
Introduction

Obesity is a common disorder, and its related diseases such as
non-insulin-dependent diabetes mellitus, atherosclerosis and hyper-
tension are a major cause of death and disability in Western
societies. Development of obesity is associated with extensive
modifications in adipose tissue involving adipogenesis, angio-
genesis and extracellular matrix (ECM) proteolysis (1). Pro-
teolytic systems, e.g. the matrix metalloproteinase (MMP)
system, contribute to tissue remodeling by degradation of ECM
and basement membrane components or activation of latent
growth factors (2-4). Gelatinolytic activity was observed in
adipose tissue of mice with nutritionally induced obesity as well
as in genetically obese mice (5) and also in human adipocytes

(6). For rat adipocytes it was previously suggested that a MMP-2
(gelatinase A) like activity, may play a role in their organization
into large multicellular clusters (7). In vivo, MMPs are inhibited
by endogenous tissue inhibitors (TIMPs), of which 4 different
types have been identified (8, 9). TIMP-1, which is synthesized by
most types of connective tissue cells as well as macrophages, acts
against all members of the collagenase, stromelysin and gelati-
nase classes (2, 8). Analysis of mRNA expression in adipose
tissue of lean and obese mice revealed significant upregulation of
TIMP-1 with obesity (10). TIMP-1 was mainly expressed in the
stromal-vascular cells and only marginally in adipocytes (10).
In order to establish a potential role of TIMP-1 in development of
adipose tissue, we have studied the effect of TIMP-1 gene inac-
tivation in a mouse model of nutritionally induced obesity (11).
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TIMP-1–/– mice. Plasma leptin levels in TIMP-1–/– mice on HFD
were significantly lower as compared to TIMP-1+/– mice, and
strongly correlated with adipose tissue mass for both geno-
types. Staining with an endothelial cell specific lectin revealed a
significantly higher blood vessel density, larger stained area and
vessel size in adipose tissue of TIMP-1–/– mice on HFD. This
difference disappeared after normalization to the adipocyte
number, suggesting that it does not represent a true enhance-
ment of angiogenesis. Thus, in a murine model of nutritionally
induced obesity,TIMP-1 promotes adipose tissue development.
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Summary
Tissue inhibitor of matrix metalloproteinase-1 deficient
(TIMP-1–/–) mice and wild-type (TIMP-1+/+) controls were kept
on a standard (SFD) or a high fat diet (HFD) for 15 weeks.
At the time of sacrifice,TIMP-1–/– mice on HFD had a significantly
lower body weight (29 ± 1.5 versus 41 ± 1.8 g, p <0.005), and
significantly less subcutaneous (0.81 ± 0.19 versus 1.78 ± 0.21 g,
p <0.05) and gonadal (0.87 ± 0.17 versus 1.85 ± 0.18 g,
p <0.005) fat mass. These differences were much less pro-
nounced for mice on SFD. On HFD but not on SFD, adipocyte
diameters were significantly lower in the adipose tissue of
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Materials and methods

Experimental protocol
TIMP-1-deficient (TIMP-1–/–) and wild-type (TIMP-1+/+) mice
were obtained by courtesy of P. Soloway (Roswell Park Cancer
Institute, Buffalo, NY) and characterized as described (12, 13).
They were maintained as outcrossed animals arising from F1
(C57Bl/6 � 129 SvJae) founders. Because of the X-linked
inheritance pattern, male deficient mice are hemizygous
(TIMP-1–/0; for convenience we will always refer to TIMP-1–/–

as homozygotes).  Genotyping of offspring was performed by
Southern blotting using tail tip DNA (data not shown). 

Five week old male TIMP-1+/+ and TIMP-1–/– mice were
kept in microisolation cages on a 12 h day-night cycle and fed a
standard fat diet (n = 4 or 5) (SFD, KM-04-k12, Muracon,
Carfil, containing 13% kcal as fat, with a caloric value of
10.9 kJ per g) or a high fat diet (n = 10 or 11) (HFD, Harlan TD
88137, Zeiss, the Netherlands, containing 42% kcal as fat, and
a caloric value of 20.1 kJ/g). Mice were weighed every week
and sacrificed after 15 weeks, following overnight fasting, by
i.p. injection of 60 mg/kg Nembutal (Abbott Laboratories,
North Chicago, IL). Blood was collected from the retroorbital
sinus with or without addition of trisodium citrate (final concen-
tration 0.01 mol/L). Plasma and serum were stored at –20° C.
Intra-abdominal (gonadal, GON) and inguinal subcutaneous
(SC) fat pads were removed and weighed; portions were imme-
diately frozen at –80° C for extraction, other portions were used
for histology. Therefore, 15 �m cryosections and 7 �m paraf-
fine sections were prepared.

Food intake was measured for 24 h periods (16 times during
the diet), and expressed as g per 24 h per mouse (4 or 5 animals
in each group). To evaluate physical activity, mice were placed
in a separate cage equipped with a turning wheel linked to a
computer to register full turning cycles in 72 h periods at
3 weekly intervals during the diet. Data are reported as number
of cycles per 12 h (at night) (8 or 9 measurements with 4 or
5 mice in each group); the data were first averaged per mouse
and are given as mean ± SEM of the number of animals studied.

All animal experiments were approved by the local ethical
committee and were performed in accordance with the guiding
principles of the American Physiological Society and the
International Society on Thrombosis and Haemostasis (14).

Assays
The mean size of adipocytes was determined by computer-
assisted image analysis in cryosections of adipose tissue stained
with haematoxylin-eosin. For each animal, 3 to 5 areas in 4 dif-
ferent sections each were analyzed; the data were first averaged
per section and then per animal. Staining of fibrillar collagen
with Sirius red was performed on paraffine sections, and quan-
tified by computer-assisted image analysis. Blood vessels were
visualized using the biotinylated Bandeiraea (Griffonia)

Simplicifolia BSI lectin (Sigma-Aldrich) (15). Nine to twelve
sections were analyzed per animal and then averaged.

Extraction of adipose tissue was performed as described
(16), and the protein concentration of the supernatants was
determined (BCA assay, Pierce). Zymographic analysis of
gelatinase activity in the extracts was performed as described
(17); the lysis of the substrate gel was determined by computer-
assisted image analysis and expressed in arbitrary units (AU) of
lysis per mg total protein in the extract (16). In situ zymography
on cryosections of adipose tissue using casein- or gelatin-con-
taining gels was performed essentially as described (18). The
substrate gel (0.5% agarose) contained 1.0 mg/mL resorufin-
labeled casein (Boehringer Mannheim) or pig skin gelatin
Oregon GreenTM 488 conjugate (Molecular Probes, Leiden, The
Netherlands). Overlays were analyzed by computer-assisted
image analysis after incubation for 24-48 h in a moist chamber
at 37° C and the lysis area was normalized to the total section
area.

White blood cells, red blood cells, platelets, haemoglobin
and haematocrit levels were determined using standard labora-
tory assays. PAI-1 antigen levels were measured with a specific
home-made ELISA (19), and leptin was measured with a com-
mercially available ELISA (R&D Systems, Abingdon, U.K.).
Blood glucose concentrations were determined using Glucocard
strips (Menarini Diagnostics), and triglyceride, total and
HDL cholesterol levels were evaluated using routine clinical
assays.

Statistical analysis
Data are expressed as mean ± SEM. Statistical significance for
differences between groups was analyzed by non-parametric
t-testing. Correlation analysis was performed using the nonpara-
metric Spearman’s rank correlation coefficient test. Values of
p <0.05 were considered statistically significant.

Results

Body weight, adipose tissue mass and
cellularity
At 5 weeks of age, the body weight of the TIMP-1+/+ mice
(21 ± 0.34 g) was comparable to that of the TIMP-1–/– mice
(20 ± 0.65 g). After 15 weeks on HFD, the body weight of the
TIMP-1–/– mice was significantly lower than that of the
TIMP-1+/+ mice (Table 1 and Fig. 1), whereas after 15 weeks of
SFD no difference was observed. The body weight gain on the
HFD was significantly lower in TIMP-1–/– mice (11 ± 1.6 ver-
sus 23 ± 1.7 g, p <0.005). The total weight of the isolated SC or
GON fat depots was also significantly lower in the TIMP-1–/–

mice on HFD, whereas on SFD the differences were less pro-
nounced (Table 1). Analysis of the cellularity of the fat depots
revealed significantly smaller adipocytes with higher density in
the TIMP-1–/– mice on HFD as compared to the TIMP-1+/+ mice,

250

For personal or educational use only. No other uses without permission. All rights reserved.
Downloaded from www.thrombosis-online.com on 2011-11-09 | ID: 1000503908 | IP: 139.165.109.77



TIMP-1 and obesity 251

Table 1: Effect of TIMP-1 deficiency in
mice on body weight gain and on
adipose tissue weight and cellularity
after 15 weeks of SFD or HFD.

Figure 1: Increase in body weight as
a function of time for TIMP-1+/+ (● )
or TIMP-1–/– (■ ) mice on a high fat
diet. Data are mean ± SEM of 11 or 
10 animals, respectively.The increase
in body weight is significantly different
from week 2 on (p <0.05) and is highly
significant at week 15 (p <0.001).

whereas these differences were not observed in mice on SFD
(Table 1). The percentage of body fat, calculated on the basis of
the weight of the GON adipose tissue (20), was significantly
lower in TIMP-1–/– mice on HFD (2.9 ± 0.41 versus 4.4 ± 0.38%,
p = 0.024).

Glucose, total cholesterol and HDL cholesterol levels were
lower in TIMP-1–/– mice on HFD than in the wild-type mice,
whereas triglyceride levels were not different (Table 2). Plasma

leptin levels were significantly higher in TIMP-1+/+ mice on
HFD as compared to TIMP-1–/– mice (Table 2). Overall for
both genotypes combined, a strong correlation was observed
between leptin levels and the weight of the SC or GON adipose
tissue (p <0.00001).

Haematologic parameters including white and red blood
cells and platelet counts, haemoglobin and haematocrit were
also undistinguishable (not shown).
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Table 2: Metabolic parameters of
TIMP-1+/+ and TIMP-1–/– mice after
15 weeks of HFD.

Table 3: Gelatinolytic and caseinolytic
activity in adipose tissue of mice kept
on HFD for 15 weeks, as measured by
in situ zymography.

Figure 2: Staining with the Bandeirae
Simplicifolia lectin of gonadal adipose
tissue derived from TIMP-1+/+ (A) or
TIMP-1–/– (B) mice kept on HFD for
15 weeks.
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Staining of adipose tissue sections with Sirius red revealed
the presence of fibrillar collagen throughout the sections
(not shown). Quantification of the stained area did not reveal
significant differences between TIMP-1+/+ and TIMP-1–/– mice,
either on HFD (15 ± 4.8 versus 15 ± 4.7% for SC tissue and
11 ± 3.9 versus 12 ± 4.0% for GON tissue) or on SFD (22 ± 3.1
versus 25 ± 1.3% for SC tissue and 6.4 ± 0.75 versus 5.7 ±
0.55% for GON tissue).

Food intake and physical activity
The food intake of TIMP-1+/+ and TIMP-1–/– mice was compa-
rable, both on the SFD (4.9 ± 0.03 versus 4.6 ± 0.03 g/24 h) and
the HFD (4.0 ± 0.18 versus 3.7 ± 0.09 g/24 h). The feeding effi-
ciency (weight gain for food consumed) of TIMP-1–/– mice on
the HFD thus appears to be lower than that of the TIMP-1+/+

mice. The average physical activity at night was comparable for
TIMP-1+/+ and TIMP-1–/– mice on the SFD (8,600 ± 760 versus
10,700 ± 1,400 cycles/12 h) as well as on the HFD (11,600 ±
2,000 versus 13,600 ± 1,400 cycles/12 h).

Expression of gelatinase activity
Zymography on gelatin-containing gels of extracts of adipose
tissue of mice on HFD revealed the presence of 70 kDa and
65 kDa proMMP-2 and of 58 kDa active MMP-2 species,
whereas MMP-9 levels were not detectable (not shown). The
total MMP-2 levels (all 3 forms combined) were significantly
different for TIMP-1+/+ or TIMP-1–/– mice in the SC tissue
(140 ± 16 versus 75 ± 14 AU/mg, p = 0.009) but not in the GON
tissue (160 ± 21 versus 120 ± 27 AU/mg). The ratio of
active 58 kDa versus latent (70 kDa plus 65 kDa) MMP-2
was comparable in TIMP-1+/+ and TIMP-1–/– SC tissue (36 ±
3.3 versus 44 ± 3.8%) or GON tissue (16 ± 2.0 versus
12 ± 2.6%).

In stitu zymography with gelatin-containing or casein-con-
taining gels on cryosections of SC or GON adipose tissue did

not reveal significant differences in gelatinolytic or caseinolytic
activity of both genotypes kept on HFD (Table 3).

Adipose tissue related angiogenesis
Staining of SC or GON adipose tissue with an endothelial cell
specific lectin revealed larger stained areas, vessel size and
vessel density in TIMP-1–/– mice on HFD as compared to
TIMP-1+/+ mice (Table 4). These differences were not observed
in TIMP-1+/+ or TIMP-1–/– mice on SFD (not shown).

Discussion

To establish a potential role of TIMP-1 in development of
adipose tissue, we have investigated the effect of TIMP-1 gene
inactivation in a murine model of nutritionally induced obesity.
It was recently reported that TIMP-1 mRNA is expressed in
adipose tissue of lean mice and that it is significantly upregu-
lated by obesity (10). Furthermore, out of 16 MMPs and
4 TIMPs that were evaluated, only MMP-8 mRNA was not
expressed in gonadal and subcutaneous adipose tissue. Striking
modulation of the MMP/TIMP expression pattern in this model
of nutritionally induced obesity suggested a functional role in
the (patho)physiology of the adipose tissue (10). In addition,
administration of the broad spectrum MMP inhibitor galardin
to mice on high fat diet resulted in impaired adipose tissue
development (21). Recently, it was reported that genetically
obese ob/ob mice treated with the MMP inhibitor Bay12-9566
gained somewhat less weight than the controls (22). Since
TIMP-1 inhibits a large array of MMPs, its inactivation may
give relevant information on the role of the MMP/TIMP balance
in obesity.

On normal chow (SFD), the body weight gain and develop-
ment of adipose tissue was not strikingly different for TIMP-1–/–

or TIMP-1+/+ mice. However, when exposed to a high fat diet,
TIMP-1–/– mice gained less weight than their wild-type counter-
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Table 4: Characterization of blood
vessels in subcutaneous (SC) and
gonadal (GON) adipose tissue of
TIMP-1+/+ or TIMP-1–/– mice kept on
HFD for 15 weeks.
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parts, and developed less adipose tissue. During the diet period,
food intake and physical activity were comparable in the ex-
perimental groups. We also evaluated circulating leptin levels,
since leptin acts as a satiety factor and increases energy expen-
diture, while its secretion is strongly correlated with body fat
mass and adipocyte size (23). Plasma leptin levels were signifi-
cantly elevated in TIMP-1+/+ as compared to TIMP-1–/– mice
kept on HFD; this may suggest an effect of TIMP-1 deficiency
on leptin secretion, or may reflect merely the lower body fat
mass in the TIMP-1–/– mice. Lower circulating leptin levels in
the TIMP-1–/– mice did, however, not affect the food intake. For
both genotypes a significant correlation between leptin levels
and adipose tissue mass was maintained. Lower levels of
glucose and cholesterol in the TIMP-1–/–mice may also be
related with lower fat mass. The lower body weight of the
TIMP-1–/– mice may at least in part be explained by the reduced
fat mass; it has indeed to be taken into account that not all the
fat depots were removed from the body. On the basis of the 35%
reduction in total body fat observed in the TIMP-1–/– mice,
a significant contribution to the average 30% overall reduction
in body weight can be anticipated. 

Because gelatinase-like activity was consistently detected
in adipose tissue (5-7) and may play a role in adipocyte
differentiation (6), we have evaluated a potential effect of
TIMP-1 deficiency on gelatinase activity. Overall, we did not
observe striking differences in the adipose tissue of both geno-
types, indicating that reduced gelatinolytic activity does not
play a major role in the impaired adipose tissue development in
TIMP-1–/– mice. There were also no differences in fibrillar
collagen content in the adipose tissue, indicating that collageno-
lytic activity was not drastically higher in the TIMP-1–/– mice.

Development of adipose tissue is believed to be associated
with angiogenesis (1), and it was recently shown in different
obesity models that administration of angiogenesis inhibitors
reduces adipose tissue mass, indicating that this can be regulated
through the vasculature (22). In a companion study, we have
shown that stromelysin-1 (MMP-3) in our murine model of
nutritionally induced obesity impairs adipose tissue develop-
ment, possibly by affecting adipose tissue related angiogenesis

(24). The blood vessel size was comparable for wild-type and
MMP-3 deficient mice, but the vessel density was significantly
higher in the deficient mice. In the present study, we have
observed a significantly higher blood vessel density and size in
SC and GON adipose tissue of TIMP-1–/– as compared to con-
trol mice. Evidence has accumulated that, at least in tumors,
microvessel density does not truely reflect angiogenic activity.
It was suggested that the number of tumor cells that can be
supported (in terms of nutrients and oxygen) by a blood vessel
varies, influencing in turn the vascular density (25). Similarly,
one could assume that the number and/or size of adipocytes in
adipose tissue affects blood vessel density. This is supported by
a study on capillary fenestrations in adipose tissue, showing that
microvessel density is lower in obese ob/ob mice than in wild-
type mice, possibly as a result of increased size of adipocytes in
ob/ob mice (26). If we normalize the higher vessel density in SC
or GON adipose tissue of TIMP-1–/– mice to the adipocyte
number, the differences with the TIMP-1+/+ mice are no longer
observed. In contrast, in the study with MMP-3–/– mice, nor-
malization of the vessel density to the adipocyte number still
shows a higher density in the MMP-3–/– tissues. This suggests a
real enhancement of angiogenesis in MMP-3–/– but not in
TIMP-1–/– mice. The stimulating effect of TIMP-1 on adipose
tissue development observed in this study may be due to an
effect on other MMPs or on other (proteolytic) systems that
regulate obesity. Interestingly, TIMP-1 can act a a growth factor
for a wide range of cells (27), and it has been detected in the
nucleus of, for example. fibroblasts during S-phase (28). TIMP-1
may thus affect cell proliferation. The mechanisms of such
interactions remain however to be further studied.
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