue
weight [10]. Also during in vitro adipogenesis, i.e., dif-
ferentiation of murine 3T3-F422A preadipocytes,
MMP and TIMP expression is modulated [8]. The
hypothesis that MMP activity is important in adipose
tissue development is further supported by the finding
that administration of galardin, a broad-spectrum
MMP inhibitor, to mice on a high fat diet resulted in
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significantly lower SC and GON fat pad weights. It is
however unclear which specific MMPs were targeted by
this inhibitor [11].

In the present study, we have investigated the effect
of Ro 28-2653, a synthetic MMP inhibitor with en-
hanced selectivity for MMP-2, MMP-9, and MMP-14
(membrane type 1- MMP) [12], on adipose tissue devel-
opment in a murine model of nutritionally induced
obesity.
Methods

Obesity model. Five-week-old male C57Bl/6J mice were kept in
microisolation cages on a 12 h day/night cycle and fed ad libitum with
a high fat diet (HFD, Harlan TD 88137, Zeiss, The Netherlands; 42%
kcal as fat, 20.1 kJ/g). One group (n = 10) received daily p.o. instilla-
tions of the MMP inhibitor Ro 28-2653 (5-biphenyl-4-yl-5-[4-(4-nitro-
phenyl)-piperazin-1-yl]pyrimidine-2,4,6-trione) (a kind gift from
Roche Diagnostics GmbH, Penzberg, Germany) in a suspension of
45% polyethylene glycol 400, 10% N,N-dimethylformamide in PBS, at
a dose of 30 mg/kg per day [12]. A control group (n = 9) was treated
with vehicle only. The IC50 values of Ro 28-2653 for human MMP-2,
MMP-9, and MMP-14 are 10, 12, and 10 nM, respectively, as com-
pared to 4310 or 245 nM for MMP-1 (collagenase-1) or MMP-13
(collagenase-3) [12].

For comparison, a group of mice (n = 10) was also kept on normal
chow (KM-04-k12, Muracon, Carfil; 13% kcal as fat, 10.9 kJ/g). Mice
were weighed weekly and after 15 weeks, following overnight fasting,
they were anesthetized by intra-peritoneal injection of 60 mg/kg
Nembutal (Abbott Laboratories, North Chicago, IL). Blood was
drawn from the retro-orbital sinus with addition of trisodium citrate
(final concentration 0.01 mol/L) and plasma was stored at �20 �C.
Intra-abdominal (gonadal, GON) and inguinal subcutaneous (SC) fat
pads were removed and weighed; portions were either snap-frozen in
liquid nitrogen or processed for histological analysis. Both unfixed
cryosections (12 lm) and paraffin sections (8 lm) were prepared.
Several organs including kidneys, lungs, liver, and heart were also
removed, weighed, and snap-frozen.

Food uptake was measured for several 24 h periods and expressed
as g per 24 h per mouse. Spontaneous physical activity was evaluated
by placing mice in a separate cage equipped with a turning wheel
linked to a computer to register full turning cycles. Data from a con-
tinuous 48 h period were collected per mouse and expressed as number
of cycles per night (12 h), as daytime activity was very low. Data were
first averaged per mouse for the different periods and are given as
means ± SEM for the number of animals studied.

All animal experiments were approved by the Local Ethical
Committee and were performed in accordance with the guiding prin-
ciples of the American Physiological Society and the International
Society on Thrombosis and Haemostasis [13].

Histological analysis. Computer-assisted image analysis was used to
determine mean adipocyte size on hematoxylin–eosin-stained paraffin
sections. Results on 10–12 sections per animal were averaged, and data
were expressed as means ± SEM of the number of mice studied. Sirius
red staining specific for fibrillar collagens and blood vessel staining
using the biotinylated Bandeiraea simplicifolia BSI lectin (Sigma)
[10,14] were performed and analyzed by computer-assisted image
analysis. The Cy3 TSA fluorescence kit (Perkin-Elmer Life Sciences)
was used according to manufacturer�s instructions. Images were taken
using a LSM510 scanning fluorescence microscope (Zeiss) using red
fluorescence for the stained area and green (auto)fluorescence to
visualize adipocytes.

Gelatinase activity assays. Extracts of adipose tissues were pre-
pared and analyzed by gelatin zymography as described [15]; lysis
zones of the substrate were quantified using computer-assisted image
analysis and data were expressed in arbitrary units (AU) of lysis per g
of tissue. In situ zymography on cryosections of adipose tissue using
pig skin gelatin Oregon Green (Molecular Probes) was performed as
described [16]. Lysis area was expressed as a percentage of the total
section area and given as mean ± SEM. In addition, homogenates of
adipose tissues were prepared in 50 mmol/L Tris–HCl buffer, pH 7.3,
containing 10 mmol/L CaCl2, and 1 lmol/L ZnCl2. Gelatinolytic or
total MMP activity in samples containing equal amounts of total
protein (60 lg, determined by BCA assay) was determined using ex-
cess of dye-quenched (DQ) gelatin (Molecular Probes) [17] or of a
quenched fluorescently labeled substrate (Mca-PLGLDpaAR; Bio-
mol) which is cleaved by most MMPs [18]. Data were expressed as
relative fluorescence units (FU) generated per time unit, corrected for
controls without sample.

Differentiation of preadipocytes. 3T3-F442A preadipocytes were
passaged subconfluently in basal medium (DMEM/Ham�s F12 1:1)
supplemented with 100 mmol/L pantothenate, 1 mmol/L biotin,
2.5 mmol/L glutamine, 15 mmol/L Hepes, and 10% (v/v) fetal calf
serum. To induce differentiation, cells were seeded at 3.6 · 104 cells/
cm2 in 24-well plates and grown to confluency in basal medium (day 0).
At day +2, differentiation was induced with basal medium supple-
mented with ITS (10 mg/L insulin, 5.5 mg/L transferrin, and 5 lg/L
selenium), 10 mmol/L dexamethasone, 0.25 mmol/L methylisobutyl-
xanthine, and 1 nmol/L triiodothyronine (T3). At day +7, the medium
was changed for differentiation medium (basal medium supplemented
with ITS and T3) and maintained for 2 weeks, with daily changes [8].
To evaluate the effect of MMP inhibition, pure Ro 28-2653 was dis-
solved in DMSO and added to a final concentration of 1 lmol/L,
whereas control wells were treated with DMSO alone. This was the
highest non-toxic concentration, as determined by measuring cell
viability by trypan blue exclusion assay and by WST-1 assay (Roche
Molecular Biochemicals). At the end of the experiment, the extent of
preadipocyte differentiation was evaluated using Oil red O staining and
extraction essentially as described [19]. Briefly, cells were washed with
PBS and fixed in 4% paraformaldehyde in PBS. Lipids were stained
with Oil red O in isopropanol/water for 2 h at 37 �C, washed several
times with water, and the cells were finally dried at 100 �C. The re-
tained dye was extracted with 100% isopropanol and the absorbance at
510 nm was determined. To account for differences in cell numbers,
total DNA was extracted from the cells and the absorbance at 260 nm
was determined; data from the dye extraction method were normalized
against this value.

Analysis of mRNA expression. Quantification of the relative expres-
sion levels of different genes was performed essentially as described [8].
DNA-free total RNA extractions of SC andGONadipose tissues or cell
cultures were performed using the RNEasy kit (Qiagen) according to
manufacturer�s instructions. RNA concentrations were determined with
the RiboGreen RNA quantification kit (Molecular Probes). Aliquoted
samples were stored at –80 �C.

The expression levels of different mRNAs were determined using
semi-quantitative RT-PCR. The RT step was performed on 10 ng total
RNA for 15 min at 70 �C using the GeneAmps Thermostable RNA
PCR kit (Applied Biosystems) and the respective reverse primers
(Table 1). The subsequent PCR cycles were performed with the
respective target specific primers in PTC-200 thermal cycler. The final
number of cycles per target was chosen as to not reach �plateau� levels,
with water as negative controls. The PCR products were separated on
10% acrylamide gels and stained with SYBR Green (Molecular
Probes). The gels were scanned using the Gel Doc 2000 system and
band intensities were determined using Quantity One software (Bio-
Rad). Data were normalized to 28S rRNA levels used as internal
standard.

Statistical analysis. Data are reported as means ± SEM. Statistical
analysis was performed by repeated measures ANOVA (for body
weight evolution) or Student�s t test with or without Welch
correction.



Table 1
Sequence of primers used for RT-PCR analysis (5 0–3 0)

Target Sense primer Antisense primer Product size Annealing temperature (�C)

MMP-2 AGATCTTCTTCTTCAAGGACCGGTT GGCTCCTCAGTGGCTTGGGGTA 225 68
MMP-9 AGGGTCCACCTTGTTCACC GGCGTGTCTGGAGAT 190 55
MMP-14 GGATACCCAATGCCCATTGGCCA CCATTGGGCATCCAGAAGAGAGC 221 68
TIMP-1 GGCATCCTCTTGTTGCTATCACTG GTCATCTTGATCTCATAACGCTGG 174 68
28S rRNA GTTCACCCACTAATAGGGAACGTGA GGATTCTGACTTAGAGGCGTTCAGT 212 68
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Results

Obesity model

Body weight and adipose tissue composition

After 15 weeks on the HFD, body weight gain, and
SC and GON fat pad weights were somewhat, but not
significantly, lower in the inhibitor-treated mice as com-
pared to the vehicle-treated mice (Fig. 1 and Table 2).
The weights of other organs, including kidney, lung,
heart, and liver, were also comparable for inhibitor-
Fig. 1. Body weight gain as a function of time for C57Bl/6J mice kept
on a high fat diet for 15 weeks and treated with inhibitor (j) or vehicle
(d). Data are means ± SEM of results obtained with 9 or 10 animals.

able 2
ody weight gain, adipose tissue weight, and cellularity of inhibitor-
reated and vehicle-treated mice after 15 weeks of HFD

Vehicle Inhibitor

nitial weight (g) 17 ± 1.3 20 ± 0.66
inal weight (g)a 28 ± 0.57 27 ± 0.89
eight gain (g) 10 ± 1.4 7.4 ± 0.88
C fat (g) 0.71 ± 0.10 0.63 ± 0.07
ON fat (g) 0.60 ± 0.11 0.51 ± 0.08

dipocyte number (·10�6/lm2)
SC 700 ± 88 780 ± 84
GON 400 ± 39 470 ± 41

dipocyte diameter (lm)
SC 46 ± 3.2 43 ± 1.7
GON 58 ± 2.6 54 ± 2.2

ata are means ± SEM of results obtained with 9 or 10 animals.
a Weight before overnight fasting.
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and vehicle-treated mice (not shown), indicating that no
aspecific toxic effect occurred. In vehicle-treated mice
kept on normal chow for 15 weeks, total weight gain
(11 ± 0.86 g) was comparable to vehicle-treated mice
on HFD, but the SC and GON fat mass was signifi-
cantly lower (0.20 ± 0.03 and 0.23 ± 0.03 g, respec-
tively). Progressive analysis of the evolution of total
body weights over 15 weeks revealed a significant effect
of the diet (p < 0.001) but not of the inhibitor (p = 0.83).

Over the entire HFD period, physical activity was
higher in inhibitor-treated mice (11,600 ± 1180 versus
8600 ± 620 cycles per 12 h; p = 0.038), whereas the aver-
age food intake was lower (2.9 ± 0.18 versus 3.7 ±
0.01 g per 24 h; p = 0.057).

Analysis of the cellularity of the fat deposits after 15
weeks of the HFD revealed that the diameter of the adi-
pocytes in tissue treated with inhibitor was somewhat
smaller than in the tissue without inhibitor, and that
the number of adipocytes per surface unit was somewhat
higher. As observed previously, the HFD induced adi-
pocyte hypertrophy as compared to normal chow (adi-
pocyte diameter of 36 ± 2.8 or 38 ± 2.2 lm in SC or
GON adipose tissue of vehicle-treated mice on normal
chow).

Staining of adipose tissue sections with Sirius red re-
vealed more collagen throughout the inhibitor-treated
tissues compared with the vehicle-treated tissues (stained
area of 13 ± 1.5% versus 8.7 ± 1.5% of the total area
(p = 0.04) for SC tissue, with corresponding values of
6.6 ± 0.99% versus 1.4 ± 0.15% (p = 0.0008) for GON
tissue).

Staining of SC or GON adipose tissue with an endo-
thelial cell specific lectin revealed somewhat higher
blood vessel density in inhibitor-treated as compared
to vehicle-treated mice on HFD (Table 3). In SC adipose
tissue, the stained area and vessel size were comparable
for both groups, whereas in GON adipose tissue these
were higher in inhibitor-treated mice. These differences
were, however, not statistically different.

Gelatinolytic activity
Zymography on gelatin-containing gels revealed the

presence of proMMP-2 and active MMP-2 species in ex-
tracts of SC or GON adipose tissue, whereas MMP-9
levels were not detectable. Addition of Ro28-2653 (final
concentration 10 lmol/L) to the incubation buffer re-



able 3
haracterization of blood vessels in SC and GON adipose tissue of
hibitor- or vehicle-treated mice after 15 weeks of HFD

SC GON

Vehicle Inhibitor Vehicle Inhibitor

tained areaa 4.9 ± 1.5 5.1 ± 1.7 1.7 ± 0.36 3.9 ± 0.96
essel densityb 520 ± 100 610 ± 95 280 ± 41 430 ± 74
essel sizec 85 ± 17 82 ± 16 58 ± 4.0 86 ± 8.6

ata are means ± SEM of results obtained with three to five animals.
a Lectin stained area in percent of the total area.
b Number of vessels per mm2.
c Vessel size in lm2.
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Fig. 3. Differentiation of 3T3-F442A preadipocytes as an in vitro
model of adipogenesis. Differentiation was monitored in the absence
(�I) or in the presence (+I) of the inhibitor. Intracytoplasmatic lipids
were stained with Oil red O at different time points, extracted, and
quantified from the absorbance at 510 nm (A510 nm). Blank, corre-
sponds to wells without cells; day 1–15, are days after the induction of
differentiation in confluent cultures. Data are mean values of two
experiments, performed with a variability of less than 10%.
sulted in inhibition of the lysis zones on the gel, confirm-
ing the activity of the inhibitor (data not shown).

Gelatinolytic activity determined in adipose tissue
homogenates with the use of a quenched fluorescent sub-
strate hydrolyzed by most MMPs was somewhat reduced
in GON but not SC tissue of inhibitor-treated mice com-
pared to vehicle-treated controls. Activity against the
gelatin substrate was lower in both inhibitor-treated tis-
sues (Fig. 2A). In situ gelatin zymography with cryosec-
tions confirmed lower gelatinolytic activity in SC
(9.5 ± 0.76% versus 26 ± 4.9%) and GON (17 ± 1.4%
versus 24 ± 6.5%) adipose tissue of inhibitor-treated
mice on HFD. These differences were, however, not sta-
tistically significant.

mRNA expression
The mRNA expression levels of MMP-2, -9, and -14

(the main targets of Ro 28-2653) and of TIMP-1 in SC
Fig. 2. (A) Activity of subcutaneous (SC) or gonadal (GON) adipose tissue
vehicle (n = 10, open bars) against an aspecific MMP-substrate (I) and a
fluorescence intensity/h ± SEM. (B) mRNA expression levels of MMP-2, -9,
(n = 5, filled bars) or vehicle (n = 5, open bars). Data are normalized to 28S
and GON adipose tissues were determined using semi-
quantitative RT-PCR. In both SC and GON tissues, a
statistically significant two- to threefold upregulation
was observed in inhibitor-treated animals for MMP-2
(p = 0.0004 for SC and p = 0.02 for GON) and for
MMP-14 (p = 0.001 for SC and p = 0.0002 for GON),
as compared to vehicle-treated animals. The expression
levels of MMP-9 and TIMP-1 were not significantly af-
fected by inhibitor treatment (Fig. 2B).
homogenates from mice treated with Ro 28-2653 (n = 8, filled bars) or
gainst a gelatinase-specific substrate (II). Data are mean changes in
-14, and TIMP-1 in adipose tissues from mice treated with Ro 28-2653
rRNA levels and shown as means ± SEM.
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Differentiation of preadipocytes

Differentiation of 3T3-F442A preadipocytes was
characterized by their conversion into spherical lipid-
filled adipocytes. Staining with Oil red O and extrac-
tion of cellular lipids revealed somewhat reduced
differentiation after 4 days in the presence of 1 lmol/
L Ro 28-2653, whereas subsequently (up to day 15)
differentiation appeared somewhat but not significantly
enhanced (Fig. 3). At the end of the experiment,
FACS analysis using Nile red indicated over 85% of
differentiated cells (not shown). Inhibitor treatment
induced enhanced mRNA expression for MMP-2 (by
60%) and MMP-9 (by 100%), but not for MMP-14
(11% increase), and a decreased expression of TIMP-1
(by 40%).
Discussion

To test the hypothesis that MMP activity plays a role
in development of adipose tissue, we have administered a
synthetic MMP inhibitor to mice kept on HFD for 15
weeks. Ro 28-2653 has a relative specificity/selectivity
for gelatinases (MMP-2 and -9), but also efficiently
inhibits MMP-14, and less efficiently MMP-1 and
MMP-13. The published IC50 values [12] relate to the
MMPs of human origin and are not known for their
murine counterparts. The minimal effective dose for dai-
ly oral administration to mice and rats was determined to
be 30 mg/kg (H.-W. Krell, personal communication). In
a standard prostate cancer model in rats, this dosing was
shown to reduce tumor growth and to prolong survival
[20]. Ro 28-2653 was also effectively used at a dose of
50 mg/kg in mice with T-cell lymphoma [12]. We have
administered the inhibitor to mice by daily p.o. instilla-
tions at a dose of 30 mg/kg. Higher doses were not inves-
tigated because we wanted to limit the effect on food
intake of the mice. At the time of sacrifice, reduced gela-
tinolytic activity was observed by in situ zymography on
adipose tissue sections of inhibitor-treated mice, whereas
the fibrillar collagen content was higher, compatible with
in situ inhibitory activity of Ro 28-2653. The metabolism
of the inhibitor within adipose tissue is, however, un-
known. The residual gelatinolytic activity may be caused
by MMPs, that are not inhibited; there are indeed 17
other MMPs besides MMP-2 and MMP-9 with reported
activity against gelatin [2]. In addition, some of the
ADAM (a disintegrin and metalloprotease) family
members, e.g., ADAM-15, also degrade gelatin [21].
We observed an enhanced expression of MMP-2 and
MMP-14 in adipose tissues of inhibitor-treated animals;
in contrast, MMP-9 and TIMP-1 expression was not af-
fected. During in vitro differentiation of 3T3-F442A pre-
adipocytes, we observed enhanced expression of MMP-9
in the presence of the inhibitor. It is known from other
studies that the gene expression profile in these cells dif-
fers from the in vivo situation [22,23]; their in vitro differ-
entiation is associated with abundant deposition of
extracellular matrix and secretion of gelatinases [8]. It
is not clear if modulation of MMP expression has re-
sulted in enhancedMMP activity in adipose tissue, which
may counteract the in vivo effect of the inhibitor. In pre-
vious studies in a T-cell lymphomamodel, no effect of Ro
28-2653 was observed onMMP expression, in contrast to
unspecific inhibitors such as Batimastat [12]. Also in
HT1080 cells, upregulation of proMMP-9 was reported
with aspecific MMP inhibitors, but not with Ro 28-
2653 [24,25]. Another broad-spectrum inhibitor, galar-
din (Ilomastat), was shown to enhance the expression
of MMP-3, -9, and -13 in murine keratinocytes [26].

In any case, only minor effects of partial MMP inhi-
bition were observed on adipose tissue development and
cellularity. In a previous study, we have shown that—in
the same murine model—administration of galardin re-
sulted in impaired adipose tissue development [11].
Galardin was also found to accelerate lipid accumula-
tion during in vitro differentiation of fibroblastic 3T3-
L1 progenitor cells [27]. Ro 28-2653 also resulted in
somewhat, but not significantly, enhanced differentia-
tion of 3T3-F442A cells. These data thus suggest an
inhibitory effect of some MMPs on adipocyte differenti-
ation, possibly by preventing the assembly of basement
membrane.

Involvement of MMPs in angiogenesis is supported
by the finding that galardin reduces the number and area
of new blood vessels in rat corneas implanted with a
malignant carcinoma [28]. In our murine model of nutri-
tionally induced obesity, galardin impaired adipose tis-
sue mass, resulting in apparently higher blood vessel
density [11]. Also in the present study, in vivo adminis-
tration of Ro 28-2653 resulted in somewhat enhanced
blood vessel density. In contrast, in the ex vivo rat aortic
ring assay, Ro 28-2653 completely blocked neovessel for-
mation, indicating an anti-angiogenic potential [25]. If
we normalize the blood vessel density in our study to
the adipocyte number, the effect of the inhibitor largely
disappears. The number and/or size of adipocytes in adi-
pose tissue may indeed affect blood vessel density [9,10].

Taken together, it appears that the inhibitory spec-
trum of Ro 28-2653 is not adequate to affect adipose tis-
sue development significantly. Alternatively, one could
argue that the MMPs targeted by the inhibitor do not
play key roles in this process. It remains to be shown
whether more extensive or more specific MMP inhibi-
tion will allow one to modulate adipose tissue develop-
ment in vivo.
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[7] A. Bouloumié, C. Sengenès, G. Portolan, et al., Adipocyte
produced matrix metalloproteinases 2 and 9. Involvement in
adipocyte differentiation, Diabetes 50 (2001) 2080–2086.

[8] E. Maquoi, C. Munaut, A. Colige, et al., Modulation of adipose
tissue expression of murine matrix metalloproteinases and their
tissue inhibitors with obesity, Diabetes 51 (2002) 1093–1101.

[9] E. Maquoi, D. Demeulemeester, G. Voros, et al., Enhanced
nutritionally induced adipose tissue development in mice with
stromelysin-1 gene inactivation, Thromb. Haemost. 89 (2003)
696–704.

[10] H.R. Lijnen, D. Demeulemeester, B. Van Hoef, et al., Deficiency
of tissue inhibitor of matrix metalloproteinase-1 (TIMP-1) impairs
nutritionally induced obesity in mice, Thromb. Haemost. 89
(2003) 249–253.

[11] H.R. Lijnen, E. Maquoi, L.B. Hansen, et al., Matrix metallopro-
teinase inhibition impairs adipose tissue development in mice,
Arterioscler. Thromb. Vasc. Biol. 22 (2002) 374–379.

[12] M. Arlt, C. Kopitz, C. Pennington, et al., Increase in gelatinase-
specificity of matrix metalloproteinase inhibitors correlates with
antimetastatic efficacy in a T-cell lymphoma model, Cancer Res.
62 (2002) 5543–5550.

[13] A.R. Giles, Guidelines for the use of animals in biomedical
research, Thromb. Haemost. 58 (1987) 1078–1084.
[14] L. Laitinen, Griffonia simplicifolia lectins bind specifically to
endothelial cells and some epithelial cells in mouse tissues,
Histochem. J. 19 (1987) 225–234.

[15] D.E. Kleiner, W.G. Stetler Stevenson, Quantitative zymography:
Detection of picogram quantities of gelatinases, Anal. Biochem.
218 (1994) 325–329.

[16] Z.S. Galis, G.K. Sukhova, P. Libby, Microscopic localization of
active proteases by in situ zymography: Detection of matrix
metalloproteinase activity in vascular tissue, FASEB J. 9 (1995)
974–980.

[17] M. D�Angelo, P.C. Billings, M. Pacifici, et al., Authentic matrix
vesicles contain active metalloproteases (MMP), a role for matrix
vesicle-associated MMP-13 in activation of transforming growth
factor-beta, J. Biol. Chem. 276 (2001) 11347–11353.

[18] G.B. Fields, Using fluorogenic peptide substrates to assay
matrix metalloproteinases, Methods Mol. Biol. 151 (2001)
495–518.

[19] J.L. Ramirez-Zacarias, F. Castro-Munozledo, W. Kuri-Harcuch,
Quantitation of adipose conversion and triglycerides by staining
intracytoplasmic lipids with Oil red O, Histochemistry 97 (1992)
493–497.

[20] M. Lein, K. Jung, B. Ortel, et al., The new synthetic matrix
metalloproteinase inhibitor (Roche 28-2653) reduces tumor
growth and prolongs survival in a prostate cancer standard rat
model, Oncogene 21 (2002) 2089–2096.

[21] M.J. Duffy, D.J. Lynn, A.T. Lloyd, et al., The ADAM family of
proteins: from basic studies to potential clinical applications,
Thromb. Haemost. 89 (2003) 622–631.

[22] A. Soukas, N.D. Socci, B.D. Saatkamp, et al., Distinct transcrip-
tional profiles of adipogenesis in vivo and in vitro, J. Biol. Chem.
276 (2001) 34167–34174.

[23] S.T. Nadler, J.P. Stoehr, K.L. Schueler, et al., The expression of
adipogenic genes is decreased in obesity and diabetes mellitus,
Proc. Natl. Acad. Sci. USA 97 (2000) 11371–11376.

[24] E. Maquoi, C. Munaut, A. Colige, et al., Paradoxical stimulation
of matrix metalloproteinase-9 expression in HT1080 cells by a
broad-spectrum hydroxamate-based matrix metalloproteinase
inhibitor, Ann. NY Acad. Sci. 878 (1999) 744–746.

[25] E. Maquoi, N.E. Sounni, L. Devy, et al., Anti-invasive, antitu-
moral, and antiangiogenic efficacy of a pyrimidine-2,4,6-trione
derivative, an orally active and selective matrix metalloproteinases
inhibitor, Clin. Cancer Res. 10 (2004) 4038–4047.

[26] L.R. Lund, J. Rømer, T.H. Bugge, et al., Functional overlap
between two classes of matrix-degrading proteases in wound
healing, EMBO J. 18 (1999) 4645–4656.

[27] C.M. Alexander, S. Selvarajan, J. Mudgett, et al., Stromelysin-1
regulates adipogenesis during mammary gland involution, J. Cell
Biol. 152 (2001) 693–703.

[28] R.E. Galardy, D. Grobelny, H.G. Foellmer, et al., Inhibition of
angiogenesis by the matrix metalloproteinase inhibitor
N-[2R-2(hydroxamidocarbonylmethyl)-4-methylpentanoyl]-LL-tryp-
tophan methoxylamide, Cancer Res. 54 (1994) 4715–4718.


	Effect of matrix metalloproteinase inhibition on adipose tissue development
	Methods
	Results
	Obesity model
	Body weight and adipose tissue composition
	Gelatinolytic activity
	mRNA expression
	Differentiation of preadipocytes


	Discussion
	Acknowledgments
	References


