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Obesity is stronyly associated with metabolic syndrome, a combination of risk factors that predisposes to development of
the cardiometabolic diseases: atherosclerotic cardiovascular disease and type 2 diabetes mellitus. Prevention of metabolic
syndrome requires novel inferventions to address this health challenge. The objective of this study was to identify candidate mol-
ecules for the prevention and freatment of insulin resistance and atherosclerosis, conditions that underlie type 2 diabetes mellitus
and cardiovascular disease, respectively. We used an unbiased bioinformatics approach to identify molecules that are upregu-
lated in both conditions by combining murine and human data from a microarray experiment and meta-analyses. We obtained
a pool of 8 yenes that were upregulated in all the databases analyzed. This included well-known and novel molecules involved
in the pathophysiology of type 2 diabetes mellitus and cardiovascular disease. Notably, matrix metalloproteinase 12 (MMP12)
was highly ranked in all analyses and was therefore chosen for further investigation. Analyses of visceral and subcutaneous white
adipose ftissue from obese compared with lean mice and humans convincingly confirmed the upregulation of MMPI12 in obe-
sity at the mRNA, profein and activity levels. In conclusion, by using this unbiased approach, an interesting pool of candidate
molecules was identified, all of which have potential as targets in the freatment and prevention of cardiometabolic diseases.
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INTRODUCTION

Metabolic syndrome is a multifactorial
condition, which includes insulin resis-
tance, visceral obesity, hypertension
and atherogenic dyslipidemia, confer-
ring a markedly elevated risk for type
2 diabetes mellitus and atherosclerotic

cardiovascular disease, collectively
called cardiometabolic diseases. (1,2)
According to data from the World Health
Organization, cardiovascular diseases
are the leading cause of death globally.
In 2012, 17.5 million people died from
cardiovascular diseases, representing
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31% of all global deaths. Also in 2012,
an estimated 1.5 million deaths were
directly caused by diabetes, and in 2014
the global prevalence of diabetes was
estimated to be 9% among adults ages
18 years and older. (3) In terms of both
human health and increasing health care
expenses related to cardiovascular dis-
ease and type 2 diabetes, no society can
afford to ignore the rise of cardiomet-
abolic diseases, and new therapeutic
strategies are urgently needed. (4)
Research has identified chronic low-
grade inflammation induced by obesity
as a common mechanism that is causally
involved in obesity-related insulin re-
sistance and atherosclerosis, precursors
for type 2 diabetes and cardiovascular
disease, respectively. (5,6) This raises
the possibility of treatment strategies by
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neutralization, inactivation or elimination
of key factors implicated in the devel-
opment of chronic inflammation. Active
immunotherapeutic approaches against
self-antigen molecules have recently
been clinically tested for the treatment

of noncommunicable diseases such as
Alzheimer’s, hypertension and chronic
inflammatory and autoimmune diseases.
(7-9) Immunotherapy based on active
immunization against pathogenetically
crucial molecules may offer a tool to treat
these diseases, with advantages such as
high specificity compared with small
molecules and long-lasting efficacy at
overall limited cost.

During the past decade, a number of
genome-wide association studies have
revealed 40 loci consistently associated
with susceptibility to type 2 diabetes and
have rapidly expanded the knowledge
of the genetic architecture of this disease.
(10-13) However, the genes located in or
near these loci do not fully elucidate the
specific molecular mechanisms underly-
ing the development of type 2 diabetes.
The aim of this study was to identify can-
didate molecules that could be targeted
for the prevention and treatment of car-
diometabolic disease. An unbiased bioin-
formatics approach was used to identify
genes from different published databases
related to cardiometabolic disease and
mouse models, thereby analyzing the
main tissues involved in the development
of type 2 diabetes and cardiovascular
disease by microarrays, combining pub-
lished (14) as well as newly obtained
original data. The differentially expressed
and upregulated genes present in all
these studies were selected, resulting in a
list of genes that included known as well
as novel candidate molecules for the
treatment of cardiometabolic disease.

Using this approach, a pool of
8 candidate molecules with the potential
to be targeted by immunotherapy or
other specific blockade was obtained.
After a thorough evaluation of the litera-
ture, matrix metalloproteinase 12 (MMP12)
was selected as the best candidate for
further investigation. Subsequent evalua-
tion of MMP12 at the mRNA and protein

levels and an increased caseinolytic
activity corresponding with the MMP12
molecular weight in adipose tissue in
murine and human obesity confirms the
validity of the selection process. Hence,
these data provide a highly valuable
basis for identification of novel drug
targets in the prevention and treatment of
cardiovascular disease and type 2 diabetes.

MATERIALS AND METHODS

Animals and Diets

For the microarray experiments, we
used an insulin-resistance /atherosclerosis
mouse model established in our lab (15)
and a well-established model for diet-
induced obesity. Male wild type (WT)
and LDL receptor—deficient mice (Ldlr"),
both on a C57BL/6 ] background, were
purchased from Charles River Laborato-
ries. At 9 wks of age, WT and Ldl¥’" mice
were placed for up to 20 wks on a high-fat
diet (HFD) containing 60% kcal% fat
(D12492; Research Diets Inc.), and a
sucrose-enriched high-fat diet (HFSC) con-
sisting of 58 kcal% fat (primarily lard) and
28 keal% carbohydrates (with 17.5 kcal%
from sucrose; D09071704, Research Diets
Inc.), respectively. For the microarray
validation, WT animals on a C57BL/6]
background were used. At 9 wks of age,
they were placed for up to 14 wks on HFD.
Normal chow diet containing 4 kcal% fat
(V1126-000, Ssnif) or low-fat diet con-
taining 10 kcal% fat (D12450B; Research
Diets Inc.) was used as control diet (CD)
in each study. Animals were anesthetized
with ketamine/xylazin and euthanized
by cervical dislocation. After the animals
were euthanized, the target tissues were
collected. Gonadal white adipose tissue
(GWAT), subcutaneous white adipose
tissue (SWAT) and whole aortae were
immediately snap frozen in liquid nitro-
gen. All mice were housed in a specific
pathogen-free facility with a 12 h light/
dark cycle. Mice had free access to food
and water. The protocol was approved by
the local ethics committee for animal stud-
ies, and the Austrian Federal Ministry for
Science and Research complied fully with
the guidelines on accommodation and care
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of animals formulated by the European
convention for the protection of vertebrate
animals used for experimental and other
scientific purposes. (16)

Human Samples

Omental white adipose tissue (OWAT)
collected from the omentum major as a
commonly investigated source for vis-
ceral, intra-abdominal adipose tissue and
abdominal SWAT were obtained from
lean controls (body mass index [BMI]
<30 kg/m2) matched for age and sex
with severely obese (BMI > 40 kg/m2)
nondiabetic patients who were scheduled
for either elective abdominal surgery or
elective laparoscopic bariatric surgery.
(17) Adipose tissue samples were taken
from similar locations in all patients. Pa-
tients underwent bariatric surgery at the
Medical University of Vienna. Elective
abdominal surgery in the lean control
group was performed at the Medical
University of Vienna or at the Géttlicher
Heiland Hospital in Vienna. Patients
were included if they were between 18
and 75 years of age. Criteria for exclu-
sion were the presence of any infectious,
inflammatory, neoplastic or systemic
disease; diabetes (excluded by fasting
plasma glucose or the use of antidiabetic
drugs) or other uncontrolled endocrine
disease; and the presence of any serious
acute or chronic illness within the last
2 wks prior to inclusion. Diagnosis of
diabetes as an exclusion criterion was
performed by measuring either fasting
plasma glucose, HbAlc or 2h glucose in
an oral glucose tolerance test. Pregnancy
and lactation were also exclusion criteria.
Current use of antibiotics, anti-inflammatories
or anti-obesity drugs led to exclusion
from the study. Samples were collected
between 2008 and 2011. Anthropometric
measurements were performed shortly
before surgery. Blood sampling was per-
formed a few days prior to bariatric sur-
gery, or immediately before surgery in
the case of elective abdominal surgery.
The study was performed in accordance
with the Helsinki Declaration of 1975 as
revised in 1983 and with Good Clinical
Practice guidelines and was approved



by the Ethics Committee of the Medical
University of Vienna and Goéttlicher Hei-
land Hospital (EK Nr. 963/2009, EK Nr.
488/2006 and E10-N01-01). All subjects
provided written informed consent.
HOMA-IR was calculated by the
formula: fasting insulin (microU/L) x
fasting glucose (nmol/L)/22.5.
The anthropometric and laboratory
measurements determined in these
2 cohorts are described in detail in
Supplementary Table S1.

Microarrays

RNA was isolated for gene expression
microarray analyses at the exon level
(GeneChip Mouse Exon 2.0 ST Array,
Affymetrix). To isolate RNA, the frozen
tissue samples were homogenized
in TRIzol® reagent (Invitrogen/Life
Technologies) and processed accord-
ing to the manufacturer’s instructions.
Total RNA (1ng) was then used for
GeneChip analysis, individual samples
were used in GWAT preparation and 3
samples were pooled and used for aorta
preparations. Terminal-labeled cDNA,
hybridization to genome-wide mouse
gene 2.0 ST GeneChips and scanning
of the arrays were carried out accord-
ing to the manufacturer’s instructions
(Affymetrix). The data discussed in this
publication have been deposited in the
National Center for Biotechnology In-
formation’s Gene Expression Omnibus
(Stulnig 1732748090 et al., 2016) and are
accessible through GEO Series accession
number GSE76811 (http:/ /www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc =
GSE76811).

Real-time Quantitative PCR

Total RNA (1pg) from adipose tissue
was transcribed into cDNA using Super-
script IT and random hexamer primers
(Invitrogen). Gene expression of murine
MMP12 (Mm00500554_m1) and human
MMP12 (Hs00899662_m1) was analyzed
in duplicate by quantitative real-time
RT-PCR on an ABI Step One Plus cycler
using assays-on-demand kits (TagMan®
Gene Expression Assay, Life Technol-
ogies) and normalized to murine (Ubc,

MmO01198158_m1) or human ubiquitin C
mRNA (UBC, Hs00824723_m1), respec-
tively. (18) The comparative threshold
cycle (CT) method was used to calculate
relative expression. (19)

Western Blot and Zymography

We homogenized 100mg of adipose
tissue in RIPA buffer (0.05M Tris/

HCl pH 8, ImM EDTA, 0.5mM EGTA,
1% NP-40, 25% sodium deoxycholate,
0.1% SDS, 5% glycerol, 0.15M NaCl,
0.05M NaF, 1mM sodium orthovanadate
and 1 x complete-protease inhibitor
cocktail [Roche]) by Polytron (PT 3100,
Kinematica AG) and homogenates were
clarified by centrifugation at 12,000 x ¢

for 30 min. Equal amounts of protein
were separated by SDS-PAGE. Gels
were transferred to PVDF membrane
(Millipore, IPVH 30470) and incubated
with anti-MMP12 rabbit monoclonal an-
tibody (Abcam, Ab52897) or anti B-actin
mouse monoclonal antibody (Sigma,
A1978). Western blotting was developed
by BM Chemiluminescence blotting sub-
strate (Roche) and signals were detected
with Fusion FxVilberLourman (Peglab).
Full-length and cleaved MM1732748007
P12 was quantified by densitometry
(Image]® Software) and normalized to
B-actin.

Proteolytic activity was determined by
casein zymography. Extracts were pre-
pared by adipose tissue homogenization
in 20mM Tris/HCI pH 8,137mM NaCl,
10% glycerol, 1% Triton X-100 and 2mM
PMSF, followed by the procedure de-
scribed for western blot. Equal amounts
of protein were subjected to nonreduc-
ing SDS-PAGE using 10% gels contain-
ing 0.25% skim milk. Electrophoresis
gels were washed 3 times, for 10 min
each time, with zymogram renaturation
buffer (Bio-Rad, 161-0765) and then incu-
bated for 48 hrs at 37°C with zymogram
development buffer (Bio-Rad, 161-
0766). Next, the gels were stained with
Coomassie brilliant blue R-250 (Sigma)
and de-stained with distilled water.
Caseinolytic bands were evident as de-
stained bands against the dark
background.
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Statistical Methods

Human study baseline characteristics.
Data are expressed as means = SEM.
Testing for normality was performed
using Shapiro-Wilk test and differences
between groups were analyzed by
unpaired 2-tailed Student t test.
Statistical significance was set at p <0.05.

Microarrays. Output primary row
data were analyzed with Expression
Console software (Affymetrix), from
which the signal per probe was ob-
tained and the fold change calculated.
Differences between groups were an-
alyzed by unpaired 2-tailed Student t
test. Adjustment for multiple testing
was done by Benjamini-Hochberg-
correction. Statistical significance was
set at p <0.05.

Meta-analysis. To perform the
cardiovascular disease meta-analysis,
published microarrays from both
human and murine atherosclerotic sam-
ples were collected from gene expression
data sets (NCBI Gene Expression Omnibus;
keywords: atheroscl*, vascular tissue,
coronary, carotid, aorta) (Table 1 and
Supplementary Tables 2 and 3). Data
were transformed by log, if not already
done, and normalized by conducting
a quantile-normalization (Bioconductor
Package Limma, function normalize
Quantiles). (20) In each experiment,
probes were removed if no gene sym-
bol could be assigned. If more than one
Entrez-ID could be assigned to a probe,
1 record per gene ID was added to the
data set. If more than 1 probe mapped to
the same Entrez-ID, we summarized the
data by calculating the mean.

For statistical analysis, only genes that
were analyzed in all 10 experiments were
considered (number of genes = 8,108). For
each array, the original data were trans-
formed first to gene ranks, and then the
uniformly distributed gene ranks were
transformed to the standard normal dis-
tribution by computing the standard nor-
mal quantiles of the gene ranks divided
by the number of genes plus 1. A mixed
model based on the transformed data
was then calculated for each gene sepa-
rately, with group (case versus control)
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Table 1. Overview of the study desiyn.

Disease Ne° of N° of genes/
Type of study Species (model) Tissue Processing method samples probe sets
Microarray Mus musculus Cardiovascular  Atherosclerofic Expression Console ™ Software 3/3 Lalr” 26,995
C57BL/6 disease tissue (aorta) (Benjamini-Hochbery (HSFC/CD)
correction)
Microarray Mus musculus Obesity and Gonadal White Expression Console ™ Software 6/6 WT 26,995
C57BL/6 type 2 adipose tissue (Benjamini-Hochbery- (HFD/CD)
diabetes correction)
Meta-analysis  Homo sapiens Cardiovascular  Atherosclerotic Bioconductor package MetaMA 452 8,101
Mus musculus disease tissue (coronary, and Mixed Model (Benjamini-
carotid and corta Hochbery-correction)
vasculatory tissue)
Meta-analysis  Homo sapiens Type 2 Adipose fissue, Genome-wide association 1,175 24,898
Mus musculus diabetes liver, muscle, study (eGWAS) (Benjamini-
Rattus pancreatic islets, Hochbery-correction)
norvegicus kidney and

hypothalamus

as independent variable and experiment
number as random factor (R-package
nlme, R-function Ime). (21) To correct for
multiple testing, Benjamini-Hochberg
correction was applied. Adjusted p val-
ues <0.05 were considered statistically
significant. The statistical analyses were
carried out with R 3.0.1 and Bioconductor
2.12. In addition, a published type 2 dia-
betes meta-analysis was included in this
study (14) (Table 1). In total, 24,898 genes
were analyzed. The raw p values of the
published data were adjusted for multiple
testing by Benjamini-Hochberg correction
to obtain a list of top genes dysregulated
in adipose tissue microarrays to combine
with the cardiovascular disease meta-
analysis and both microarray databases as
described in the results section.

Western blot, zymography and
real-time PCR quantification. Data are
expressed as means + SEM. Differences
between groups were analyzed by un-
paired 2-tailed Student ¢ test. Statistical
significance was set at p <0.05.

RESULTS

Screening and Selection of a Short
List of Potential New Targets

In the search for molecules that could be
targeted for treatment and/or prevention
of cardiometabolic disease, the present
study was performed using data from 2

microarrays and 2 meta-analyses (Table 1).
The microarrays were performed with aor-
tae and GWAT of mouse models of athero-
sclerosis and obesity. The cardiovascular
disease meta-analysis included microarrays
from mouse and human atherosclerotic
samples, and the type 2 diabetes meta-
analysis was previously performed with
metabolic tissue from mouse, rat and
human samples (14) (Table 1). Microarrays
were evaluated for upregulation of gene ex-
pression caused by HFD and HFSC as com-
pared with CD in GWAT from WT mice
and aortae from Ldlr’" mice, respectively.
From 26,995 probe sets, 2,242 were found
unadjusted significantly dysregulated in
the aorta microarray, but they did not re-
main significant after Benjamini-Hochberg
correction. By contrast, in the GWAT mi-
croarray experiment, the number of probe
sets with a significance <0.05 was 11,632
before and 9,620 after Benjamini-Hochberg
correction. For the cardiovascular disease
meta-analysis, 1,534 out of 8,101 genes with
an unadjusted p value <0.05 were found;

of these, 568 genes remained significantly
dysregulated after Benjamini-Hochberg
correction, considering 2-sample (case/con-
trol) and 1-sample (case only) experiments.
To also include genes implicated in the
pathogenesis of type 2 diabetes, primary
data from a previously published gene
expression-based genome-wide association
study were taken into account as well.
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(14) This study included 130 case-control
microarrays, 1,175 samples obtained from
adipose tissue, liver, muscle, pancreatic
islets, kidney and hypothalamus. Of the
24,898 genes analyzed in this study, 2,322
were unadjusted differentially expressed
genes, and after Benjamini-Hochberg
correction, a list of 796 differentially
expressed genes was obtained. When
combining differentially expressed genes
with an adjusted p value <0.05 from the

3 studies, namely GWAT, cardiovascular
disease meta-analysis and type 2 diabetes
meta-analysis, 22 genes were significantly
differentially expressed in all 3 studies.
The aorta microarray experiment was

not considered for gene selection, as no
differentially expressed genes with an
adjusted p <0.05 were found. Out of these
22 genes, only upregulated genes were
considered due to possible blockage stud-
ies. A gene was considered upregulated if
there was a fold change >1.5 in the GWAT
microarray study, a coefficient >0 from
the mixed model in the cardiovascular dis-
ease meta-analysis and more microarrays
upregulated than downregulated in the
type 2 diabetes meta-analysis (Figure 1).
Finally, a short list of 8 genes that were
upregulated in all the studies was ob-
tained to be considered for further investi-
gations (Table 2), with Mmp12, Trem2 and
Mpeg1 at the top of the list with the most
striking p values.
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Aorta microarray
3/3 LdlIr”
(HFSC/CD)
26,995 probesets

GWAT microarray
6/6 WT
(HFD/CD)
26,995 probesets

Cardiovascular
disease
meta-analysis
452 samples
8,108 genes

Type 2
diabetes
meta-analysis
1,175 samples
24,898 genes

v

v

v

v

2,242 Differentially
expressed genes
(unadjusted)

11,632 Differentially
expressed genes
(unadjusted)

1,534 Differentially
expressed genes
(unadjusted)

2,322 Differentially
expressed genes
(unadjusted)

v

v

v

v

0 Differentially
expressed genes
(Benjamini-Hochberg
correction)

9,620 Differentially
expressed genes
(Benjamini-Hochberg
correction)

568 Differentially
expressed genes
(Benjamini-Hochberg
correction)

796 Differentially
expressed genes
(Benjamini-Hochberg
correction)

N

J

Y

l

22 Differentially expressed genes
(present in 3 out of 3 studies)

|

8 upregulated genes
(3 out of 3 criteria fulfilled)

1. GWAT microarray: fold change>1,5
2. Cardiovascular disease meta-analysis: coefficient >0
3. Type 2 diabetes meta-analysis: upregulated> downregulated

Figure 1. Screening and selection of a short list of potential new targets. Diagram bounding several stages to identify common genes in car-
diovascular disease and obesity models. Differentially expressed genes from cardiovascular disease meta-analysis and type 2 diabetes and

adipose tissue microarrays were combined to identify commmon genes upregulated in all 3 studies. First, common yenes from all 3 databases
were identified (22 genes) to proceed with identification of the upregulated gyenes in 3 out of 3 studies (8 yenes). The aorta microarray was

not included in the selection procedure, as no differentially expressed yenes were found after Benjamini-Hochbery correction.

Selection of MMP12 for Validation

A pool of interesting genes poten-
tially involved in type 2 diabetes and
cardiovascular disease development
was defined (Table 2). All of these
genes were thoroughly investigated
in terms of published data concerning
the protein encoded by each of them
as well as gene expression profiles. In
Supplementary Table S4, fold changes
of an individual patient case/control

microarray study (GSE28829) in the
cardiovascular disease meta-analysis
are reported. We considered the phys-
iological importance of each gene in
obesity, type 2 diabetes and/or cardio-
vascular disease models and knowledge
of putative functions in inflammatory
and/or metabolic processes as a basis
for the development of further in vitro
experiments. Mmp12 had a top position
on the list, ordered by expression in

MOL MED 22:487-496, 2016 | AMOR ET AL.

the GWAT microarray, as well as in the
other data sets. In addition, MMP12

is known to be involved in adipose
tissue expansion, insulin sensitivity
and the expression of inducible nitric
oxide synthase in angiogenesis during
adipose tissue expansion, (22,23) and is
positively associated with adipose tissue
inflammation. (24) Notably, MMP12

is also related to the acceleration of
atherosclerosis. (25) Hence, MMP12
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Table 2. List of the eight candidate yenes ordered by the expression in the GWAT microarray selected as potential new targets.

Microarray (Fold chanye) Meta-analysis

Aorta” LdlF’” (HFSC)  GWAT WT (HFD) Cardiovascular  Type 2 diabetes
Gene name Gene symbol versus Ldlr’” (CD) versus WT (CD)  disease pVal pVal
Macrophayge metalloelastase MMPI12/Mmp12 11.2 16.9 0.00232 0.00077
Triggering receptor expressed on TREMZ2/Trem2 2.5 13.3 0.00067 0.01094
myeloid cells 2
Macrophage-expressed gene 1 protein ~ MPEGI1/Mpeyl 4.4 7.8 0.00097 0.00018
G protein-coupled receptor 137B GPR137B/Gpri137b 2.0 5.7 0.03752 0.00298
Spleen tyrosine kinase SYK/Syk 1.5 3.0 0.01389 0.00163
v-maf musculoaponeurotic fibrosarcoma MAFB/Mafb - 2.7 0.00034 0.04552
oncogene family, protein B
Phospholipid transfer protein PLTP/Plto 1.4 2.3 0.04339 0.00107
Ribonucleoside-diphosphate reductase  RRM2/Rrm2 - 1.8 0.04549 0.00726

subunit M2

AThe aorta microarray experiment was not considered for gene selection, as no differentially expressed genes with an adjusted p < 0.05

was found.

appears to be related not only to meta-
bolic disease, but also to cardiovascular
disease. However, there is virtually no
information on the regulation of MMP12
in human subjects. (22) Based on this
investigation, we finally selected Mmp12
for further validation as a candidate
molecule. Moreover, Mmp12 was the
highest ranked gene from the GWAT
microarray (Supplementary Table 5),
which also included secreted phosphopro-
tein 1/osteopontin (Spp1/OPN). Osteo-
pontin has a well-described role in obe-
sity-induced insulin resistance (26, 27)
and atherosclerosis (28) and has already
been investigated as a treatment target
for cardiometabolic disease, indicating
the validity of our approach. OPN is
cleaved with MMP12 (29) (Supplemen-
tary Figure 1), indicating a potential
amplification of osteopontin action by
simultaneous upregulation of MMP12.

Mmp12 is upregulated in adipose tis-
sue from diet-induced obese animals and
obese patients.

To validate data from the in silico
study and the microarray experiment,
Mmpl2 mRNA expression levels were
examined in samples used for GWAT
microarray (Figure 2A) and samples
from a separate experiment evaluating
diet-induced obesity (Figure 2B).
Additionally, OWAT and SWAT from
lean and obese human subjects were
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examined (Figure 2C). As shown in
Figure 2, Mmp12 was significantly
upregulated in adipose tissue of all
samples of obese adipose tissue studied.

MMP12 protein expression is increased
and an elevated caseinolytic activity
corresponding with the active MMP12
molecular weight is detected in
obesity.

To evaluate Mmp12 expression also on
a protein level, full-length (56 kDa) and
active-form (46 kDa) MMP12 in GWAT
and SWAT were analyzed by western
blot. The sum of full-length and active
MMP12 was significantly upregulated by
2.31-fold in GWAT (p = 0.04) and 3.06-
fold in SWAT (p = 0.002) from obese com-
pared with lean mice (Figures 3A and B).
This was due to higher expression of the
46 kDa active form of MMP12, which was
significantly increased in SWAT of obese
animals (3.46-fold; p = 0.002), with a
strong trend being evident also in GWAT
depots (2.18-fold; p = 0.09) (Figures 3A
and C), which did not have statistical sig-
nificance due to a single extreme value.
Casein zymography was performed to
investigate whether differences in protein
expression correlated with differences
in activity levels. Strikingly, an elevated
caseinolytic activity corresponding to
the molecular weight of the active form
of MMP12 was detected in the samples
from obese animals (Figures 4A and B).
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DISCUSSION

Metabolic syndrome is a multifac-
torial disorder that comprises insulin
resistance, obesity, hypertension and
dyslipidemia and results in an increased
incidence of cardiometabolic disease.
Preventive and therapeutic strategies to
reduce the cardiometabolic risk associ-
ated with metabolic syndrome have been
developed for both health and economic
reasons, but often in the absence of de-
fined molecular targets or even a solid
understanding of the underlying patho-
genesis. (30) Thus, developing novel
strategies and investigate new molecules
as potential candidates for future treat-
ments is among the main efforts in cur-
rent biomedical research.

In this study, an unbiased bioinfor-
matic approach was carried out to iden-
tify candidate target molecules for the
prevention and treatment of cardiometa-
bolic disease, combining published data
and new results from a murine microar-
ray experiment and a meta-analysis.

The screening strategy established in the
present study combined microarray data
with meta-analysis, applying a range

of tools that facilitated the merging of
information from expression profiles
between different published and original
data sets. In meta-analyses, there will
inevitably be heterogeneity in terms of
gene expression and cellular properties
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*** p<0.001 and **** p < 0.0001 compared
with CD (A, B) or lean (C), respectively.
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Figure 3. Identification of MMP12 protein expression in white adipose tissue from diet
induced obese mice. Protein extracts from GWAT and SWAT from 23-wks old mice after
14 wks on HFD or CD, respectively, was analyzed by Western blot and zymoyraphy for
MMP12. B-actin was used as a loading control in Western blot. (A) Representative imaye
of 4 Western blots (n = 8 mice per condition) are shown. (B) Quantification of total
MMP12 protein expression in GWAT and SWAT on CD and HFD. (C) Quantification of ac-
tive MMP12 protein expression in GWAT and SWAT on CD and HFD. Results are expressed
as mean + SEM.°p=0.09 ; * p < 0.05; ** p < 0.01.
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Results are expressed as mean + SEM. * p < 0.05; ** p < 0.01.

in the samples included, and this leads to
significant variations that reduce the sta-
tistical power. However, we considered
meta-analyses to be appropriate for this
study, as they provide a robust basis for
identifying common dysregulated mol-
ecules in the multifactorial conditions
associated with cardiometabolic disease
while considering inflammation as a cru-
cial process involved in the development
of type 2 diabetes and cardiovascular
disease.

Upregulated genes present in all the
considered studies were preselected,
resulting in a list of 8 genes, including
well-known as well as novel candidate
molecules for treatment of cardiometa-
bolic disease (Figure 1 and Table 2). Due
to its unbiased nature, this list of genes
is probably very useful for researchers

looking for candidate molecules for si-
multaneous targeting of obesity-related
cardiovascular and metabolic disease.
Nevertheless, it has to be kept in mind as
a limitation of this study that the upreg-
ulation of these genes is not necessarily
causally associated with the pathophys-
iology of cardiometabolic disease, but
may also point to counteracting
mechanisms.

To select an individual gene for further
evaluation, these 8 genes were deeply
evaluated in a systematic manner, with
an emphasis on secreted molecules with
the potential to act as immunological tar-
gets, which led to the selection of Mmp12
as a highly interesting molecule. We also
identified several other genes from the
matrix metalloproteinase (MMP) family
that were upregulated in the considered

494 | AMOR ET AL. | MOL MED 22:487-496, 2016

studies (Supplementary Table 6). Tissue
MMPs are multidomain and zinc-
dependent endopeptidases with a com-
mon molecular structure that consists of
an aminoterminal propeptide, a catalytic
domain and a regulatory carboxytermi-
nal end. (31) After secretion by a variety
of cells, activation of MMPs occurs in the
extracellular matrix by tissue or bacterial
proteinases activated through cleavage
of the propeptide domain. (32,33) De-
spite these 3 well-conserved domains,
there are differences described between
MMP family members due to the pres-
ence or absence of additional domains,
which can result in specific enzyme char-
acteristics like inhibitor binding or sub-
strate specificity. (34) Moreover, MMP
activities can be regulated at 3 different
levels: gene transcription, proenzyme
activation and endogenous tissue inhib-
itors of MMPs, which directly inhibit
their activity when bound to the catalytic
domain through to a disulfide bond.
(35,36) Mmp12 was one of the genes with
the highest regulation in all the included
studies (Table 2), mirroring the pub-
lished data regarding its regulation and
expression in adipose tissue. (22,37,38)
To validate the results from the un-
biased in silico approach, the gene and
protein expression profiles of Mmp12 in
different depots of adipose tissue were
analyzed by RT-PCR and western blot,
respectively. As reported in previous
studies (39) and in agreement with the
microarray and meta-analysis results,
Mmp12 was significantly upregulated in
diet-induced obesity in mice (Figures 2A
and B). In addition, we show here for
the first time to our knowledge a signif-
icant upregulation of MMP12 in both
SWAT and OWAT from obese patients
(Figure 2C), a higher expression of
MMP12 total protein and active form in
SWAT as well as a clear trend in GWAT
from obese mice in comparison with
their respective controls (Figures 3A, B
and C). The upregulation of Mmp12 is
in accordance with previous findings
demonstrating that MMP12 is mainly se-
creted by macrophages in adipose tissue
that accumulate in obesity. (40) This fact,



together with reported data indicating a
less pronounced macrophage infiltration
and activation in human in comparison
with murine adipose tissue in obesity, (41)
could explain the somewhat lower, but
still significant, extent of MMP12 upreg-
ulation in humans.

MMP12 can degrade different con-
stituents of the extracellular matrix,
playing an essential role in the extra-
cellular matrix remodeling process.
(31,42) Notably, casein zymography has
revealed increased caseinolytic activity
in both investigated fat pads from obese
mice, potentially attributed to the dif-
ferential expression of MMP12 active
fragment (Figures 4A and B). Hence,
our data suggest that MMP12, as well
as its enzymatic activity, is present in
significantly increased quantities in
obese adipose tissue, as previously
shown for atherosclerosis, (25) extend-
ing published data on adipose tissue
homeostasis. (22) Elastin is one of the
major substrates of active MMP12, but
it was recently shown that remodeling
of the elastin network during obesity
is independent of MMP12. (43) Hence,
the functional impact of active MMP12
in cardiometabolic disease appears to
involve other substrates. MMP12 is able
to cleave other molecules, including
OPN (Supplementary Figure S1). By
promoting OPN cleavage, MMP12 can
be directly related to the proinflamma-
tory and proatherogenic functions of
activated OPN, (26,28) independent of
extracellular matrix remodeling.

MMPs are secreted proteins that
have been associated with a variety of
physiological processes and diseases,
which made them identifiable as highly
interesting targets. In the past, various
blockage studies with a broad spectrum
of inhibitors, mainly associated with can-
cer treatment, have been carried out with
equivocal results, questioning the role
of MMPs as potential targets in these in-
dications. However, recently these trials
have been judged differently. (44) A sub-
stantial body of evidence in the literature
identifies MMP12 as a potential candi-
date for the treatment of cardiometabolic

diseases. However, different signaling
pathways and beneficial physiological
functions where it is involved should be
taken into account and investigated more
deeply when considering MMP12 as a
potential targetable molecule.

With respect to the possible involve-
ment of MMP12 in the development of
type 2 diabetes, MmP12”" mice following
high-fat feeding exhibited improved
insulin sensitivity in spite of obesity, in
line with our selection approach. (22)
However, other studies have failed to in-
duce persistent obesity and insulin sensi-
tivity, (24,43) maybe due to variations in
genetic background, housing conditions
or microbiome. Hence, further studies
will be needed to elucidate the patho-
physiological role of MMP12 in obesity
and its cross-talk with OPN.

CONCLUSION

In conclusion, we describe here a
stepwise and multimethodological
screening study with the combination of
new experimental data and published
meta-analyses to screen a large number
of studies and identify 8 molecules po-
tentially involved in the development
and progression of type 2 diabetes and
cardiovascular disease. The relevant
data obtained in this study, in combi-
nation with other published research,
identify MMP12 as an interesting can-
didate molecule for the prevention and
treatment of cardiometabolic disease,
as well as a valuable list of other novel
candidates to be evaluated in future
studies.
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