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PPARg and PPARa synergize to induce robust
browning of white fat in vivo
Tobias Kroon 1,2,3, Matthew Harms 1, Stefanie Maurer 1, Laurianne Bonnet 2,3, Ida Alexandersson 1,2,3,
Anna Lindblom 1, Andrea Ahnmark 1, Daniel Nilsson 2,3, Peter Gennemark 1, Gavin O’Mahony 1,
Victoria Osinski 4, Coleen McNamara 4, Jeremie Boucher 1,2,3,*
ABSTRACT

Objective: Peroxisome proliferator-activated receptors (PPARs) are key transcription factors that regulate adipose development and function, and
the conversion of white into brown-like adipocytes. Here we investigated whether PPARa and PPARg activation synergize to induce the browning
of white fat.
Methods: A selection of PPAR activators was tested for their ability to induce the browning of both mouse and human white adipocytes in vitro,
and in vivo in lean and obese mice.
Results: All dual PPARa/g activators tested robustly increased uncoupling protein 1 (Ucp1) expression in both mouse and human adipocytes
in vitro, with tesaglitazar leading to the largest Ucp1 induction. Importantly, dual PPARa/g activator tesaglitazar strongly induced browning of
white fat in vivo in both lean and obese male mice at thermoneutrality, greatly exceeding the increase in Ucp1 observed with the selective PPARg
activator rosiglitazone. While selective PPARg activation was sufficient for the conversion of white into brown-like adipocytes in vitro, dual PPARa/
g activation was superior to selective PPARg activation at inducing white fat browning in vivo. Mechanistically, the superiority of dual PPARa/g
activators is mediated at least in part via a PPARa-driven increase in fibroblast growth factor 21 (FGF21). Combined treatment with rosiglitazone
and FGF21 resulted in a synergistic increase in Ucp1 mRNA levels both in vitro and in vivo. Tesaglitazar-induced browning was associated with
increased energy expenditure, enhanced insulin sensitivity, reduced liver steatosis, and an overall improved metabolic profile compared to
rosiglitazone and vehicle control groups.
Conclusions: PPARg and PPARa synergize to induce robust browning of white fat in vivo, via PPARg activation in adipose, and PPARa-mediated
increase in FGF21.

� 2020 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

The primary function of white adipose tissue (WAT) is to store energy
for future systemic use [1]. By contrast, brown adipose tissue (BAT)
consumes energy and plays a central role in thermogenesis and overall
energy expenditure [2]. This unique energy-wasting capacity of BAT is
due to the expression of uncoupling protein 1 (UCP1) in specialized
brown adipocytes. UCP1 is expressed in the mitochondria of brown
adipocytes and functions by leaking protons across the mitochondrial
membrane, dissipating chemical energy in the form of heat [2]. Adult
humans possess significant BAT depots which can be activated by cold
or b-adrenergic receptor agonists, and BAT mass and activity inversely
correlate with obesity [3e7]. Upon cold or b-adrenergic stimuli, a
distinct type of thermogenic brown-like adipocytes (termed beige or
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brite) can also arise within WAT [8]. These adipocytes share several
key characteristics with brown adipocytes, including the expression of
UCP1 [9,10]. In animal models, the browning of WAT is associated with
increased energy expenditure, decreased body weight, and improved
glucose tolerance [11]. Thus, increased browning of WAT has thera-
peutic potential for treating obesity and type 2 diabetes [12,13].
Peroxisome proliferator-activated receptors (PPARs) are ligand-gated
transcription factors. Three PPAR subtypes have been identified (a,
d and g). PPARg expression is predominately restricted to adipose and
is the master regulator of adipogenesis. Upon its activation by a
suitable ligand, PPARg promotes differentiation of preadipocytes into
adipocytes [14]. Some selective PPARg activators, including the
thiazolidinediones (TZDs) such as rosiglitazone, have been shown to
induce a brown fat gene transcription program in white adipocytes
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Figure 1: Dual PPARa/g activators induce UCP1 in both mouse and human white adipocytes in vitro. (a) Ucp1 and Fabp4 mRNA expression in immortalized mouse white
preadipocytes following 8 days of treatment with various dual PPARa/g activators during differentiation (n ¼ 3/group). (b) Ucp1 mRNA expression in mouse white adipocytes (pre-
differentiated from immortalized preadipocytes for 6 days) following 2 days of treatment (n ¼ 3/group). (c) UCP1 and FABP4 mRNA expression in primary human white pre-
adipocytes following 12 days of treatment during differentiation (n ¼ 4e8/group). (d) UCP1 mRNA expression in freshly isolated mature human adipocytes following 7 days of
treatment (n ¼ 4/group). All compounds in a-d were added at a final concentration of 10 mM. (e) qPCR analysis (n ¼ 3/group) of BAT-enriched genes (left panel) and lipid/glucose
metabolism genes (right panel), (f) Western blot analysis of Pparg, mitochondrial subunits and Ucp1 protein levels and (g) mitochondrial/nuclear DNA ratio (n ¼ 6/group),
measured in primary mouse white preadipocytes after 8 days of treatment during differentiation with either vehicle or tesaglitazar (10 mM). Data presented as mean � SEM:
*P < 0.05; **P < 0.01; ***P < 0.001 by two-tailed, unpaired Student’s t-test.
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Figure 2: Tesaglitazar robustly induces browning of white fat and increases energy expenditure in lean mice housed at thermoneutrality. Lean male mice were
acclimated to thermoneutrality (30 �C) for 3 weeks and treated (b.i.d. oral gavage) with either vehicle, rosiglitazone (15 mmol/kg) or tesaglitazar (1.0 mmol/kg) for a period of 2
weeks (2w) or 5 weeks (5w). (a) qPCR analysis of Ucp1 mRNA in iWAT, eWAT and iBAT. (b) Western blot analysis and quantification of Ucp1 protein levels in iWAT of mice treated
for 2 weeks. (c) qPCR analysis of Pgc1a and Cidea mRNA in iWAT, eWAT and iBAT after 2 weeks treatment. (d) Average energy expenditure for the full day (24 h), dark and light
periods and (e) regression plot of average energy expenditure vs. body mass. Data presented as mean � SEM (n ¼ 4e5/group): *P < 0.05; **P < 0.01; ***P < 0.001 by one-
way ANOVA (aed) or ANCOVA with body mass as covariate (e), with Tukey’s multiple comparisons test.
both in vitro [15e19] and in vivo [16,20e23], via SIRT1-, PRDM16-, C/
EBPa-, and PGC1a-mediated mechanisms [16,24e26]. However,
despite leading to an increased capacity for UCP1-mediated uncoupled
respiration in adipocytes, browning induced by TZD treatment is not
associated with increased energy expenditure or weight loss in vivo
[21,27]. PPARa is predominantly expressed in tissues with high
oxidative capacity, such as BAT, liver, heart and kidney, where it
promotes fatty acid oxidation, ketogenesis and glucose sparing
[28,29]. Selective PPARa activators, such as fibrates, can also induce
the browning of WAT via PGC1a- and PRDM16-mediated mechanisms
[30e33].
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In the present study, we investigated whether PPARa and PPARg
synergize to induce the browning of white fat. We found that selective
PPARg activation is sufficient for the conversion of white adipocytes
into brown-like adipocytes in vitro. However, dual PPARa/g activation
is superior to selective PPARg activation at inducing browning of WAT
in vivo due to a concomitant PPARa-mediated increase in fibroblast
growth factor 21 (FGF21). Furthermore, in contrast to the previously
reported browning of WAT induced by the selective PPARg activator
rosiglitazone, the browning of WAT induced by the dual PPARa/g
activator tesaglitazar is associated with increased energy expenditure,
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improved metabolism and decreased hepatic steatosis in diet-induced
obese insulin resistant mice.

2. MATERIALS AND METHODS

2.1. Mouse preadipocyte and adipocyte cultures
Primary preadipocytes were obtained by digesting inguinal subcu-
taneous white adipose tissue from 6 to 8 week old lean C57BL/6J male
mice with collagenase as previously described [34]. Immortalized
preadipocytes were obtained by immortalizing primary inguinal sub-
cutaneous preadipocytes from C57BL/6J male mice via retroviral
expression of SV40 large-T antigen. Both mouse primary (Figures 1Ee
G, 5a, 6g, Figures S1, S6a and S9d) and immortalized (Figure 1A,
Figures S1 and S2a) preadipocytes were grown in DMEM/F12, 10%
FBS, 1% penicillin-streptomycin. Upon confluence (day 0),
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Figure 3: Tesaglitazar robustly induces browning of white fat in vivo in obese mice
thermoneutrality (TN, 30 �C) for 3 weeks and treated (q.d. oral gavage) with either vehicle,
high dose: 0.2, 1.0 and 10 mmol/kg, respectively), for 2 weeks at TN (TN group) or an a
group). (b) qPCR analysis of Ucp1 mRNA in iWAT, eWAT and iBAT, (c) western blot analys
qPCR analysis of Pgc1a and Cidea mRNA in iWAT, eWAT and iBAT. Data presented as m
*P < 0.05; **P < 0.01; ***P < 0.001 by one-way ANOVA with Tukey’s multiple comp
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preadipocytes were differentiated in DMEM/F12 containing 20 nM
insulin, 1 nM T3, 125 nM indomethacin (Sigma, I7378), 1 mM dexa-
methasone (Sigma, D2915) and 0.5 mM isobutylmethylxanthine (IBMX,
Sigma, I5879). Indomethacin, dexamethasone, and IBMX were omitted
from the medium from day 2. Mouse adipocytes (Figures. 1b, 5b,
Figures S2b and S6b) were obtained by differentiating immortalized
preadipocytes for 6 days. For all protocols, the medium was changed
every other day.

2.2. Patient consent
Anonymous adipose tissue samples were collected from the subcu-
taneous abdominal region of female patients undergoing elective
surgery at Sahlgrenska University Hospital in Gothenburg, Sweden. All
study subjects received written and oral information before giving
written informed consent for the use of the tissue. The studies were
. (a) Study design schematic: diet-induced obese (DIO) male mice were acclimated to
rosiglitazone (Rosi, 28 mmol/kg) or tesaglitazar (Tesa low dose, Tesa mid dose and Tesa
dditional 2 weeks treatment with temperature reduced to room temperature (TN/RT
is and quantification of Ucp1 protein levels in iWAT and iBAT of TN/RT mice and (d)
ean � SEM (n ¼ 4e5/group, for western blots n ¼ 2 representative samples/group):
arisons test.
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Figure 4: Tesaglitazar increases energy expenditure, reduces body weight, improves metabolic control and ameliorates high fat diet-induced hepatic steatosis in
obese mice. DIO male mice were used in conditions and treatments as described in Figure 3A. (a) Average energy expenditure for the full day (24 h), dark and light periods at TN
(30 �C, TN group) and RT (22 �C, TN/RT group). (b) Regression plots of average energy expenditure vs. body mass. (c) Body weight over treatment time and vehicle-corrected
body weight gain. (d) Food intake over treatment time. (e) Terminal iWAT, eWAT and iBAT fat pad weights. (f) Hematoxylin & Eosin staining in iBAT, iWAT and eWAT of vehicle, Rosi
and Tesa high dose treated TN/RT mice. (g) Plasma glucose, (h) plasma insulin (i) QUICKI insulin sensitivity indexes, (j) plasma TG, (k) liver TG content and (l) plasma glucose
levels following an insulin tolerance test (ITT, 0.75 U/kg) in vehicle, Rosi and Tesa mid dose treated TN mice. Data presented as mean � SEM (n ¼ 4e5/group): *P < 0.05;
**P < 0.01; ***P < 0.001 vs. indicated groups in a, c, e and gek: *P < 0.05; **P < 0.01; ***P < 0.001 vs. vehicle, yP < 0.05; yyP < 0.01; yyyP < 0.001 vs. rosiglitazone and
#P < 0.05 vs. Tesa high dose in b, d and l by one-way (a, c, e and g-k) or two-way (d and l) ANOVA or ANCOVA with body mass as covariate (b), all with Tukey’s multiple
comparisons test.
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Figure 5: PPARg alone is sufficient to convert white into brown-like adipocytes in vitro, but PPARa and PPARg have synergistic effects in vivo. (aed) qPCR analysis of
Ucp1 and Cidea mRNA levels, following treatment with either vehicle, WY14643, rosiglitazone, rosiglitazone þ WY14643 or tesaglitazar (10 mM for all except rosiglitazone 1 mM) in
(a) primary preadipocytes isolated from the iWAT depot of lean mice (8-day treatment during differentiation, n ¼ 3/group), (b) mouse white adipocytes (pre-differentiated from
immortalized preadipocytes for 6 days followed by a 2-day treatment after differentiation, n ¼ 3/group), (c) primary human white preadipocytes (12-day treatment during dif-
ferentiation, n ¼ 4e8/group) and (d) freshly isolated mature human adipocytes (7-day treatment, n ¼ 4/group). (e) qPCR analysis of Ucp1 mRNA in iWAT, eWAT and iBAT of lean
male mice, acclimated for 3 weeks at thermoneutrality (TN, 30 �C) and treated for 2 weeks at TN (q.d., oral gavage, n ¼ 4e6/group) with either vehicle, fenofibrate (isopropyl 2-[4-
(4-chlorobenzoyl)phenoxy]-2-methylpropanoate, 416 mmol/kg), rosiglitazone (28 mmol/kg), rosiglitazone þ fenofibrate, tesaglitazar (1.0 mmol/kg) or saroglitazar (2.3 mmol/kg).
Data presented as mean � SEM: *P < 0.05; **P < 0.01; ***P < 0.001 by one-way ANOVA with Tukey’s multiple comparisons test.

Original Article
approved by The Regional Ethical Review Board in Gothenburg,
Sweden.

2.3. Human preadipocyte and adipocyte cultures
Human subcutaneous preadipocytes (Figures. 1c, 5c, Figures S1, S2c,
S6c and S9e) were isolated and differentiated as previously described
[35]. Briefly, isolated cells were seeded and cultured in proliferation
medium (Zenbio, PM-1) containing 3% FBS Gold (PAA, A15-104), 1%
penicillin/streptomycin and 1 nM bFGF (Sigma, F0291). After becoming
confluent (day 0), cells were differentiated in basal medium (Zenbio,
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BM-1) containing 3% FBS Gold (PAA, A15-104), 1% penicillin/strep-
tomycin, 0.5 mM IBMX (Sigma, I5879), 100 nM dexamethasone
(Sigma, D2915), 20 nM insulin, 1 nM T3, and 10 ng/mL BMP4 (R&D
Systems, 314-BP-010/CF). After 7 days of differentiation, the medium
was replaced but IBMX was omitted, and the cells were harvested on
day 12 of differentiation. Freshly isolated human mature subcutaneous
adipocytes were cultured as MAAC (membrane mature adipocyte
aggregate cultures, Figures. 1d, 5d, Figures S1, S2d, S6d and S9f)
based on a previously described method [35]. Briefly, following
isolation, adipocytes were placed under a membrane and into 1 mL of
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Figure 6: Tesaglitazar induces browning of white fat in vivo, partly via FGF21. Plasma Fgf21, Fgf21 mRNA in liver and iBAT and Fabp3 and Ehhadh mRNA in liver of (a) TN
and TN/RT DIO male mice (conditions and treatments as described in Figure 3A, n ¼ 4e5/group) and (b) lean male mice (conditions and treatments as described in Figure 5E).
Linear regression analysis of individual Ucp1 gene expression in iWAT, eWAT and iBAT vs. plasma Fgf21 concentrations following various dual PPARa/g treatments in (c) DIO and
(d and e) lean mice; squares and dashed lines represent 2-week treatment at TN whereas circles and solid lines represent animals treated for 2 weeks at TN followed by 2 weeks
treatment at RT (TN/RT). (f) qPCR analysis of Ucp1, Cidea and Pdk4 iWAT mRNA levels in lean male mice acclimated to TN (30 �C) and treated with either vehicle, FGF21
(0.15 mg/kg), rosiglitazone (28 mmol/kg), FGF21 þ rosiglitazone or tesaglitazar (1.0 mmol/kg) for two weeks (n ¼ 6/group). (g) qPCR analysis of Ucp1, Fabp4, Cidea and Pdk4
following treatment with either vehicle, Fgf21 (100 nM), rosiglitazone (0.01 mM), rosiglitazone þ Fgf21 or tesaglitazar (10 mM) in primary preadipocytes isolated from the iWAT
depot of lean mice (8-day treatment during differentiation, n ¼ 5/group). Data in a, b, f and g presented as mean � SEM: *P < 0.05; **P < 0.01; ***P < 0.001 by one-way
ANOVA and Tukey’s multiple comparisons test.
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medium (DMEM/F12) containing 10% FBS (Gibco, 10270), 1% peni-
cillin/streptomycin and 20 nM insulin (day 0).

2.4. In vitro compound treatments
All PPAR activators were used at a final concentration of 10 mM (except
rosiglitazone, used at 1 mM, or 0.01 mM, specifically in Figure 6G) and
were obtained from AstraZeneca compound management. Recombi-
nant mouse Fgf21 (R&D Systems, 8409-FG-025) and human Fc-
FGF21 (AstraZeneca compound management) were used at a final
concentration of 100 nM.

2.5. RNA isolation, cDNA synthesis, and real-time qPCR
Total RNA was extracted from adipocyte cultures using RNeasy Mini
Kits (Qiagen, 74106). Adipose and liver tissue pieces were placed in a
plastic tube containing a stainless-steel bead (Qiagen, 69989) and
500 mL of TRIzol, and lysed for 2 min using a tissue lyser. Following
chloroform phase separation, RNA from the aqueous phase was
subsequently purified using RNeasy Mini Kits (Qiagen, 74106). Isolated
RNAs from cells and tissues were reverse transcribed using the High-
Capacity cDNA Synthesis kit (Applied Biosystems, 4368814) and gene
expression was measured using real-time PCR with Power SYBR Green
master mix (Applied Biosystems) on a Quantstudio 7 Flex Real-Time
PCR machine (Applied Biosystems). Tata-binding protein (TBP) was
used as an internal normalization control. Primer sequences are
included in Table S1.

2.6. Immunoblotting and mitochondrial DNA isolation
Protein extracts were prepared from adipocytes by aspirating the
medium, washing two times with PBS, and lysing the cells in RIPA
buffer (50 mM Tris (pH 8.0), 150 mM NaCl, 5 mM EDTA, 1% NP40,
0.5% sodium deoxycholate, 0.1% SDS) containing protease inhibitors
(Roche, 04693159001). Whole tissue pieces were placed in a plastic
tube containing a stainless-steel bead (Qiagen, 69989) and RIPA buffer
containing protease inhibitors (Roche, 04693159001) and lysed for
2 min using a tissue lyser. Protein content was determined using a BCA
Protein Assay kit (Pierce). Protein samples were denatured with
Laemmli buffer 2 � (Merck, S3401) by heating at 95 �C for 5 min.
Proteins were separated on 4%e12% Bis-Tris NuPAGE gels (Invi-
trogen) and transferred to PVDF membranes. Primary antibodies were
against PPARg (SantaCruz, SC-7196), mitochondrial subunits (Mito-
science, MS601/F1208), UCP1 [36], b-actin (Sigma, A5441), ERK
(SantaCruz, SC-93), and GAPDH (Cell signaling, 2118). Bands were
detected using either standard ECL substrate (Pierce, 32106) or
SuperSignal West Femto (Thermo, 34096). Images were obtained and
quantified using Image Lab (version 5.2, Bio-Rad Laboratories).

2.7. Mitochondrial DNA isolation
DNA was isolated by digesting adipocytes overnight in a buffer con-
taining 100 mM Tris (pH 8), 5 mM EDTA, 200 mM NaCl, 0.5% SDS, and
100 mg/mL Proteinase K. DNA was ethanol precipitated and resus-
pended in TriseEDTA. The ratio mitochondria/genomic DNA was
quantified by measuring MTCO1 and Ndufv1 genes by real-time PCR.
Primer sequences are given in Table S1.

2.8. Animal studies
All experimental procedures were approved by the Gothenburg ethics
review committee on animal experiments. Animals were kept in an
Association for Assessment and Accreditation of Laboratory Animal
Care (AAALAC) accredited facility and attended daily. Lean C57BL/6J
male mice were purchased at 20e25 g from Charles River (Germany).
Diet-induced obese (DIO) C57BL/6J male mice, pre-conditioned from 6
8 MOLECULAR METABOLISM 36 (2020) 100964 � 2020 The Authors. Published by Elsevier GmbH. T
weeks of age with 60% kcal high fat diet (D12492, Research Diets,
USA), were purchased at 18 weeks of age from Charles River (Ger-
many). Upon arrival, all animals were acclimated to thermoneutrality
(TN, 30 �C) for 3 weeks before randomization and the start of in-
terventions at 21 weeks of age. Throughout, animals were housed
individually, supplied with wood chips, a cardboard house, paper-wool,
a wooden stick, and maintained on a 12:12 h light: dark cycle (lights
off at 6 p.m.) with free access to food and water. Lean mice received
standard rodent chow diet (R70, Lactamin AB, Sweden) and DIO mice
were maintained on a D12492 diet.
Animals were randomized into groups based on body weight and
treated with compounds solubilized in 0.1% Tween 80 and 0.5%
hydroxypropyl methylcellulose by oral dosing (gavage, 5 mL/kg); Fc-
FGF21 was dissolved in PBS containing 0.1% BSA, given s.c. (5 mL/
kg). Compounds were supplied by AstraZeneca compound manage-
ment. Doses and treatment paradigms are given in corresponding
figure legends. Energy expenditure was assessed by indirect calo-
rimetry using an Oxymax open-circuit indirect calorimeter, Compre-
hensive Lab Animal Monitoring System (Columbus Instruments,
Columbus, OH, USA). The mice were acclimated to the metabolic
chambers for 24 h before measurements and housed individually with
free access to food and water with a 12-hour light/dark cycle and
ambient temperatures maintained at 30 �C or 22 �C.
Termination was performed under isoflurane anesthesia in animals
fasted for 4 h after the last compound administration. Orbital blood was
collected in EDTA-coated tubes, immediately centrifuged and plasma
samples were stored at �80 �C pending analysis. Tissues were
dissected, weighed, and placed in 4% buffered formaldehyde for
histology or snap frozen in liquid nitrogen and stored at �80 �C
pending analysis.
Insulin tolerance test (ITT) was performed in 4 h fasted animals. Insulin
(0.75 U/kg, Novo Nordisk, Actrapid) was administered via i.p. injection
and circulating glucose levels (tail vein sampling) were monitored for
90 min using a portable glucose analyzer (ACCU-CHEK, Roche Di-
agnostics). Immediately following the 90 min blood sample, glucose
(oral gavage, 1 g/kg) was administered to the tesaglitazar-treated
mice, due to severe hypoglycemia.

2.9. Blood chemistry
An ABX Pentra 400 (Horiba Medical) was used to analyze plasma free
fatty acids (Wako Chemicals), glucose (Horiba ABX, A11A01667), tri-
glycerides (Roche Diagnostics, 11877771216), total cholesterol
(Horiba ABX, A11A01634), and b-hydroxybutyrate (ketone bodies,
Randox, RB1007). MultiCal (Horiba ABX, A110A01652) was used as a
calibrator for plasma glucose, triglycerides and total cholesterol ana-
lyses. Plasma insulin was analyzed using a MESO SECTOR S 600
(mouse/rat insulin kit, Meso Scale Diagnostics, K152BZC). Plasma
FGF21 was analyzed using an ELISA kit (R&D Systems, MF2100).
Plasma drug exposures were analyzed by LC-MSMS.

2.10. Liver triglyceride content
Liver triglyceride content (Horiba ABX, A11A01640) with MultiCal
(Horiba ABX, A110A01652) was measured with an ABX Pentra 400
(Horiba Medical) following isopropanol extraction.

2.11. Statistics
Statistical significance was evaluated by two-tailed Student’s t test,
Mann Whitney test or where appropriate (as indicated) one-way or
two-way ANOVA with Tukey’s multiple comparisons test, and linear
regression was used to test association between two variables, per-
formed using GraphPad Prism 7.04 (GraphPad Software Inc., La Jolla,
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CA, USA). Statistical evaluation of the regression plots of energy
expenditure vs. body mass was performed by ANCOVA (R version
3.4.0) with body mass as covariate. P < 0.05 was considered sta-
tistically significant, and results are reported as mean � SEM
throughout.

3. RESULTS

3.1. Tesaglitazar robustly induces browning of white adipocytes
in vitro
A selection of dual PPARa/g activators (aleglitazar, imiglitazar, regli-
tazar, chiglitazar, saroglitazar, muraglitazar, ragaglitazar and tesagli-
tazar), all of which reached late stage clinical development, were
tested for their ability to induce browning of white adipocytes. Upon
treating differentiating mouse preadipocytes for 8 days, the com-
pounds significantly increased Ucp1 mRNA levels. Tesaglitazar,
ragaglitazar and muraglitazar were identified as the strongest Ucp1
inducers, resulting in w1700-, 1600- and 1300-fold inductions,
respectively (Figure 1A). Aleglitazar and imiglitazar both resulted in a
50-fold Ucp1 induction, whereas reglitazar, chiglitazar and saroglitazar
produced w200-, 300- and 400-fold Ucp1 inductions, respectively.
The adipocyte differentiation marker and PPARg responsive gene
Fabp4 was increased 4-fold in all compound treated cells compared to
vehicle controls, but there was no significant difference in Fabp4 levels
across treatments, indicating a similar level of adipocyte differentiation
(Figure 1A). Importantly, the browning effect of the dual PPARa/g
activators was also observed in differentiating human preadipocytes.
Tesaglitazar and ragaglitazar were found to be the strongest UCP1
inducers, resulting in >10-fold induction, but all dual PPARa/g acti-
vators, except imiglitazar, significantly induced UCP1 in human pre-
adipocytes (Figure 1C). The dual PPARa/g activators also induced
Ucp1 robustly in adipocytes: treatment of mouse adipocytes (pre-
differentiated for 6 days) with saroglitazar, ragaglitazar and tesagli-
tazar for 2 days resulted in a w80-fold increase in Ucp1 (Figure 1B).
We have recently developed a method for long-term culture of freshly
isolated mature human adipocytes [35]. Saroglitazar, ragaglitazar, and
tesaglitazar treatment of freshly isolated mature human adipocytes for
7 days led to a w200-fold increase in UCP1 expression. (Figure 1D).
To quantitatively compare the effect of the dual PPARa/g activators
across the different mouse and human cell models, we generated
UCP1 cDNA standard curves, allowing the determination of absolute
UCP1 mRNA levels. We found that UCP1 mRNA levels were higher in
tesaglitazar-treated mouse cells compared to human cells, but there
was no obvious difference in UCP1 levels when comparing treatment
with tesaglitazar during differentiation or of mature adipocytes directly
(Figure S1). It is unclear, however, if the differences in UCP1 levels
between mouse and human cells reflect differences in the intrinsic
capacity of these cells to brown, differences in the function of PPARg,
PPARa and/or their associated cofactors, or if it merely represents
differences in culture conditions. Expression of other brown fat
markers such as Cidea, Cpt1b and Pdk4 were also strongly upregu-
lated following dual PPARa/g activator treatment (Figure S2). In
addition to Ucp1, tesaglitazar caused significant increases in gene
expression of several lipid and glucose metabolism genes and mito-
chondrial proteins (Figure 1E). Protein levels of mitochondrial proteins
Atp5a, Uqcrc2, Sdhb and Ndufb8 (Figure 1F), and mitochondrial/nu-
clear DNA ratio (Figure 1G) were also increased, indicating increased
mitochondria biogenesis. Importantly, tesaglitazar also increased Ucp1
protein levels (Figure1F). Together, these results indicate that tesa-
glitazar and other dual PPARa/g activators induce browning of both
mouse and human white adipocytes in vitro.
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3.2. Tesaglitazar robustly induces browning of white fat in vivo in
lean mice
Standard housing conditions (22 �C) is a cold stimulus for mice [37],
which in itself induces some degree of white fat browning. The ability
of compounds to induce browning of WAT in mice was therefore
assessed at mouse thermoneutrality (TN, w30 �C), to better mimic
standard human living thermoneutral conditions. At TN, lean mice were
treated for two or five weeks with tesaglitazar and benchmarked
against the known browning agent, the selective PPARg activator
rosiglitazone. A two-week tesaglitazar treatment resulted in a w120-
fold increase in Ucp1 mRNA levels in both the inguinal WAT (iWAT) and
epididymal WAT (eWAT), relative to vehicle controls. In contrast,
rosiglitazone treatment had modest effects, resulting in only 3- and 6-
fold induction of Ucp1 in the iWAT and eWAT, respectively (Figure 2A).
The marked induction of Ucp1 in iWAT upon tesaglitazar treatment was
also observed at the protein level (Figure 2B). Ucp1 mRNA was also
increased 4-fold in the interscapular BAT (iBAT) following tesaglitazar
treatment, and 2-fold following rosiglitazone treatment (Figure 2A).
Maximal induction of Ucp1 was seen after two weeks of tesaglitazar
treatment, with no further increase with a five-week treatment
(Figure 2A). Pgc1a and Cidea were also robustly increased in iWAT and
eWAT, and to a lesser extent in iBAT, following tesaglitazar treatment
(Figure 2C, Figure S3). Importantly, tesaglitazar, but not rosiglitazone
treatment, was associated with increased energy expenditure (EE)
(Figure 2DeE) with no difference in locomotor activity (Figure S3d).

3.3. Tesaglitazar robustly induces browning of white fat in vivo in
obese mice
To test whether tesaglitazar could induce the browning of WAT in
obese mice and alter body weight and metabolism, diet-induced obese
(DIO) mice were acclimated to TN and treated with either vehicle,
rosiglitazone or tesaglitazar. Tesaglitazar was administered at three
different doses, to titrate the degree of Ucp1 induction required to elicit
metabolic improvements. Animals were terminated either after two
weeks of treatment at TN (TN group), or after treatment for an addi-
tional two weeks while the temperature was reduced to room tem-
perature (TN/RT group) to achieve a mild cold stimulus in order to
activate Ucp1 in the newly formed beige adipocytes (Figure 3A).
Observed plasma drug concentrations following rosiglitazone and high
dose tesaglitazar treatment indicate similar average daily PPARg
activation (>80%, based on an in vitro PPARg reporter gene assay),
while the mid and low tesaglitazar doses resulted in w75% and
w50% average daily activation, respectively (Figure S4).
In DIO mice at TN, tesaglitazar dose-dependently increased Ucp1
expression in iWAT, reaching a 40-fold increase at the highest tesa-
glitazar dose compared to vehicle controls (Figure 3B). Ucp1 induction
was even more pronounced in the TN/RT group, with a 550-fold
Ucp1 induction at the highest tesaglitazar dose, suggesting that
tesaglitazar and a mild cold stimulus have synergistic effects in
inducing the browning of iWAT. Tesaglitazar also robustly induced
Ucp1 in eWAT, in both the TN and TN/RT groups. Rosiglitazone
increased Ucp1 less than 10-fold in iWAT in TN and TN/RT groups,
which was much lower than the effect of tesaglitazar. However,
rosiglitazone induced Ucp1 20- to 30-fold in the eWAT of both TN and
TN/RT groups, on par with the tesaglitazar effect (Figure 3B). In the
iBAT, mid and high dose tesaglitazar increased Ucp1 1.6-fold in
TN/RT mice, and by 3-fold in TN mice compared to vehicle controls,
which had lower basal Ucp1 levels than TN/RT controls. Rosiglita-
zone, on the other hand, did not upregulate Ucp1 in the iBAT
(Figure 3B). Pgc1a and Cidea gene expression profiles followed the
same pattern as Ucp1 in the different adipose tissue depots, in both TN
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and TN/RT groups (Figure 3D). Similar expression patterns were also
observed for other brown fat-enriched genes, including Elovl3 and
Cox7a1, with the most pronounced effects consistently observed in the
iWAT depot (Figures. S5aec). The lowest dose of tesaglitazar had little
to no effect on the expression of the brown fat markers in any adipose
depots. Importantly, the large induction of Ucp1 mRNA in iWAT
following mid and high dose tesaglitazar treatment was also observed
at the protein level (Figure 3C). In summary, tesaglitazar robustly in-
duces the recruitment of thermogenic beige adipocytes in adipose
tissues of both lean and obese mice.

3.4. Tesaglitazar increases energy expenditure and reduces body
weight
The tesaglitazar-induced browning in DIO mice was associated with
increased EE, with the high dose tesaglitazar-treated mice displaying a
12% increased EE compared to rosiglitazone and vehicle controls at TN
(Figure 4A). Following brown/beige adipocyte activation by subse-
quently reducing the temperature to RT (TN/RT group), EE almost
doubled across all treatment groups (Figure 4AeB). The temperature
drop caused a further increase in EE in tesaglitazar-treated mice, with
the highest dose group exhibiting a w10% higher EE compared to
vehicle TN/RT controls (Figure 4A). Regression analysis of average
EE vs. body mass shows that tesaglitazar-treated mice have signifi-
cantly higher EE compared to rosiglitazone and vehicle controls, both at
TN and following the temperature drop to RT (Figure 4B). Across
treatments, there were no differences in locomotor activity
(Figure S5g). The tesaglitazar-induced increase in EE was associated
with a decrease in body weight (Figure 4C). Under TN conditions, body
weight loss was evident only in the high dose tesaglitazar group. In
contrast, rosiglitazone-treated mice displayed a non-significant in-
crease in weight (Figure 4C, TN group). Following re-acclimation to RT,
tesaglitazar-treated mice displayed a dose-dependent body weight
loss, while vehicle-corrected weight gain in the rosiglitazone group
persisted (Figure 4C, TN/RT group), due at least in part to increased
food intake (Figure 4D). Food intake was temporarily reduced in the
high dose tesaglitazar group but returned to similar levels as vehicle
control by the end of the study. The weight loss following tesaglitazar
treatment was associated with a dose-dependent decrease in adipose
tissue weights and adipocyte size, while rosiglitazone treated mice had
increased adipose tissue weights (Figure 4EeF). In iBAT, tesaglitazar
reduced lipid content while rosiglitazone increased lipid storage
(Figure 4EeF).

3.5. Tesaglitazar improves metabolic control and ameliorates high
fat diet-induced hepatic steatosis
Rosiglitazone significantly decreased fasting glucose, insulin, and
increased insulin sensitivity in DIO mice (Figure 4GeI). The metabolic
benefits were more pronounced upon tesaglitazar treatment, with
improvements observed in both the TN and TN/RT groups. In
particular, the mid and high dose tesaglitazar groups demonstrated an
almost complete normalization of fasting plasma glucose levels and a
>10-fold reduction in fasting plasma insulin, compared to vehicle
controls (Figure 4GeH), resulting in a robust increase in insulin
sensitivity, as indicated by the calculated quantitative insulin sensitivity
check index (QUICKI, 0.44 vs. 0.25, Figure 4I). Tesaglitazar treatment
also ameliorated dyslipidemia, with a w2-fold reduction in both
plasma triglycerides (TG) (Figure 4J) and total cholesterol levels
(Figure S5f). Importantly, tesaglitazar treatment resulted in markedly
reduced hepatic steatosis, with liver TG content reduced by more than
80% in the high dose tesaglitazar group at TN/RT compared to
vehicle controls (Figure 4K). By contrast, rosiglitazone only modestly
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decreased plasma TG and cholesterol levels and did not decrease liver
TG content. Plasma ketone bodies were significantly raised following
tesaglitazar, but not rosiglitazone, treatment (Figure S5e), indicating an
increased hepatic fatty acid oxidation. As assessed by an insulin
tolerance test, both tesaglitazar (mid dose) and rosiglitazone treated
mice displayed enhanced insulin sensitivity at TN. However, insulin
sensitivity was significantly greater in tesaglitazar-treated mice
compared to rosiglitazone-treated animals (Figure 4l).

3.6. PPARg activation alone is sufficient to convert white into
brown-like adipocytes in vitro, but PPARa activation and PPARg
activation have synergistic effects in vivo
Although tesaglitazar was superior to rosiglitazone at inducing
browning in vivo, rosiglitazone and tesaglitazar were found to be
equally efficacious in vitro, resulting in a 2000- to 3000-fold induction
of Ucp1 and aw1000-fold increase in Cidea mRNA in primary mouse
inguinal preadipocytes. Interestingly, the selective PPARa activator
WY14643 had no effect on Ucp1 or Cidea gene expression (Figure 5A),
nor did combining rosiglitazone with WY14643 in vitro further increase
Ucp1 or Cidea levels compared to rosiglitazone alone (Figure 5A). A
similar expression pattern was also observed in human preadipocytes:
rosiglitazone and tesaglitazar treatment both resulted in similar in-
duction of UCP1 mRNA (15- to 18-fold) and CIDEA mRNA (40- to 60-
fold), WY14643 had no significant effect on the expression of those
genes, and the combination of rosiglitazone and WY14643 did not
result in any further increase in UCP1 or CIDEA compared to rosigli-
tazone or tesaglitazar alone (Figure 5C). A next to identical expression
pattern was observed when comparing compound effect on differen-
tiated mouse adipocytes and freshly isolated mature human adipocytes
(Figure 5B,D), ruling out any significant or direct contribution of PPARa
activation in the browning of white fat, both in preadipocytes and
adipocytes.
Treating lean mice at TN with either fenofibrate (a selective PPARa
activator) or rosiglitazone (a selective PPARg activator) resulted in little
to no upregulation of Ucp1 in either iWAT, eWAT, or iBAT (Figure 5E).
However, dual PPARa/g activator treatments, given either as a com-
bination of rosiglitazoneþ fenofibrate (Rosiþ Feno), or as tesaglitazar
or saroglitazar, resulted in a marked and similar increase in Ucp1
mRNA levels across iWAT and eWAT (Figure 5E). This indicates that a
combination of PPARa and PPARg activation is necessary to promote
significant browning of white fat in vivo, likely via a synergy between
PPARg action in adipose tissue and PPARa action in non-adipose
tissues. Metabolic characterization of lean and DIO mice treated with
PPARa, PPARg and dual PPARa/g activators is provided in
Supplementary Figures 7 and 8.

3.7. Increased FGF21 contributes to dual PPARa/g activation-
induced browning of WAT in vivo
Fibroblast growth factor 21 (FGF21) is a predominantly liver-derived
hormone that plays an important role in lipid and glucose homeosta-
sis [38,39] and is regulated by PPARa [40]. FGF21 has been shown to
induce browning of white fat [41,42]. In obese mice, tesaglitazar
treatment dose-dependently increased circulating Fgf21 levels (up to
8-fold at the highest dose), as well as Fgf21 expression levels in liver
and iBAT (up to 3- and 6-fold, respectively). By contrast, rosiglitazone
treatment did not alter Fgf21 levels (Figure 6A). Expression of addi-
tional PPARa target genes Fabp3 and Ehhadh [29] was also strongly
increased in the livers of tesaglitazar-treated mice, indicating that
tesaglitazar robustly and dose-dependently activated PPARa in the
liver (Figure 6A). Similar increases in Fgf21, Fabp3 and Ehhadh were
also observed in lean mice following treatment with either fenofibrate,
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tesaglitazar, saroglitazar, or the combination of
rosiglitazoneþ fenofibrate (Rosiþ Feno) compared to vehicle controls
(Figure 6B). As in obese mice, lean mice treated with rosiglitazone did
not display increased Fgf21 levels or increased expression of PPARa
target genes in the liver (Figure 6B). Across all dual PPARa/g activator
treatments (for example, tesaglitazar, saroglitazar and Rosi þ Feno),
linear regression analysis revealed a strong correlation between
circulating Fgf21 levels and Ucp1mRNA expression in iWAT, eWAT and
iBAT in both lean and obese mice. This suggests that Fgf21 plays an
important role in the Ucp1 induction observed with dual PPARa/g
activator treatment (Figure 6CeE). However, even though mice treated
with the selective PPARa activator fenofibrate displayed similar
circulating Fgf21 levels as those achieved with the dual PPARa/g
activator treatments (Figure 6B), Ucp1 transcript levels were not raised
in this group (Figure 5E). This indicates that a PPARa-mediated in-
crease in Fgf21 levels, in the absence of pharmacological PPARg
activation in adipose, is not sufficient to induce browning of white fat
in vivo. To test the hypothesis that FGF21 and PPARg synergize to
induce browning of white fat, we treated lean mice with rosiglitazone,
FGF21, rosiglitazone þ FGF21, or tesaglitazar for two weeks in ther-
moneutral conditions. Rosiglitazone or FGF21 monotreatments did not
significantly increase expression of Ucp1. By contrast, combined
FGF21 and rosiglitazone treatment increased Ucp1 mRNA levels 30-
fold in iWAT compared to vehicle controls, similar to the effect of
tesaglitazar treatment. Similar gene expression pattern was observed
for Cidea and Pdk4, and in eWAT (Figure 6F and Figure S9a). In vitro,
combined treatment of mouse preadipocytes with Fgf21 and a low
dose of rosiglitazone (inducing only a moderate Ucp1 increase) also
resulted in a synergistic increase in Ucp1 mRNA levels (w1000-fold
induction), superior to the effect of either rosiglitazone (w100-fold
induction) or Fgf21 (w10-fold induction) alone (Figure 6G). Similar
effects were also observed in both human preadipocytes and mature
adipocytes (Figures. S9eef). Thus PPARg activation and Fgf21 have
synergistic effects to induce browning of white fat in mice in vivo.
These effects are, at least in part, cell-autonomous via direct action on
white adipocytes (Figure 6G). Together, these results indicate that
PPARg activator treatment is sufficient to promote browning of white
adipocytes in vitro, with PPARa playing a negligible role. However, a
combined activation of both PPARg and PPARa is needed for robust
browning in vivo, via both PPARg action in adipose and an increase in
Fgf21 levels from PPARa activation in the liver, and to a lesser extent
iBAT. Increased browning of white fat leading to increased energy
expenditure likely contributes to the whole-body improvements in
metabolism observed with dual PPARa/g activator treatment.

4. DISCUSSION

Treatments that induce the browning of white fat and promote energy
expenditure have recently been suggested as therapies for metabolic
diseases [12,13]. Current strategies to induce the formation and
activation of thermogenic adipocytes typically involve mimicking a cold
stimulus via b-adrenergic receptor agonism. However, this is asso-
ciated with undesirable cardiovascular effects, as b-adrenergic re-
ceptors are widely expressed across multiple tissues [7]. Thus other
safer approaches are needed to clinically induce the formation and
activation of thermogenic fat. Given that both PPARa and PPARg have
been implicated in browning [43], we hypothesized that dual PPARa/g
activators could possess a synergistic ability to induce browning of
white fat. We found that dual PPARa/g activators were robust Ucp1
inducers in both human and mouse preadipocytes and mature adi-
pocytes, with tesaglitazar affording the highest Ucp1 expression of the
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dual PPARa/g activators tested. In vivo, tesaglitazar treatment of both
lean and obese mice robustly induced the browning of white fat,
increased energy expenditure, lowered body weight, enhanced insulin
sensitivity and reduced liver steatosis.
The ability of some PPARg activators, including rosiglitazone, to induce
Ucp1 has been well documented [16,20e23]. However, to our
knowledge, the effects of dual PPARa/g activators on the browning of
white fat have not previously been studied. Our results show that
tesaglitazar is the most efficacious synthetic in vivo browning agent
reported to date. We also show that browning of white fat via PPARa
and PPARg differs between the in vitro and in vivo settings. In vitro,
PPARa activation does not induce Ucp1 expression, and PPARg and
dual PPARa/g activators are equally efficacious inducers of Ucp1. This
indicates that selective PPARg activation is sufficient for the conver-
sion of white into brown-like adipocytes in vitro. In vivo however,
selective PPARg activation results in only moderate browning of white
fat and dual PPARa/g activation (by either a single dual PPARa/g
molecule or a combination of selective PPARa and PPARg activators) is
necessary to induce marked browning. We propose that the superior
efficacy of dual PPARa/g activators over selective PPARg activators is
due their PPARa activation-mediated increase in circulating Fgf21
levels and subsequent synergistic effect with PPARg activation in
adipose tissues. Indeed, tesaglitazar treatment resulted in a marked
and dose-dependent increase in Fgf21 expression in both liver and
iBAT and increased plasma Fgf21 levels. Plasma Fgf21 levels signif-
icantly and positively correlated with Ucp1 levels in adipose tissues in
all in vivo studies performed with dual PPARa/g activation. Further-
more, combined FGF21 and rosiglitazone treatment leads to a syner-
gistic browning of white fat in vivo, similar to the effect of tesaglitazar
treatment. The liver is the main site of FGF21 production and it is
transcriptionally induced in response to fasting and PPARa activation
[38] and pharmacological FGF21 treatment has been shown to induce
browning of white fat [41,42]. In the present study, elevated circulating
levels of Fgf21 are observed following both selective PPARa activator
treatment (fenofibrate) and dual PPARa/g activator treatments (tesa-
glitazar, saroglitazar or the combination of rosiglitazone þ fenofibrate)
but not selective PPARg activator treatment (rosiglitazone). However,
PPARa activator treatment does not significantly induce browning of
white fat, despite an 8-fold elevation of plasma Fgf21 levels. Similarly,
in vitro treatment of preadipocytes or adipocytes with FGF21 results in
little to no increase in UCP1 mRNA levels. However, a synergistic in-
crease in UCP1 is observed when cells are treated with the combi-
nation of FGF21 and rosiglitazone, indicating that FGF21 has a direct
effect on the browning of white adipocytes, however, only when
PPARg is activated. An additional contribution from FGF21 is also likely
to occur via the central nervous system. FGF21 can cross the bloode
brain barrier and act on the paraventricular hypothalamus to increase
b-adrenergic signaling in sympathetic ganglia, resulting in increased
adrenergic activity in tissues such as WAT and BAT [44,45].
In obese mice housed at TN, tesaglitazar treatment significantly
decreased body weight, improved insulin sensitivity and dyslipidemia,
and reduced hepatic steatosis. This is due in part to the browning of
white fat, as tesaglitazar increased energy expenditure in both lean and
obese mice even under thermoneutral conditions, with no difference in
locomotor activity. RT is considered a mild cold challenge for mice [37],
resulting in ab-adrenergic receptor-mediated increase and activation of
beige and brown adipocytes [46]. Switching the mice to RT for an
additional 2weeks after an initial 2 weeks of tesaglitazar treatment at TN
(TN/RT group), resulted in an additional induction of Ucp1 in the iWAT
depot, compared to tesaglitazar treated TN mice (TN group). In lean
mice, maximal tesaglitazar-induced browning was observed after 2
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weeks, with no additional increase in Ucp1 following 3 more weeks of
treatment. Together, this suggests that tesaglitazar and a mild cold
stimulus (RT) act in synergy to induce maximal browning of white fat.
Induction of thermogenic genes after treatment with the b3-adrenergic
receptor agonist CL316,243 has been reported to be lessened in
PPARa-null mice, indicating that PPARa plays a role in cold-induced
browning [47]. Moreover, in obese mice treated with rosiglitazone
(present study) at TN, reducing the temperature below TN did not result
in further induction of Ucp1 expression in WAT compared to TN con-
ditions. Notably, the relatively modest rosiglitazone-induced browning
did not result in increased energy expenditure, and body weight even
increased, at least in part due to increased food intake. This is consistent
with previous findings showing that, in spite of an increased capacity for
Ucp1-mediated uncoupled respiration [18,19], in vivo browning of WAT
induced by treatment with selective PPARg activators is not associated
with increased energy expenditure [21,27]. Other studies have shown
that selective PPARg activators attenuate the endogenous b-adrenergic
stimulated activation of adipocytes in vivo [48e50]. While the
tesaglitazar-mediated increase in energy expenditure is likely due to the
superior browning of white fat compared to selective PPARg treatment,
it could also be in part PPARa-mediated, via FGF21-dependent
increased lipid and glucose metabolism and/or increased sympathetic
nerve activity [45,51]. Ucp1was also slightly increased in iBAT following
tesaglitazar treatment. While the fold increase of Ucp1 expression in
iBAT is much smaller compared to that observed in iWAT (550-fold vs.
5.5-fold), it represents a large change in overall Ucp1 expression levels,
given the considerably higher basal expression of Ucp1 in BAT
compared to WAT [2]. Therefore the tesaglitazar-induced increase in
Ucp1 expression in iBATmay also contribute to the effects of tesaglitazar
on energy expenditure and metabolism.
Despite identical in vitro substance concentrations across all dual
PPARa/g compounds tested in the present study, the level of Ucp1
induction differed substantially between compounds with tesaglitazar
being the most robust Ucp1 inducer. Comparing absolute in vitro po-
tency values between studies is difficult since assays are designed
differently. Nonetheless, one may compare the ratio between PPARg/
PPARa potency (summarized in Table S2). Tesaglitazar, ragaglitazar,
imiglitazar, aleglitazar and muraglitazar are reported to have similar
PPARa/PPARg potency ratios [52e56]. Saroglitazar on the other hand,
has considerably higher selectivity towards PPARa compared to
PPARg [57], and chiglitazar and reglitazar have higher selectivity to-
wards PPARg compared to PPARa [58,59]. Thus neither potency nor
PPARa/g selectivity appears to explain the difference in UCP1-inducing
properties of the tested dual PPARa/g compounds in vitro. Selective
modulation of the receptors, as opposed to activation/agonism, as
measured in a reporter gene assay, may be more important to induce a
brown fat gene transcription program in adipocytes [60]. PPARg-
mediated browning of WAT occurs via SIRT1-, PRDM16-, C/EBPa-,
and PGC-1a-dependent mechanisms [16,24e26]. Post-translational
modifications of PPARg also play a role in browning of white fat
[27]. Thus, it is possible that tesaglitazar induces “optimal” confor-
mational or post-translational changes at the receptor level, facilitating
the interaction between key transcriptional coregulators and factors,
ultimately promoting a brown fat phenotype.
Tesaglitazar (Galida�) was developed by AstraZeneca with the
intention to treat glucose and lipid abnormalities in patients with type 2
diabetes. Although very promising anti-diabetic effects have been
reported in both rodents [61] and humans [62], the development of
tesaglitazar was discontinued during phase III, because of a poor
benefiterisk profile [63]. Despite the challenges of developing acti-
vators of the PPAR family of transcription factors, the present study
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provides clear evidence that it may be possible to develop compounds
inducing the robust browning of white fat and metabolic improve-
ments, via dual modulation of PPARa and PPARg. A combination of a
safe PPARg activator together with FGF21 could also be considered as
therapeutic approach for the treatment of diabetes.

5. CONCLUSIONS

Our study clarifies the respective roles of PPARa and PPARg in the
browning of white fat in vitro and in vivo. In vitro, selective PPARg
activation is sufficient for the conversion of white into brown-like ad-
ipocytes, with PPARa playing a negligible role. However, a combined
activation of both PPARg and PPARa is needed for robust browning
in vivo; via both PPARg action in adipose and an increase in FGF21
levels from PPARa activation in the liver, and to a lesser extent iBAT. To
our knowledge, tesaglitazar is the most efficacious synthetic in vivo
browning agent reported to date and is therefore a valuable new tool to
study the function of beige adipocytes and the process of browning of
white fat in vivo. Our study also identifies a novel opportunity to
develop compounds able to robustly convert white into brown adipo-
cytes, through the modulation of multiple PPARs.
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