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Summary

Obesity is a common disorder, and related diseases such as dia-
betes, atherosclerosis, hypertension, cardiovascular disease and
cancer are a major cause of mortality and morbidity in VWestern-
type societies. Development of obesity is associated with exten-
sive modifications in adipose tissue involving adipogenesis, an-
giogenesis and extracellular matrix proteolysis. The fibrinolytic
(plasminogen/plasmin) and matrix metalloproteinase (MMP)
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systems cooperate in these processes. A nutritionally induced
obesity model in transgenic mice has been used extensively to
study the role of the fibrinolytic and MMP systems in the devel-
opment of obesity. These studies support a role of both systems
in adipogenesis and obesity, and suggest that modulation of pro-
teolytic activity may affect development of adipose tissue.
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Introduction

Over the last decades obesity and its consequences worldwide
have become a major health problem. Between 1976 and 2002,
the prevalence of overweight (body mass index [BMI] =25
kg/m?) in the United States has increased from 46% to 66% of
the population, and that of obesity (BMI >30 kg/m?) from 15% to
31% (1). Excess weight increases the risk of multiple conditions,
including hypertension, cardiovascular and cerebrovascular dis-
ease, type 2 diabetes, certain types of cancer, gallstones and os-
teoarthritis. Obesity is frequently associated with metabolic ab-
normalities such as impaired glucose tolerance, hyperinsuline-
mia, dyslipidemia with elevated triglyceride level, decreased
high-density lipoprotein cholesterol concentration and increased
proportion of small dense lipoparticles. This cluster of metabolic
disturbances is called the metabolic syndrome, and represents
known risk factors for cardiovascular disease. In addition, obes-
ity negatively affects physical functioning, vitality, and general
quality of life (2, 3).

Formation of adipose tissue is a complex process requiring
designation of mesodermal stem cells to a preadipocyte lineage
and differentiation of preadipocytes into adipocytes. These and
other changes lead to rounding and formation of intracellular
lipid droplets, which lead to a cellular morphogenesis. Adipo-
cytes secrete compounds that are involved in the control of blood
flow and angiogenesis and contribute to proliferation and differ-
entiation of adipose precursor cells. Differentiation is also as-

sociated with an increase in the secretion of basement membrane
components such as laminin, proteoglycans and type IV col-
lagen. Differentiating adipocytes create cellular extensions, mi-
grate from the stroma, form cell-cell junctions and become or-
ganized into three-dimensional multicellular structures, a pro-
cess that is associated with migration through and remodeling of
the original extracellular matrix (ECM) (4, 5).

Development of obesity is associated with extensive modifi-
cations in adipose tissue involving adipogenesis, angiogenesis
and proteolysis of the ECM (6). Proteolytic systems, such as the
plasminogen/plasmin (fibrinolytic) and matrix metalloprotei-
nase (MMP) system, contribute to tissue remodeling by degrada-
tion of the ECM and basement membrane components or by ac-
tivation of latent growth factors. Specific molecular interactions
between both proteolytic systems suggest that they may cooper-
ate in achieving ECM degradation. Proteinases of both systems
are collectively able to cleave a wide variety of substrates, in-
cluding ECM components, other proteinases and their inhibitors,
and matrix receptors, whereby adipose tissue remodeling may be
facilitated. Furthermore, adipocytes are surrounded by a base-
ment membrane, that has to be extensively remodeled in order to
allow the hypertrophic development of adipocytes observed in
obesity. MMPs and plasmin can also release, activate or degrade
several growth factors and cytokines implicated in obesity and
play major roles in angiogenesis. Recently, some evidence has
emerged that proteins of the ADAM and ADAMTS families may
also be implicated.
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The fibrinolytic system and adipose tissue
development

The fibrinolytic system comprises an inactive proenzyme, plas-
minogen, that can be converted to the active enzyme, plasmin,
that degrades fibrin into soluble fibrin-degradation products.
Two immmunologically distinct plasminogen activators have
been identified: tissue-type plasminogen activator (t-PA) and
urokinase-type plasminogen activator (u-PA). t-PA-mediated
plasminogen activation is mainly involved in the dissolution of
fibrin in the circulation. u-PA binds to a specific cellular recep-
tor (u-PAR or CD87) resulting in enhanced activation of cell-
bound plasminogen. Inhibition of the fibrinolytic system may
occur either at the level of plasmin by o,-antiplasmin, or at the
level of the plasminogen activators, by plasminogen activator in-
hibitors (PAI-1 and PAI-2) (7).

Role of fibrinolytic components in adipose tissue
development

Several nutritionally induced obesity models in transgenic mice
have been used to study the role of the fibrinolytic system in the
development of obesity. t-PA-deficient mice, kept on high-fat
diet, had higher body weight and adipose tissue mass than wild-
type controls (8). This was associated with an increase in subcu-
taneous (SC), but not in gonadal (GON) fat depots. The increase
was mostly due to hypertrophy and not to hyperplasia of adipo-
cytes. There was also an increase in the number of stroma and en-
dothelial cells, both in the SC and GON fat tissues, suggesting
that targeted inactivation of t-PA increases angiogenesis in the
adipose tissue, which may promote adipose tissue formation.
Deficiency in u-PA, in contrast, had no effect on nutritionally in-
duced obesity (8), although it was previously shown that overex-
pression of u-PA in the brain resulted in reduced body weight and
size (9). Mice deficient in plasminogen, the substrate for both
plasminogen activators, showed reduced fat accumulation as-
sociated with reduced differentation of stromal cells (10). Defi-
ciency of o2-antiplasmin had no significant effect on adipose
tissue development in mice (11).

PAI-1 is expressed in murine and in human adipose tissue
(12-14). In human adipose tissue, its expression is positively
correlated with BMI (15). Increased levels of PAI-1 are also ob-
served in patients with the insulin resistance syndrome (16), and
improving the lipid profile by diet, exercise or antidiabetic drugs
results in reduced PAI-1 levels and enhanced fibrinolytic activity
(17). In obese premenopausal women, changes in plasma PAI-1
levels during body weight reduction and body weight regain are
correlated with changes in the amount of body fat (18). Circu-
lating PAI-1 is increased in obese subjects with the metabolic
syndrome, as well as in patients with type 2 diabetes. The more
severe the metabolic syndrome, the higher the plasma level of
PAI-1 (19).

The role of PAI-1 in adipose tissue development at present
still remains controversial. PAI-1-deficient mice kept on a high-
fat diet developed between 3 and 8 weeks of the high-fat diet
more adipose tissue than their wild-type counterparts, whereas
this difference disappeared at later time points (20). A signifi-
cantly lower number of stroma cells and of endothelial cells was

observed in the SC and GON fat depots of PAI-1-deficient mice,
suggesting a lower degree of angiogenesis. To further elucidate
the role of PAI-1 in the development of obesity, transgenic mice
were generated with overexpression of murine PAI-1 under con-
trol of the adipocyte-specific promoter aP2. High circulating
PAI-1 levels and reduced fibrinolytic activity in adipose tissue
resulted in a reduction of nutritionally induced obesity (21). This
finding is in agreement with a study of Eren et al. (22) who
showed that transgenic mice overexpressing a stable human
PAI-1 variant had virtually no intraperitoneal fat. Significant
adipocyte hypotrophy was observed in the SC adipose tissue of
PAI-1transgenic mice on high-fat diet, and the ratio of stroma
cells versus adipocytes was significantly lower both in SC and
GON adipose tissue of transgenic compared with wild-type
mice. Analysis of blood vessels did not reveal significant differ-
ences. Overexpression of PAI-1 thus seems to modify the cellu-
larity of adipose tissue, however, without significantly affecting
angiogenesis. It may enhance expression of anti-differentiation
factors such as Pref-1, which may contribute to reduced tissue
mass (21).

In contrast to these studies, disruption of the PA/-1 gene in
genetically obese and diabetic 0b/0b mice reduced adiposity and
improved the metabolic profile (23). Another study reported that
PAI-1-deficient mice on a high-fat diet developed less obesity
than wild-type controls, and downregulation of PAI-1 by an an-
giotensin type 1 receptor antagonist in wild-type mice amelior-
ated diet-induced obesity (24). Thus, there is a difference be-
tween genetically determined obesity models (mainly ob/ob or
db/db mice lacking leptin or its receptor) and nutritionally in-
duced models in wild-type mice with intact genome. Leptin pro-
vides a local angiogenic signal and improves the efficiency of
lipid release from fat stores to maintain energy homeostasis (25).
The discrepancies between these studies may also be explained
in part by the fact that nutritionally induced models depend on
the composition and timing of the diet, and on the age and gen-
etic background of the mice used. Recently, the role of PAI-1 was
reinvestigated with the use of PAI-1-deficient mice and true lit-
termate wild-type controls in an identical genetic background
(26). When kept on high-fat diet for 15 weeks, there was no dif-
ference between both genotypes in body weight and in weight of
the SC adipose tissue, whereas the GON fat mass was larger in
PAI-1-deficient mice. It can not be excluded that modifier genes
in a specific genetic background affect the outcome of such
obesity studies.

The role of PAI-1 was also investigated on de novo adipogen-
esis in vivo (27). PAI-1 inhibition had no effect on de novo fat pad
formation after subcutaneous injection of 3T3-F442A preadipo-
cytes in the back of NUDE mice, kept on high-fat diet for four
weeks. Weight gain, as well as the weights of the de novo fat pads,
SC and GON adipose tissues were comparable in both groups. In-
jection of Matrigel together with bFGF resulted in de novo
formation of fat pads in both wild-type and PAI-1-deficient mice
kept on a high-fat diet for four weeks. No differences were ob-
served in fat pad weight, adipocyte size or density. These data
thus do not show an effect of PAI-1 on adipogenesis in vivo. Liang
et al. investigated the effects and underlying mechanisms of
PAI-1 on glucose uptake in adipocytes and on adipocyte differ-
entiation, using primary cultured adipocytes from wild-type or

Downloaded from www.thrombosis-onzgclm on 2012-05-25 | IP: 38.107.179.234
For personal or educational use only. No other uses without permission. All rights reserved.

From Molecules to Medicine (Part I)



From Molecules to Medicine (Part I)

Christiaens et al. Proteolysis in development of murine adipose tissue

PAI-1-deficient mice, 3T3-L1 preadipocytes treated with a neu-
tralizing anti-PAI-1 antibody or stably transfected with a PAI-1
adenoviral construct. Collectively, the results from these studies
indicated that absence of PAI-1 in adipocytes protects against in-
sulin resistance by promoting glucose uptake and adipocyte dif-
ferentiation via increased PPAR-y expression (28). In contrast,
differentiation of 3T3-F442A preadipocytes was not affected by a
neutralizing PAI-1 antibody or by overexpression of PAI-1, and
differentiation of PAI-1-deficient murine embryonic fibroblasts
into mature adipocytes was comparable to wild-type cells (27).

A recent study has demonstrated that PAI-2 is also expressed
in murine adipose tissue and that its deficiency results in im-
paired adipose tissue development in mice fed a high-fat diet.
The mechanism appears to be independent of the antifibrinolytic
activity of PAI-2 (29).

Modulation of fibrinolytic activity

Tiplaxtinin, designed as a synthetic inhibitor of PAI-1, reduced
body weight in wild-type mice kept on high-fat diet (30). The
weights of the isolated SC and GON fat deposits were also sig-
nificantly reduced, associated with adipocyte hypotrophy. In-
hibitor-treated adipose tissues displayed similar blood vessel
size, but a higher blood vessel density. Other studies showed that
tiplaxtinin, in a model of diet-induced obesity, exhibited a dose-
dependent reduction in body weight, epididymal adipose tissue
weight, adipocyte volume, and circulating active plasma PAI-1
(31). Plasma glucose, triglycerides and leptin levels were signifi-
cantly reduced by tiplaxtinin, whereas insulin resistance tests re-
vealed lower glucose levels at the end of the test. These data sug-
gest that pharmacological inhibition of PAI-1 could be beneficial
in diseases associated with expansion of adipose tissue mass and
could lead to an improvement of the metabolic syndrome. There-
fore PAI-1 inhibitors will be needed that target active circulating
PAI-1 as well as PAI-1 bound to vitronectin.

The MMP system and adipose tissue
development

The MMPs belong to a family of over 25 neutral endopeptidases
that are collectively able to cleave all of the ECM components as
well as several non-ECM proteins, such as adhesion molecules,
cytokines, protease inhibitors and other (pro) MMPs. Generally,
MMPs are expressed at low levels but are rapidly induced at
times of active tissue remodeling. Most MMPs are secreted as in-
active proenzymes and require proteolytic processing to become
active. MMP activity is modulated through interactions with tis-
sue inhibitors of MMPs (TIMPs). Four TIMPs have been charac-
terized that are able to inhibit the activities of all known MMPs.
Consequently, the net MMP activity in tissues is locally deter-
mined by the balance between the levels of activated MMPs and
TIMPs (32).

Role of MMP system components in adipose tissue
development

Several lines of evidence suggest a potential role of MMPs in the
development of adipose tissue. Conditioned medium of rat adi-
pocytes contains a MMP-2 (gelatinase A) like gelatinolytic ac-

tivity, that may play a role in their organization into large multi-
cellular clusters (33). High expression of MMP-2 was reported
in adipose tissue of mice with nutritionally induced obesity as
well as in genetically obese mice (5). MMP-2 and MMP-9 ex-
pression and secretion have also been demonstrated in human
adipose tissue (34). Furthermore, MMP-2 increases and TIMP-1
decreases during adipocyte differentiation (35).

To gain further insight into the involvement of the MMPs in
the development of adipose tissue, the expression of MMPs and
TIMPs was monitored in lean and obese mice (36). This reveal-
ed upregulation with obesity of mRNA levels of some MMPs
(MMP-3, -11, -12, -13, -14) and downregulation of others
(MMP-7, -9, -16, -24). Most of these modulations were specific
to the GON fat, supporting the concept that the different fat de-
pots (SC and GON) are not identical.

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 gelatinase classes. Analysis of
mRNA expression in adipose tissue of lean and obese mice re-
vealed significant upregulation of TIMP-1 with obesity. In
contrast TIMP-4 was downregulated with obesity, whereas
TIMP-2 and TIMP-3 expression levels were not significantly
modulated, at least in GON adipose tissue (36).

Several nutritionally induced obesity models were used to
study the role of MMPs and TIMP-1 in the development of adi-
pose tissue. Inactivation of the stromelysin-1 (MMP-3) gene in
mice leads to enhanced development of adipose tissue when fed
a high-fat diet (37). The higher body weight of MMP-3-deficient
mice resulted essentially from a specific increase of their adipos-
ity, characterized by hypertrophic adipocytes in the SC and GON
fat pads. A higher blood vessel density was observed in the adi-
pose tissue of MMP-3-deficient mice, suggesting that MMP-3
affects adipose tissue-related angiogenesis. A regulatory role of
MMP-3 has also been suggested in adipogenesis during mam-
mary gland involution in mice; mice with MMP-3 deficiency
showed accelerated differentiation and hypertrophy of adipo-
cytes (38). These data thus suggest an inhibitory effect of
MMP-3 on adipocyte metabolism and differentiation. Similar re-
sults were seen with inactivation of the stromelysin-3 (MMP-11)
gene. Indeed, MMP-11 deficiency promoted adipose tissue de-
velopment and resulted in adipocyte hypertrophy (39). We have
recently shown that MMP-2-deficient mice when kept on a high-
fat diet, but not MMP-9-deficient mice, show significantly re-
duced obesity associated with adipocyte hypotrophy, without ef-
fect on angiogenesis (unpublished results).

TIMP-1-deficient mice on a high-fat diet gained less weight
than their wild-type counterparts and developed less adipose tis-
sue (40). Plasma leptin levels were significantly elevated in wild-
type as compared to TIMP-1-deficient mice on high fat diet.
Leptin acts as a satiety factor and increases energy expenditure,
while its secretion is strongly correlated with body fat mass and
adipocyte size (41). This suggests an effect of TIMP-1 deficien-
cy on leptin secretion; alternatively, the lower leptin levels may
be related to the lower body fat mass in the TIMP-1-deficient
mice. To further substantiate a role of TIMP-1 in nutritionally in-
duced obesity, the effect of TIMP-1 overexpression by adenovi-
ral gene transfer in mice was studied on adipogenesis and adi-
pose tissue development (42). Long-term expression of highly
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elevated levels of human TIMP-1 was associated with reduced
MMP activity in plasma, as well as in adipose tissue. There was
no significant effect on body weight or fat pad mass when the
mice were kept on high-fat diet. This is somewhat surprising
since TIMP-1 deficiency resulted in impaired adipose tissue de-
velopment. However, it is possible that physiologic TIMP-1 con-
centrations in mice are sufficient to promote adipogenesis and
adipose tissue development, whereas overexpression has no
further effect, and deficiency results in impairment.

Modulation of MMP activity

The effect of relatively gelatinase-specific or broad-spectrum
MMP inhibitors was studied on development of adipose tissue.
Administration of galardin, a hydroxamate-based broad-spec-
trum MMP inhibitor, to wild-type mice kept on high fat diet re-
sulted in significant reduction of adipose tissue weight (43). Ro
28-2653, a synthetic MMP inhibitor with enhanced selectivity
for MMP-2, MMP-9 and MMP-14, did not affect adipose tissue
development significantly (44). In contrast, genetically obese
ob/ob mice treated with the MMP inhibitor Bay 12-9566 gained
somewhat less weight than controls (45). The more specific gela-
tinase inhibitor Tolylsam also significantly reduced body weight
and adipose tissue mass in the nutritionally induced obesity
model in mice. This was associated with significant adipocyte
hypotrophy (unpublished results). Proteinase inhibitor treat-
ments revealed a specific role of MMP-9 in the differentiation of
human adipocytes (46). However, MMP-9 deficiency in mice
did not affect adipose tissue development on high-fat diet. Taken
together, available data suggest the potential to impair adipose
tissue development by using MMP inhibitors. Specific in-
hibitors, targeting the MMPs that play key roles in adipose tissue
development, will be required to further explore the potential to
affect obesity.

ADAM and ADAMTS families and adipose tissue
development

The ADAM (A Disintegrin And Metalloproteinase) family com-
prises proteins containing disintegrin-like and metalloprotei-
nase-like domains (47). The ADAMTS family includes a subset
of ADAM proteins that contain a thrombospondin (TSP) motif
(48). Several ADAM and ADAMTS family members are ex-
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Conclusion

Studies in transgenic mouse models as well as pharmacologic
studies support a role of the fibrinolytic, and MMP systems in
adipogenesis and obesity. Both systems may act directly on adi-
pogenesis and adipose tissue development by cleaving a wide
variety of ECM components and matrix receptors, thereby facili-
tating adipose tissue remodeling. Furthermore, plasmin can con-
vert several proMMPs into active MMPs, which in turn can acti-
vate other proMMPs. The role of specific members of both
families, however, remains to be determined.

1. Hedley AA, Ogden CL, Johnson CL, et al. Preva-
lence of overweight and obesity among US children,
adolescents, and adults 1999-2000. J Am Med Assoc
2004; 291: 2847-2850.

2. Kopelman PG. Obesity as a medical problem. Na-
ture 2000; 404: 635-643.

3. RothJ, Qiang X, Marban SL, et al. The obesity pan-
demic: where have we been and where are we going?
Obes Res 2004; 12 (Suppl 2): 88S-101S.

4. Nakajima I, Yamagushi T, Ozutsumi K, et al. Adi-
pose tissue ECM: newly organized by adipocytes dur-
ing differentiation. Differentiation 1998; 63: 193-200.
5. Lijnen HR, Maquoi E, Holvoet P, et al. Adipose tis-
sue expression of gelatinases in mouse models of obes-
ity. Thromb Haemost 2001; 85: 1111-1116.

6. Crandall DL, Hausman EJ, Kral JG. A review of the
microcirculation of adipose tissue: anatomic, meta-
bolic and angiogenic perspectives. Microcirculation
1997; 4: 211-232.

7. Lijnen HR, Collen D. Molecular and celluar basis
of fibrinolysis. In: Hematology: basic principles and
practice. 4" ed., Philadelphia: Elsevier 2005:
1955-1959.

8. Morange PE, Bastelica D, Bonzi MF, et al. In-
fluence of t-PA and u-PA on adipose tissue devel-
opment in a murine model of diet-induced obesity.
Thromb Haemost 2002; 87: 306-310.

9. Miskin R, Masos T. Transgenic mice overexpress-
ing urokinase-type plasminogen activator in the brain
exhibit reduced food consumption body weight and

size, and increased longevity. J Gerontol 1997; 52A:
B118-24.

10. Hoover-Plow J, Ellis J, Yuen L. In vivo plasminogen
deficiency reduces fat accumulation. Thromb Haemost
2002; 87: 1011-1019.

11. Lijnen HR. Deficiency of a2-antiplasmin does not
affect murine adipose tissue development. Thromb
Haemost 2007; 5: 420-421.

12. Samad F, Loskutoff DJ. Tissue distribution and
regulation of plasminogen activator inhibitor-1 in
obese mice. Mol Med 1996; 2: 568-582.

13. Shimomura I, Funahashi T, Takahashi M, et al. En-
hanced expression of PAI-1 in visceral fat: possible
contributor to vascular disease in obesity. Nat Med
1996; 2: 800-803.

Downloaded from www.thrombosis-onzg(gn on 2012-05-25 | IP: 38.107.179.234
For personal or educational use only. No other uses without permission. All rights reserved.

(Partl)

iIcine

From Molecules to Med



(Partl)

ICine

From Molecules to Med

Christiaens et al. Proteolysis in development of murine adipose tissue

14. Alessi MC, Peiretti F, Morange P, et al. Production
of plasminogen activator inhibitor-1 by human adipose
tissue: possible link between visceral fat accumulation
and vascular disease. Diabetes 1997; 46: 860-867.

15. Alessi MC, Bastelica D, Morange P, et al. Plas-
minogen activator inhibitor-1, transforming growth
factor-beta 1, and BMI are closely associated in human
adipose tissue during morbid obesity. Diabetes 2000;
49: 1374-1380.

16. Juhan-Vague I, Alessi MC, Vague P. Increased plas-
ma plasminogen activator inhibitor-1 levels. A possible
link between insulin resistance and atherothrombosis.
Diabetologia 1991; 34: 457-462.

17. Tenkanen L, Manttari M, Manninen V. Some coron-
ary risk factors related to the insulin resistance syn-
drome and treatment with gemfibrozil. Experience
from the Helsinki Heart Study. Circulation 1995; 92:
1779-1785.

18. Mavri A, Stegnar M, Krebs M, et al. Impact of adi-
pose tissue on plasma plasminogen activator in-
hibitor-1 in dieting obese women. Arterioscler Thromb
Vasc Biol 1999; 19: 1582-1587.

19. Alessi MC, Juhan-Vague I. PAI-1 and the metabolic
syndrome: links, causes, and consequences. Arte-
rioscler Thromb Vasc Biol 2006; 26: 2200-2207.

20. Morange PE, Lijnen HR, Alessi MC, et al. In-
fluence of PAI-1 on adipose tissue growth and meta-
bolic parameters in a murine model of diet-induced
obesity. Arterioscler Thromb Vasc Biol 2000; 20:
1150-1154.

21. Lijnen HR, Maquoi E, Morange PE, et al. Nutri-
tionally induced obesity is attenuated in transgenic
mice overexpressing plasminogen activator inhibitor-1.
Arterioscler Thromb Vasc Biol 2003; 23: 78-84.

22. Eren M, SuM, Atkinson J, et al. Phenotypic derange-
ments associated with overexpression of plasminogen
activator inhibitor-1 in transgenic mice. Arterioscler
Thromb Vasc Biol 2001; 21: 695 (Abstract 230).

23. Schifer K, Fujisawa K, Konstantinides S, et al. Dis-
ruption of the plasminogen activator inhibitor-1 gene
reduces the adiposity and improves the metabolic pro-
file of genetically obese and diabetic ob/ob mice.
FASEB J 2001; 15: 1840-1842.

24. Ma LF, Mao SL, Taylor KL, et al. Prevention of
obesity and insulin resistance in mice lacking plas-
minogen activator inhibitor-1. Diabetes 2004; 53:
336-346.

25. Sierra-Honigman MR, Nath AK, Murakami C, et
al. Biological action of leptin as an angiogenic factor.
Science 1998; 281: 1683-1686.

26. Lijnen HR. Effect of plasminogen activator in-
hibitor-1 deficiency on nutritionally-induced obesity in
mice. Thromb Haemost 2005; 93: 816-819.

27. Scroyen I, Christiaens V, Lijnen HR. No functional
role of plasminogen activator inhibitor-1 in murine adi-
pogenesis or adipocyte differentiation. Thromb Hae-
most 2006; 4: 1-7.

28. Liang X, Kanjanabuch T, Mao SL, et al. Plas-
minogen activator inhibitor-1 modulates adipocyte dif-
ferentiation. Am J Physiol Endocrinol Metab 2006;
290: E103-E113.

29. Lijnen HR, Frederix L, Scroyen 1. Deficiency of
plasminogen activator inhibitor-2 impairs nutritionally
induced murine adipose tissue development. J Thromb
Haemost 2007; 5: 2259-2265.

30. Lijnen HR, Alessi MC, Frederix L, et al. Tiplaxtinin
impairs nutritionally induced obesity in mice. Thromb
Haemost 2006; 96: 731-737.

31. Crandall DL, Quinet EM, El Ayachi S, et al. Modu-
lation of adipose tissue development by pharmacologi-
cal inhibition of PAI-1. Arterioscler Thromb Vasc Biol
2006; 26: 2209-2215.

32. Gomez DE, Alonso DF, Yoshiji H, et al. Tissue in-
hibitors of metalloproteinases: structure, regulation
and biological functions. Eur J Cell Biol 1997; 74:
111-122.

33. Brown LM, Fox HL, Hazen SA, et al. Role of the
matrixin MMP-2 in multicellular organization of adi-
pocytes cultured in basement membrane components.
Am J Physiol 1997; 272: C937-949.

34. Bouloumié A, Sengenés C, Portolan G, et al. Adi-
pocyte produces matrix metalloproteinases 2 and 9: in-
volvement in adipose differentiation. Diabetes 2001;
50: 2080-2086.

35. Johnson MD, Kim HR, Chesler L, et al. Inhibition
of angiogenesis by tissue inhibitor of metalloprotei-
nase. J Cell Physiol 1994; 160: 194-202.

36. Maquoi E, Munaut C, Colige A, et al. Modulation
of adipose tissue expression of murine matrix metallo-
proteinases and their tissue inhibitors with obesity. Dia-
betes 2002; 51: 1093-1101.

37. Maquoi E, Demeulemeester D, Voros G, et al. En-
hanced nutritionally induced adipose tissue devel-
opment in mice with stromelysin-1 gene inactivation.
Thromb Haemost 2003; 89: 696-704.

38. Alexander CM, Selvarajan S, Mudgett J, et al. Stro-
melysin-1 regulates adipogenesis during mammary
gland involution. J Cell Biol 2001; 152: 693-703.

39. Lijnen HR, Van Hoef B, Frederic L, et al. Adipocyte
hypertrophy in stromelysin-3 deficient mice with nutri-

tionally induced obesity. Thromb Haemost 2002; 87:
530-535.

40. Lijnen HR, Demeulemeester D, Van Hoef B, et al.
Deficiency of tissue inhibitor of matrix metalloprotei-
nase-1 (TIMP-1) impairs nutritionally induced obesity
in mice. Thromb Haemost 2003; 89: 249-255.

41. Friedman JM, Halaas JL. Leptin and the regulation
of body weight in mammals. Nature 1998; 395:
763-7170.

42. Demeulemeester D, Scroyen I, Voros G, et al. Over-
expression of tissue inhibitor of matrix metalloprotei-
nase-1 (TIMP-1) in mice does not affect adipogenesis
or adipose tissue development. Thromb Haemost 2006;
95:1019-1024.

43. Lijnen HR, Maquoi E, Hansen LB, et al. Matrix
metalloproteinase inhibition impairs adipose tissue de-
velopment in mice. Arterioscler Thromb Vasc Biol
2002; 22: 374-379.

44. Demeulemeester D, Collen D, Lijnen HR. Effect of
matrix metalloproteinase inhibition on adipose tissue
development. Biochem Biophys Res Comm 2005; 329:
105-110.

45. Rupnick MA, Panigrahy D, Zhang CY, et al. Adi-
pose tissue mass can be regulated through the vascula-
ture. Proc Natl Acad Sci USA 2002; 99: 10730-10735.
46. Bourlier V, Zakaroff-Girard A, De Barros S, et al.
Protease inhibitor treatments reveal specific involve-
ment of matrix metalloproteinase-9 in human adipo-
cyte differentiation. J Pharmacol Exp Ther 2005; 312:
1272-1279.

47. Wolfsberg TG, Straight PD, Gerena RL, et al.
ADAM, a widely distributed and developmentally
regulated gene family encoding membrane proteins
with a disintegrin and metalloprotease domain. Dev
Biol 1995; 169: 378-383.

48. Kaushal GP, Shah SB. The new kids on the block:
ADAMTSs, potentially multifunctional metalloprotei-
nase of the ADAM family. J Clin Invest 2000; 105:
1335-1337.

49. Voros G, Maquoi E, Collen D, et al. Differential ex-
pression of plasminogen activator inhibitor-1, tumor
necrosis factor-a,, TNF-a. converting enzyme and
ADAMTS family members in murine fat territories.
Biochim Biophys Acta 2003; 1625: 36-42.

50. Voros G, Sandy JD, Collen D, et al. Expression of
aggrecan(ases) during murine preadipocyte differenti-
ation and adipose tissue development. Biochim Bio-
phys Acta 2006; 1760: 1837—1844.

Downloaded from www.thrombosis-onlina‘,% 2012-05-25 | IP: 38.107.179.234
For personal or educational use only. No other uses without permission. All rights reserved.



