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Loss of ADAMTS5 enhances brown adipose
tissue mass and promotes browning of white
adipose tissue via CREB signaling
Dries Bauters 1, Mathias Cobbaut 2, Lotte Geys 1, Johan Van Lint 2, Bianca Hemmeryckx 1, H. Roger Lijnen 1,*
ABSTRACT

Objective: A potential strategy to treat obesitye and the associated metabolic consequencese is to increase energy expenditure. This could be
achieved by stimulating thermogenesis through activation of brown adipose tissue (BAT) and/or the induction of browning of white adipose tissue
(WAT). Over the last years, it has become clear that several metalloproteinases play an important role in adipocyte biology. Here, we investigated
the potential role of ADAMTS5.
Methods: Mice deficient in ADAMTS5 (Adamts5�/�) and wild-type (Adamts5þ/þ) littermates were kept on a standard of Western-type diet for 15
weeks. Energy expenditure and heat production was followed by indirect calorimetry. To activate thermogenesis, mice were treated with the b3-
adrenergic receptor (b3-AR) agonist CL-316,243 or alternatively, exposed to cold for 2 weeks.
Results: Compared to Adamts5þ/þ mice, Adamts5�/� mice have significantly more interscapular BAT and marked browning of their subcu-
taneous (SC) WAT. Thermogenic pathway analysis indicated, in the absence of ADAMTS5, enhanced b3-AR signaling via activation of the cAMP
response element-binding protein (CREB). Additional b3-AR stimulation with CL-316,243 promoted browning of WAT in Adamts5þ/þ mice but
had no additive effect in Adamts5�/� mice. However, cold exposure induced more pronounced browning of WAT in Adamts5�/� mice.
Conclusions: These data indicate that ADAMTS5 plays a functional role in development of BAT and browning of WAT. Hence, selective targeting
of ADAMTS5 could provide a novel therapeutic strategy for treatment/prevention of obesity and metabolic diseases.

� 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Adipose tissue (AT) is a very dynamic and complex organ because of
the challenges throughout evolution to which species had to adapt,
namely limited food supplies and cold temperatures [1]. White AT
(WAT) is adapted to store energy in the form of triglycerides and is
located at several depots throughout the body, mostly subcutaneously
and intra-abdominally. In brown AT (BAT), adipocytes are characterized
by the abundance of mitochondria that produce heat (i.e. non-shivering
thermogenesis). The uncoupling protein UCP-1 is the hallmark of
brown adipocytes; it regulates conversion of energy into heat by
uncoupling ATP production from mitochondrial respiration [2]. Inter-
estingly, adaptive UCP-1 positive adipocytes can arise in mature WAT.
Development of these brown in white (‘brite’ or beige) cell clusters, in
predominantly subcutaneous (SC) WAT, is enhanced during adaptation
to cold or in response to treatment with selective b3-adrenergic re-
ceptor agonists. It was reported that increasing the mass of brown and
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beige adipocytes in human resulted in reduction of body weight and fat
mass and improvement of glucose metabolism including insulin
sensitivity [3]. Therefore, strategies to induce BAT formation and/or
browning of WAT are considered a potential and promising therapeutic
strategy to combat obesity and the associated metabolic diseases [4e
6]. However, at present, well-defined and effective metabolic or
pharmacologic interventions are lacking.
Proteolytic remodeling of the extracellular matrix (ECM) plays an
important role in adipocyte behavior [7,8]. The ECM consists of a
heterogeneous mixture of collagens, glycoproteins and proteoglycans
[9,10]. These components are degraded by several classes of pro-
teinases. The metzincin superfamily of zinc-dependent metal-
loproteinases comprises the MMP (matrix metalloproteinases), the
ADAM (A Disintesgrin and Metalloproteinase) and the ADAMTS (ADAM
with a Thrombospondin type-1 motif) subfamilies. For several of these
proteinases a role in development of AT has been documented [7], but
little information is available on the ADAMTS group. We have previously
Leuven, B-3000 Leuven, Belgium 2Department of Cellular and Molecular Medicine,
lgium

Gasthuisberg, CDG, Herestraat 49, Box 911, 3000 Leuven, Belgium. E-mail: roger.

pe-1 motif; AT, adipose tissue; BAT, brown adipose tissue; b3-AR, beta-3 adrenergic
GON, gonadal; HFD, high-fat diet; %ID/g, percentage injected dose per gram; SC,
coupling protein 1; WAT, white adipose tissue

� Available online 10 May 2017

en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 715

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:roger.lijnen@kuleuven.be
mailto:roger.lijnen@kuleuven.be
http://dx.doi.org/10.1016/j.molmet.2017.05.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molmet.2017.05.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original Article
observed expression of ADAMTS1, 4, 5, and 8 in murine AT and
marked upregulation of ADAMTS5 during development of obesity
[9,11]. Increased expression of ADAMTS5 was confirmed in rat AT
during high fat diet (HFD) feeding [12]. In addition, Koza et al. showed a
positive correlation between ADAMTS5 expression in AT and inter-
individual fat mass differences in genetically identical C57Bl/6J
obese mice [13]. Furthermore, we have shown that ADAMTS5 pro-
motes murine adipogenesis and WAT expansion [14]. In the present
study, using a diet-induced obesity model in mice, we show that
ADAMTS5 deficiency promotes BAT development as well as browning
of WAT.

2. MATERIALS AND METHODS

2.1. Animals and experimental models
ADAMTS5 wild-type (Adamts5þ/þ) and knockout (Adamts5�/�) mice
(99.6% C57Bl/6J genetic background) were generated from hetero-
geneous breeding pairs and genotyped as described elsewhere [15].
All animal experiments were approved by the local Ethical Committee
for Animal Experimentation (KU Leuven, P016/2013) and performed in
accordance with the NIH Guide for the Care and Use of Laboratory
Animals (1996).
For the diet-Induced obesity model, eight-week-old male mice had ad
libitum access to drinking water and were kept on standard chow
(SFD, 10.9 kJ/g) or Western high-fat diet (HFD; 22 kJ/g; kcal from 42%
fat, 43% carbohydrates and 15% protein; E15721-34, Ssniff, Soest,
Germany) for 15 or 25 weeks. Alternatively, mice were kept on a 40%
sucrose diet (#02960414, MP Biomedicals, Illkirch Cedex, France). The
animals were housed in a temperature-controlled room with a 12-hour
light/dark cycle. Body weight and food intake were measured at reg-
ular intervals. Body temperature was measured using a rectal probe
(TR-100, Fine Science Tools, Foster City, CA).
For adrenergic stimulation, the b3-adrenergic receptor agonist 5-[(2R)-
2-[[(2R)-2-(3-chlorophenyl)-2-hydroxyethyl]amino]propyl]-1,3-
benzodioxole-2,2-dicarboxylate (CL-316,243; hereafter CL; Sigmae
Aldrich, Bornem, Belgium) was injected i.p. at 1 mg/kg/day for 4 days.
Control mice were injected with vehicle (saline).
In separate experiments, 5-week old, male wild-type and ADAMTS5
deficient mice were exposed to cold (4e8 �C) for 2 weeks in a
ventilated cooling unit (Friginox, France) with a 12-hour light/dark
cycle. Mice were housed individually and had ad libitum access to
standard chow.
At the end of the experiments, mice were fasted for 6 h and sacrificed
by i.p. injection of 60 mg/kg Nembutal (Abbott Laboratories, North
Chicago, IL, USA). Blood was collected via the retro-orbital sinus on
trisodium citrate (final concentration 0.01 M), and plasma was stored
at �80 �C. Intra-abdominal gonadal (GON) and inguinal subcutaneous
(SC) white adipose tissue (WAT) and interscapular brown adipose
tissue (BAT) were removed and weighed. Portions were snap-frozen in
liquid nitrogen for RNA or protein extraction.

2.2. Indirect calorimetry
Mice were individually housed in automated Calocages for indirect
calorimetry (PhenoMaster CaloCages; TSE systems, Bad Homburg,
Germany) during 72 h on a 12 h-dark/light cycle at 22 �C with ad
libitum access to HFD and water. Prior to actual measurements, mice
were adapted in regular filter-top cages for 7 days to single housing
and specific drinking nipples, followed by a 48 h adaptation period in
the Calocages. Food intake, oxygen consumption (VO2), carbon dioxide
production (VCO2), heat generation and ambulatory activity were
continuously recorded over a 24 h period. Respiratory exchange ratio
716 MOLECULAR METABOLISM 6 (2017) 715e724 � 2017 The Authors. Published by Elsevier GmbH. Thi
(RER ¼ VCO2/VO2) and energy expenditure (EE ¼ 1.44� RER
(3.815þ 1.232� VO2)) were calculated [16]. Spontaneous locomotive
activity was defined as total counts of infrared light beam breaks along
the X-Y axes.

2.3. Nuclear imaging and ex vivo tracer distribution
After 15 weeks of HFD, mice were subjected to mPET imaging (Mo-
lecular Small Animal Imaging Centre (MoSAIC), KU Leuven), 1 h after
injection with 18F-Fluorodeoxyglucose (18F-FDG) as tracer [17]. Ani-
mals were fasted for a minimum of 6 h before undergoing PET. They
were anesthetized using 2% isoflurane in 100% oxygen. After
receiving the anesthesia, they were given a w11.1 MBq injection of
18F-FDG. One hour after tracer injection, a 10 min static scan was
acquired on the Focus 220 small-animal PET system (Siemens Medical
Solutions USA, Knoxville, TN, USA). Images were reconstructed by
Ordered Subset Expectation Maximization Reconstruction.
Immediately after scanning, mice were sacrificed and interscapular
BAT, SC, and GON AT were isolated and weighed. Radioactivity was
measured with a 2480 Wizard2 Automatic Gamma Counter (Perki-
nElmer, Waltham, MA, USA). The results were adjusted for tracer decay.
Percentage injected dose per gram (%ID/g), mean standardized uptake
value (SUVmean), metabolic glycolytic volume (tissue weight divided by
0.9 g/cm3) and total lesion glycolysis (TLG ¼ SUVmean�metabolic
glycolytic volume) were calculated.

2.4. Cell culture
The stromal vascular fraction of SC AT fromAdamts5þ/þ and Adamts5�/�

micewas isolated and differentiated towards beige cells as described [18].
During the differentiation, cell lysates were collected for RNA and protein
extraction. At the end of the experiment, cells were washed with
phosphate-buffered saline (PBS), fixed in 1.5% glutaraldehyde in PBS for
5 min, stained for 3 h with a 0.2% Oil Red O solution (SigmaeAldrich),
washed, and kept in tissue culture water. The stained fat droplets in the
monolayer cells were visualized by light microscopy and photographed.
For spectrophotometric quantification of lipid accumulation, the Oil Red O
dye was extracted with isopropanol and the absorbance of the solution
was read at 490 nm on an EL808 plate reader using KC4 DATA ANALYSIS
software (Bio-tek Instruments, Winooski, VT, USA). Immortalized
brown preadipocytes with the luciferase reporter under control of the
UCP-1 promoter were obtained and differentiated as described [19]. Cells
were treated with 1e10 mM of the ADAMTS5 inhibitor AGG-523
(IC50 ¼ 0.04 mM) [20], 10 mM SR59230A (b3-AR antagonist; Sigmae
Aldrich) or 0.1 mM CL-316,243 (b3-AR agonist). After 24 h, media was
replaced with Glo Lysis Buffer (Promega, Leiden, The Netherlands)
and luciferase activity was measured in a microplate luminometer
(MicroLumat Plus, Berthold Technologies, Vilvoorde, Belgium). Activity
was corrected for total protein content and normalized relative to the signal
in DMSO-treated cells in each plate.

2.5. Gene expression analysis
DNA-free total RNA was extracted using the RNAeasy kit (Qiagen,
Basel, Switzerland) according to the manufacturer’s instructions. RNA
concentrations were measured spectrophotometrically and total RNA
samples were stored at �80 �C. Complementary DNA was prepared
from total RNA using the TaqMan� Reverse Transcription Reagents
(Applied Biosystems, Foster City, CA). PCR reactions were performed
from 10 ng/ml total RNA at 25 �C for 10 min followed by amplification
at 48 �C for 1 h and finally 5 min at 95 �C. Quantitative real time PCR
was performed in the ABI 7500 Fast Sequence detector using the
TaqMan� Fast Universal PCR Master Mix and TaqMan� Gene
Expression Assays (Table S1) from Applied Biosystems. Fold
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Effect of ADAMTS5 deficiency on body weight and adipose tissue depots. (AeD) Total body weight (A) and isolated SC AT (B), GON AT (C) and interscapular BAT mass (D)
of Adamts5þ/þ (white bars; þ/þ) and Adamts5�/� (black bars; -/-) mice at 8 weeks of age (start) and after 15 weeks on SFD or HFD. (D insert) Macroscopic view of isolated
interscapular BAT. (E) H&E staining of BAT of Adamts5þ/þ and Adamts5�/� mice kept on HFD. The scale bar represents 100 mm. (F) BAT triglyceride (TG) content of mice kept on
SFD or HFD (n ¼ 6). Data are means � SEM of n determinations. *p < 0.05, **p < 0.01 and ***p < 0.001 versus wild-type on the corresponding diet. #p < 0.01 versus SFD.
differences in gene expression were calculated with the DDCt method,
using b-actin or Tbp as housekeeping gene. For the in vitro cell culture
experiments, control cells at experimental day 0 were used as
calibrator.

2.6. Western blotting
Adipose tissue samples were homogenized with a FastPrep Ribolyser
(MP Biomedicals) in 10 mM Na phosphate, PH 7.2, 150 mM NaCl, 1%
Triton, 0.1% sodium dodecyl sulfate (SDS), 0.5% Na deoxycholate,
0.2% NaN3, containing a protease inhibitor cocktail (Thermo Fisher
Scientific, Rockford, IL). Protein concentrations were determined with
the BCA protein assay (Pierce, Rockford, IL). An equal amount of
protein from cell lysates was loaded in each well of a 10% SDS-PAGE.
Gels were transferred onto a 0.45 mm nitrocellulose membrane and
blocked in 5% nonfat dry milk (Bio-Rad, Hercules, CA) in 10 mM Trise
HCl buffer containing 150 mM NaCl and 0.05% Tween 20 at pH 7.6
(TBST) for 3 h. Subsequently, membranes were probed with the
following primary antibodies: a-Tubulin (SigmaeAldrich), b-actin (Cell
Signaling Technology; CST, Leiden, The Netherlands), pCREB (CST),
PGC1a (Novus Biologicals), PRDM16 (R&D systems), tCREB (CST),
UCP-1 (SigmaeAldrich) and Vinculin (SigmaeAldrich). Secondary
antibodies were species-appropriate horseradish peroxidase conju-
gated (Dako, Glostrup, Denmark, 1:2000) in TBST containing 5%
nonfat dry milk. Signals were detected with Enhanced Chem-
iluminescence (Thermo Fisher Scientific).

2.7. Biochemical analysis
The triglyceride content in BAT was quantified with the triglycerides
FS* kit (Diasys, Holzheim, Germany) as described [21]. Commercially
available ELISAs were used to monitor endoglin (R&D systems,
Abingdon, UK) and FGF-21 (R&D systems).
MOLECULAR METABOLISM 6 (2017) 715e724 � 2017 The Authors. Published by Elsevier GmbH. This is an op
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2.8. Statistical analysis
Data are expressed as means� SEM. Differences between two groups
were analyzed with the non-parametric ManneWhitney U test,
compatible with small sample sizes. Comparing three or more groups
was done with the non-parametric KruskaleWallis test and Dunn’s
multiple comparison post-test. Comparison of progress curves was
performed by two-way ANOVA. Bonferroni correction was applied for
multiple testing. Analysis was done with Prism 5 (GraphPad Software
Inc., San Diego, CA). Two-sided values of p < 0.05 are considered
statistically significant.

3. RESULTS

3.1. ADAMTS5 deficient mice have increased interscapular brown
adipose tissue mass
The total body weight at 8 weeks of age, as well as the weight of
isolated SC and GON AT was comparable between Adamts5þ/þ and
Adamts5�/� mice (Figure 1AeC). After 15 weeks of HFD feeding, the
body weight of Adamts5þ/þ and Adamts5�/� mice was still compa-
rable. However, SC and GON fat mass were lower for Adamts5�/�

mice. Surprisingly, Adamts5�/� mice developed significantly more
BAT than Adamts5þ/þ mice, already at the age of 8 weeks, as well as
after 15 weeks of SFD or HFD feeding (Figure 1D). BAT vascularization
was not affected by the genotype, as endoglin (or CD105) levels were
similar for Adamts5�/� and Adamts5þ/þ mice on either SFD
(7.5 � 0.55 ng/mg protein versus 7.3 � 0.40 ng/mg protein) or HFD
(8.8 � 0.11 ng/mg protein versus 8.7 � 0.53 ng/mg protein). Tri-
glyceride content in extracts of BAT was higher for Adamts5�/� mice
as compared to Adamts5þ/þ mice on SFD, but not on HFD
(Figure 1E,F), whereas for both genotypes triglyceride levels were
increased on HFD as compared to SFD feeding. Thus, the genotype
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 717
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difference in BAT mass is not merely an effect of enhanced triglyceride
uptake for the Adamts5�/� mice.
As BAT drives non-shivering thermogenesis, we measured body
temperature using a rectal probe. However, no significant difference
could be detected between Adamts5þ/þ and Adamts5�/� mice on
either SFD (38.0 � 0.1 �C versus 38.1 � 0.1 �C) of HFD
(38.0 � 0.1 �C versus 37.9 � 0.1 �C). To monitor thermogenesis
more closely, via indirect calorimetry, mice were kept in Calocages
after 10 weeks of HFD feeding. During the 72 h experimental period,
Adamts5þ/þ and Adamts5�/�mice lost approximately 2.5% and 2.1%
of their initial body weight, respectively (Figure S1). Food and water
intake, as well as VO2, VCO2, and RER, did not differ during the
experimental period (Figure S1). Locomotive activity was higher during
periods of darkness, but was not different for both genotypes
(Figure 2A). Interestingly, energy expenditure (Figure 2B) and heat
production (Figure 2C) were significantly enhanced for obese
Adamts5�/� as compared to Adamts5þ/þ mice.
Functional analysis of BAT by mPET scanning after 15 weeks of HFD
demonstrated that ADAMTS5 deficient mice have normal, metaboli-
cally active BAT (Figure S2). Ex vivo radiotracer gamma counting on
interscapular BAT of Adamts5þ/þ or Adamts5�/� mice did not reveal
differences in the distribution as percentage of the total injected dose
per gram (ID/g) and the mean standardized uptake value (SUVmean)
(Figure 2D,E). In SC AT, the ID/g and SUVmean were somewhat elevated
for Adamts5�/� mice. As tissue weight was taken into account, the
calculated total lesion glycolysis (TLG) was higher for both SC AT and
BAT of Adamts5�/� as compared to Adamts5þ/þ mice (Figure 2F),
which is in line with a somewhat enhanced glucose metabolism.

3.2. ADAMTS5 deficiency is associated with enhanced browning of
SC AT
Next, we examined the potential effect of ADAMTS5 deficiency on
browning of WAT. Gene expression analysis of classical browning
Figure 2: Effect of ADAMTS5 deficiency on BAT activity in obese mice. (A) Locomotive a
Adamts5�/� (black bars; -/-; n ¼ 10) mice kept in Calocages. (B,C) Energy expenditure (B)
analysis for percentage injected dose per gram (ID/g) (D), mean standardized uptake value
SC AT of obese Adamts5þ/þ and Adamts5�/� mice (n ¼ 6). Data are means � SEM of
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markers including Ucp1, Cidea, Prdm16, and Pgc1a revealed that,
both on SFD and HFD, all markers are expressed at a significantly
higher level in SC AT of Adamts5�/� as compared to Adamts5þ/þ

mice (Figure 3A). In contrast, we observed no effect on the expression
of the beige markers Tbx1 and Tmem26 between Adamts5�/� and
Adamts5þ/þ mice (Figure 3A). The browning markers were also
expressed at a higher level in GON AT of Adamts5�/� mice, whereas
the expression levels in BAT were comparable to wild-type mice
(Figure S3). The markedly higher UCP-1 levels in Adamts5�/� mice
were confirmed at protein level for SC AT (Figure 3B), but not for GON
AT (not shown). This is due to the fact that GON AT is less sensitive to
browning.
Separate experiments with a prolonged HFD feeding up to 25 weeks
confirmed the findings on WAT and BAT mass and Ucp1 expression in
WAT (Figure S4). In addition, to exclude an effect of diet composition on
browning of WAT, wild-type and Adamts5�/� mice were kept on a
high-sucrose diet for 4 weeks (Figure S5). In brief, browning of SC AT
was not observed in wild-type mice, whereas Adamts5�/� mice
showed markedly enhanced gene expression of Cidea and Ucp1. The
latter was further supported by immunoblotting for UCP-1.
To confirm a direct effect of ADAMTS5 on browning of WAT, we
derived the stromal-vascular fraction from SC AT of 6e8 week old
Adamts5þ/þ and Adamts5�/� mice and differentiated these isolated
precursor cells towards beige adipocytes. Adipogenic differentiation
was demonstrated by Oil Red O staining at day 8 (Figure 4A,B). At
the end of the differentiation, Adamts5 expression in wild-type cells
was significantly reduced as compared to day 0 (Figure 4C).
Moreover, expression of Ucp1 and Cidea was elevated in cells
derived from Adamts5�/� mice, as compared to wild-type cells
(Figure 4D,E).
Collectively, these data indicate that absence of ADAMTS5 has a direct
effect on the differentiation of beige or brown-like cells in the SC AT
depot, independent of the diet.
ctivity during light and dark phase of obese wild-type (white bars; þ/þ; n ¼ 13) and
and heat production (C) measured over a 24 h period. (DeF) Ex vivo 18F-FDG distribution
(SUV) (E), and total lesion glycolysis (TLG) (F) in isolated interscapular BAT and inguinal
n determinations. *p < 0.05 versus wild-type.
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Figure 3: Effect of ADAMTS5 deficiency on browning of SC WAT. (A) Gene expression profile of “brown” markers in SC adipose tissue of Adamts5þ/þ and Adamts5�/� mice kept
on SFD or HFD for 15 weeks. mRNA levels are expressed relative to wild-type mice on SFD and normalized for the housekeeping gene b-actin. Data are means � SEM of 7e10
determinations. (B) Western blotting for UCP-1 is shown on protein extracts of SC AT of Adamts5þ/þ (þ/þ) and Adamts5�/� (-/-) mice kept on SFD or HFD. *p < 0.05, **p < 0.01,
***p < 0.001 versus wild-type; #p < 0.05, ##p < 0.01, ###p < 0.001 versus SFD.

Figure 4: Effect of ADAMTS5 deficiency on in vitro browning of precursor cells from SC WAT. (A) Oil Red O staining at day 8 of adipogenic differentiation of stromal-vascular cells
derived from SC AT of wild-type or Adamts5�/� mice. The scale bar represents 200 mm. (B) Quantification of Oil Red O uptake (n ¼ 6). (C) Adamts5 mRNA levels at day 0 and day
8 of differentiation. (DeE) Gene expression of Ucp1 (D) and Cidea (E). Gene expression levels are relative to wild-type cells at day 0, normalized for the housekeeping gene Tbp.
Data are means � SEM of 4e6 determinations. *p < 0.05, **p < 0.01 versus wild-type.
3.3. Activated thermogenic profile in ADAMTS5 deficient mice via
adrenergic signaling
To elucidate a potential mechanism for increased browning of the SC
AT depot, we probed for the effect of ADAMTS5 deficiency on known
pathways that lead to browning. Plasma levels of FGF-21 (Fibroblast
Growth Factor 21), a known positive regulator of mitochondrial activity
and oxidative capacity, were elevated after HFD feeding but were not
significantly different between genotypes (Figure 5A). Moreover,
several well-described stimulatory pathways (e.g. TGF-b signaling via
SMAD2/3 or BMP signaling via SMAD1/5/8) were not affected by
ADAMTS5 deficiency (Figure S6A,B). However, we detected an
enhanced PKA activity in Adamts5�/� mice (Figure S6C). One of the
phosphorylation targets of PKA is the cAMP responsive element-
binding protein (CREB), which is a transcription factor that can
directly drive UCP-1 expression. In SC AT of Adamts5�/� mice,
increased levels of pCREB were detected (Figure 5B). In addition,
enhanced pCREB levels correspond to elevated UCP-1 levels in
Adamts5�/� mice, whereas gene expression levels of the b3-AR were
MOLECULAR METABOLISM 6 (2017) 715e724 � 2017 The Authors. Published by Elsevier GmbH. This is an op
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not affected by the genotype (Figure 5C). Furthermore, these obser-
vations were also confirmed in 8-week old mice (Figure S6D). To
validate the effects of ADAMTS5 on adrenergic signaling towards UCP-
1, we used a cell-based assay with brown preadipocytes containing
the UCP1-Luciferase cassette. Cell treatment with the chemical
ADAMTS5 inhibitor AGG-523 resulted in significantly increased UCP-1
levels (Figure 5D). Interestingly, when AGG-523 treatment was com-
bined with the b3-AR antagonist SR59230A, no induction of UCP-1 was
observed, indicating that effects on CREB are dependent on the acti-
vation of the b3 adrenergic pathway. As a positive control, treatment
with the b3-AR agonist CL-316,243 resulted in enhanced UCP-1 levels.

3.4. Chemical stimulation of adrenergic signaling in ADAMTS5
deficient mice
To further investigate the role of b3-adrenergic signaling, 10-week old
Adamts5þ/þ and Adamts5�/� mice kept on SFD were treated with the
selective b3-AR agonist CL-316,243 (hereafter CL) for 4 days. Simul-
taneously, control mice were injected with saline. Body weights at the
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 719
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Figure 5: Effect of ADAMTS5 deficiency on thermogenic signaling. (A) Plasma levels of FGF-21 of Adamts5þ/þ (þ/þ) and Adamts5�/� (-/-) after 15 weeks on SFD or HFD. (B)
Immunoblotting on SC AT extracts of Adamts5þ/þ and Adamts5�/� mice after 15 weeks on SFD. (C) Gene expression of the b3-adrenergic receptor (Adrb3) in SC AT. mRNA levels
are expressed relative to wild-type mice on SFD and normalized for the housekeeping gene b-actin. Data are means � SEM of 7e10 determinations. (D) Luciferase assay on
differentiated brown preadipocytes with Luciferase coupled to the UCP1-promotor. Cells were treated with the ADAMTS5 inhibitor AGG-523, the b3-AR antagonist SR59230A or the
b3-AR agonist CL-316,243 for 24 h. Luminescence was corrected for protein content and normalized to DMSO-treated control cells. Data are means � SEM of 3 independent
experiments. **p < 0.01 and ***p < 0.001.
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start (not shown) and after 4 days of treatment were not significantly
different between groups (Figure 6A). However, CL treatment of
wild-type mice was associated with significantly reduced SC and GON
ATmass (Figure 6B,C), as compared to saline controls. In contrast, these
effects on WAT weight were not observed in Adamts5�/�mice. The BAT
mass, although enhanced with ADAMTS5 deficiency, was not affected
by CL treatment (Figure 6D). Administration of CL to Adamts5þ/þ

mice, compared to saline controls, resulted in significantly increased
expression of Ucp1 and Cidea in SC AT, GON AT, and BAT (Figure 6Ee
G). Interestingly, this was associated with reduced expression
of Adamts5 in SC and GON AT but not BAT (Figure S7). In the saline-
group, significantly higher Ucp1 and Cidea expression levels in SC
and GON AT of Adamts5�/� mice as compared to Adamts5þ/þ mice
were confirmed; we did not observe this difference after CL treatment
(Figure 6E,F). Overall, these data support that the effects of ADAMTS5
deficiency on browning of WAT are, at least in part, mediated via
activated b3-adrenergic signaling.
In a separate experiment, obese Adamts5þ/þ (48.6 � 2.0 g) and
Adamts5�/� (50.4 � 1.3 g) mice were injected with CL (n ¼ 3 for
both). After 4 days, these mice lost 12% and 18% of their initial body
weight, respectively. This difference was not due to differences in food
intake (3.1 � 0.9 versus 3.1 � 1.1 g/day).
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3.5. Sub-chronic cold exposure induces weight loss in ADAMTS5
deficient mice
Wild-type or ADAMTS5 deficient mice were housed at room temper-
ature (�24 �C; n ¼ 3) or 4 �C (n ¼ 6) for 2 weeks. During this period,
the food intake did not differ between Adamts5þ/þ and Adamts5�/�

mice housed at 24 �C or at 4 �C (Figure 7A). All mice gradually gained
weight, except for Adamts5�/� mice kept at 4 �C (Figure 7B). The BAT
mass was higher for Adamts5�/� as compared to Adamts5þ/þ mice
when housed at either 24 �C or at 4 �C (Figure 7C). In addition, higher
expression levels of Ucp1 and Prdm16 were observed in SC AT of
Adamts5�/� mice (Figure 7D). Also, UCP-1 protein levels in SC AT of
Adamts5�/� mice were markedly higher as compared to Adamts5þ/þ

mice (Figure 7E). In GON AT, no UCP-1 protein was detected.
Collectively, these data indicate that ADAMTS5 is involved in the
browning of WAT in response to cold exposure and that enhanced
stimulation of BAT and browning of WAT are eventually associated with
weight loss in the absence of ADAMTS5.

4. DISCUSSION

Although obesity is a worldwide problem with a largely unmet medical
need, many processes in adipocyte biology are not fully understood. It
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 6: Effect of CL-316,243 treatment on browning of adipose tissue. (A) Effect on body weight change during the 4-day treatment of Adamts5þ/þ (white) and Adamts5�/�

(black) mice with either saline (n ¼ 4) or the b3-AR agonist CL-316,243 (CL; n ¼ 5). (BeD) Isolated AT depot weights. (EeG) Relative expression of Ucp1 and Cidea in SC AT (E),
GON AT (F), and BAT (G). For each tissue, mRNA levels are expressed relative to saline treated Adamts5þ/þ mice, and normalized for the housekeeping gene b-actin. Data are
means � SEM of n determinations. *p < 0.05, **p < 0.01.

Figure 7: Effect of ADAMTS5 deficiency on browning of adipose tissue during sub-chronic cold exposure. (A, B) Food intake (A) and body weight progression (B) of Adamts5þ/þ

(þ/þ; white) and Adamts5�/� (-/-; black) mice during the 2 week period at either 24 �C (n ¼ 3) or 4 �C (n ¼ 6). (C) Weight of isolated interscapular BAT. (D) Gene expression in
SC AT of Adamts5þ/þ and Adamts5�/� mice exposed to cold. mRNA levels are expressed relative to Adamts5þ/þ mice, and normalized for the housekeeping gene b-actin. (E)
Protein levels of UCP-1 in SC (left panel) and GON AT (right panel) of mice exposed to cold. Data are means � SEM. **p < 0.01 versus wild-type mice.
was previously reported that ADAMTS5 is upregulated in WAT of obese
mice [11,13] and plays a role in adipogenesis and WAT development in
nutritionally-induced obesity [14]. In the present study, we report a
strikingly increased mass of BAT in Adamts5�/� mice as compared to
wild-type mice. As BAT is a regulator of thermogenesis, we monitored
body temperature, energy expenditure, and heat production. With in-
direct calorimetry, we observed a significant increase in thermogen-
esis in ADAMTS5 deficient mice (monitored over a 24 h period). PET
scanning confirmed metabolic activity of the BAT and ex vivo tracer
distribution analysis revealed small increases in glucose metabolism of
the interscapular BAT depot. However, it should be noted, that FDG
MOLECULAR METABOLISM 6 (2017) 715e724 � 2017 The Authors. Published by Elsevier GmbH. This is an op
www.molecularmetabolism.com
measurements are based on glucose uptake, which is only one
function of BAT.
Recent studies on human BAT raised some questions as to whether it
resembles rodent brown or beige cells [22e25]. However, Lidell et al.
demonstrated that the interscapular depot of BAT in human infants
indeed consists of classical brown adipocytes [26]. Interestingly, there
is a positive correlation between detectable BAT and resting metabolic
rate, but an inverse correlation with BMI and fat mass [27e29].
However, intense cold acclimation (i.e. daily 6 h at 15e16 �C for 10
days) showed that BAT recruitment/activity was comparable between
lean and obese individuals [30,31]. This study also indicated that BAT
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 721
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capacity is not hampered by obesity per se. Non-shivering thermo-
genesis via maximal BAT stimulation (adults have �50 g BAT) could
increase the basal metabolic rate up to 5%, which would have a
substantial impact on weight regulation (up to 4 kg fat loss per year)
[32].
Perhaps more interesting was the effect of the absence of ADAMTS5
on browning of WAT. Igniting thermogenesis within WAT has become
of major interest over the last decade, as it might be an elegant
mechanism to tackle obesity and improve metabolic health. There is
now clear evidence for the existence of beige cells in humans [33].
Browning of WAT mostly occurs in inguinal SC AT and is only rarely
observed in GON AT [34]. In agreement, we observed elevated gene
expression of the browning markers in both SC and GON AT, whereas
at the protein level UCP-1 was only detected in SC AT. The question
remained whether the observed effects of ADAMTS5 deficiency on
WAT browning were a direct effect. We have previously shown that
differentiation of 3T3-F442A preadipocytes into mature adipocytes is
impaired with stable Adamts5 gene silencing, and that de novo adi-
pogenesis (fat formation) in Nude mice following injection of 3T3-
F442A cells with Adamts5 knockdown was significantly reduced, as
compared to control cells [14]. This is compatible with the observed
reduction in SC and GON AT mass in Adamts5�/� mice on HFD. Ad-
ipose tissue specific knockout or overexpression of ADAMTS5 could
further support specificity of the phenotype. Since brown/beige/white
adipocytes derive from different progenitors, the 3T3-F442A pre-
adipocytes, which are committed to the adipocyte lineage, might not
be the best model to study the effects of ADAMTS5 on “browning”.
Therefore, we derived progenitor cells from the SVF of the SC AT depot
of both wild-type and Adamts5�/� mice and stimulated their differ-
entiation towards beige cells. Cells without ADAMTS5 showed an
increased beige differentiation capacity, albeit less pronounced than in
the in vivo setting, thus supporting the direct effect of ADAMTS5 on
browning. Interestingly, it was reported that paucity of brown adipose
tissue may trigger a compensatory mechanism leading to the
recruitment of beige/brown-like adipocytes [35]. However, in our
mouse model there was no paucity of BAT or reduced BAT activity,
suggesting that the observed effects on browning are not the conse-
quence of a compensatory mechanism. Furthermore, using brown
preadipocytes with the luciferase reporter coupled to the UCP1 pro-
motor, we showed that ADAMTS5 inhibition is associated with
enhanced UCP1 expression.
There are two well-known mechanisms to activate BAT and induce
browning of WAT, i.e. stimulation of b3-AR signaling or exposure to
cold. Treatment of wild-type mice with the b3-AR agonist CL-316,243
resulted in browning of WAT and reduced SC and GON AT mass. These
relatively small effects did not result in an overall significant effect on
total body weight. In contrast, treatment of Adamts5�/� mice with CL-
316,243 did not result in reduced WAT mass nor a further increase in
browning. Alternatively, exposing mice to cold resulted in enhanced
BAT mass and more pronounced browning of WAT in Adamts5�/�

mice. After acclimatization and an initial drop in body weight, wild-type
mice regained body weight. In contrast, Adamts5�/� mice gradually
lost body weight, indicating that the full activation of BAT and increased
browning of WAT is eventually associated with weight loss.
Intriguingly, under normal conditions, we observed a constitutive
phosphorylation of CREB at Ser-133 in Adamts5�/� mice. This is
associated with elevated PKA activity, indicating that these effects are
mediated through constitutive signaling of the b3-adrenergic pathway.
The regulation of this pathway in our mouse model remains elusive,
but ADAMTS5 activity appears to be required for signaling to browning
via the b3-AR-PKA-CREB-UCP1 axis. Recently, it has been shown that
722 MOLECULAR METABOLISM 6 (2017) 715e724 � 2017 The Authors. Published by Elsevier GmbH. Thi
during diet-induced thermogenesis increased UCP-1 results from
abrogated PP2A-mediated CREB dephosphorylation independent of
b3-adrenergic signaling [36]. Thus, other mechanisms may contribute
to elevated pCREB levels.
It is believed that the beige cells are bifunctional, as they store fat in
absence of thermogenic stimulation or alternatively, produce heat
when the appropriate signals reach the cells [25]. Reversible trans-
differentiation/interconversion of pre-existing white adipocytes into
beige cells is assumed to be responsible for this phenomenon [37,38].
However, Wang et al. showed with a pulse-chase fate-mapping
technique that the majority, if not all, of beige adipocytes arise from a
distinct precursor population rather than from white adipocytes [39].
Nonetheless, these two independent processes might simply coexist.
ADAMTS5-mediated remodeling of the ECM to allow trans-
differentiation/recruitment could be a possible mechanism. It is indeed
known in tumorigenesis that remodeling of the microenvironment
plays a role in epithelial-to-mesenchymal transition [40]. However, for
browning, the involved ECM components, if any, remain to be identi-
fied. Although ADAMTS5 (aggrecanase-2) is the most prominent
enzyme in aggrecan degradation, it also degrades other substrates
including versican, neurocan, brevican, decorin, biglycan, collagen,
and, only weakly, fibronectin, and gelatin [41e43]. Although
ADAMTS5 has been primarily studied in osteoarthritis [44], other
studies have revealed emerging roles for ADAMTS5 during develop-
ment and disease [45]. ADAMTS5 is indeed expressed in several tis-
sues, including kidney, lung, heart, central and peripheral nervous
system, skeletal muscle, and liver [45,46]. To our knowledge, ours is
the first report that metalloproteinases are involved in the transition
between white-beige cells. It has been reported previously that a
subpopulation of mice with a deletion of the catalytic site of ADAM17/
TACE (TNFa converting enzyme), that survive to adulthood, have a
hypermetabolic phenotype associated with increased UCP-1 levels in
BAT [47].
One of the major healthcare challenges for modern society will be to
maintain or achieve metabolic health. In this respect, we have previ-
ously reported that ADAMTS5 deficiency is accompanied by protection
against fatty liver disease and by an enhanced insulin sensitivity [46].
Whereas glucose levels were comparable for both genotypes, plasma
insulin levels were significantly lower for Adamts5�/� mice as
compared to Adamts5þ/þ mice on HFD. Insulin tolerance tests
confirmed better insulin sensitivity on HFD, and there was no differ-
ence in plasma adiponectin levels, but leptin levels were significantly
lower for Adamts5�/� mice [46]. We cannot exclude that these find-
ings are directly associated to the enhanced browning of WAT and
increased BAT mass. Indeed, Adamts5�/� mice are protected from
hepatic mitochondrial dysfunction as indicated by increased mito-
chondrial respiratory chain complex activity, higher ATP levels and
higher expression of antioxidant enzymes [46]. Furthermore,
adipocyte-selective ablation of PRDM16 causes impaired beige adi-
pose conversion, accompanied by metabolic dysfunction, as these
mice develop severe insulin resistance and hepatic steatosis when
kept on HFD [48]. In general, stimulating thermogenesis in brown and/
or beige adipocytes, thereby utilizing large amounts of stored energy
(fatty acids and glucose), seems an attractive strategy to increase
energy expenditure and thus to treat obesity and diabetes
[5,33,49,50]. We confirmed that after a Western-type diet, the weights
of gonadal and subcutaneous adipose tissue depots were significantly
lower for Adamts5�/� mice compared to wild-type mice [14]. Hence,
the identification of ADAMTS5 as a negative regulator of BAT mass and
browning of WAT is potentially very promising for the development of
new therapeutic strategies. Unfortunately, no information is available at
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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present on ADAMTS5 levels in obese humans and, to our knowledge,
ADAMTS5 deficiency in man has not been reported. As ADAMTS5
deficient mice have no obvious phenotype, are viable, fertile, and show
no histologically detectable differences from wild-type littermates,
neutralization of ADAMTS5 in vivomay be a viable therapeutic strategy.
However, therapeutic modulation of ADAMTS5 may not yield the same
effects as observed in this specific genetic mouse model with total
ADAMTS5 deficiency.
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