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Abstract
Obesity is a complex genetic and behavioral disorder arising from improper integration of
peripheral signals at central autonomic centers. For the hypothalamus to respond to dynamic
physiological alterations, it must retain a degree of plasticity throughout life. Evidence is
mounting that an intricate balance between matrix metalloproteinase (MMP)-mediated
extracellular matrix proteolysis and tissue inhibitor of metalloproteinase (TIMP)-mediated
proteolysis inhibition contributes to tissue remodeling. However, few studies have examined the
role of MMPs/TIMPs in hypothalamic remodeling and energy homeostasis. To determine
TIMP-2’s contribution to hypothalamic regulation of feeding, body mass and food consumption
was monitored in TIMP-2 knockout (KO) mice fed a standard chow or high fat diet (HFD).
TIMP-2 KO mice of both sexes gained more weight than wild-type (WT) mice even when fed the
chow diet. Prior to obesity onset, TIMP-2 KO mice were hyperphagic, without increased
orexigenic or decreased anorexigenic neuropeptide expression, but leptin resistant (i.e. reduced
leptin-induced anorexigenic response and STAT3 activation). HFD exacerbated weight gain and
hyperleptinemia. In addition, proteolysis was increased in the arcuate nucleus of TIMP-2 KO
mice. These data suggest a role for TIMP-2 in hypothalamic control of feeding and energy
homeostasis.
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Maintenance of body mass depends largely on the perfect coupling of caloric intake and
energy expenditure, with both functions under tight control of specialized hypothalamic
neurons. Since the discovery of leptin (1,2), much attention has been focused on its role in
obesity. Leptin, which is secreted mainly by white adipocytes, acts through its receptor,
ObR, to provide a critical signal to hypothalamic neurocircuits on the relative state of
adipose stores to accordingly modulate food intake as well as energy expenditure. Of the six
ObR isoforms, primarily generated by alternative splicing of the RNA transcript of the db
gene, ObRb represents the full-length isoform (3). Since ObR does not possess intrinsic
tyrosine kinase activity, it associates with cytoplasmic kinases, predominantly Janus kinase
2 and signal transducer and activator of transcription 3 (STAT3). This signalling pathway
can be inhibited by suppressor of cytokine signalling 3 (SOCS3). To exert its negative
effects on food intake, leptin activates anorexigenic (i.e., satiety promoting)
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proopiomelanocortin (POMC) and cocaine- and amphetamine-regulated transcript (CART)
neurons and inhibits orexigenic (i.e., feeding promoting) agouti-related peptide (AgRP) and
neuropeptide Y (NPY) neurons within the arcuate nucleus (4). In addition to acting as a
powerful satiety signal, leptin increases energy expenditure via hypothalamic projections to
brainstem autonomic centers that promote thermogenesis. Monogenic forms of obesity are
rare (i.e., melanocortin-4, POMC, or leptin receptor) (5). Rather, the increased prevalence of
obesity is mainly attributable to lifestyle – greater consumption of foods high in fats and
sugars and decreased physical activity. Humans and rodents that consume a HFD exhibit
obesity, hyperphagia, and hyperleptinemia, implicating leptin resistance as a contributing
factor.

Similar to the hippocampus, a site of learning-based synaptic plasticity, the hypothalamus
must display life-long plasticity to respond to the dynamic physiological alterations required
to maintain homeostasis. MMPs, and the closely related ADAM (a disintegrin and
metalloproteinase) and ADAMTS (ADAM proteases with thrombospondin motifs) proteases
(6,7), regulate physiological (8) as well as pathological (9) tissue remodeling. MMPs
regulate synaptic plasticity not only via proteolysis of extracellular matrix (ECM) proteins,
but activation of growth factors and cytokines, and “shedding” of ECM receptors (10). The
relevance of proteolysis to obesity has been demonstrated in MMP/TIMP-deficient mice fed
a HFD. While MMP-3 and MMP-11 KO mice gained more weight than WT mice (11,12),
MMP-2 and TIMP-1 KO mice gained less weight (13,14) when fed a HFD. However, these
studies did not examine the regulation of leptin signalling or other hypothalamic alterations
in the mice.

MMP activity is inhibited by forming tight, but relatively low selectivity, complexes with
one of four TIMPs (15). TIMP-2 not only inhibits MMP activity, but also, via interaction
with MT1-MMP (MMP-14), is required for proMMP-2 activation (16,17). Although
traditionally recognized for their MMP inhibitory activity, TIMPs are multifunctional
molecules with diverse MMP-independent functions (e.g., cell cycle arrest, angiogenesis
inhibition) (18).

Given the pleiotropic roles of TIMP-2, chow- and HFD-fed TIMP-2 KO mice were
examined to elucidate TIMP-2’s contribution to hypothalamic regulation of energy
homeostasis. Unlike most MMP or TIMP KO mice examined thus far, TIMP-2 KO mice
gained more weight than WT mice even when fed a standard chow diet. Weight gain was
exacerbated when mice were fed a HFD. TIMP-2 KO mice were hyperphagic before obesity
onset, yet displayed decreased leptin-mediated signaling and anorexigenic response,
indicative of leptin resistance. Furthermore, TIMP-2 KO mice showed increased proteolysis
in the hypothalamic arcuate nucleus. Taken together, our data suggest a role for TIMP-2 in
energy metabolism, possibly via hypothalamic proteolytic remodeling.

Materials and Methods
Animal Care

All procedures involving animals were in accordance with approved University of Vermont
Animal Care and Use Committee protocols. Mice bearing a targeted disruption of the
TIMP-2 gene have been described elsewhere (16). After more than ten backcrosses on a
C57Bl/6 background (Charles Rivers), WT and KO offspring of heterozygous breeders
underwent PCR-based genome scans to determine the extent of 129 genomic sequence
flanking the TIMP-2 targeting locus. Offspring from at least five independent heterozygous
matings were then used to establish homozygous breeding colonies. Mice were then
maintained as in-bred homozygous matings. One week prior to the study start, at 2 months
of age, average food consumption of group housed mice was determined daily for 5 days.

Stradecki and Jaworski Page 2

J Neuroendocrinol. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Littermates were then singly housed with a standard chow diet (ProLab RMH 3000, 4.1
kcal/g with 26% protein, 60% carbohydrate, 14% fat; Purina LabDiet) for an additional 2
days; then, either remained on the chow diet or switched to a HFD (5.24 kcal/g with 20%
protein, 20% carbohydrate, 60% fat which is 37.1% saturated, 46.0% monounsaturated, and
16.9% polyunsaturated fat; Research Diets, Inc.) for 90 days. In both cases, mice had ad
libitum access to food and water. Food consumption and animal weight were measured daily
within 1 hour of the light (sleep) cycle.

At the termination of the 3 month study, mice were humanely euthanized either via
exsanguination by transcardial perfusion (for immunohistochemistry) or via decapitation (all
other studies). Following euthanasia, brains were removed from calvaria and placed on their
superior surface. A 2 mm-thick coronal block containing the hypothalamus was obtained
with a rostral cut at the optic chiasm and a caudal cut anterior to the brainstem. For
immunohistochemical studies, this block was post-fixed and processed as described below.
For in situ zymography, this block was rapidly frozen on dry ice and stored at -80°C until
sectioned. For all other studies, the hypothalamus was micro-dissected further by placing the
block on its anterior surface and making two oblique cuts from the top of the third ventricle;
thus, creating a triangular wedge containing the hypothalamus. The hypothalami were
immediately frozen on dry ice and stored at −80°C until used.

Gelatinase Assay
Net gelatinolytic activity was determined using the EnzCheck Gelatinase Assay (Molecular
Probes; Carlsbad, CA) as previously described (19) with minor modifications. Hypothalami
were homogenized in lysis buffer (20 mM Tris pH 7.4, 137 mM NaCl, 25 mM β-
glycerolphosphate pH 7.4, 2 mM sodium pyrophosphate, 0.5% Triton X-100, 10% glycerol)
without EDTA or protease inhibitors. Proteolytic activity, in 250 μg protein, is reported as
the rate of fluorescence increase over 3 hours normalized to assay reagent containing DQ
gelatin alone. Fluorescence was measured at 515 nm (Excitation wavelength 485 nm) using
a FLUOstar Galaxy microplate reader (BMG Labtechnologies; Bristol, RI). The specificity
of the assay was determined as previously described (19).

In situ zymography
Coronal cryosections (12 μm thick) of fresh frozen brains were direct mounted on gelatin-
coated slides and stored at −80°C until used. Slides were hydrated with PBS then coated
with 1% low melting temperature agarose containing 75 μg/ml DQ Gelatin (EnzCheck,
Molecular Probes) in 1X Reaction Buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM CaCl2,
0.2 mM sodium azide, pH 7.6). Slides were coverslipped and incubated at 37°C for 5
minutes to allow the agarose to set. The inclusion of agarose enhanced cellular localization
of fluorescence. Slides were incubated at room temperature with images captured every 5
minutes. Peak fluorescence was detected after 15 minutes. Images were captured using a
manually set exposure time identical for all four conditions. For inhibition of MMP activity,
sections were incubated with 1,10 phenanthroline (200 mM) for 1 hour prior to DQ Gelatin
application.

Quantitative real-time PCR (qPCR)
Total cellular RNA was prepared using 1 ml STAT-60 per hypothalamus with minor
modification of manufacturer’s instructions (Tel-Test B; Friendswood, TX). Following
homogenization and centrifugation, the aqueous phase was not precipitated with
isopropanol; rather, it was treated with DNase to eliminate contaminating genomic DNA
(SV Total RNA Isolation System; Promega; Madison, WI). Total RNA was quantitated and
integrity verified using a NanoDrop spectrophotometer (Thermo Scientific; Wilmington,
DE). cDNA was synthesized from 2 μg of total RNA using Superscript II reverse
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transcriptase (Invitrogen; Carlsbad, CA) and random hexamers in a total volume of 20 μl
according to the manufacturer's instructions. Relative quantification of genes was performed
using the ABI 7500 Fast Real-Time PCR System (Applied Biosystems; Carlsbad, CA) in
accordance with the manufacturer's instructions. PCR reactions contained 5 ng of reverse
transcribed RNA (1 ng for 18S rRNA analyses), 100 nM of each primer, 200 nM of probe
and 50% TaqMan 2X Universal PCR Master Mix No AmpErase UNG or Power SYBR
Green (Applied Biosystems; Carlsbad, CA) in a total volume of 25 μl. Primer and probe
sequences for MMPs, TIMPs (20), AgRP, NPY, POMC (21), CART, melanin-concentrating
hormone (MCH), orexin (22), SOCS3 (23), STAT3 and leptin receptor isoforms (24) are
detailed in Table 1. Conditions for the PCR reaction were as follows: 2 minutes at 50°C, 10
minutes at 95°C, 40 cycles of 15 seconds at 95°C, and 1 minute at 60°C. Sybr-based
amplifications included a terminal dissociation curve to verify a single amplicon. The
threshold cycle (CT), the cycle number at which signal is detectable above the baseline, was
manually determined for each gene. As a quality control, only cDNA falling within ± 1.5 CT
of the median value for 18S rRNA for all samples were used in the study. To compare the
expression of a single gene across samples, standard curves for each gene were generated
using cDNA, pooled from one sample of each diet and genotype, that had undergone two-
fold serial dilutions (e.g., 1 ng to 0.03125 ng for 18S and 20 ng to 0.625 ng for genes of
interest). Relative input amounts of template cDNA were then calculated from CT using the
standard curves. Data are presented as relative levels of mRNA normalized to 18S rRNA.

Leptin Enzyme-immunoassay (EIA)
Mice were fasted for a maximum of 16 hours beginning at their dark (feeding) cycle. The
next day, after weighing the mice, blood (~ 70 μl) was collected into a heparinized capillary
tube from a small nick in the tail vein, transferred to chilled microcentrifuge tubes for at
least 5 min on ice, spun at 4°C for 10 min at 1250X g, the serum collected and stored at
−20°C until analyzed. Leptin levels at the study onset, midpoint, and termination were
determined by leptin EIA according to manufacturer’s instructions (Alpco Diagnostics;
Salem, NH) using an ELx800 absorbance microplate reader (BioTek; Winooski, VT).
Samples, except study onset, were analyzed in duplicate and average optical density
readings converted to pg/ml using kit provided standards and Prism software (GraphPad;
San Diego, CA). Correlation of leptin concentration to body weight was determined using
Excel software (Microsoft; Redmond, WA).

Leptin sensitivity
To test leptin-mediated STAT3 activation, two-month old weight-matched chow-fed WT
and TIMP-2 KO mice were fasted overnight (maximum of 16 hours), injected
intraperitoneally (i.p.) with 200 μl of sterile phosphate-buffered saline (PBS) or recombinant
mouse leptin (5 μg/g in PBS; R & D Systems; Minneapolis, MN) and euthanized 30 minutes
later (25) since leptin reaches maximal concentration in the brain 30 minutes after i.p.
injection (26). Hypothalami were micro-dissected, as described above, for western blot
analysis or immunohistochemistry.

To assess the effect of leptin on food consumption and weight loss, littermates were
randomly assigned to receive PBS or leptin injections at the onset of the study. Body weight
and food consumption were monitored daily in weight-matched group-housed mice for 3
days and an additional 4 days while singly housed to acclimate mice to daily weighing. Mice
were then injected with 200 μl of sterile PBS or leptin (1 μg/g) twice daily (i.e., within 1
hour of light and dark cycle) for 3 days (27) and body weight and food consumption
monitored for an additional 4 days.
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Western Blot
Western blots were performed as previously described (28). Briefly, proteins (50 μg) were
resolved by 12% SDS-PAGE, transferred to nitrocellulose, and probed with monoclonal
rabbit anti-mouse phospho-STAT3 (Tyr 705) antibody (1:500, #9145; Cell Signaling
Technology; Beverly, MA). Blots were incubated with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit secondary antibody (1:3,000; Jackson ImmunoResearch; West
Grove, PA) and immunocomplexes visualized by enhanced chemiluminescence
(PerkinElmer Life Sciences, Boston, MA). Immunocomplexes were stripped from the
membrane by incubation with Restore Plus Western Blot Stripping Buffer (Pierce;
Rockford, IL) and stripping solution (0.2 M glycine, 0.5 M NaCl, pH 2.5) for 10 minutes
each followed by 15-minute washes in TBS and TBST, and blocked as described (28). Blots
were then incubated in monoclonal mouse anti-mouse STAT3 antibody (1:1,500, #9139;
Cell Signaling), and immunocomplexes detected as before. Finally, after stripping as above,
blots were re-probed with polyclonal goat anti-human actin (1:1,000, sc-1616; Santa Cruz
Biotechnology, Santa Cruz, CA). Densitometry was performed using Quantity One software
(Bio-Rad; Hercules, CA). Relative expression of pSTAT3 was either normalized to total
STAT3 or actin expression.

Immunohistochemistry
Immunohistochemistry with rabbit anti-mouse pSTAT3 (Ser727) (1:300, #9134; Cell
Signaling) and visualization with Cy3-conjugated secondary antibody (1:500, Jackson
ImmunoResearch) containing 1 μg/ml bisBenzimide (Sigma-Aldrich) was performed as
described (19).

Statistics
Data are presented as mean ± standard error of the mean (SEM). Significant interactions
were identified by student’s t-test at the study start and two-way analysis of variance
(ANOVA) with Bonferroni’s multiple comparison tests at the study termination using Prism
software. Statistical significance was assigned at probability of p < 0.05. Unless otherwise
indicated, symbols designate statistically significant differences relative to WT mice on the
same diet.

Results
Hyperphagia contributes to diet-induced weight gain in TIMP-2 KO mice

TIMP-2 deficiency is associated with an age-dependent increase in body weight. The body
weight of WT and TIMP-2 KO mice fed a standard chow diet (i.e., 4.1 kcal/g) was
monitored from weaning at postnatal day 21 (P21) to 1 year of age. TIMP-2 KO mice of
both sexes had weights comparable to WT mice at P21, but by 3 months of age, TIMP-2 KO
mice exhibited significantly greater body weights than WT mice (Jaworski, unpublished
observation).

Furthermore, TIMP-2 KO mouse weight continued to increase unabated to 1 year of age.
Since mice were maintained as homozygous breeders and perturbations in maternal
nutritional status (e.g., undernutrition, obesity, diabetes) can irreversibly alter structures
responsible for the control of ingestive behavior and energy expenditure (29), 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 ± 0.33 g,
KO = 29.50 ± 0.69 g, p = 0.006; F: WT = 19.14 ± 0.25 g, KO = 23.01 ± 0.37 g, p = 0.001),
suggesting that altered gestational metabolic programming is not the basis for greater
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TIMP-2 KO body weight. Thus, studies were 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, 2-month-old (i.e., prior to the onset
of TIMP-2 KO obesity) weight-matched WT and TIMP-2 KO mice either were maintained
on the standard chow diet or switched to a HFD containing 60% fat (i.e., 5.24 kcal/g) and
their body weights monitored daily for 3 months. Similar to our previous observations,
chow-fed TIMP-2 KO mice of both sexes gained more weight than WT mice during the 3-
month study (Fig. 1A). In fact, female TIMP-2 KO mice weighed as much as male WT mice
at the study termination. The weight gain in HFD-fed TIMP-2 KO mice was even more
pronounced (Fig. 1B). Male TIMP-2 KO mice weighed significantly more than male WT
mice after only 6 days on the HFD. 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 adequate energy stores.

Since over-eating is a logical explanation for the profound TIMP-2 KO weight gain, food
consumption was measured. To accurately assess food intake per mouse, animals were
individually housed. Since TIMP-2 KO mice exhibit increased anxiety (30) and social
isolation is a stressor, average food consumption was first monitored daily for 5 days in
group-housed mice prior to individual housing. Even though TIMP-2 KO mice were of
comparable weights to WT mice at the study onset, TIMP-2 KO mice of both sexes
displayed hyperphagia, which was more pronounced in males (i.e., 8.37 kcal/day excess in
males and 3.36 kcal/day excess in females). Regardless of diet (Figs. 1C-F), individually
housed TIMP-2 KO mice of both sexes consumed more kcals/day throughout the 3-month
study (genotype: p < 0.001). Hyperphagia in TIMP-2 KO mice was more pronounced in
chow-fed male (Fig. 1C) than female (Fig. 1E) mice. Furthermore, while HFD-fed male
TIMP-2 KO mice showed little variability in food intake (Fig. 1D), HFD-fed female mice of
both genotypes displayed dramatic fluctuations in food intake (Fig. 1F). It should be noted
that the decreased food intake after day 68 in chow-fed mice is a response to overnight
starvation and insulin tolerance testing (data not shown). Taken together, our data
demonstrate that TIMP-2 KO mice are hyperphagic prior to obesity onset and do not adjust
caloric intake concomitant with increased body mass, suggesting the inability to detect
adequate energy stores. Due to the less marked hyperphagia of TIMP-2 KO females and
well-known sex differences in leptin responsiveness (31), all subsequent studies utilized
only male mice.

Increased proteolysis in TIMP-2 KO mice may contribute to altered ECM remodeling
Because TIMP-2 plays a role in both MMP inhibition (15) and MMP activation (16,17) one
cannot predict a priori whether net proteolytic activity in a particular tissue will be increased
or decreased in the absence of TIMP-2. Therefore, the effect of diet and TIMP-2 deficiency
on hypothalamic protease expression (Fig. 2A) and activity (Figs. 2B, C) was examined.

TIMP-2 deficiency did not lead to a compensatory increase in the expression of the other
TIMPs, relative to WT levels. In fact, in addition to the expected reduction of TIMP-2
mRNA (p = 0.0008), TIMP-1 (p = 0.04) and TIMP-4 (p = 0.003) mRNA expression were
actually decreased in TIMP-2 KO mice at the study start. At the study termination, TIMP-2
(p < 0.0001), TIMP-3 (p = 0.039), and MMP-2 (p = 0.04) mRNA were reduced in TIMP-2
KO mice. No genotype effect on TIMP-1 (p = 0.49), TIMP-4 (p = 0.31) or MMP-14 (p =
0.27) mRNA was detected at the study termination. Two-way ANOVA at the study
termination failed to reveal an effect of diet for any of the genes. However, when compared
to the study start, TIMP-1 mRNA expression was increased in chow-fed (p = 0.03) and
further increased in HFD-fed (p = 0.002) TIMP-2 KO mice, perhaps as a compensatory
mechanism for TIMP-2’s absence.
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The combination of reduced TIMP-2 and TIMP-3 mRNA expression in HFD-fed TIMP-2
KO mice would favor increased proteolytic activity. Therefore, rather than examine MMP
and TIMP protein expression, net proteolytic activity within the hypothalamus was
measured using a caged substrate (i.e., DQ gelatin) (Figs. 2B, C). This substrate is cleaved
by a broad range of proteases (e.g., all proteases that cleave gelatin and collagen), not only
the gelatinases MMP-2 and MMP-9. Cleavage yields highly fluorescent peptides, whose
fluorescence is proportional to proteolytic activity. Proteolytic activity was not affected by
diet (p = 0.79), but, as expected from the mRNA results, proteolysis was significantly
increased in TIMP-2 KO mice (p = 0.003) (Fig. 2B). Moreover, while protease activity
decreased in HFD-fed WT mice relative to chow-fed WT mice, an opposite trend was
observed in TIMP-2 KO mice with a significant genotype by diet interaction (p = 0.01). To
determine whether proteolysis was globally increased throughout the TIMP-2 KO brain,
gelatinase activity was measured in several brain regions of 3-month-old chow-fed WT and
TIMP-2 KO mice. Gelatinase activity in TIMP-2 KO mice was increased in the cerebral
cortex, decreased in the hippocampus, and unaltered in the cerebellum, striatum, or
thalamus. Thus, proteolysis is not indiscriminately increased throughout the TIMP-2 KO
brain. Finally, in situ zymography to detect proteolytic activity specifically within the
arcuate nucleus (Fig. 2C) recapitulated the gelatinase results (Fig. 2B). These data appear to
support a more traditional MMP inhibitory role for TIMP-2 within the hypothalamus.

TIMP-2 KO mice exhibit altered leptin-mediated signal transduction
To determine the basis for TIMP-2 KO hyperphagia, qPCR was performed to assess the
expression of orexigenic (i.e., arcuate-derived NPY, AgRP; lateral hypothalamus-derived
orexin, MCH) and anorexigenic (i.e., arcuate-derived CART, POMC) hypothalamic
neuropeptides (Fig. 3). Because feeding status modulates neurotransmitter expression,
mRNA levels were measured in fasted mice. Contrary to what one might expect for
orexigenic peptides, NPY (Fig. 3A) and AgRP (Fig. 3B) mRNA expression were decreased
in hyperphagic TIMP-2KO mice at the study start (p = 0.0002 and p = 0.0173, respectively).
However, at the study termination, neither NPY (p = 0.45) nor AgRP (p = 0.75) showed an
effect of genotype, suggesting that to some extent these neuropeptides responded to excess
caloric intake/positive energy balance in TIMP-2 KO mice. No significant genotype or diet
difference in orexin (Fig. 3C), MCH (Fig. 3D), CART (Fig. 3E) or POMC (Fig. 3F) mRNA
expression was observed. Therefore, at least at the mRNA level, TIMP-2 KO hyperphagia is
not due to altered expression (i.e., increased orexigenic or decreased anorexigenic) of the
most commonly regulated hypothalamic neuropeptides.

Inasmuch as leptin modulates both food intake and energy expenditure, we sought to
determine whether the hyperphagia and obesity in TIMP-2 KO mice could be due to defects
in leptin production and/or signal transduction (Fig. 4). First, serum leptin levels were
determined by EIA (Fig. 4A). At the start of the diet, when WT and TIMP-2 KO mice were
of comparable weights (WT = 22.68 ± 0.20 g, KO = 23.20 ± 0.47 g, p = 0.31), no difference
in serum leptin was observed (p = 0.39) (Fig. 4A), even though TIMP-2 KO mice were
hyperphagic (Fig. 1C). After ~50 days, both chow-fed (p = 0.0004) and HFD-fed (p <
0.0001) TIMP-2 KO mice were hyperleptinemic. At the termination of the 90-day study, the
effects of genotype (F1,19 = 53.06, p < 0.0001) and diet (F1,19 = 190.07, p < 0.0001) were
further exacerbated. Since circulating leptin levels are proportionate to adipose tissue mass
(2), the correlation of serum leptin relative to body mass was determined. The strong
correlation (R2 = 0.85) suggests that the increased serum leptin in TIMP-2 KO mice is
proportionate to their greater body weight (Figs. 1A, B).

Since altered leptin production was not the basis for TIMP-2 KO hyperphagia, we next
assessed whether defects in leptin signalling may underlie TIMP-2 KO hyperphagia. qPCR,
with primers that recognize all isoforms, revealed significantly reduced ObR mRNA
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expression in TIMP-2 KO mice at the study start (p = 0.0008) (Fig. 4B), due to reduced
transcription of ObRb, the full-length receptor (p = 0.014), but not ObRa. Similar to NPY
and AgRP (Figs. 3A, B), no differences in ObR mRNA expression were observed at the
study termination. Since increased MMP-mediated ObR proteolysis is a potential
mechanism underlying TIMP-2 KO leptin resistance, ObR expression was examined.
Despite the use of commercially available antibodies that purportedly recognized all ObR
isoforms, western blot analysis proved inconclusive (data not shown). No change in SOCS3
mRNA expression was detected (Fig. 4C). Although STAT3 mRNA expression was not
reduced in TIMP-2 KO mice at the study start (p = 0.11), expression was reduced at the
study termination (p = 0.04) (Fig. 4D). Furthermore, an effect of diet was present at the
study termination due to increased STAT3 mRNA in HFD-fed mice relative to chow-fed
mice of the same genotype (p = 0.017) (Fig. 4D). Since STAT3 signalling is regulated by
phosphorylation state, western blot analysis was performed for basal phospho-STAT3
(pSTAT3) as well as total STAT3 expression at the study termination. Decreased STAT3
mRNA (Fig. 4D) was reflected in reduced total STAT3 protein expression in chow-fed
TIMP-2 KO mice (p = 0.014) (Fig. 4E). Usually, pSTAT3 is normalized to total STAT3, but
because total STAT3 expression was reduced in chow-fed TIMP-2 KO mice (Fig. 4E),
pSTAT3 was normalized against both total STAT3 (Fig. 4F, left) and, more appropriately,
actin (Fig. 4F, right). Effects of genotype (p = 0.012) and diet (p = 0.0017) were observed
for pSTAT3, primarily due to increased pSTAT3 in HFD-fed TIMP-2 KO mice (Fig. 4F).
Our data are concordant with previous reports that basal STAT3 phosphorylation within the
arcuate nucleus is increased upon high-fat feeding (25,32). Since leptin can also act through
components of the insulin signalling cascade, the phosphorylation state of Akt was also
examined. Chow-fed TIMP-2 KO mice showed reduced pAktT308 expression (p = 0.007),
while HFD-fed TIMP-2 KO mice showed reduced pAktS473 expression (p = 0.04) (data not
shown). However, several signalling pathways converge to STAT3, as well as Akt, and
analysis was performed with micro-dissected hypothalamus. Thus, we cannot ascertain
whether the observed alterations only occurred within leptin-sensitive hypothalamic nuclei.

Leptin-mediated orexigenic responses are attenuated in TIMP-2 KO mice
To more accurately assess defects in leptin signalling, leptin-mediated STAT3 activation
and anorectic responses were examined. First, weight-matched chow-fed 2-month-old mice
were injected either with PBS or leptin (5 μg/g), euthanized 30 minutes later, and pSTAT3
expression examined by western blot analysis (Fig. 5A) or immunohistochemistry (Fig. 5B).
This experiment was not conducted at the study termination because TIMP-2 KO mice are
already hyperleptinemic. Since total STAT3 expression was not altered by genotype at 2
months of age (p = 0.10), pSTAT3 was normalized to total STAT3. Leptin-mediated STAT3
activation was dramatically reduced in TIMP-2 KO mice (p = 0.0097) (Fig. 5A).
Histological examination confirmed fewer pSTAT3 immunoreactive nuclei within the
arcuate nucleus of TIMP-2 KO mice (Fig. 5B). While reduced STAT3 activation is
suggestive of leptin resistance, a more definitive demonstration of leptin resistance is an
attenuated leptin-mediated reduction in food intake and weight loss. Food consumption (Fig.
5C) and weight (Fig. 5D) was monitored in weight-matched chow-fed 2-month-old mice for
7 days prior to and 4 days subsequent to 3 days of injection either with PBS or leptin (1 μg/
g). In contrast to the minor transient decline in food consumption in response to PBS
injection, which was comparable in WT and TIMP-2 KO mice (day 8 relative to day 9, p =
0.69), the leptin-mediated anorectic response was significantly reduced in TIMP-2 KO mice
(WT = 33.81 ± 2.23%, KO = 15.89 ± 6.7%, p = 0.015 decline in food consumption at day 11
relative to the 2 days prior to leptin injection). The attenuated anorectic response in TIMP-2
KO mice was even more pronounced after only one day of leptin administration (WT =
42.92 ± 11.12%, KO = 9.24 ± 6.08%, p = 0.019). Given that PBS-injected mice displayed a
mild anorectic response, leptin data were normalized to PBS. Both PBS normalized data and
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data normalized to starting food consumption (data not shown) showed a significantly (p <
0.0001) attenuated anorexigenic response in TIMP-2 KO mice. The attenuated leptin-
mediated effect on weight loss was even more prominent in TIMP-2 KO mice (WT = 7.13 ±
0.60%, KO = 1.70 ± 0.73%, p < 0.001 decline in weight at day 11 relative to the 2 days prior
to leptin injection). Furthermore, TIMP-2 KO mice also exhibited a more rapid increase in
food consumption (Fig. 5C) and weight (Fig. 5D) upon termination of leptin administration.
Taken together these data are supportive as leptin resistance as a contributor to TIMP-2 KO
hyperphagia, even in the absence of increased body mass at 2 months of age. Furthermore, it
likely contributes to their inability to auto-regulate food consumption even when faced with
morbid obesity on the HFD.

Discussion
Herein, we demonstrated for the first time that, in contrast to most MMP or TIMP KO mice,
TIMP-2 KO mice display hyperphagia and weight gain even when fed a chow diet. Given its
pleiotropic MMP-dependent (i.e., MMP inhibition and activation) and MMP-independent
(i.e., angiogenesis, cell cycle regulation) effects, it is likely that multiple mechanisms
underlie TIMP-2’s contribution to metabolism.

Multiple factors contribute to obesity in TIMP-2 KO mice
Similar to ob/ob and db/db mutant mice (2,33), chow-fed TIMP-2 KO mice show
hyperphagia with early onset weight gain (Fig. 1) and delayed puberty onset (unpublished
observation). However, chow-fed TIMP-2 KO mice are not hyperinsulinemic or
hyperglycemic despite increased adiposity (unpublished observation). Accordingly, they do
not display the morbid obesity of ob/ob or db/db mutant mice, unless they consume a fat-
laden diet. Nonetheless, chow-fed TIMP-2 KO mice exhibit signs of leptin resistance, as
revealed by reduced leptin-mediated STAT3 activation and anorectic response, prior to
obesity onset. A number of mechanismshave been put forth to explain leptin resistance,
including reduced leptin transport across the blood–brain barrier (BBB), ObR signalling
defects, and perturbations in developmental programming (24,34,35).

Reduced BBB transport likely does not play a role in TIMP-2 KO leptin resistance. MMPs
open the BBB by degradation of basal lamina proteins (9). Therefore, given the increased
MMP activity in TIMP-2 KO hypothalamus, BBB integrity is likely compromised, thereby
increasing, not decreasing, leptin transport.

Our data are consistent with intracellular leptin signalling defects in TIMP-2 KO mice,
including decreased leptin-induced STAT3 activation (Fig. 4G) and anorectic response (Fig.
4I). Up-regulation of hypothalamic NPY elicits hyperphagia in response to physiological
and pathophysiological states. Yet, neither increased AgRP/NPY nor decreased CART/
POMC mRNA expression was observed in TIMP-2 KO mice (Fig. 3). Rather, a counter-
intuitive reduction in AgRP/NPY mRNA was observed in TIMP-2 KO mice at the study
start. Since the mRNA expression for none of the other neuropeptides was altered, it argues
against some defect with these cDNA samples. One possible explanation for decreased
orexigenic transcription is a leptin-mediated negative feedback since leptin inhibits NPY
mRNA production (36). However, at the start of the diet, leptin levels in TIMP-2 KO mice
were comparable to WT mice and when leptin levels were increased there was no difference
in NPY mRNA, suggesting that NPY and AgRP are responding appropriately to excess
caloric intake/positive energy balance. Increased NPY is not absolutely required for the
occurrence of hyperphagia or obesity. In fact, several models of hyperphagia with low NPY
abundance exist, including altered communication with hindbrain autonomic centers, as well
as lesions within ventromedial or paraventricular (PVN) hypothalamic nuclei (37). At
present, the mechanism by which NPY and AgRP mRNA are initially decreased in TIMP-2
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KO mice remains unresolved and we do not exclude the possibility of defects in
extrahypothalamic regions.

In addition to its satiety effects, leptin promotes energy expenditure, by increasing
sympathetic neural activation to brown adipose tissue (BAT) and BAT-mediated
thermogenesis (38,39). Hypothalamic TIMP-2 mRNA expression is increased in mice with
high heat loss (40), suggesting TIMP-2 promotes thermogenesis. Thus, its loss could be
associated with lower core body temperature and the increased food consumption in TIMP-2
KO mice may be a compensatory behavioral thermoregulatory mechanism to promote heat
production.

Finally, we cannot discount the effect of inactivity as a predisposing factor to TIMP-2 KO
weight gain. Increased lean body mass is likely not the basis for weight gain in TIMP-2 KO
mice since these mice display motor deficits (41) and exhibit decreased muscle mass (i.e.,
extensor digitorum longus, a predominantly fast-twitch muscle) (19). Thus, muscle
weakness and a more sedentary lifestyle may contribute to TIMP-2 KO weight gain.
Furthermore, if more oxidative slow-twitch muscle (e.g., soleus) were also lost in TIMP-2
KO mice, this would promote adipogenesis, as a prime glucose oxidizing tissue is lost.
Because TIMP-2 is depleted globally, we also cannot exclude a peripheral effect on weight
gain. Nonetheless, TIMP-2 KO mice exhibit defective central control of energy metabolism
(e.g., hyperphagia and leptin resistance). The leptin resistance is not secondary to obesity
because 8-week-old TIMP-2 KO mice were leptin resistant even when of comparable weight
to WT mice.

Evidence is mounting that postnatal behavioral (e.g., hyperphagia, fat preference) and
physiological (e.g. hyperlipidemia, obesity) patterns are established via epigenetic
modifications during the prenatal and neonatal period (42). Although serum leptin levels
were comparable in WT and TIMP-2 KO mice at 2 months of age, this does not preclude
embryonic or neonatal alterations or changes below assay sensitivity. We cannot rule out an
epigenetic contribution in TIMP-2 KO obesity; however, given that TIMP-2 KO offspring of
chow-fed heterozygous pairings were also obese, relative to their WT littermates, it clearly
suggests other contributing factors.

Proteolysis, ECM remodeling, and energy homeostasis
The MMP/TIMP enzymatic system plays a pivotal role in matrix remodeling underlying
hippocampal plasticity (43), but there is a dearth of information regarding its contribution to
hypothalamic remodeling. Hypothalamic TIMP-1 mRNA expression is decreased in ob/ob
and db/db mice relative to WT mice (44). Similarly, TIMP-1 mRNA was initially decreased
in TIMP-2 KO mice and was the only TIMP to display an effect of diet (Fig. 2A). Leptin
promotes the expression of TIMP-1 mRNA within the hypothalamus (44) and, like TIMP-2
KO mice, female TIMP-1 KO mice display increased food intake prior to elevated weight
gain (44). Thus, TIMP-1 and TIMP-2 may be the key TIMPs in the control of MMP-
mediated hypothalamic ECM remodeling underlying energy homeostasis.

Because TIMP-2 plays a role in both MMP inhibition and activation, one cannot predict a
priori whether proteolytic activity will be increased or decreased in its absence. In contrast
to the decreased proteolysis observed in TIMP-2 KO muscle (19), proteolytic activity was
increased in TIMP-2 KO hypothalamus; thus, excessive proteolysis may be the primary
cause of the TIMP-2 KO phenotype. Proteolysis generates a soluble leptin receptor (45), but
increased levels are associated with weight loss (46). Similarly, the shed syndecan-3
ectodomain inhibits AgRP’s ability to interact with its receptor; thereby, preventing its
orexigenic effects (47). Thus, ObR or syndecans-3 proteolysis probably does not contribute
to TIMP-2 KO obesity. Increased proteolysis could alter postnatal synaptic plasticity via
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cleavage of ECM proteins. This is an unexplored area of neuroscience and clearly deserves
more attention. Because TIMP-2 is absent at all phases of development, the ECM cues
required to guide neuronal migration from the ventricular zone to the arcuate nucleus or
from the arcuate to extrahypothalamic sites might be lost due to increased proteolysis in
TIMP-2 KO mice. For example, MT1-MMP KO mice die from cachexia at 3-4 weeks of age
(48) even though neuronal perikarya in the arcuate nucleus display normal NPY and AgRP
expression (49). However, neuropeptide expression at hypothalamic and extrahypothalamic
projection areas is reduced, suggesting axonal mistargeting. Thus, developmental alterations
(e.g., decreased PVN innervation from neurons in the arcuate) could be altered in young,
pre-obese TIMP-2 KO mice and prime the mice for future weight gain. Hence, future studies
are needed to determine the substrates whose proteolysis promotes hyperphagia in TIMP-2
KO mice.

TIMP-2's MMP-independent functions may also play a role in obesity. The potential
contribution of neurogenesis in the regulation of energy balance has been a recent focus of
considerable attention since the adult hypothalamus possesses neurogenic capacity (50) and
leptin promotes neurogenesis (51). TIMP-2 promotes neurogenesis by acting as an anti-
mitogenic signal independent of MMP activity (52). Interestingly, we observed fewer BrdU-
positive cells in the neurogenic regions of the third ventricle and fewer NeuN-positive
neurons in the TIMP-2 KO arcuate nucleus (unpublished observations). It remains
unresolved whether this is due to decreased neurogenesis or increased apoptosis since
TIMP-2 suppresses programmed cell death (53) and obesity promotes hypothalamic
neuronal apoptosis (54). Interestingly, apoptosis appears to be a property of diet composition
and not caloric intake since most of the pro-apoptotic activity of ad libitum HFD feeding
was retained under isocaloric HFD pair feeding (54).

Obesity is not a simple phenomenon and no one molecule or organ system is solely
responsible. If it were, its prevention/treatment would not be so elusive. As discussed above,
inasmuch as TIMP-2 is deficient globally, multiple organs (e.g., brain, adipose tissue,
muscle) likely play a role in TIMP-2 KO weight gain. Nonetheless, leptin resistance and
hyperphagia appear to be prime contributors. The increased proteolysis in TIMP-2 KO
hypothalamus suggests a more traditional MMP-inhibitory role for TIMP-2. Given the
disparate HFD effects in MMP-deficient mice, future studies are required to identify
proteases up-regulated by HFD. Future studies should also explore whether caloric
restriction down-regulates hypothalamic MMP expression, thereby providing a plausible
mechanism underlying the diverse beneficial effects of caloric restriction.
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Abbreviations

ADAM a disintegrin and metalloproteinase

ADAM-TS ADAM with thrombospondin motif

AgRP agouti related peptide

BAT brown adipose tissue

BBB blood-brain barrier

CART cocaine- and amphetamine-regulated transcript

EIA enzyme immunoassay

HFD high fat diet

HRP horseradish peroxidase

KO knockout

MCH melanin-concentrating hormone

MMP matrix metalloproteinase

NPY neuropeptide Y

ObR leptin receptor

PBS phosphate buffered saline

POMC proopiomelanocortin

PVN paraventricular nucleus

qPCR quantitative real-time polymerase chain reaction

SOCS3 suppressor of cytokine signalling-3

STAT3 signal transducer and activator of transcription 3

TBS tris-buffered saline

TBST TBS with Tween

TIMP tissue inhibitor of metalloproteinase

WT wild-type
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Fig. 1.
TIMP-2 KO mice gain more weight than WT mice regardless of diet. Both sexes of two-
month-old TIMP-2 KO mice fed a chow (A) or HFD (B) for 3 months gained significantly
more weight than WT mice (as determined by weight slope; chow: M p = 0.03, F p = 0.04;
HFD: M p = 0.0001, F p = 0.0003). (C-F) Examination of average daily food consumption
revealed that chow- (C, E) and HFD-fed (D, F) TIMP-2 KO mice failed to modify food
intake despite increased body weight. Decreased food consumption in chow-fed mice after
day 68 was due to overnight starvation and insulin tolerance testing (data not shown). Data
are mean ± SEM. n = 8 per sex, genotype, and diet.
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Fig. 2.
Net proteolytic activity is increased in male TIMP-2 KO hypothalamus. (A) qPCR revealed
that, at least at the mRNA level, there is no overall compensation by other TIMPs in
response to TIMP-2 absence. There was no effect of diet at the study termination, but when
compared to the study start TIMP-1 mRNA expression was increased in chow-fed (p = 0.03)
and HFD-fed (p = 0.002) TIMP-2 KO mice while no increase was observed in WT mice. (B)
Using a caged substrate that emits fluorescence when cleaved by proteases, it was revealed
that net proteolytic activity was increased in TIMP-2 KO hypothalamus, but not globally
increased throughout the entire TIMP-2 KO brain. Interestingly, while WT mice decreased
proteolytic activity on the HFD, proteolysis remained elevated in HFD-fed TIMP-2 KO
mice, suggesting that the inability to effectively inhibit proteolysis may contribute to
defective energy homeostasis and obesity. (C) In situ zymography confirmed the results of
the gelatinase assay and specifically revealed increased proteolysis within the arcuate
nucleus of TIMP-2 KO mice. Data are mean ± SEM. n = 4 – 5 per genotype and diet. *p <
0.05, **p ≤ 0.01, #p≤0.001 relative to WT mice on the same diet, unless otherwise
indicated.
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Fig. 3.
Alterations in hypothalamic neuropeptide mRNA expression are not the basis for increased
TIMP-2 KO food consumption. Orexigenic (i.e., NPY, AgRP, orexin, MCH) and
anorexigenic (i.e., CART, POMC) neuropeptide mRNA expression in micro-dissected male
hypothalami was determined by qPCR. Both arcuate-derived NPY (A) and AgRP (B)
mRNA expression was reduced in TIMP-2 KO mice at the study start, but not termination.
No differences, either in genotype or diet, were observed for transcript levels of orexin (C)
and MCH (D), most prevalent in the lateral hypothalamus, or arcuate-derived CART (D) and
POMC (E). Data are mean ± SEM. n = 4 – 5 per genotype and diet. *p < 0.05, #p ≤ 0.001
relative to WT mice on the same diet.
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Fig. 4.
TIMP-2 KO mice exhibit leptin-signalling deficiencies. (A) EIA of serum leptin revealed
comparable leptin levels in weight-matched male WT and TIMP-2 KO mice at the study
start (WT = 86.97 ± 33.47 pg/ml, KO = 131.1 ± 35.28 pg/ml, p = 0.39). While leptin levels
increased greater in TIMP-2 KO mice than WT mice throughout the study, this increase was
proportional to their body weight (R2 = 0.85). n = 6 per genotype and diet. (B-D) qPCR was
used to analyze mRNA expression of components of the leptin signalling cascade in male
hypothalami. n = 4 – 5 per genotype and diet. (E) Western blot analysis confirmed PCR
findings of decreased STAT3 mRNA expression in chow-fed TIMP-2 KO mice. (F) Basal
STAT3 activation was examined at the study termination. Since total STAT3 expression was
decreased in chow-fed mice (E), pSTAT3 expression was normalized both to total STAT3
(left graph) and to actin (right graph). HFD increased STAT3 activation in TIMP-2 KO mice
to a greater extent than in WT mice. n = 6 - 7 per genotype and diet. Data are mean ± SEM.
*p < 0.05, **p ≤ 0.01, #p≤0.001 relative to WT mice on the same diet, unless otherwise
indicated.
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Fig. 5.
Attenuated leptin-mediated anorectic responses in TIMP-2 KO mice. (A-B) STAT3
activation was assessed in weight-matched (WT = 24.06 ± 0.39 g, KO = 23.49 ± 0.41 g, p =
0.33) 8-week-old mice 30 minutes after a single injection of PBS or leptin (5 μg/g). (A)
Western blot analysis showed decreased leptin-mediated STAT3 activation in TIMP-2 KO
mice. n = 5. (B) Immunohistochemistry revealed fewer pSTAT3-labelled cells (red, pink in
inset) in the arcuate nucleus of TIMP-2 KO mice (arrowheads indicate non-leptin responsive
cells). Cell nuclei are counterstained with Hoechst (blue). Images representative of n = 4.
Scale bars = 50 μm. (C) The effect of leptin (1 μg/g) administration (indicated by arrows) on
food consumption. TIMP-2 KO mice exhibited an attenuated leptin-mediated anorectic
response (p = 0.015, intake at day 11 relative to 2 days prior to leptin administration; p <
0.0001, 2-way ANOVA over entire study). Similar results are obtained when normalized to
PBS injected mice. (D) Leptin-mediated weight loss was similarly attenuated in TIMP-2 KO
mice (p < 0.0001, percent weight loss at day 11 relative to 2 days prior to leptin
administration; p < 0.0001, 2-way ANOVA over entire study). Similar results are obtained
when normalized to PBS injected mice. Data are mean ± SEM. **p≤0.01 relative to WT
mice on the same diet, unless otherwise indicated.
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Table 1

TaqMan Primers and Probes (Mus musculus).

TIMP-1 Forward Primer: 5′-CATGGAAAGCCTCTGTGGATATG-3′

Reverse Primer: 5′-AAGCTGCAGGCACTGATGTG-3′

Probe: 5′-FAM-CTCATCACGGGCCGCCTAAGGAAC-TAMRA-3′

TIMP-2 Forward Primer: 5′-CCAGAAGAAGAGCCTGAACCA-3′

Reverse Primer: 5′-GTCCATCCAGAGGCACTCATC-3′

Probe: 5′-FAM-ACTCGCTGTCCCATGATCCCTTGC-TAMRA-3′

TIMP-3 Forward Primer: 5′-GGCCTCAATTACCGCTACCA-3′

Reverse Primer: 5′-CTGATAGCCAGGGTACCCAAAA-3′

Probe: 5′-FAM-TGCTACTACTTGCCTTGTTTTGTGACCTCCA-TAMRA-3′

TIMP-4 Forward Primer: 5′-TGCAGAGGGAGAGCCTGAA-3′

Reverse Primer: 5′-GGTACATGGCACTGCATAGCA-3′

Probe: 5′-FAM-CCACCAGAACTGTGGCTGCCAAATC-TAMRA-3′

MMP-2 Forward Primer: 5′-AACTACGATGATGACCGGAAGTG-3′

Reverse Primer: 5′-TGGCATGGCCGAACTCA-3′

Probe: 5′-FAM-TCTGTCCTGACCAAGGATATAGCCTATTCCTCG-TAMRA 3′

MMP-14 Forward Primer: 5′-AGGAGACAGAGGTGATCATCATTG-3′

Reverse Primer: 5′-GTCCCATGGCGTCTGAAGA-3′

Probe: 5′-FAM-CCTGCCGGTACTACTGCTGCTCCTG-TAMRA -3′

AgRP Forward Primer: 5′-CAGAAGCTTTGGCGGAGGT-3′

Reverse Primer: 5′-AGGACTCGTGCAGCCTTACAC-3′

CART Forward Primer: 5′-AAGTCCCCATGTGTGACGCT-3′

Reverse Primer: 5′-GACAGTCACACAGCTTCCCGA-3′

MCH Forward Primer: 5′-TTCAAAGAACACAGGCTCCAAA-3′

Reverse Primer: 5′-ACTCAGCATTCTGAACTCCATTCTC-3′

NPY Forward Primer: 5′-TCAGACCTCTTAATGAAGGAAAGCA-3′

Reverse Primer: 5′-GAGAACAAGTTTCATTTCCCATCA-3′

ObRa Forward Primer: 5′-GGAACACTGTTAATTTCACACCAGAG-3′

Reverse Primer: 5′-ATTCAAACCATAGTTTAGGTTTGTTTCC-3′

ObRb Forward Primer: 5′-TGTTCCTGGGCACAAGGACT-3′

Reverse Primer: 5′-TGGGTTCAGGCTCCAGAAGA-3′

ObRall Forward Primer: 5′-ACAGTGTGCTTCCTGGATCTTC-3′

Reverse Primer: 5′-ACAGTGCTTCCCACTAGTGATTGG-3′

Orexin Forward Primer: 5′-ATGAACTTTCCTTCTACAAAGGTTCC-3′

Reverse Primer: 5′-GGCAGCAGTAGCAGCAGCA-3′
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POMC Forward Primer: 5′-CTGCTTCAGACCTCCATAGATGTG-3′

Reverse Primer: 5′-CAGCGAGAGGTCGAGTTTGC-3′

SOCS3 Forward Primer: 5′-GCGGGCACCTTTCTTATCC-3′

Reverse Primer: 5′-TCCCCGACTGGGTCTTGAC-3′

STAT3 Forward Primer: 5′-TCCTCTATCAGCACAACCTTCG-3′

Reverse Primer: 5′-AGCTGCTGCATCTTCTGTCTGG-3′
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