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Abstract

Macrophage elastase (MMP12) is a key mediator of cigarette smoke
(CS)-induced emphysema, yet its role in other smoking related
pathologies remains unclear. The weight suppressing effects of
smoking are a major hindrance to cessation efforts, and MMP12
is known to suppress the vascularization on which adipose tissue
growth depends by catalyzing the formation of antiangiogenic
peptides endostatin and angiostatin. The goal of this study was to
determine the role ofMMP12 in adipose tissue growth and smoking-
related suppression of weight gain. Whole body weights and white
adipose depots from wild-type andMmp12-deficient mice were
collected during early postnatal development and after chronic CS
exposure.Adipose tissue specimenswere analyzed for angiogenic and
adipocytic markers and for content of the antiangiogenic peptides
endostatin and angiostatin. Cultured 3T3-L1 adipocytes were treated
with adipose tissue homogenate to examine its effects on vascular
endothelial growth factor (VEGF) expression and secretion. MMP12
content and activity were increased in the adipose tissue of wild-type
mice at 2 weeks of age, leading to elevated endostatin production,

inhibition of VEGF secretion, and decreased adipose tissue
vascularity. By 8 weeks of age, adipose MMP12 levels subsided, and
the protein was no longer detectable. However, chronic CS exposure
led to macrophage accumulation and restored adipose MMP12
activity, thereby suppressing adipose tissue mass and vascularity.
Our results reveal a novel systemic role for MMP12 in postnatal
adipose tissue expansion and smoking-associated weight loss by
suppressing vascularity within the white adipose tissue depots.
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Clinical Relevance

This study demonstrates a novel role for macrophage
elastase (MMP12) in the inhibition of white adipose tissue
vascularization. We show that during early postnatal growth,
and again during cigarette smoke exposure, MMP12 generates
endostatin from adipose tissue Collagen XVIII to suppress
adipose tissue growth and vascularity.

Despite overwhelming evidence linking
tobacco use to inflammatory and
neoplastic diseases, cigarette smoking
remains a tempting habit for many,
particularly young women, due to its
weight control capacity (1–3). Nicotine,
the major active ingredient in tobacco
smoke, is known to reduce appetite (4, 5),
but decreased food intake fails to fully

explain the weight loss associated with
smoking (6, 7). Indeed, evidence of
increased energy expenditure in humans
after nicotine administration begins to fill
this knowledge gap (8). However, the
major impetus for smoking as a means of
weight control may lie in its effects on
energy storage, and these mechanisms
remain unknown.

Many smokers develop chronic
obstructive pulmonary disease (COPD),
which is characterized by inflammation
with release of serine and matrix
metalloproteinases (MMPs) (9). One of
these proteases, macrophage elastase
(MMP12), is among the most highly up-
regulated genes in response to smoking,
and mice deficient in MMP12 are
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completely protected from the development
of cigarette smoke (CS)-induced
emphysema (10, 11). In the 15 years since
we developed Mmp12 knockout mice
(Mmp122/2) for the study of COPD, we
have noted that these mice are “fatter”
than their wild-type (WT) littermates
(unpublished data). MMPs are known to
play important roles in adipose tissue
development, and numerous MMPs are
expressed by mature adipocytes and by the
surrounding stromal-vascular cells (12, 13).
Certain MMPs may promote adipose
tissue growth; mice administered the
broad-spectrum MMP inhibitor Galardin
are mildly protected from obesity after
high-fat feeding (14). Part of this effect is
attributed to the abilities of Gelatinases A
and B (MMP2 and MMP9, respectively)
to promote angiogenesis, which is tightly

coupled to adipogenesis (15–18). In
contrast, we and others have shown that
MMP12 inhibits angiogenesis in the tumor
microenvironment via cleavage of plasmin
(ogen) and type XVIII collagen to the
antiangiogenic peptides angiostatin and
endostatin, respectively (19–21). Taken
together, these findings indicate that it is
possible that a similar role for MMP12 in
fat tissue would impede adipogenesis.

Cigarette smoking provokes a
characteristic inflammatory state in
human and mouse lungs with marked
up-regulation of MMP12 in alveolar
macrophages (10). Furthermore, smoking
results in a systemic inflammatory state that
may persist well beyond cessation (22).
However, the association of systemic
inflammation with weight suppression
would appear to be at odds with our

understanding of the metabolic syndrome
whereby chronic macrophage inflammation
induces weight gain and insulin intolerance
(23–25). Therefore, smoking must
yield a different brand of generalized
inflammation, and systemic up-regulation
of MMP12 by smoking, as occurs in the
lungs, would help to explain this difference.

We proposed that MMP12 is
prominent in white adipose tissue during
early development, “putting the brakes on”
adipose tissue growth and vascularization,
and in its absence there would be weight
gain. In adulthood, cigarette smoking
would cause systemic inflammation
with activation of macrophage MMP12
production. On entry in white adipose
tissue, this would similarly inhibit adipose
tissue expansion, leading to a relative
reduction in body weight. We present
data confirming this hypothesis and
demonstrating that MMP12 generation of
endostatin from type XVIII collagen is the
basis for the decrease in adipose tissue
growth and vascularization.

Materials and Methods

Mice
MMP12-deficient (Mmp122/2) mice on
a C57BL/6J background were generated
as described (26). Age- and sex-matched
WT C57BL/6J mice served as controls for all
experiments. Mice were housed in ventilated
Plexiglas cages (one to four animals per
cage) within a pathogen-free barrier facility
that maintained a 12-hour light/dark cycle.
Mice had free access to autoclaved water and
irradiated pellet food that derived 5% of
calories from lipids. All mice were housed
in accordance with guidelines from the
American Association for Laboratory
Animal Care and Research Protocols, and
experiments were approved by the Animal

Figure 1. Mmp122/2 mice have increased adipose tissue. Body weight (A) and 2-week weight gain
intervals (B) were recorded in wild-type (WT) and Mmp122/2 mice from 0 to 24 weeks of age (n =
10–25 mice/group). WT andMmp122/2 mice were killed at 2 and 6 weeks of age, and subcutaneous
adipose tissue was harvested. Analysis of WT and Mmp122/2 mice included weight of subcutaneous
adipose tissue at 2 and 6 weeks of age (n = 5–8 mice/group) (C), representative histology by
hematoxylin and eosin staining of subcutaneous tissue at 2 weeks of age (D), and Pparg (E)
and Cebpa (F) mRNA expression measured by real-time RT-PCR (n = 4 mice/group). Data are
mean 6 SEM. *P , 0.05 and **P , 0.005 versus respective WT values.

Table 1. Organ Weights in Wild-Type and Mmp122/2 Mice

Genotype Age (wk)
Subcutaneous

Fat (mg)
Perigonadal
Fat (mg) Liver (mg) Spleen (mg) Kidney (mg) Heart (mg)

Gastrocnemius
Muscle (mg)

WT 2 106.2 6 21.9* 5.6 6 1.1 216.6 6 11.2 31.2 6 2.9 106.1 6 9.4 56.5 6 8.9 30.5 6 3.5
Mmp122/2 2 166.5 6 25.3† 8.4 6 1.0† 230.0 6 17.6 30.8 6 2.4 108.4 6 7.3 60.7 6 7.4 31.6 6 2.7
WT 6 249.0 6 20.3 101.8 6 10.4 902.5 6 21.2 66.0 6 6.7 271.1 6 12.4 103.8 6 5.1 62.6 6 6.5
Mmp122/2 6 323.3 6 22.8† 148.0 6 16.7† 974.0 6 76.9 70.8 6 3.3 269.4 6 14.3 113.7 6 2.6 65.8 6 7.4

Definition of abbreviation: WT, wild type.
*Values are mean 6 SEM.
†P , 0.05 versus age-matched WT mice.
Organs were harvested from wild-type and Mmp122/2 mice and weighed at 2 and 6 wk of age.

ORIGINAL RESEARCH

Tsuji, Kelly, Takahashi, et al.: MMP12 Inhibits Adiposity 823



Care and Use Committees of the University
of Pittsburgh School of Medicine.

Isolation and Incubation of
Adipocytes from White Adipose
Tissue
Adipose tissue was isolated immediately after
CO2 asphyxiation, placed in HEPES-buffered
Dulbecco’s modified Eagle medium (DMEM)
(Invitrogen Corp., Grand Island, NY) with
10 mg/ml fatty acid–poor BSA (Sigma-
Aldrich, St. Louis, MO), and centrifuged at
1,0003 g for 10 minutes to pellet blood cells.
Type 1 collagenase (1 mg/ml) (Sigma-
Aldrich) was added to the tissue suspension
and incubated at 378C for 60 minutes.
Samples were passed through a sterile, 250-
mm nylon mesh, and the suspension was
centrifuged at 300 3 g for 10 minutes.
Floating cells were collected as the adipocyte
fraction, washed twice with DMEM,
aliquoted into equal cell volumes (106 cells/
ml), and incubated in DMEM plus 0.1%
FBS with or without recombinant mouse
endostatin (10 mg /ml) (Calbiochem,
Billerica, MA) or recombinant mouse
MMP12 (2 mg/ml) (R&D Systems Inc.,
Minneapolis, MN) for 24 hours. Culture
medium was carefully collected below the
floating adipocyte layer, with care taken not
to disrupt the cells, and stored at –808C.

3T3-L1 Cells Culture and
Coincubation with White Adipose
Tissue Homogenates
3T3-L1 preadipocytes were obtained from
Zen-Bio, Inc. (Durham, NC). Cells were
incubated for 2 days in PM-1-L1 (Zen-Bio),
moved to DM-2-L1 (Zen-Bio), and
incubated for 3 days. Differentiated
adipocytes were maintained in AM-1-L1
(Zen-Bio). After differentiation, 3T3-L1
adipocytes were incubated in DMEM plus
0.1% FBS with or without 10 mg extracted
protein from white adipose tissue
homogenate with or without treatment of
endostatin antibody (10 mg/ml) (Novus
Biologicals, Littleton, CO), angiostatin
antibody (10 mg/ml) (Novus Biologicals),
and recombinant mouse MMP12 (2 mg /ml)
(R&D Systems Inc.) for 24 hours. After
incubation, the culture medium was
collected. Samples were normalized for
total protein content. Samples were stored
at –808C for ELISA or Western blot.

Statistical Analyses
Data were expressed as mean 6 SEM.
Differences between WT or MMP122/2

Figure 2. Subcutaneous adipose tissue of WT mice has decreased vascularization. WT and Mmp122/2
mice were killed at 2 and 8 weeks of age, and the subcutaneous adipose tissue was harvested for analysis.
(A) Representative blood vessel histology by lectin staining. (B) Vessel-to-adipocyte ratio was calculated by
dividing the number of vessels by the number of adipocytes per measured surface area (n = 4–6mice/group).
(C) Relative expression of Vegfa mRNA was measured by real-time RT-PCR. (D) Vascular endothelial
growth factor (VEGF) protein levels were measured by quantitative ELISA and normalized to total soluble
protein concentration. Data are mean 6 SEM. *P , 0.05 and **P , 0.005 versus respective WT values.

Figure 3. MMP12 and endostatin are increased in the white adipose tissue of 2–week-old mice. WT mice
were killed at 2 and 8 weeks of age, and the subcutaneous adipose tissue was analyzed for MMP12
expression (n = 4 mice/group). (A) Representative staining for MMP12. (B) The number of MMP12-expressing
cells as a percentage of DAPI1 cells. (C) Representative Western blot for MMP12 protein expression in 60 mg
of protein from WT and Mmp122/2 subcutaneous adipose. Endostatin levels were analyzed in the
subcutaneous adipose tissue of 2- and 8-week-old WT and Mmp122/2 mice (n = 3 mice/group). (D)
RepresentativeWestern blot for endostatin protein and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
endogenous control. (E) Endostatin levels were quantified by densitometry. (F) Representative Western blot
demonstrating cleavage of Collagen XVIII to endostatin in 3T3-L1 adipocytes treated with recombinant
murine (rm) MMP12. Data are mean 6 SEM. **P , 0.005 versus 8-week-old mice from respective strain.
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mice were compared with values from
age-matched mice by Student’s t test.
Comparisons within a single strain (WT or
MMP122/2) at different smoking statuses
were made by Student’s t test. Differences
in vascular endothelial growth factor
(VEGF) secretion between greater than two
samples were evaluated by one- or two-way
ANOVA. Comparisons between time
points were analyzed using repeated-
measures ANOVA. Correlation coefficients
(r) were determined using the Pearson
product-moment method. A P value of, 0.05
was considered statistically significant.

Results

Mmp122/2 Mice Have Increased
Body Weight Compared with WT Mice
On the basis of gross observations that
Mmp122/2 mice appeared larger than their
WT littermates, we measured body weights
on these mice at 2-week intervals from
birth to 6 months of age. The weights
of Mmp122/2 mice were significantly
increased compared with WT mice
beginning at 2 weeks and sustained through
the first 24 weeks of life (Figure 1A).
However, differences in weight gain
were limited to the first 6 weeks of life
(Figure 1B). All mice were fed a standard
chow diet beginning 18 days after birth, and
food intake was equivalent between the
two groups (see Figure E1A in the online
supplement). Litter numbers were similar
between WT and Mmp122/2 mice (4.67 6
0.6 versus 5.08 6 0.56; P = nonsignificant
[n = 6]), suggesting that access to food
or breast milk did not account for the
observed changes in body weight. Because
the differences in weight gain were limited
to the postnatal period, we evaluated the
contribution of maternal breast milk.
Mmp122/2 and WT pups were nursed by
surrogate Swiss-Webster mothers so the
quality of breast milk would be equivalent
in the two groups. Even after adoptive
nursing, postnatal weight gain in
Mmp122/2 mice was increased compared
with WT mice (Figures E1B and E1C).

Mmp122/2 Mice Have Increased
Adipose Tissue Compared with
WT Mice
Mmp122/2 displayed an expansion
of adipose tissue on gross inspection
compared with WT controls. Dissection
and measurement of each compartment of

adipose tissue confirmed an increase in
adipose tissue weight in Mmp122/2 mice
(Table 1). At 2 and 6 weeks of age,
subcutaneous fat tissue weight was
significantly increased in Mmp122/2 mice
compared with WT mice (Figures 1C and
1D). Real-time PCR demonstrated that
mRNA expression of Pparg and Cebpa,
master regulators of adipogenesis (27), was
increased in the subcutaneous fat tissue
of Mmp122/2 mice at 2 weeks of age but
not at 8 weeks of age (Figures 1E and 1F).
Thus, adipose tissue expansion in white
adipose tissue was increased in Mmp122/2

mice compared with WT mice and
contributes to the observed body weight
differences during early life.

Mmp122/2 Mice Have Increased
Vascularity in White Adipose Tissue
Compared with WT Mice
We have previously shown that MMP12
inhibits angiogenesis via the generation
of angiostatic peptides from matrix
components (19, 20). Because the vascular
supply contributes to adipose tissue growth
from prenatal life throughout adulthood
(17), we examined whether MMP12
presence (WT) or absence (Mmp122/2)

influenced adipose tissue vascularity.
Subcutaneous fat tissue vascularity was
assessed by lectin staining at 2 and 8 weeks
of age (Figure 2A). Vascularization was
increased in Mmp122/2 mice compared
with WT mice at 2 weeks of age but not at
8 weeks of age (Figure 2B). Likewise, Vegfa
mRNA expression and VEGF protein
levels in subcutaneous fat tissue were
increased in Mmp122/2 mice compared
with WT mice at 2 weeks but not at 8 weeks
of age (Figures 2C–2D).

MMP12 Content and Activity Is
Increased in White Adipose Tissue
during Early Growth
Consistent with a prior report (28), MMP12
expression and activity in the subcutaneous
fat tissue of WT mice was not detectable at
8 weeks of age (Figures 3A–3C). However,
MMP12 content and the percentage of
MMP12-positive cells in subcutaneous fat
tissue were increased at 2 weeks of age. We
speculated that increased MMP12 activity
in subcutaneous fat tissue could produce
a relative angiostatic microenviroment
via the generation of antiangiogenic
peptides, as described for the tumor
microenvironment (20). We found

Figure 4. Endostatin inhibits adipocyte secretion of VEGF and is responsible for decreased VEGF
production in WT as compared with Mmp122/2 adipose tissue. Adipocytes were isolated from WT
mice at 8 weeks of age and grown in culture. (A) VEGF secretion was quantified by ELISA in the
presence of recombinant endostatin or MMP12 and expressed relative to untreated controls (n = 6
mice/group). (B) Vegfa mRNA expression was assessed by real-time RT-PCR. 3T3-L1 adipocytes
were treated with subcutaneous adipose tissue homogenates from 2-week-old WT and Mmp122/2

mice (n = 3 mice/group). (C) VEGF secretion as quantified by ELISA in the presence or absence
of function-blocking antibodies to endostatin or angiostatin (n = 3 mice/group). VEGF levels are
expressed relative to untreated controls. Data are mean 6 SEM. *P , 0.05 and **P , 0.005
versus respective untreated controls.
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increased endostatin levels in subcutaneous
fat tissue in WT mice compared with
Mmp122/2 mice at 2 weeks of age but not
at 8 weeks of age (Figures 3D–3E). MMP12
has been reported to cleave collagen XVIII
into endostatin (21), and we confirmed that
recombinant mouse MMP12 generates
endostatin from collagen XVIII in 3T3-L1
cells (Figure 3F). Moreover, endostatin
protein levels in the subcutaneous fat tissue
of Mmp122/2 mice at 8 weeks of age are
greater than those at 2 weeks of age. This is
likely secondary to compensation by other
MMPs (MMP3, -7, -9, or -13), which also
can produce endostatin from collagen
XVIII (21).

MMP12-Dependent Endostatin
Production Modulates Adipose Tissue
VEGF Secretion
Endostatin has been shown to inhibit
angiogenesis by decreasing VEGF
transcription and hence endothelial cell
proliferation in vascular cells (29, 30).
Adipocytes are a major source of VEGF
production in white adipose tissue (17).
Therefore, it is plausible that the increased
endostatin production in white adipose
tissue of WT compared with Mmp122/2

mice could inhibit angiogenesis via
decreased VEGF secretion. To exclude
direct activity of MMP12 on adipocytes,
we incubated isolated adipocytes with
recombinant mouse MMP12 and observed
no alteration in VEGF protein secretion
(Figure 4A). In contrast, recombinant
mouse endostatin significantly decreased
Vegfa mRNA expression (Figure 4B) and
decreased VEGF protein secretion
(Figure 4A) from isolated adipocytes.

We applied a function blocking
endostatin antibody to determine if
endostatin production accounted for the
inhibition of VEGF secretion in WT as
opposed to Mmp122/2 mice. 3T3-L1
adipocytes were coincubated with
subcutaneous fat tissue homogenates from
2-week-old WT and Mmp122/2 mice.
Analysis of the culture supernatants
demonstrated a decrease in VEGF
induction by WT mouse fat homogenate.
This decrease was abolished by the addition
of endostatin antibody (Figure 4C). In
contrast, the addition of an angiostatin
blocking antibody had no abrogation of the
inhibition by fat tissue supernatants. We
were unable to demonstrate a role for
anigiostatin on VEGF expression in white
adipose tissue–like vascular cells, as

previously reported (30). Thus, MMP12-
dependent generation of endostatin is a key
regulator of adipose tissue vascularity in
mice.

MMP12 Is Required for CS-Induced
Reduction in Adipose Tissue Content
We have previously reported that CS-
induced emphysema in mice is dependent
on macrophage accumulation and
production of MMP12 (11). Because
cigarette smoking leads to “fat wasting”
(31), we wondered whether a similar
mechanism applied to limit adipose
deposition as occurs in early postnatal life.
To test this concept, we exposedMmp122/2

and WT mice on a standard chow diet
to the smoke of four cigarettes, 5 days per
week, for 6 months. CS exposure induced
emphysema in the lungs of WT but not
Mmp122/2 mice (Figure E2), as has been
previously reported (11). CS exposure

also led to decreased body weight and
perigonadal and subcutaneous fat tissue
weight in WT mice, consistent with
previous reports (7, 32), but not in
Mmp122/2 mice (Figures 5A–5C; Figure
E3A). Moreover, CS exposure decreased
mRNA expression of Pparg and Cebpa
in subcutaneous (Figures 5D–5E) and
perigonadal fat tissue (Figures E3B–E3C)
in WT mice but not in Mmp122/2 mice,
suggesting that CS-induced weight loss
is an MMP12 dependent process in mice.

CS Exposure Decreases Adipose
Tissue Growth and Vascularity
Chronic CS exposure (6 mo CS) decreased
daily food intake during the first month,
consistent with previous reports (7, 32), but
did not decrease food intake thereafter
when compared with nonsmoking (6 mo
NS) controls (Figure E4). Similar to the
findings in the neonatal period, the

Figure 5. MMP12 is required for suppression of weight gain in response to cigarette smoke (CS)
exposure. (A) Body weights were recorded biweekly for 6 months in WT and Mmp122/2 mice
exposed to room air (NS) or CS (n = 6–11 mice/group). Mice were killed after 6 months of
exposure, and subcutaneous and perigonadal adipose tissues were harvested. (B) Representative
subcutaneous adipose tissue histology in WT mice in the absence and presence of CS exposure by
hematoxylin and eosin staining. (C) Subcutaneous adipose tissue weights in WT andMmp122/2 mice
in the presence and absence of CS exposure (n = 5–7 mice/group). Relative expression of Pparg
(D) and Cebpa mRNA (E) in subcutaneous adipose tissue as measured by real-time RT-PCR (n = 4
mice/group). Data are mean 6 SEM. *P , 0.05 and **P , 0.005 versus respective NS controls.
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presence of MMP12 was associated with
decreased vessel density after 6 months
of CS exposure. Vascularization in
subcutaneous (Figures 6A–6B) and
perigonadal fat tissue (Figures E5A–E5B)
was decreased in 6 mo CS WT mice
compared with 6 mo NS WT mice, but
there was no effect of smoke exposure on
Mmp122/2 mice. VEGFA mRNA and
protein levels in subcutaneous (Figures
6C–6D) and perigonadal fat (Figures
E5C–E5D) were also decreased in 6 mo CS
WT mice compared with 6 mo NS WT
mice but were not decreased in 6 mo CS
Mmp122/2 mice compared with 6 mo
NS Mmp122/2 mice.

CS Exposure Increases Macrophage
Accumulation, MMP12, and
Endostatin Production in White
Adipose Tissue
Because CS exposure decreased
adipogenesis and vascularity in white
adipose tissue in WT but not Mmp122/2

mice, we speculated that CS exposure
would increase MMP12 activity in white
adipose tissue as in the lung. CS exposure
increased macrophage infiltration (F4/80
positive cell) in subcutaneous (Figure 7A)
and perigonadal (Figure E6A) fat tissue
in WT mice. We confirmed CS-induced
increases in the F4/80-positive cell

population in the stromal vascular fraction
of perigonadal and subcutaneous fat tissue
in WT mice by flow cytometry (Figure
E7A). CS-induced macrophage infiltrates
did not coexpress a high percentage of
CD11c (Figures E7B and E7C), as reported
in obesity models (33). As a result of
increased macrophage infiltration, the
expression and activity of MMP12 in
subcutaneous (Figures 7B and 7C) and
perigonadal (Figures E6B and E6C) fat
tissue were increased in CS-exposed WT
mice compared with NS controls. The
CS-induced increase in MMP12 activity
resulted in increased production of
endostatin in subcutaneous (Figures 7D
and 7E) and perigonadal (Figures E6D and
E6E) fat tissue. Endostatin content in CS-
exposed Mmp122/2 mice was comparable
with NS control (Figures 7D and 7E).
VEGF protein levels in the culture medium
of 3T3-L1 adipocytes coincubated with
subcutaneous (Figure 7F) and perigonadal
(Figure E6F) fat tissue homogenates of
6 mo CS WT mice were significantly
decreased compared with those of 6 mo NS
WT mice. This decrease was abrogated
by the addition of endostatin antibody
(Figure 7F and Figure E6F). Thus, CS-
induced MMP12 production in adipose
tissue decreases vessel density via endostatin
production and VEGF suppression.

Discussion

This study demonstrates that MMP12 limits
weight gain during the period of peak mouse
growth and development by limiting white
adipose tissue expansion. MMP12, highly
expressed in adipose tissue during postnatal
development, cleaves type XVIII collagen,
also abundant in adipose tissue, to
endostatin, which in turn inhibits VEGF
production and tissue vascularity. Quiescent
in normal adult tissue, MMP12 is
reactivated by CS and reinitiates this
process, leading to inhibition of adipose
tissue growth and vessel density in
CS-exposed female mice.

Adipogenesis is highly dependent on
the concurrent growth of a supportive
vascular network during pre- and postnatal
development (17, 34), and VEGF,
principally from adipocytes, is the main
mediator of angiogenesis in white adipose
tissue (16, 17, 35). Type XVIII collagen is
abundantly expressed in white adipose
tissue, and its C-terminal cleavage product,
endostatin, is a potent inhibitor of
angiogenesis (29, 36). Subcutaneous
administration of endostatin in mice is
associated with markedly reduced body
weight without affecting food intake (18),
and our finding that endostatin inhibits
adipocyte expression and secretion of
VEGF begins to link reduced weight to
stunted angiogenesis.

Macrophage elastase (MMP12) has
been shown to block angiogenesis by
cleaving plasmin(ogen) and type XVIII
collagen to generate the bioactive peptides
angiostatin and endostatin, respectively (19,
21). Mmp12 is up-regulated during in vitro
adipogenesis (13), and this study elucidates
a role in limiting adipocyte expansion by
increasing endostatin levels and inhibiting
adipose tissue vascularity. MMP12 can also
activate MMP3, which can in turn produce
endostatin from type XVIII collagen (21,
29). The body weights of MMP3-deficient
mice are also increased compared with
WT (12). Furthermore, it is possible that
MMP12 deficiency alters additional
metabolic parameters (e.g., basal metabolic
rate and core body temperature), that
were not addressed in the current study.

A recent study (37) found that deletion
of MMP12 does not affect expansion
of murine adipose tissue during early
adulthood, in agreement with our finding
that MMP12 activity is limited to the early

Figure 6. WT mice have decreased adipose vasculature after 6 months of CS exposure.
Subcutaneous adipose tissue was harvested from WT and Mmp122/2 mice after 6 months of
exposure to NS or CS. Representative blood vessel histology by lectin staining (A) and vessel-to-
adipocyte ratios in subcutaneous adipose tissue (B) (n = 5 mice/group). Vegfa mRNA (C) and
VEGF protein (D) were quantified by real-time RT-PCR and ELISA, respectively, in subcutaneous
adipose tissue (n = 4–7 mice/group). VEGF ELISA values were normalized to total soluble protein
concentration. Data are mean 6 SEM. *P , 0.05 and **P , 0.005 versus respective NS controls.
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postnatal period. However, long-term CS
exposure restored MMP12 expression and
adipogenesis inhibition, recapitulating the
antiangiogenic milieu observed early in life.
We demonstrate that chronic CS exposure
leads to white adipose tissue infiltration
by MMP12-expressing macrophages and
decreased adipogenesis. We also observed
no vascular alterations in the adipose tissue
MMP12-deficient mice exposed to chronic

CS, which may be a direct consequence
of reduced Collagen XVIII to endostatin
proteolysis or an indirect failure of
MMP12-deficient macrophages to
penetrate adipose depot basement
membranes (26).

In the context of our findings, it is
interesting to note that Lumeng and
colleagues (33) identified a population
of F4/801 CD11c1 adipose tissue

macrophages that were associated with
obesity and insulin resistance (24). We
observed increased numbers of F4/801
CD11c2 macrophages in the adipose
of CS-exposed mice, which inhibited
adipogenesis. Smoking has been shown
to produce a unique activation state in
alveolar macrophages that is characterized
by elevated MMP12 (10), and it is possible
that systemic changes due to smoking
yield a similar phenotype in adipose tissue
macrophages.

Cigarette smoking has long been
associated with weight loss. Smoking as
a means of weight control is particularly
notable among young female patients (1–3),
and our current study examined the role
of MMP12 in adipogenesis in female
C57BL/6J mice only. Our results address the
lack of weight gain during smoke exposure
versus after smoking cessation, although
it is plausible that both effects contribute
to the persistence of smoking as a weight
control tool. Male C57BL/6J mice are less
susceptible to smoking-induced pulmonary
emphysema (data not shown), and we
observed that they are also less sensitive to
smoking-induced suppression of adipose
tissue weight after 6 months of exposure
(13 and 17% decreases in smoking versus
nonsmoking perigonadal and subcutaneous
fat, respectively). Hence, it is possible that
gender differences in smoking-related
weight suppression can help to explain
the corresponding reasons for continued
smoking.

In conclusion, MMP12 serves as an
important modulator of adiposity during
development and in conjunction with
cigarette smoking. MMP12 cleaves type
XVIII collagen in the white adipose tissue to
generate endostatin, which decreases VEGF
levels, inhibits adipose tissue vascularity,
and blocks adipogenesis. These results link
the pathogenesis of alveolar destruction
and decreased fat mass in emphysema
to a common protein, MMP12, while
improving our understanding of the
extrapulmonary manifestations of cigarette
smoking. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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