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Circulating levels of matrix metalloproteinases (MMPs) and their endogenous inhibitors, tissue inhib-
itor of metalloproteinases (TIMPs), are altered in human obesity and may contribute to its pathology.
TIMP-2 exerts MMP-dependent (MMP inhibition and pro-MMP-2 activation) and MMP-independent
functions. To assess the role of TIMP-2 in a murine model of nutritionally induced obesity, weight gain
in wild-type and TIMP-2 deficient [knockout (KO)] mice fed a chow or high-fat diet (HFD) was deter-
mined. The effects of diet on glucose tolerance and insulin sensitivity, as well as pancreatic �-cell and
adipocyte physiology, were assessed. Chow-fed TIMP-2 KO mice of both sexes became obese but
maintained relatively normal glucose tolerance and insulin sensitivity. Obesity was exacerbated on the
HFD. However, HFD-fed male, but not female, TIMP-2 KO mice developed insulin resistance with
reducedglucosetransporter2andpancreaticandduodenalhomeobox1levels,despite increased�-cell
massandhyperplasia.Thus,although�-cellmasswas increased,HFD-fedmaleTIMP-2KOmicedevelop
diabetes likely due to �-cell exhaustion and failure. TIMP-2 mRNA, whose expression was greatest in
sc adipose tissue, was down-regulated in HFD-fed wild-type males, but not females. Furthermore, HFD
increased membrane type 1-MMP (MMP-14) expression and activity in male, but not female, sc
adipose tissue. Strikingly, MMP-14 expression increased to a greater extent in TIMP-2 KO males and
was associated with decreased adipocyte collagen. Taken together, these findings demonstrate a
role for TIMP-2 in maintaining extracellular matrix integrity necessary for normal �-cell and adi-
pocyte physiology and that loss of extracellular matrix integrity may underlie diabetic and obe-
sogenic phenotypes. (Endocrinology 152: 1300–1313, 2011)

Obesity has reached epidemic proportions in the
United States. In 2007–2008, 68% of adults and

10% of children were overweight or obese (body mass
index � 25) (1, 2). Although the rate of obesity increase
appears to be slowing, type 2 diabetes mellitus (T2DM)
incidence continues to increase, particularly among chil-
dren and adults 60 yr and older (Centers for Disease Con-
trol and Prevention 2007 National Diabetes Fact Sheet).

Although obesity increases the risk for T2DM, many
obese individuals are able to maintain normal glucose tol-
erance, because pancreatic �-cells compensate appropri-
ately for the degree of insulin resistance.

Differences in the distribution of adipose stores, and
not the overall level of obesity per se, appear key contrib-
utors to T2DM development. Although it is well accepted
that insulin resistance and T2DM are more strongly as-
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sociated with visceral than sc adiposity (3), recent studies
suggest an even stronger correlation with fat deposition in
ectopic sites (e.g. hepatosteatosis and myosteatosis) (4, 5).
The factors leading to ectopic fat deposition remain
largely unknown. Perhaps the production of soluble sig-
naling molecules from distinct adipose depots could link
differential adipogenesis and T2DM.

Matrix metalloproteinases (MMPs) are a family of
zinc-dependent proteinases that regulate tissue integrity
via extracellular matrix (ECM) degradation and signal
transduction via “shedding” of cell surface receptors but
also promote differentiation via the release of sequestered
growth factors (6). The need to characterize the adipose
protease profile has been clearly demonstrated in MMP-
deficient mice subjected to a high-fat diet (HFD). MMP-3,
MMP-11, and MMP-19 knockout (KO) mice display a
hyperlipotrophic phenotype (7–9). In contrast, MMP-2
and MMP-14 KO adipose tissue is lipodystrophic (10–
13). MMP-9 and MMP-10 do not significantly contribute
to murine adipose tissue development (14, 15), even
though plasma MMP-9 is increased in obese humans (16).

The four tissue inhibitor of metalloproteinases (TIMPs)
not only regulate MMP activity (e.g. MMP inhibition and
pro-MMP activation) (17) but also exert diverse MMP-
independent functions (e.g. cell cycle arrest and antian-
giogenesis) (18). Although male HFD-fed TIMP-1 KO
mice are protected from obesity (19), female chow-fed
TIMP-1 KO mice are obese (20). The basis for this sexual
dimorphism is, at present, unknown. TIMP-3 KO mice
only displayed HFD-induced diabetes in conjunction with
insulin receptor haploinsufficiency (21). The metabolic
status of TIMP-4 KO mice is unknown.

Here, we show that TIMP-2 KO mice of both sexes be-
come obese even when fed a standard chow diet. Obesity is
exacerbated on a HFD and is associated with increased adi-
pocyte cell size, a redistribution of adipose stores, and in-
creased adipokine expression. Although chow-fed KO mice
are obese, they have normal glucose tolerance and insulin
sensitivity. In contrast, male, but not female, HFD-fed
TIMP-2 KO mice are insulin resistant and, in spite of en-
hanced �-cell hyperplasia, become hyperglycemic, probably
due to �-cell exhaustion and failure. Taken together, our
results model diet-induced human obesity in that TIMP-2
KO mice are spared the metabolic consequences of obesity
unless they consume an unhealthy fat-laden diet.

Materials and Methods

Animals
All procedures were in accordance with approved University

of Vermont Animal Care and Use Committee protocols. TIMP-2
KO mice (22) (after 10 back-crosses with Charles Rivers’

C57Bl/6 mice) and wild-type (WT) controls were maintained as
congenic homozygous breeders. At 2 months of age, littermates
were singly housed and either remained on the standard chow
diet (ProLab RMH 3000, 4.1 kcal/g with 26% protein, 60%
carbohydrate, 14% fat; Purina LabDiet, Scotts Distributing Inc.,
Hudson, NH) or switched to a HFD (5.24 kcal/g with 20%
protein; 20% carbohydrate; and 60% fat, which is 37.1% sat-
urated, 46.0% monounsaturated, and 16.9% polyunsaturated;
Research Diets, Inc., New Brunswick, NJ) for 3 months. In both
cases, mice had ad libitum access to food and water. Food con-
sumption and animal weight were measured daily within 1 h of
the light (sleep) cycle. At the termination of the study, the mice
were humanely killed via exsanguination, tissues were rapidly
removed and frozen at �80 C for quantitative real-time PCR and
Western blot analyses or immersion fixed for immunohisto-
chemical analysis.

Serological testing
Fed glucose and plasma insulin levels were monitored from a

small nick in the tail vein at 1000 h. Fasting commenced at 1800 h
at the beginning of the dark (feeding) cycle, the next day mice
were weighed, and their fasting blood glucose and insulin levels
were monitored at 1000 h. The mice were injected with 2 g/kg
body weight of glucose [ip glucose tolerance test (IPGTT)] or
0.75 mU/kg of human insulin (Eli Lilly) [ip insulin tolerance test
(IPITT)] in sterile saline after 55 and 78 d, respectively. Blood
glucose values were monitored using a standard glucometer (Lif-
eScan One Touch Ultra, Milpitas, CA) at 0, 5, 15, 30, 60, 90, and
120 min after injection. To monitor insulin levels, plasma was
collected 0, 30, and 120 min after glucose injection.

Insulin and leptin enzyme immunoassay
Plasma insulin and leptin levels were determined by enzyme

immunoassay according to manufacturer’s instructions (Alpco
Diagnostics, Salem, NH). Optical density readings were con-
verted to ng/ml or pg/ml, respectively, using kit provided stan-
dards and Prism software (GraphPad, San Diego, CA). Corre-
lation of leptin concentration to body weight was determined
using Microsoft Excel.

�-Cell morphometry
�-Cell mass and proliferation were determined as described

(23). For �-cell mass, 5-�m-thick paraffin sections were immu-
nostained with guinea pig antiinsulin primary antibody (1:1000,
AB3340; Millipore, Billerica, MA). Only islets more than five-
cell diameters were included for islet �-cell surface area mea-
surements. The proportion of islet �-cell surface area vs. whole
pancreas surface area was determined planimetrically by digital
imaging. �-Cell mass was determined by multiplying the average
�-cell surface area per animal by their pancreatic weight. The
relative size frequency of �-cell clusters, categorized into one of
six classes, was analyzed with National Institutes of Health Im-
ageJ using the same sections used for �-cell mass measurements.
For �-cell proliferation, 5-�m-thick paraffin sections were im-
munostained with mouse antihuman Ki-67 (1:500, no. 610968;
BD Biosciences, San Jose, CA), then biotin-conjugated donkey
antimouse (Jackson ImmunoResearch, West Grove, PA), and
incubation with streptavidin-horseradish peroxidase (1:300;
Zymed, San Francisco, CA). After development with 3,3’-diami-
nobenzidine tetrahydrochloride/H2O2, sections were immuno-
stained for insulin, as described above, and finally counter-
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stained with hematoxylin. The number of Ki-67-positive nuclei
per 1000–1500 islet �-cells was counted for each animal.

Islet isolation
Pancreatic islets were isolated by collagenase digestion, sep-

arated by histopaque density gradient centrifugation, and hand
picked under a stereomicroscope as described (24).

Western blot analysis
Western blot analysis was performed as previously described

(25). Protein expression in isolated islets was determined using
rabbit antihuman TIMP-2 (1:1500, AB801; Millipore), rabbit
antirat glucose transporter 2 (GLUT2) (1:1000, no. 07-1402;
Millipore), mouse antirat pancreatic and duodenal homeobox 1
(Pdx1) (1:1000, Developmental Studies Hybridoma Bank clone
F6A11), and normalization to mouse antirat �-tubulin (1:2000,
T4026; Sigma, St. Louis, MO). Protein expression in sc adipose
tissue was first assessed using rabbit antihuman MMP-14 (1:
2500, Ab38971; Abcam, Cambridge, MA). Immunocomplexes
were visualized by enhanced chemiluminescence (PerkinElmer
Life Sciences, Boston, MA), stripped from the membrane by in-
cubation with Restore Plus Western Blot Stripping buffer (Pierce,
Rockford, IL) and stripping solution [0.2 M glycine and 0.5 M

NaCl (pH 2.5)] for 10 min each followed by 15-min washes in
Tris-buffered saline and Tris-buffered saline with Tween 20.
Blots were then incubated with goat antimouse CD31/plate-
let/endothelial cell adhesion molecule 1 (PECAM-1) (1:250;
sc-1506; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and
immunocomplexes detected as before. Finally, after stripping
as above, blots were reprobed with goat antihuman actin (1:
1000, sc-1616; Santa Cruz Biotechnology, Inc.). Densitome-
try was performed using Quantity One software (Bio-Rad,
Hercules, CA).

Microscopy
Confocal immunofluorescence imaging with guinea pig an-

tiglucagon (1:1000, no. 4031-01F; Millipore), rabbit antirat
GLUT2 (1:1000, no. 07-1402; Millipore), mouse antirat Pdx1
(1:1000, Developmental Studies Hybridoma Bank clone
F6A11), rabbit antihuman TIMP-2 (1:200, no. 9013-2609; Bio-
genesis, Kingston, NH), rat antimouse Mac-2 (1:250; Cedar-
Lane Laboratories Ltd, Hornby, Ontario, CA), and rabbit anti-
human MMP-14 (1:500, Ab38971; Abcam) was performed as
described (23).

Adipose tissue morphology was revealed by hematoxylin and
eosin staining using standard histological techniques. Differen-
tial collagen staining was revealed by Sirius Red staining and
polarization microscopy (26).

Adipose weight and adipocyte size determination
Four main fat depots with known discrete anatomical loca-

tions were collected: 1) posterior sc depot, located at the base of
the hind legs, indicated as sc; 2) perigonadal depots, enveloped
and bound to the epididymis by the peritoneal leaflets in males
or surrounding ovaries, uterus, and bladder in females, indicated
as epi or gonad; 3) three visceral fat depots located in the ab-
dominal cavities, including ip, mesenteric, and omental fat, com-
bined as visceral fat, indicated as visc; and 4) brown adipose
tissue from the interscapular area, indicated as brown. Tissues
were weighed and snap frozen in liquid nitrogen for RNA and
protein extractions.

Adipocyte size was determined on 8-�m-thick hematoxylin
stained sections. Between 150 and 1000 adipocyte diameters
were measured in 8–10 random high-power fields from at least
two noncontiguous tissue sections per sample using MetaMorph
software (Molecular Devices, Sunnyvale, CA).

Quantitative real-time PCR
Total RNA from adipose tissue was extracted using an RNeasy

Minikit (QIAGEN,Valencia,CA)andcDNAsynthesizedusing the
Advantage RT for PCR kit (CLONTECH; Palo Alto, CA) follow-
ing manufacturer’s instructions. Quantitative real-time PCR with
cDNA corresponding to 20 ng total RNA, 10 �l of 2� TaqMan
Universal PCR Master Mix, and 1 �l of TaqMan assay in a 20 �l
reaction volume was performed on a 7300 Real-Time PCR System
(Applied Biosystems, Foster City, CA) using standard cycling
conditions. Relative gene expression was determined using stan-
dard curves. TaqMan Gene Expression Assays (Applied Biosys-
tems) were used to measure the transcription levels of TIMP-2
(Mm00441825_m1), adiponectin (Mm01343606_m1), leptin
(Mm00434759_m1), epidermal growth factor module-containing
mucin-like hormone receptor 1 (EMR1) (Mm00802530_m1),
monocyte chemotactic protein 1 (MCP-1) (Mm00441242_m1),
IL-6 (Mm00446191_m1), and TNF� (Mm00443258_m1). Gene
expression was normalized to hypoxanthine-guanine phosphori-
bosyltransferase 1 (Mm01545399_m1).

Statistical analysis
Data are presented as mean � SEM. Significant interactions

were identified by two-way ANOVA with Bonferroni’s multiple
comparison tests or unpaired Student’s t test using Prism soft-
ware (GraphPad). Statistical significance was assigned at prob-
ability of P � 0.05.

Results

TIMP-2 KO mice become obese independent of
diet composition

TIMP-2 KO mice develop age-dependent obesity. At
postnatal d 21, TIMP-2 KO mice of both sexes had weights
comparable with WT mice. However, by 3 months of age,
TIMP-2 KO mice exhibited significantly greater body
weights than WT mice, and weight continued to increase
unabated to 1 yr of age (Jaworski, D. M., unpublished ob-
servation). Because mice were maintained as homozygous
breeders and perturbations in maternal nutritional status
(e.g. undernutrition, obesity, and diabetes) can irreversibly
alter structures responsible for the control of ingestive be-
havior and energy expenditure (27), weight gain in offspring
from heterozygous pairings was determined. Even with the
small sample size (n � 3), due to reduced frequency of sex-
matched WT and TIMP-2 KO littermates, TIMP-2 KO mice
weighed more than their WT littermates at 3 months of age
(M:WT,25.45�0.33g;KO,29.50�0.69g;P�0.006;and
F: WT, 19.14 � 0.25 g; KO, 23.01 � 0.37 g; P � 0.001),
suggestingthatalteredgestationalmetabolicprogrammingis
not the basis for TIMP-2 KO obesity. Thus, studies were
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undertaken to determine the basis for excessive weight gain
in the absence of TIMP-2.

To determine the effect of diet on TIMP-2 KO obesity,
8-wk-old (i.e. before the onset of TIMP-2 KO obesity; M:
WT, 22.48 � 0.84 g; KO, 24.02 � 0.38 g; P � 0.13; and F:
WT,18.75�0.74g;KO,19.91�0.48g;P�0.21)WTand
TIMP-2 KO mice were either maintained on a standard
chow diet (i.e. 4.1 kcal/g) or switched to a HFD containing
60% fat (i.e. 5.24 kcal/g), and their body weights were mon-
itored daily for 3 months (Fig. 1A). Corroborating our pre-
viousobservations, chow-fedTIMP-2KOmiceofbothsexes
gained more weight than WT mice over the 3-month study,
and female TIMP-2 KO mice weighed as much as male WT
mice at the study termination. Weight gain was exacerbated

in HFD-fed TIMP-2 KO mice and was associated with
greater adiposity (Fig. 1A and also see Fig. 5B). TIMP-2 KO
mice maintained on the HFD for 5 months (e.g. �60 g male
weight) failed to show plateau of weight gain (data not
shown), suggesting a defect in central recognition of and
compensation to adequate energy stores.

A parsimonious explanation for TIMP-2 KO mouse obe-
sity is a failure to regulate caloric intake; thus, food con-
sumption was measured (Fig. 1, B–D). To most accurately
assess food intake, mice need to be individually housed (Fig.
1, B–D). Because social isolation is a stressor, the mean chow
consumption of group housed mice was monitored daily for
5dbefore individualhousing.TIMP-2KOmiceofbothsexes
were hyperphagic (i.e. 8.37 kcal/d excess in males and 3.36

FIG. 1. Obesity and hyperphagia in TIMP-2 KO mice. A, Regardless of diet type, TIMP-2 KO mice weighed significantly more than WT mice.
Weight loss corresponds to IPGTT (G) and IPITT (I). B, Average daily food consumption over the 3-month study revealed that TIMP-2 KO mice were
hyperphagic (M, P � 0.0001; F, P � 0.01). C, Chow-fed male TIMP-2 KO mice were more hyperphagic than female TIMP-2 KO mice. The decline
in food consumption after d 80 was not due to obesity-induced autoregulation of feeding but a response to overnight starvation for ITT (see
weight loss in A). D, HFD consumption in male TIMP-2 KO mice significantly spiked after complete cage change but not replacing bedding alone.
HFD-fed female TIMP-2 KO mice showed dramatically increased food consumption initially but remained hyperphagic throughout the diet and also
had increased food intake upon cage change. n � 8; **, P � 0.01; ##, P � 0.0001.
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kcal/d excess in females) evenbeforeobesityonset.Two-way
ANOVA revealed that regardless of diet, mean food con-
sumption of individually housed TIMP-2 KO mice of both
sexes was significantly greater than similarly housed WT
mice over the 3-month study (Fig. 1B). Hyperphagia was
morepronounced inchow-fedmale thanfemaleTIMP-2KO
mice (Fig. 1C).HFD-fedWTmiceofboth sexes showed little
daily variability in food intake (Fig. 1D). In contrast, HFD-
fed TIMP-2 KO mice displayed dramatic increase in food
intake upon cage change (males) or upon individual housing
(females) (Fig. 1D). Taken together, our data demonstrate
that, regardless of diet, TIMP-2 KO mice were hyperphagic
and did not adjust caloric intake concomitant with increased
adiposity or consumption of an energy-rich diet.

Sexually dimorphic insulin resistance in TIMP-2 KO
mice

To assess the physiological effects of TIMP-2 KO obe-
sity, plasma glucose, insulin, and leptin levels were mea-
sured at the study start and termination (Fig. 2). Although
a significant sex effect was present at the study start (i.e.
decreased fed and fasting glucose and increased insulin
and leptin levels in female mice; P � 0.02, P � 0.039, P �

0.0005, and P � 0.0001, respectively), no genotype effect
was present, suggesting that TIMP-2 KO mice were not
overtly diabetic (Fig. 2A). Furthermore, although TIMP-2
KO mice were hyperphagic at the study start, this was not
due to reduced leptin levels. Similar results were obtained
in chow-fed mice at the study termination (Fig. 2B). There-
fore, although chow-fed TIMP-2 KO mice were obese,
they did not exhibit diabetes. In contrast, HFD-fed
TIMP-2 KO mice at the study termination were hypergly-
cemic, hyperinsulinemic, and hyperleptinemic (Fig. 2C).
Although hyperleptinemic, the strong correlation (M,
R2 � 0.85 and F, R2 � 0.89) with body weight suggests
that the increased plasma leptin in TIMP-2 KO mice is
proportionate to their greater adiposity (see Fig. 5B). Sim-
ilar results were obtained when normalized to net adipose
weight. Inasmuch as chow-fed TIMP-2 KO mice appear to
be protected from the adverse metabolic consequences of
their obesity, diet quality, and not obesity per se, is a key
factor in the development of their diabetes.

To further characterize altered energy homeostasis in
HFD-fed TIMP-2 KO mice, we next measured glucose
tolerance and insulin sensitivity by IPGTT and IPITT, re-

FIG. 2. Diet-induced metabolic dysfunction in TIMP-2 KO mice. A, At the study start, plasma glucose, insulin, and leptin levels were comparable in
WT and TIMP-2 KO mice, suggesting that KO mice were not overtly diabetic and TIMP-2 KO hyperphagia was not due to reduced leptin. B, At the
study termination, even though chow-fed TIMP-2 KO mice weighed considerably more than WT mice, plasma glucose, insulin, and leptin levels
were comparable. C, In contrast, HFD-fed TIMP-2 KO mice of both sexes were hyperglycemic, hyperinsulinemic, and hyperleptinemic at the study
termination. n � 4–8 per sex, genotype, and diet. *, P � 0.05; **, P � 0.01; #, P � 0.001; ##, P � 0.0001.
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spectively (Fig. 3). There was no significant difference in
fasting glucose, and both genotypes and sexes of chow-fed
mice displayed comparable responses to glucose admin-
istration (Fig. 3A). Although chow-fed male TIMP-2 KO
mice did not exhibit insulin resistance (Fig. 3E) or en-
hanced �-cell mass (Fig. 4A), their elevated postprandial
glucose levels (Fig. 2B) and fasting insulin levels (Fig. 3C)
suggest a mild �-cell defect or a defect in hepatic glucose
production but not severe enough to induce hepatic insulin
resistance. These data also suggest that these mice may be
in a progressive prediabetic phase. In contrast, HFD-fed
TIMP-2 KO mice had increased fasting glucose levels and
showed impaired glucose tolerance that was more pro-
nounced in male than female TIMP-2 KO mice (Fig. 3B).
In fact, the glucose values for male HFD-fed TIMP-2 KO
mice are underestimations, because many readings ex-
ceeded the glucometer maximum of 600 mg/dl. Although
displaying normal glucose tolerance, chow-fed male
TIMP-2 KO mice exhibited increased fasting insulin levels
that remained elevated during the IPGTT (Fig. 3C). How-
ever, values were at least 2-fold lower than male HFD-fed
TIMP-2 KO mice (Fig. 3D). Both fasting and glucose-stim-
ulated insulin levels were increased in HFD-fed TIMP-2
KO mice of both sexes, possibly due to hepatic insulin
resistanceandacompensatory increase in insulin secretion
(Fig. 3D). Although chow-fed WT and TIMP-2 KO mice

displayed comparable insulin sensitivity (Fig. 3E), male
HFD-fed TIMP-2 KO mice were insulin resistant (Fig. 3F).
The increased glucose levels in male and female TIMP-2
KO mice at 15 min after injection is likely due to stress-
mediated glucose release, because TIMP-2 KO mice ex-
hibit increased anxiety (28). Although female HFD-fed
TIMP-2 KO mice were obese and moderately glucose in-
tolerant, their peripheral tissues were insulin sensitive,
suggesting a diet-dependent, male-specific defect in glu-
cose utilization and insulin responsiveness.

Enhanced �-cell mass and proliferation in male
HFD-fed TIMP-2 KO mice

Pancreatic �-cell mass dynamically changes to main-
tain euglycemia in response to altered metabolic demand
and can be influenced by �-cell size (hypertrophy or at-
rophy), �-cell renewal (proliferation and differentiation),
and �-cell death (29). Because only male TIMP-2 KO mice
displayed insulin resistance (Fig. 3F), pancreatic physiol-
ogy was only examined in male mice (Fig. 4). �-Cell mass
was significantly increased in HFD-fed TIMP-2 KO mice
(Fig. 4A). Nonetheless, relative islet size and number in
both chow- and HFD-fed WT and TIMP-2 KO mice were
comparable (P � 0.32) (data not shown), suggesting that
the mass augmentation was not due to islet hypertrophy or
enhanced neogenesis. In contrast, �-cell proliferation was

FIG. 3. Sex-specific insulin resistance in TIMP-2 KO mice. Although chow-fed TIMP-2 KO mice displayed normal glucose tolerance (A), HFD-fed
TIMP-2 KO mice of both sexes were glucose intolerant (B). Male TIMP-2 KO mice were more intolerant than female KO mice, because many
readings exceeded the glucometer’s 600 mg/dl maximum. C, Fasting and glucose-stimulated insulin levels were increased in chow-fed male, but
not female, TIMP-2 KO mice. D, Fasting and glucose-stimulated insulin levels were increased in HFD-fed TIMP-2 KO mice of both sexes. Although
chow-fed TIMP-2 KO mice displayed normal insulin responsiveness (E), only male HFD-fed TIMP-2 KO mice were insulin resistant (F). n � 4–8;
*, P � 0.05; **, P � 0.01; #, P � 0.001; ##, P � 0.0001.
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significantly affected by diet and genotype (Fig. 4B) and
most likely contributed to enhanced �-cell mass (Fig. 4A).
Expression of the �-cell transcriptional regulator Pdx1
was decreased in TIMP-2 KO males (Fig. 4, C and E).
Insulin and the glucose transporter GLUT2 were simi-
larly decreased (Fig. 4, D and E). Taken together, these
data suggest reduced insulin content and �-cell function
in HFD-fed TIMP-2 KO mice. However, given that
TIMP-2 expression was unaffected by HFD in isolated
WT islets or islets in vivo (Fig. 4F), it suggests that the
�-cell alterations observed in TIMP-2 KO mice may be

secondary to diet-induced lipotoxicity and not directly
to TIMP-2 deficiency.

Expression of inflammatory markers is enhanced
in male TIMP-2 KO adipose tissue

Next, the effect of TIMP-2 deficiency on adipose tissue
was examined (Fig. 5). In contrast to the pancreas, HFD
consumption induced a significant reduction in TIMP-2
expression in adipose tissue but only in male WT mice (Fig.
5A). Furthermore, TIMP-2 displayed distinct sex-specific
expression in adipose stores (i.e. most abundant in sc ad-

FIG. 4. �-Cell compensation to diet-induced obesity in TIMP-2 KO mice. A, �-Cell mass was increased in male TIMP-2 KO, but not WT, HFD-fed
mice (genotype, P � 0.003; diet, P � 0.004). B, �-Cell proliferation was unaltered in chow-fed TIMP-2 KO mice but increased in HFD-fed TIMP-2
KO mice to a greater extent than HFD-fed WT mice (diet, P � 0.0001; genotype, P � 0.0001). C, Male TIMP-2 KO islets in vivo displayed
decreased Pdx1 expression. D, Both insulin and GLUT2 expression were decreased in TIMP-2 KO islets in vivo. E, Western blot analysis of isolated
islets confirmed decreased Pdx1 and GLUT2 expression observed in vivo. F, HFD had no effect on TIMP-2 expression in isolated islets (Western
blotting) or islets in vivo (immunofluorescence). Scale bars, 50 �m. n � 4; *, P � 0.05; #, P � 0.001; ##, P � 0.0001.
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FIG. 5. Increased inflammation in male TIMP-2 KO adipose tissue. A, TIMP-2 mRNA expression was significantly decreased in response to HFD within
male WT sc and visceral (visc) but not epididymal (epi) or brown adipose tissue. B, Although increased adipose tissue mass was not detected in chow-fed
TIMP-2 KO mice (M, P � 0.44; F, P � 0.53) with the technique used (i.e. dissected wet tissue weight), adipose mass was significantly increased in HFD-
fed TIMP-2 KO mice. C, In contrast to the pancreas, increased adipose mass was associated with adipocyte hypertrophy in both chow- and HFD-fed
male TIMP-2 KO mice. D, Subcutaneous adipose tissue histology revealed by hematoxylin and eosin staining. Scale bar, 100 �m. E, HFD increased
vascularization (as revealed by Western blot analysis of PECAM-1 expression) comparably in WT and TIMP-2 KO male sc adipose tissue but did not alter
vascularization in female mice. F, Quantitative real-time PCR revealed increased transcriptional adipokine (adiponectin and leptin), macrophage (EMR1
and MCP-1), and proinflammatory cytokine (IL-6 and TNF�) expression, suggesting increased inflammation in male HFD-fed TIMP-2 KO adipose tissue. G,
HFD induced macrophage infiltration (as revealed by an increased number of Mac-2 immunoreactive cells) to a greater extent in male TIMP-2 KO than
WT sc adipose tissue. Scale bar, 100 �m. n � 8 (B), n � 4 (all others); *, P � 0.05; **, P � 0.01; #, P � 0.001; ##, P � 0.0001.
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ipose tissue in males with comparable expression in all
white adipose depots in females). Although body mass was
increased in chow-fed TIMP-2 KO mice (Fig. 1A), when
adipose tissue was meticulously removed and weighed, no
difference in percentage body fat was present in chow-fed
mice (Fig. 5B). In contrast, adipose tissue mass was sig-
nificantly increased in HFD-fed TIMP-2 KO mice of both
sexes. Moreover, gonadal adipose mass was increased in
females, and it was decreased in males, suggesting a re-
distribution of adipose depots. In contrast to pancreatic
�-cells, adipose mass augmentation was associated with
hypertrophic sc adipocytes in both chow-fed (WT,
17.79 � 6.73 �m; KO, 20.46 � 8.31 �m; P � 0.0001) and
HFD-fed (WT, 26.49 � 12.63 �m; KO, 35.57 � 14.72
�m; P � 0.0001) TIMP-2 KO mice (Fig. 5, C and D).
Given that adipogenesis is tightly associated with angio-
genesis (30) and TIMP-2 exerts antiangiogenic effects
(31), we examined whether TIMP-2 KO mice exhibited
increased vascularization (Fig. 5E). HFD increased vascu-
larization (as revealed by CD31/PECAM-1 expression) in
male, but not female, mice, but no genotype difference was
observed. Finally, the transcriptional regulation of several
adipose-derived bioactive molecules was examined (Fig.
5F). Although adipokine (e.g. adiponectin and leptin) ex-

pression was only regulated in sc adipose tissue, expres-
sion of macrophage markers (e.g. EMR1 and MCP-1) and
proinflammatory cytokines (e.g. IL-6 and TNF�) were up-
regulated in both sc and epididymal adipose tissue of
HFD-fed TIMP-2 KO males. Immunohistochemical ex-
amination revealed increased macrophage infiltration in
HFD-fed male sc adipose tissue, which was greater in
TIMP-2 KO mice (Fig. 5G). Thus, these data support an
enhanced inflammatory state in adipose tissue of HFD-fed
TIMP-2 KO males.

Contribution of membrane type 1 (MT1)-MMP-
mediated collagenolysis to the TIMP-2 KO
hyperlipotrophic phenotype

Inasmuch as numerous MMPs are transcriptionally
regulated by inflammatory cytokines (32), MT1-MMP
(MMP-14) expression is increased in TIMP-2 KO heart
(33), lung (22), and myoblasts (34), and MT1-MMP de-
ficient mice (13) and adipocytes (12) display a lipodystro-
phic phenotype, we examined whether, by extension, in-
creased MT1-MMP expression in adipose tissue could
contribute to the hyperlipotrophic TIMP-2 KO phenotype
(Fig. 6). MT1-MMP expression (i.e. pro-MT1-MMP) and
activity (i.e. active MT1-MMP) were comparable in the sc

FIG. 6. Sex-specific increased collagenolysis in response to diet-induced obesity. A, HFD induced increased pro-MT1-MMP expression and MT1-
MMP activity in male, but not female, sc adipose tissue. MT1-MMP activity was increased a greater extent in TIMP-2 KO mice. B, MT1-MMP
immunoreactivity in sc adipose tissue. C, Brightfield and polarization microscopy photomicrographs of Sirius Red staining demonstrating decreased
connective tissue and pericellular adipocyte collagen integrity in HFD-fed male sc tissue, consistent with increased MT1-MMP activity. Scale bars,
100 �m. n � 4; **, P � 0.01; #, P � 0.001.
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adipose tissue of chow-fed WT and TIMP-2 KO mice of
both sexes (Fig. 6, A and B). Interestingly, HFD increased
MT1-MMP expression and activity in male, but not fe-
male, mice (Fig. 6, A and B). More strikingly, MT1-MMP
activity was increased a greater extent in TIMP-2 KO mice
(Fig. 6A) and was associated with decreased Sirius Red
staining (Fig. 6C), indicative of increased collagenolysis.
Collectively, our data support a contribution of MT1-
MMP and its primary inhibitor, TIMP-2, to increased col-
lagen turnover during diet-induced adipogenesis.

Discussion

This study is the first to report an MMP- or TIMP-deficient
mouse model in which both sexes develop obesity even when
fed a standard chow diet. Although chow-fed TIMP-2 KO
mice are obese, they are spared the adverse metabolic con-
sequences. Inasmuch as male, but not female, HFD-fed
TIMP-2KOmicedevelop insulin resistance,TIMP-2expres-
sion is down-regulated and MMP-14 activity is increased
in male, but not female, adipose tissue. This suggests that
dysregulated MMP-14/TIMP-2 expression may contrib-
ute to the observed sex-specific diet-induced insulin
resistance.

The most parsimonious explanation for the metabolic
phenotype observed in TIMP-2 KO mice is rampant
MMP-mediated proteolysis. MMP levels are elevated in
both human T2DM (35) and murine diabetes models (36),
supporting this hypothesis. However, MMPs are also in-
creased in obesity (16) and cardiovascular disease (37),
two common diabetes comorbidities; thus, making it dif-
ficult to discern the individual vs. collective contributions
of MMPs. Nonetheless, increased TNF�-converting en-
zyme (TACE, ADAM17)-mediated proteolysis of the
TNF� and IL-6 receptor has recently been implicated in
the pathogenesis of insulin resistance (38, 39), and TNF�

and IL-6 expression was increased in HFD-fed TIMP-2
KO adipose tissue. Cytokine-mediated MMP activation
disrupts endothelial cell-cell adhesion, permitting macro-
phage infiltration and further enhancement of MMP ac-
tivation (40). The finding that increased EMR1 and
MCP-1 expression (Fig. 5F) was associated with increased
macrophage infiltration in HFD-fed TIMP-2 KO adipose
tissue (Fig. 5G) supports this assertion. MMPs could also
contribute to insulin resistance and obesity via cleavage of
insulin (41) or IGF binding proteins (42). In the presence
of increased IGF binding protein proteolysis, insulin/IGF-I
anabolic bioactivity would be increased. The adiposity in
TIMP-2 KO mice could result from feedback of elevated
IGF-1 to the hypothalamus and pituitary gland to decrease
growth hormone levels, leading to lipogenesis and triac-
ylglycerol accumulation, which would require enhanced

pericellular adipocyte ECM remodeling. MMP-14-medi-
ated collagenolysis plays a critical role in the development
of adipocytes (12) and an obesogenic phenotype (10). Fur-
thermore, a HFD increases MMP-14-mediated collagen
turnover, and human MMP-14 gene polymorphisms near
the catalytic domain correlate with sexually dimorphic
obese and diabetic phenotypes (10). Interestingly, one
MMP-14 haplotype was consistently associated with in-
creased fasting blood glucose and insulin resistance in
males, supporting a potential link between MMP-14 and
diabetes in males. That MMP-14 activity was increased in
male HFD-fed TIMP-2 KO adipose tissue to a greater ex-
tent than WT adipose tissue supports a potential contri-
bution of MMP-14 to the TIMP-2 KO sexually dimorphic
male-specific insulin resistance. Dysregulated MMP-me-
diated ECM proteolysis may contribute to other aspects of
the TIMP-2 KO metabolic phenotype. For example, MMP
activity is increased in the TIMP-2 KO arcuate nucleus of
the hypothalamus (43), a key brain region regulating food
intake and energy homeostasis. Adipose-derived leptin
promotes anorexigenic (i.e. satiety promoting) and inhib-
its orexigenic neuropeptide expression within the arcuate
nucleus via activation of Jak2/STAT3 signaling. TIMP-2
KO mice did not exhibit altered expression of anorexi-
genic or orexigenic neuropeptides but displayed attenu-
ated leptin-mediated STAT3 activation and anorectic re-
sponses in food consumption and weight loss, indicative of
leptin resistance (43). Although MMPs play a well-ac-
cepted role in cerebral cortical synaptic plasticity (44, 45),
the potential contribution of MMPs to hypothalamic
plasticity in central control of energy homeostasis is an
unexplored area. Because administration of galardin, a
broad-spectrum hydroxamate-based MMP inhibitor, to
HFD-fed WT mice resulted in significant reduction of ad-
ipose tissue mass (46), but Ro28–2653, a more selective
MMP-2, MMP-9, and MMP-14 inhibitor, did not signif-
icantly affect adipose tissue development (47), it demon-
strates the need to identify the repertoire of MMPs dys-
regulated in obesity if MMP inhibition is to be used
therapeutically.

If increased MMP expression alone were the basis for
the TIMP-2 KO metabolic phenotype, then all TIMP KO
mice might be expected to exhibit similar phenotypes. Al-
though plasma TIMP-1 predicts human obesity (48),
TIMP-1 does not affect adipogenesis (49, 50) and chow-
fed male TIMP-1 KO mice are not obese (19). Similarly,
chow-fed TIMP-3 KO mice do not exhibit insulin resis-
tance or obesity (21). Unlike other TIMPs, TIMP-2 also
plays a role in pro-MMP activation (i.e. MMP-14-medi-
ated pro-MMP-2 activation). Thus, increased adipose
MMP-14 expression and activity (Fig. 6A) could simply
represent a compensatory mechanism to maintain pro-
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MMP-2 activation in the context of decreased TIMP-2
upon high-fat feeding (Fig. 5A), similar to the up-regula-
tion of MMP-14 observed in TIMP-2 KO tissues under
basal conditions (22, 33, 34). The lack of increased
MMP-14 activity in chow-fed TIMP-2 KO adipose tissue
suggests that a simple compensatory mechanism is un-
likely. Alternatively, MMP-14 up-regulation may be de-
pendent on the relative abundance of pro-MMP-2 within
a particular tissue. For example, net proteolysis is de-
creased in TIMP-2 KO muscle (51), which expresses abun-
dant MMP-2, but is increased in TIMP-2 KO hypothala-
mus (43), which possesses less MMP-2. Although adult
adipose tissue expresses abundant MMP-2 (52), obesity in
TIMP-2 KO mice is probably not due to MMP-2 defi-
ciency, because MMP-2 KO mice are protected from
HFD-induced obesity (11).

TIMP-2 also exerts diverse pleiotropic MMP-indepen-
dent roles mediated via integrin signaling. Adipogenesis
and angiogenesis are tightly associated (30) in that treat-
ment with antiangiogenic agents results in a dose-depen-
dent, reversible weight reduction and adipose tissue loss
(53). Because TIMP-2 exerts MMP-independent antian-
giogenic activities (18) and most MMPs/TIMPs are en-
riched in stromal-vascular cells relative to adipocytes (54),
one would expect increased angiogenesis in TIMP-2 KO
adipose tissue; nonetheless, PECAM-1 expression was not
increased (Fig. 5E). Similarly, TIMP-2 also exerts antipro-
liferative effects (55), but �-cell proliferation was unal-
tered in chow-fed TIMP-2 KO mice. Although �-cell pro-
liferation was increased in HFD-fed TIMP-2 KO mice
(Fig. 4B), HFD did not alter TIMP-2 expression in WT
islets (Fig. 4F); thus, supporting our assertion that �-cells
are adapting to increased adiposity. �-Cells initially com-
pensate for obesity and associated insulin resistance by
increasing �-cell mass, insulin content, and secretion but
eventually become dysfunctional, because they cannot
meet the body’s demand for insulin (56). The ensuing
�-cell exhaustion and insulin degranulation is associated
with hyperglycemia and, ultimately, diabetes. The devel-
opment of diabetes due to insufficient compensation has
been observed in several animal models, including the
Zucker diabetic fatty rat, and human obese patients (57).
Although male HFD-fed TIMP-2 KO mice are compen-
sating in response to insulin resistance, as demonstrated by
enhanced �-cell mass (Fig. 4A) and hyperinsulinemia (Fig.
2C), they are likely on the verge of �-cell failure as evi-
denced by elevated fed and fasting blood glucose levels
(Fig. 2) and diminished insulin immunostaining, suggest-
ing degranulation (Fig. 4D). Their severe glucose intoler-
ance (Fig. 3B) and decreased levels of GLUT2 (Fig. 4, D
and E), a �-cell glucose sensor component, suggest they
may also suffer from impaired �-cell glucose sensitivity.

Although only male HFD-fed TIMP-2 KO mice develop
insulin resistance, female HFD-fed TIMP-2 KO mice are
also glucose intolerant and hyperinsulinemic. Sex steroid
hormones could contribute to the observed sexually di-
morphic insulin resistance. Female rodents are, in general,
protected from diabetes compared with males due, in part,
to the multifactorial beneficial actions of �-cell estrogen
receptors and the oxidative stress-promoting actions of
�-cell androgen receptors (58). In addition, �-cell estrogen
receptor-� may also promote growth and new �-cell de-
velopment (59, 60). In contrast, there is a strong curvilin-
ear association between obesity and diabetes risk in hu-
mans such that there is no sex difference in the prevalence
of obesity or diabetes (61). Alternatively, the failure of
female HFD-fed TIMP-2 KO mice to develop insulin re-
sistance may be due to the relatively low endogenous
TIMP-2 expression in female HFD-fed WT visceral adi-
pose depots, compared with the abundant TIMP-2 ex-
pression in male HFD-fed WT depots (Fig. 5A).

Finally, the contribution of TIMP-2 within liver and
skeletal muscle to insulin resistance and obesity, as well as
central defects underlying the regulation of caloric intake,
must be taken into account. Chronically elevated plasma
free fatty acids and proinflammatory cytokines are known
to have pathophysiological consequences in liver (i.e. en-
hanced gluconeogenesis) (62), muscle (i.e. reduced glucose
uptake through decreased GLUT4 translocation) (63),
and �-cells (i.e. enhanced oxidative stress) (64). Although
our data support an effect of free fatty acids and cytokines
in liver and �-cells, we cannot, at present, exclude a con-
tribution of skeletal muscle to the TIMP-2 KO metabolic
phenotype. TIMP-2 KO mice display motor deficits (65)
and decreased mass of the extensor digitorum longus, a
predominantly fast-twitch muscle (51), perhaps leading to
weakness and increased adiposity simply due to a more
sedentary lifestyle. If more oxidative slow-twitch muscle
(e.g. soleus) were also lost in TIMP-2 KO mice, this could
more directly promote insulin resistance, because oxida-
tive type-1 muscle plays a key role in glucose disposal [i.e.
handles 75–95% of all insulin-mediated glucose usage
(66)]. We propose that hepatic insulin resistance prevails
in HFD-fed TIMP-2 KO mice, because studies have shown
that �-cell hyperplasia occurs only in response to hepatic,
but not muscle, insulin resistance (67–69). To fully ad-
dress whether glucose intolerance and insulin resistance
are related to hepatic glucose production or to peripheral
uptake of glucose, hyperinsulinemic euglycemic clamp
studies or immunoblotting for Akt levels in liver, muscle,
or adipose tissue would be required. Because muscle-spe-
cific depletion of �1 integrin is associated with insulin
resistance (70) and TIMP-2 regulates �1 integrin expres-
sion in muscle (34, 51), it is intriguing to speculate that a
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sex-specific reduction of �1 integrin expression may un-
derlie the insulin resistance in male TIMP-2 KO mice. Un-
fortunately, the study by Zong et al. (70) only examined
male mice, and no mention was made of increased adi-
posity. However, because �1 integrins also contribute to
�-cell differentiation (71), future studies are warranted to
examine sex-specific �1 integrin expression in both muscle
and �-cells.
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son K, Sorokin L, Fässler R, Gu G, Gerber HP, Ferrara N, Melton
DA, Lammert E 2006 The vascular basement membrane: a niche for
insulin gene expression and � cell proliferation. Dev Cell
10:397–405

 
The Endocrine Society journals for teaching purposes!  

www.endo-society.org

Endocrinology, April 2011, 152(4):1300–1313 endo.endojournals.org 1313

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/152/4/1300/2457591 by guest on 10 April 2024


