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Objective: The effects of the proliferator-activated receptor gamma (PPARc) agonist rosiglitazone (ROSI)

on the transforming growth factor (TGF)-b/SMAD signaling pathway in white adipose tissue (WAT) of dia-

betic rats were assessed.

Methods: Six-week-old, male ZDF rats were fed a chow diet with (ZDF ROSI) or without (ZDF chow)

ROSI (diet, 100 mg/kg) for 6 weeks. Subcutaneous (scWAT) and retroperitoneal (rpWAT) adipose tissues

were excised to quantify the protein content/phosphorylation.

Results: ZDF ROSI animals showed enhanced glucose tolerance and mitochondrial protein content in

both depots. The protein content of enzymes involved in fatty acid handling was increased in scWAT of

ZDF ROSI animals. ZDF ROSI exhibited decreased phosphorylation of SMAD2 and SMAD3 exclusively in

scWAT, along with increases in inhibitory SMAD7 and the E3 ubiquitin ligase SMURF2. In contrast, ROSI

increased the protein content of SMAD4, TGF-b receptor I and II, and SMAD Anchor for Receptor Activa-

tion in scWAT.

Conclusions: For the first time, the fact that ROSI inhibits SMAD2 and SMAD3 signaling in a depot-

specific manner in diabetic rats was demonstrated. In scWAT, ROSI reduced SMAD2 and SMAD3 phos-

phorylation, likely through the inhibitory actions of SMAD7 and SMURF2. Induction of proximal compo-

nents of the SMAD pathway may constitute a feedback mechanism to counteract ROSI-induced lipid

synthesis in scWAT.
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Introduction
Recent data suggest that transforming growth factor (TGF)-b signal-

ing plays a role in the etiology of obesity and insulin resistance (1-

3). TGF-b is a proinflammatory cytokine that is positively correlated

with BMI and fat mass, and inversely associated with VO2 max in

humans (3-5). The binding of TGF-b superfamily ligands to TGF-b
type I and II receptors results in the activation of the traditional

SMAD3 signaling cascade in which phosphorylated SMAD proteins

translocate to the nucleus and act as transcription factors to modu-

late gene expression (6,7).

Recently, two groups have shown that SMAD32/2 mice are resistant

to high-fat diet-induced obesity and insulin resistance (1,3).

SMAD32/2 mice exhibit decreased adiposity, along with increased

whole-body glucose uptake and insulin sensitivity. This phenotype is

attributed to the modulation of white adipose tissue (WAT) metabo-

lism. In fact, WAT of SMAD32/2 mice show increased presence of

brown adipocytes and mitochondria (3) and decreased expression of

genes involved in fatty acid storage (e.g., proliferator-activated

receptor gamma, PPARc) (1). The treatment of high-fat-fed mice

with TGF-b neutralizing antibodies replicates the SMAD32/2 phe-

notype (1).

Although most of the research in this area has focused on the semi-

nal protein SMAD3, the TGF-b signaling pathway includes numer-

ous other proteins. In the traditional cascade, receptor-activated

SMADs (R-SMADs or SMAD1, 2, 3, 5, and 8) are phosphorylated

upon ligand binding, interact with SMAD4 to translocate into the

nucleus, bind to SMAD binding elements, and modulate gene

expression. However, the specificity and versatility of this pathway

is dependent on complex interactions between ligands, receptors,
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SMAD proteins, transcription factors, coactivators, corepressors, and

crosstalk with parallel pathways (8). First, different ligands activate

specific parts of this pathway. For instance, TGF-b binding leads to

the activation of SMAD2 and SMAD3, whereas other members of the

TGF-b superfamily, such as bone morphogenetic proteins (BMPs)

and growth differentiation factors (GDFs), trigger the phosphorylation

of SMAD1, 5, and 8 (9,10). In addition, these pathways can be nega-

tively and selectively regulated by inhibitory SMADs (I-SMADs or

SMAD6 and 7). Although SMAD6 inhibits SMAD1, 5, and 8,

SMAD7 acts specifically on SMAD2 and 3 (11,12). Both I-SMADs

act via the recruitment of SMURF ubiquitin ligase proteins that target

phosphorylated SMADs for proteasomal degradation (12,13). Further-

more, the traditional TGF-b/SMAD3 pathway is also modulated by

other cytoplasmic kinases, such as extracellular signal-regulated

kinase (ERK) and c-Jun N-terminal kinase (JNK), which inhibit and

activate SMAD3, respectively (8,14,15). Consequently, this seemingly

simple signaling cascade is regulated at many different levels and sev-

eral proteins, in addition to SMAD3, should be considered when

examining the role of TGF-b/SMAD in obesity and insulin resistance.

Thiazolidinediones (TZDs) are antidiabetic agents acting through

PPARc agonism in WAT (16). Treatment with PPARc agonists, such as

rosiglitazone (ROSI), in vivo (17,18) and in vitro (19), leads to

increased mitochondrial biogenesis, enhances the presence of brown

adipocytes, induces an anti-inflammatory profile, and increases whole-

body insulin sensitivity. These changes are reminiscent of SMAD3

ablation in mice. Interestingly, some reports have linked PPARc ago-

nism to TGF-b activity. In vitro, PPARc agonists decreased TGF-b sig-

naling in human Tenon’s fibroblasts (20), in peritoneal mesothelial cells

(21), and in adenocarcinoma pancreatic and lung cell lines (22). Collec-

tively, these results suggest that ROSI treatment may attenuate SMAD

signaling in WAT in vivo though this possibility has not yet been

explored. Within this context, the primary aim of this article was to

examine the in vivo effects of ROSI, a TZD, on the TGF-b/SMAD path-

way in WAT from diabetic rats. We hypothesized that ROSI would

inhibit SMAD3 signaling in WAT in conjunction with increases in

mitochondrial proteins and enzymes involved in lipid synthesis.

Methods
Animals
Four-week-old (�100 g) male ZDF rats (Charles River, St. Constant,

QC, Canada) were housed individually in wire-bottom cages, in a

temperature-controlled room on a reverse (12:12) light–dark cycle.

The experiments started at 9 am, which coincided with the start of the

dark cycle. After a 10-day acclimatization period, ZDF rats were fed

ad libitum either a powdered chow diet (Purina 5008 diet; Purina, St.

Louis, MO) (ZDF chow) or the same diet supplemented with ROSI

(Cayman Chemical, Ann Arbor, MI) at a dose of 100 mg/kg diet (ZDF

ROSI) for 6 weeks. This ROSI dose was chosen based on the previous

reports (23-25), as well as pilot studies performed in our laboratory.

Food intake was tracked every other day, whereas body weight (BW)

was recorded weekly. ZDF rats are characterized by the development

of type 2 diabetes mellitus (T2DM) by 12 weeks (26). Therefore, we

chose to examine ZDF rats between 5 and 11 weeks of age, a timing

that allowed us to focus on T2DM prevention. In addition, male Wis-

tar rats (Charles River) (�200 g) housed two per cage, in a 12:12-h

light–dark cycle, were provided either chow (PMI Nutrition Interna-

tional, Shoreview, MN) or high-fat diet (60% kcal from fat, Harlan

Laboratories, Madison, WI) ad libitum. After 6 weeks of feeding, Wis-

tar rats were anaesthetized with sodium pentobarbital, and scWAT

and rpWAT were removed, washed, and immediately frozen in liquid

nitrogen. All protocols followed Canadian Council on Animal Care

guidelines and were approved by the Animal Care Committee at the

University of Guelph.

Glucose tolerance tests
Intraperitoneal glucose tolerance tests (ipGTTs) were performed

when ZDF rats were 11-week old. Blood glucose was assessed

(Freestyle Lite, Abbott Laboratories, St-Laurent, QC, Canada)

through tail vein sampling at fasting, and at 15, 30, 45, 60, 90, and

120 min after intraperitoneal injection of 1 g/kg BW glucose (Bio-

Shop, Burlington, ON, Canada).

Terminal procedures
After the 6-week intervention, fasted (12 h) animals were weighed and

anesthetized with isoflurane (Abbott Laboratories, North Chicago, IL).

Inguinal scWAT and rpWAT adipose tissue was weighed, frozen in

liquid nitrogen, and stored at 280�C for later analysis. Blood was

obtained through cardiac puncture, allowed to clot at room tempera-

ture, and centrifuged (3,000g; 10 min). Serum was stored at 220�C
and later analyzed for triglycerides, glycerol (both colorimetric assays:

Sigma-Aldrich, Oakville, ON, Canada), free fatty acids (FFAs) (color-

imetric assay: Wako Diagnostics, Richmond, VA), and insulin

(ELISA: Millipore, St. Charles, MO). Homeostatic model assessment

of insulin resistance (HOMA-IR) was measured as described previ-

ously (fasting glucose 3 fasting insulin/22.5) (27).

Western blotting
Adipose tissue samples were homogenized (FastPrep

VR

-24, MP Bio-

medicals, Santa Ana, CA) in two volumes of ice-cold cell lysis

buffer (Invitrogen, Burlington, ON) supplemented with protease

inhibitor cocktail (as per the manufacturer’s instructions; Sigma-

Aldrich, Oakville, ON, Canada) and 0.05% of phenylmethylsulfonyl

fluoride (BioShop, Burlington, ON, Canada). Homogenized samples

were centrifuged for 10 min at 1,500g at 4�C. Lipids were removed,

the infranatant was collected, and protein concentration was deter-

mined with a bicinchoninic acid assay (28) (ThermoScientific, Rock-

ford, IL). Western Blotting was performed as described previously

by our laboratory (29-32). Briefly, membranes were incubated in

primary antibodies diluted in TBST/5% nonfat dry milk (COX4

[CAT#:MS407], CORE1 [CAT#: MS303]: MitoSciences, Eugene,

OR; b-actin [CAT#: ab8227]: Abcam, Toronto, ON, Canada; adi-

pose tissue triglyceride lipase [ATGL] [CAT#:2138], p-SMAD2

[ser465/467] [CAT#:3101]: Cell Signaling, Danvers, MA, USA) or

TBST/5% bovine serum albumin (phosphoenolpyruvate carboxyki-

nase [PEPCK] [CAT#:10004943]: Cayman Chemicals, Ann Arbour,

MI; ERK1/2 [CAT#:4695], p-ERK1/2 [thr202/tyr204] [CAT#:9101],

hormone-sensitive lipase [HSL] [CAT#:4107], SMAD2 [CAT#:

5339], SMAD3 [CAT#: 9523], SMAD5 [CAT#:9517], p-SMAD1

[ser463/465] /5[ser463/465] /8[ser426/428] [CAT#: 9511],

p-SMAD3 [CAT#: 9520], JNK [CAT#:9252], p-JNK [thr183/tyr185]

[CAT#:4671], TGF-b Receptor I [CAT#:3712], TGF-b Receptor II

[CAT#:11888]: Cell Signaling; SMAD1 [CAT#:sc-81378], SMAD8

[CAT#:sc-11393]: Santa Cruz Biotechnology, Dallas, TX; SMAD4

[CAT#:ABE21]: Millipore, Billerica, MA; SMAD6 [CAT#:PA1-

410216], SMAD7 [CAT#:PA1-41506]: ThermoScientific; SMURF2

[CAT#:ab53316], Cytochrome C [CAT#:ab110325], DGAT1
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[CAT#:ab54037], GPAT [CAT#:ab69990], a-tubulin [CAT#:

ab7291]: Abcam; SMAD Anchor for Receptor Activation [SARA]

[CAT#:GTX63430]: Genetex, Irvine, CA; DGAT2 [CAT#:IMG-

30279]: Imgenex, San Diego, CA; CD36 was generously provided

by Dr. Tandon (33)) overnight at 4�C. After TBST washes, mem-

branes were incubated at room temperature with appropriate HRP-

conjugated secondary antibodies (Jackson ImmunoResearch, West

Grove, PA) diluted in TBST/1% nonfat dry milk for 1h. Enhanced

chemiluminescence (ThermoScientific) was used to detect signals,

which were then quantified by densiometry (Fluorchem HD2, Pro-

teinSimple, Santa Clara, CA).

Ex vivo incubation
In brief, 100 mg of scWAT was minced, incubated in a plastic vial with

3 ml of oxygenated Krebs Ringer buffer (118 mM NaCl, 4.8 mM KCl,

1.25 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 25 mM NaHCO3;

pH 7.4) supplemented with 5 mM glucose and 2.5% FFA-free bovine

serum albumin (MP Biomedicals), and placed in a shaking water bath

(60 rpm, 37�C, 2 h). After 2 h, media was stored at 220�C for later mea-

surement of active TGF-b1 via ELISA (Biolegend, San Diego, CA).

Histochemistry
ScWAT was fixed in 10% neutral-buffered formalin (VWR, Missis-

sauga, ON, Canada), dehydrated in xylene (Fisher Scientific), and

embedded in paraffin. Five micrometer sections were mounted on 1.2-

mm Superfrost slides, stained with modified Harris hematoxylin and

eosin stock with phloxine (all from Fisher Scientific), and imaged

(Olympus FSX 100 light microscope, Olympus, Tokyo, Japan). One

hundred cells were randomly sampled in each image to determine

cross-sectional area (ImageJ software, National Institute of Mental

Health, Bethesda, MD).

Statistical analysis
Data are presented as mean 6 SEM. Total area under the curve

(AUC) for ipGTT was calculated using the trapezoid method

(GraphPad Prism 5, La Jolla, CA). Comparisons of blood metabo-

lites, ipGTT AUC, cytokines, and protein content between ZDF

chow and ZDF ROSI were made using two-tailed, unpaired student

t-tests for each depot (GraphPad Prism 5). Comparisons for ipGTT

were made using a two-way ANOVA testing for time and diet. Sta-

tistical significance was accepted at a � 0.05.

Results
ROSI improves whole-body metabolism in ZDF
rats
As an initial step in characterizing the effects of ROSI treatment on

SMAD signaling in WAT from ZDF rats, we first confirmed that ROSI

prevented the development of overt diabetes in our model. ZDF ROSI

animals showed lower fasting glucose, insulin, FFAs, and triglycerides

(P < 0.05) (Table 1). Furthermore, ROSI-treated animals showed a

lower glucose response to an ipGTT (P < 0.05) (Figure 1) and lower

insulin resistance as assessed by HOMA-IR (P < 0.05) (Table 1). There

were no differences in food intake between groups (Table 1). Compared

to ZDF chow animals, ROSI-treated rats were heavier, had more

scWAT, but less rpWAT (P < 0.05). In addition, liver weight was sig-

nificantly reduced in ROSI-treated animals (P < 0.05) (Table 1).

ROSI induces markers of mitochondrial
biogenesis, lipolysis, glyceroneogenesis,
and triglyceride synthesis in scWAT
To gain insight into how potential alterations in SMAD signaling

could be associated with adipose tissue metabolism, we examined

the effects of ROSI treatment on the content of mitochondrial, lipo-

lytic, glyceroneogenic, and lipogenic proteins. The improvement in

glucose homeostasis associated with ROSI was accompanied by

increases in the content of mitochondrial proteins cytochrome c oxi-

dase complex IV (COX4), complex III subunit CORE 1 (CORE1),

and cytochrome c (P < 0.05) in both scWAT and rpWAT (Figure

Figure 1 Intraperitoneal GTT (A; n 5 8) and total AUC (insets) for ZDF chow (w)
and ZDF ROSI (�). Values are expressed as mean 6 SEM. *P < 0.05 compared
to ZDF chow.

TABLE 1 Weight, food intake, and fasting biochemistry data
for ZDF chow and ZDF ROSI (n 5 8)

ZDF chow ZDF ROSI

Body weight (g) 386 6 9 429 6 12a

Average daily food intake (g) 31.5 6 0.7 29.7 6 0.9

scWAT (inguinal) weight (g) 10.7 6 1.0 14.9 6 1.0a

rpWAT weight (g) 2.5 6 0.1 1.9 6 0.3a

Liver weight (g) 14.7 6 0.7 9.7 6 0.5a

Glucose (mmol/l) 11.0 6 1.8 4.8 6 0.2a

Insulin (pmol/l) 1,086 6 140 512 6 68a

HOMA-IR 68.8 6 16.6 16.0 6 2.5a

FFA (mmol/l) 1.55 6 0.16 0.94 6 0.11a

Glycerol (mmol/l) 0.47 6 0.04 0.47 6 0.04

Triglycerides (mmol/l) 4.32 6 0.58 0.75 6 0.04a

HOMA-IR, homeostatic model assessment of insulin resistance; rpWAT, retroperito-
neal white adipose tissue; scWAT, inguinal subcutaneous adipose tissue.
aP < 0.05 versus ZDF chow.
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2). ROSI treatment increased the protein content of ATGL, HSL,

and PEPCK in scWAT (Figure 3A). However, only ATGL was

increased in response to ROSI treatment in rpWAT (Figure 3B).

ROSI increased the protein content of DGAT1, GPAT, and FAT/

CD36, but not of DGAT2 (Figure 3A) in scWAT. In contrast, ROSI

did not modulate DGAT1, GPAT, or FAT/CD36, but DGAT2 was

decreased, in rpWAT (Figure 3B). Finally, adipocyte cross-sectional

area was reduced in both scWAT and rpWAT of ZDF ROSI animals

compared to their chow-fed counterparts (Figure 3C,D).

ROSI inhibits the phosphorylation of SMAD2 and
3 in scWAT, but does not modulate SMAD1, 5,
and 8
In scWAT, ROSI treatment increased the total content of SMAD3, but

decreased its phosphorylation (P < 0.05) (Figure 4A). However, ROSI

did not modulate SMAD3 content or its phosphorylation in rpWAT

(Figure 4B). SMAD2 phosphorylation was also decreased in response

to ROSI in scWAT (P < 0.05) (Figure 4A). Akin to SMAD3, there

was no effect of ROSI on SMAD2 content or phosphorylation in

rpWAT (Figure 4B). Owing to the depot-specific effects of ROSI, the

rest of the outcomes were evaluated only in scWAT. In addition to

SMAD2 and SMAD3, which are associated with TGF-b family

ligands, R-SMADs include SMAD 1, 5, and 8, which are activated

through ligands of the GDF and BMP families. In scWAT, the total

content and phosphorylation status of SMAD1, SMAD5, and SMAD8

did not respond to ROSI treatment (Figure 5).

ROSI increases the content of inhibitory SMAD7
and SMURF2 in scWAT
As SMAD2 and SMAD3 phosphorylation was reduced in scWAT,

we next examined the potential cellular mediators of this effect.

Figure 2 Protein content of mitochondrial proteins in adipose tissue in response to ROSI treatment. Protein content and representative
blots of COX4, CORE1, and cytochrome c in scWAT (A) and rpWAT (B) for ZDF chow (w) and ZDF ROSI (�) (n 5 8 for COX4 and
CORE1; n 5 7 for cytochrome c). Values are expressed as mean 6 SEM. *P < 0.05 compared to ZDF chow.

Original Article Obesity
OBESITY BIOLOGY AND INTEGRATED PHYSIOLOGY

www.obesityjournal.org Obesity | VOLUME 22 | NUMBER 7 | JULY 2014 1635



Figure 3 Protein content of lipolytic, glycerogenic, and lipogenic proteins in adipose tissue in response to ROSI treatment. Protein
content and representative blots of ATGL, HSL, PEPCK, DGAT1, DGAT2, GPAT, and FAT/CD36 in scWAT (A) and rpWAT (B) for
ZDF chow (w) and ZDF ROSI (�) (n 5 6-8). Superimposed histograms of cell cross-sectional area and representative images for
hematoxylin and eosin staining of scWAT (C) and rpWAT (D) for ZDF chow (w) and ZDF ROSI (�) (n 5 3-5). Scale bars represent 50
lm. Values are expressed as mean 6 SEM. *P < 0.05 compared to ZDF chow. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Receptor-activated SMADs can be negatively regulated by inhibitory

SMAD6, SMAD7, and SMURF2. In accordance with our R-SMAD

data, ROSI increased the content of SMAD7 (P < 0.05) and

SMURF2 in scWAT (P < 0.05), but did not modulate SMAD6 (Fig-

ure 6A). Finally, ROSI treatment in ZDF rats did not modulate the

total content or phosphorylation of ERK1/2 or JNK (Figure 6B).

To examine the relationship between the alterations in systemic glucose

homeostasis and the modulation of SMAD signaling in adipose tissue,

we measured SMAD3 content/phosphorylation and SMAD7 content in

adipose tissue from chow- and high-fat-fed rats. Despite increases in

BW, fat pad mass and fasting glucose (as reported previously (34)), there

were no differences in SMAD3 phosphorylation and the content of

Figure 4 Protein content of TGF-b-associated R-SMADs in adipose tissue in response to ROSI treatment. Protein content and repre-
sentative blots of SMAD3, p-SMAD3 (ser423/425), SMAD2, and p-SMAD2 (ser465/467) in scWAT (A) and rpWAT (B) for ZDF chow
(w) and ZDF ROSI (�) (n 5 7). Values are expressed as mean 6 SEM. *P < 0.05 compared to ZDF chow.
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SMAD3 and SMAD7 in scWAT and rpWAT between groups (Support-

ing Information Figure S1). When analyzing these same variables in lean

and obese ZDF rats (note that the obese ZDF data are the same as pre-

sented in this manuscript), there were no differences between groups

(Supporting Information Figure S2), indicating that differences in glucose

homeostasis alone are not sufficient to alter SMAD signaling.

ROSI increases TGF-b receptors and SMAD4
protein in scWAT
Although our data suggest that ROSI inhibits SMAD signaling,

some elements of the pathway were robustly increased in scWAT in

response to TZD treatment. First, TGF-b receptor I and II were sig-

nificantly increased in ZDF ROSI compared to ZDF chow animals

(P < 0.05) (Figure 7A). Furthermore, SARA, an adapter protein that

facilitates the interaction between TGF-b receptors and R-SMADs,

was also increased in scWAT after ROSI treatment (P < 0.05) (Fig-

ure 7A). Similarly, in scWAT, ROSI triggered a sixfold increase in

SMAD4 (P < 0.05) (Figure 7B), a Co-SMAD whose main role is to

allow translocation of R-SMADs into the nucleus.

Finally, as we reported decreased activation of SMAD2 and

SMAD3 and as these proteins are associated with the TGF-b ligand

family, we sought to determine whether ROSI treatment could

decrease TGF-b1 secretion. Active TGF-b1 secretion by scWAT

was 37% lower in the ZDF ROSI group compared to ZDF chow,

but failed to reach significance (P 5 0.3) (Figure 7C). TGF-b1 was

undetectable in plasma of both ZDF chow and ZDF ROSI animals.

Discussion
This study demonstrates that ROSI-mediated improvements in glucose

homeostasis in ZDF rats are accompanied by a depot-selective inhibi-

tion of SMAD2 and SMAD3 phosphorylation and that these changes

are associated with increases in the protein content of SMAD7 and

SMURF2. To our knowledge, this is the first study reporting a modu-

lation of SMAD2 and SMAD3 following a pharmacological interven-

tion and provides additional support for interventions targeting this

signaling cascade in the treatment of insulin resistance.

As expected, ROSI treatment for 6 weeks prevented whole-body

insulin resistance, and it led to the normalization of blood lipid bio-

chemistry in ZDF rats. The antidiabetic effects of ROSI are attrib-

uted to enhanced mitochondrial content as well as augmented lipoly-

sis, glyceroneogenesis, and triglyceride synthesis in WAT

(18,35,36). Accordingly, in our model and in other reports (36),

ROSI increased mitochondrial biogenesis in both subcutaneous and

abdominal fat depots, whereas the content of enzymes involved in

fatty acid uptake and synthesis was increased only in scWAT.

The TGF-b/SMAD pathway is a complex signaling cascade in

which two main branches have been identified. On the one hand,

SMAD2 and SMAD3 are phosphorylated and activated upon TGF-b
ligand binding to the TGF-b receptor I and II heterodimeric com-

plex, whereas the activation of SMAD1, 5, and 8 is dependent on

BMP and/or GDF ligands (8-10). In this study, we show, for the

first time, that ROSI specifically decreases SMAD2 and SMAD3

phosphorylation in scWAT, but does not modulate the BMP/GDF

arm of the pathway. In contrast to SMAD32/2 mice, SMAD22/2

mice are nonviable (37), which illustrates that SMAD2 and SMAD3

may serve different functions in embryogenesis and development. It

remains unknown whether SMAD2 and SMAD3 have differential

actions on adipose tissue metabolism in the context of obesity and

diabetes, but, as both were dephosphorylated in response to ROSI

treatment, our findings would suggest that SMAD2 and SMAD3 in

WAT are reduced by ROSI in vivo.

Figure 5 Protein content of BMP- and GDF-associated R-SMADs in scWAT in response to ROSI treatment. Protein content and rep-
resentative blots of SMAD1, SMAD5, SMAD8, and p-SMAD1/5/8 in scWAT for ZDF chow (w) and ZDF ROSI (�) (n 5 7). Values are
expressed as mean 6 SEM. *P < 0.05 compared to ZDF chow.
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TGF-b1, a ligand that activates SMAD2 and SMAD3, has been cor-

related with BMI in obese humans (4) and its release from scWAT

has been positively correlated with women’s body fat content (38).

In our model, the active form of TGF-b1 in the plasma was below

the detectable level of the assay in both groups (data not shown).

However, in scWAT explant experiments, TGF-b1 release was

lower by 37% (NS) in the ZDF ROSI group compared to ZDF

chow, despite increased adiposity of ZDF ROSI animals. In contrast,

TGF-b receptor type I and II were significantly increased by 42 and

134%, respectively. Taken together, our results demonstrate that

downregulation at the ligand/receptor level is likely not responsible

for the intracellular inhibition of SMAD2 and SMAD3. Admittedly,

TGF-b1 constitutes only one of the several ligands able to activate

this cascade, and other ligands may be implicated in this regulation.

The TGF-b/SMAD pathway is negatively regulated by inhibitory

SMAD6 and SMAD7. Although SMAD6 primarily inhibits SMAD1,

5, and 8, SMAD7 targets SMAD2 and SMAD3 (12). In this study,

Figure 6 Protein content of inhibitory SMADs and alternative SMAD-regulatory pathways in scWAT in response to ROSI treatment.
Protein content and representative blots of SMAD6, SMAD7, and SMURF2 (A) and ERK1/2, p-ERK1/2 (thr202/tyr204), JNK, p-JNK
(thr183/tyr185) (B) in scWAT for ZDF chow (w) and ZDF ROSI (�) (n 5 7). Values are expressed as mean 6 SEM. *P < 0.05 com-
pared to ZDF chow.
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Figure 7 TGF-b secretion and protein content of TGF-b receptors and associated proteins in scWAT in response to ROSI treatment.
Protein content and representative blots of TGF-b receptor I, TGF-b receptor II, and SARA (A) and SMAD4 (B) in scWAT for ZDF
chow (w) and ZDF ROSI (�) (A) (n 5 7). TGF-b secretion from scWAT for ZDF chow (w) and ZDF ROSI (�) (C) (n 5 7). Values are
expressed as mean 6 SEM. *P < 0.05 compared to ZDF chow.
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SMAD6 did not respond to ROSI treatment, which is consistent

with the lack of effect on SMAD1, 5, and 8. However, SMAD7 and

SMURF2 were increased in ZDF ROSI. As there were no differen-

ces in the content or phosphorylation of ERK and JNK, kinases that

also regulate SMAD3 phosphorylation (8,14,15), this suggests that,

in our model, increases in SMAD7 and SMURF2 could be causally

linked to the ROSI-mediated reductions in SMAD2 and SMAD3

phosphorylation.

Both ROSI treatment (18) and SMAD3 knockout (3), results in

enhanced mitochondrial content in WAT. This phenotypic similarity

suggests that ROSI could act, at least in part, through the inhibition

of SMAD2 and SMAD3, via the intracellular actions of SMAD7

and SMURF2, to induce mitochondrial enzyme expression in

scWAT. However, mitochondrial proteins were increased in rpWAT

in the absence of any detectable reductions in SMAD signaling, pro-

viding evidence that decreases in SMAD signaling are not required

for ROSI-mediated increases in adipose tissue mitochondrial biogen-

esis, at least in rpWAT.

In addition to mitochondrial biogenesis, ROSI also triggers adipo-

genesis and triglyceride synthesis. In this study, ROSI-induced tri-

glyceride synthesis was restricted to scWAT. In scWAT, fat pad

weight and the protein content of PEPCK, DGAT1, GPAT, and

CD36 were increased in parallel with reductions in SMAD2 and

SMAD3 phosphorylation in response to the 6-week ROSI treat-

ment. In contrast, in rpWAT, ROSI did not trigger lipid synthesis

nor did it modulate SMAD signaling. This association between

lipid synthesis and SMAD proteins is consistent with recent study,

demonstrating that TGF-b attenuates PPARc mRNA expression

and adipogenesis in a SMAD3-dependent manner in mouse embry-

onic fibroblasts (39). Although changes in SMAD2 and SMAD3

are associated with triglyceride synthesis, they do not correlate

with reduction in adipocytes’ cross-sectional area, which was

observed in both scWAT and rpWAT. Interestingly, these findings

contrast with the observed phenotype in SMAD32/2 mice, which

show decreased adiposity and triglyceride synthesis (1,3). This

may not be surprising, as SMAD32/2 mice have a lifelong, whole-

body deletion of SMAD3, whereas SMAD3 is downregulated for a

much shorter duration with ROSI treatment. The fact that SMAD2

and SMAD3 phosphorylation, fat pad weight, and lipid synthesis

enzymes were not increased in rpWAT from ZDF rats treated with

ROSI suggests that decreases in SMAD2 and SMAD3 phosphoryl-

ation could be required for ROSI-mediated increases in enzymes

involved in lipid synthesis.

In addition to the inhibition of SMAD2 and SMAD3 phosphoryla-

tion, we observed a robust induction of proximal components of the

TGF-b/SMAD pathway. TGF-b receptors type I and II, and their

adapter protein SARA, were increased in scWAT of ZDF ROSI ani-

mals. Furthermore, we reported a sixfold induction of SMAD4 in

scWAT in response to ROSI. SMAD4 is a Co-SMAD implicated in

nuclear translocation and has been shown to repress PPARc tran-

scription and hence inhibit adipogenesis (40). The strong induction

of proximal parts of the TGF-b/SMAD pathway may be surprising

in the context of decreased SMAD2 and SMAD3 phosphorylation

and the increases in scWAT mass and enzymes involved in lipid

uptake and synthesis. However, based on the negative role of TGF-b
and SMAD4 on adipogenesis, we hypothesize that this upregulation

may constitute a counter-regulatory mechanism in response to the

robust ROSI-induced lipid synthesis.

Conclusions
In conclusion, this study provides novel evidence, demonstrating that

PPARc agonism leads to the inhibition of SMAD signaling in WAT in
vivo. The attenuation of SMAD3 phosphorylation would not appear to

be secondary to alterations in glucose homeostasis though we cannot

rule out an indirect effect of ROSI on SMAD signaling in WAT in
vivo. Our findings constitute the first report, showing that inhibition of

SMAD signaling cascade is possible through pharmacological treat-

ments and it supports the use of SMAD2 and SMAD3 antagonism as a

potential treatment for insulin resistance.O
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