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a b s t r a c t
Rho GTPase regulates actin cytoskeleton organization and assembly in many cell types, however, its signiﬁcance in adipose tissue is not well characterized. Here, we demonstrate high RhoA activity in adipose
tissues of C57BL/6J mice. To determine the effect of RhoA activation on 3T3-L1 cells, stable cell lines overexpressing G14VRhoA fused to destabilizing domain of FKBP12 (DD-G14VRhoA-L1) were generated.
Treatment of DD-G14VRhoA-L1 cells with Shield1 following their differentiation into adipocytes, resulted
in the appearance of thick cortical actin ﬁlaments, and increased the mRNA expression levels of plasminogen activator inhibitor type-1 (PAI-1) and monocyte chemoattractant protein-1 (MCP-1). The induction
of PAI-1 and MCP-1 was inhibited by treatment with a Rho-associated kinase (ROCK) inhibitor, Y-27632.
In 3T3-L1 adipocytes, tumor necrosis factor-a activated RhoA and increased mRNA expression of PAI-1
and MCP-1, and their treatment with Y-27632 partially inhibited these changes. The results indicate that
RhoA-ROCK pathway induces inﬂammatory cytokine expression in adipocytes.
Ó 2008 Elsevier Inc. All rights reserved.

Obesity is considered a state of chronic inﬂammation of the
adipose tissue with increased production of proinﬂammatory cytokines and chemokines such as tumor necrosis factor-a (TNF-a),
plasminogen activator inhibitor type-1 (PAI-1), and monocyte
chemoattractant protein-1 (MCP-1) [1]. Furthermore, dysregulation of adipocytokines is linked to obesity-associated metabolic
diseases [2,3]. TNF-a plays a signiﬁcant role in the development
of insulin resistance of obesity [4], and its neutralization reverses
systemic insulin resistance [4], moreover, TNF-a accelerates the
production of PAI-1, and MCP-1 [5]. PAI-1 is an inhibitor of tissue-type plasminogen activator and urokinase-type plasminogen
activator [6]. PAI-1, released from adipose tissues [7], increases
with visceral fat accumulation and also associates with inﬂammatory ampliﬁcation [8]. MCP-1 is a potent chemotactic factor for
monocytes, and plays an important role in atherogenesis [9]. A recent study revealed that MCP-1 is overexpressed in adipose tissue
of obese mice, and such overexpression contributes to the
macrophage inﬁltration, insulin resistance, and hepatic steatosis
associated with obesity [10].
RhoA is a master regulator of various cellular processes such as
cell migration, adhesion, cytokinesis, cell cycle progression, vesicular trafﬁcking, and cytoskeletal regulation [11]. RhoA works as a
molecular switch, shuttling between the GDP-bound inactive form
and the GTP-bound active form [11]. RhoA also regulates gene
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expression through various transcription factors such as nuclear
factor kappa-B (NF-jB) [11]. Recently, RhoA was also described
to play an important role in differentiation of tissue-cultured adipocytes through Rho-associated kinase (ROCK) [12], a major effector of RhoA. However, very little is known about its physiological
signiﬁcance in differentiated adipose cells. In the present study,
we found high RhoA activity in adipose tissues and investigated
the role of RhoA-ROCK pathway in adipose cells.
Materials and methods
Antibodies, recombinant protein, and other reagents. Anti-RhoA
antibody (Ab) was purchased from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA), Anti-ezrin, radaxin, and moesin (ERM) and phosphorylated ERM Abs were from Cell Signaling Technology (Beverly,
MA). Alexa Fluor 568 phalloidin were from Molecular Probes (Eugene, OR), 40 ,6-diamino-2-phenylindole (DAPI) from Invitrogen
(San Diego, CA), Shield1 from Clontech Laboratories Inc (Palo Alto,
CA), recombinant human TNF-a from PeproTech Inc. (Rocky Hill,
NJ), and Y-27632 from Calbiochem (San Diego, CA). Glutathione
S-transferase-fused Rho-binding domain of rhotekin (GST-Rhotekin RBD) was kindly provided by Dr. Yoshimi Takai (Kobe University, Japan). Other reagents were purchased from Sigma–Aldrich
Corporation (St. Louis, MO).
Animals. Male C57BL/6J mice were purchased from Clea Japan.
The experimental protocols were approved by the Ethics Review
Committee for Animal Experimentation of Osaka University.
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Cell culture. 3T3-L1 cells were obtained from ATCC (Rockville,
MD), and maintained in Dulbecco’s modiﬁed Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum. 3T3-L1 preadipocytes were grown to conﬂuence and induced to differentiate
into adipocytes, as described previously [13].
GST pull-down assay for Rho GTPase and immunoblotting. RhoA
activity was determined as described previously [14]. Brieﬂy,
3T3-L1 cells were harvested or tissue was homogenized with lysis buffer, pelleted by centrifugation, and collected as cell lysates
or tissue extract. Subsequently, RhoA-GTP was collected using
GST-Rhotekin RBD. The resulting samples were subjected to
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE), and bound proteins were detected by immunoblotting. For total cell lysates or tissue extract, 50 lg of protein were
subjected to SDS–PAGE and immunoblotted by the indicated
antibodies.
Isolation of SV and MA fraction: Epididymal fat pads from male
C57BL/6J mice were excised and minced in Krebs–Ringer-bicarbonate–Hepes (N-2-hydroxyetylpiperazine-N0 -ethanesulfonic acid)
buffer containing 20 lM adenosine, and 4% (w/v) bovine serum
albumin (BSA) (Calbiochem). Tissue suspensions were centrifuged
at 500g for 5 min to remove erythrocytes and free leukocytes. Collagenase was added to 2 mg/ml and incubated at 37 °C for 20 min
with shaking. The cell suspension was ﬁltered through a 250 lm
ﬁlter and then spun at 300g for 1 min to separate ﬂoating mature
adipocytes fraction (MA) from the stromal vascular fraction (SV)
pellet.
Generation of stable cell lines. The retroviral expression vector,
pMSCV-HA-DD, was generated to express a fusion protein with
the N-terminal HA epitope and destabilized domain (DD). pMSCV
plasmid was purchased from Clontech. Human FKBP12 gene was
cloned from cDNA from human adipocytes (Zen Bio, Inc., Research
Triangle Park, NC), and F36V and L106P mutations were introduced
using QuickChange II Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA). The cDNA fragments encoding full-length G14VRhoA (1–
197 amino acids (aa)) were inserted into pMSCV-HA-DD. PlatE cells
were transfected with pMSCV-HA-DD, or pMSCV-HA-DDG14VRhoA, using Lipofectamine 2000. Viral supernatants were
harvested after 48 h, and 3T3-L1 preadipocytes were infected with
the concentrated supernatants supplemented with 10 lg/ml
polybrene for 4 h at 37 °C, followed by selection with 2 lg/ml
puromycin.
Immunoﬂuorescence microscopy. 3T3-L1 cells were plated on
microcover glass (Matsunami glass), ﬁxed with 2–4% formaldehyde in phosphate buffered saline (PBS) for 10 min. The ﬁxed cells
were then treated with 0.2% Triton X-100 in PBS for 10 min. After
being blocked in PBS containing 1% BSA for 1 h, the cells were incubated in the same buffer with Alexa Flour 568 Phalloidin for 1 h.
The samples were then washed with tris-buffered saline three
times, stained with DAPI and mounted in Vectashield (Vector Laboratories, Burlingame, CA). The samples were analyzed by Radiance
2100 confocal laser scanning microscope (Bio-Rad Laboratories
Burlingame, CA) or BioZero microscope BZ-8000 (Keyence
Corporation).
RNA isolation and quantitative-real-time RT-PCR. Total RNA from
3T3-L1 adipocytes and tissues were extracted using Sepasol-RNA I
Super (Nacalai Tesk, Kyoto, Japan). The cDNA was synthesized
using the Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics, Mannheim, Germany). Quantitative real-time RT-PCR was
performed using primers described previously [15].
Statistical analysis. All data were expressed as means ± SEM. Differences between groups were examined for statistical signiﬁcance
using the unpaired Student’s t-test. Multiple comparisons were
analyzed by one-way analysis of variance (ANOVA) followed by Tukey–Kramer post hoc test. A P value less than 0.05 denoted the
presence of a statistically signiﬁcant difference.
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Results
RhoA activity is high in adipose tissues
To determine the signiﬁcance of RhoA in adipose tissues, RhoA
activity was analyzed in various tissue samples from C57BL/6J
mice. RhoA expression levels were high in the brain, spleen, and
epididymal white adipose tissues (WAT) (Fig. 1A). The pull-down
assay using GST-Rhotekin RBD conﬁrmed the high RhoA activity
in the brain, spleen, and WAT. Next, total and phosphorylated
ERM were assessed in the same samples. ERM proteins are known
to be phosphorylated by ROCK, a direct target of Rho [16]. ERM
expression levels were almost similar in all tissues, however, phosphorylated ERM levels were high in the kidney, spleen, WAT, and
muscle. To further investigate the RhoA activity in adipocytes, adipose tissues were fractionated into the mature adipocyte fraction
(MA, i.e., containing mature adipocytes), and stromal vascular fraction (SV, i.e., containing immature adipocytes, blood-derived cells,
and endothelial cells). ERM levels were high in SV, whereas phosphorylated ERM was at high levels in MA and SV (Fig. 1B). These
results indicate that RhoA activity is high in adipocytes.
Constitutive active RhoA induces PAI-1 and MCP-1 expression in
adipocytes
To investigate the role of RhoA in adipocytes, stable 3T3-L1 cell
lines overexpressing G14VRhoA fused to destabilizing domain
(DD-G14VRhoA-L1) were generated. DD consists of mutated
FKBP12 protein, rapidly and constitutively degraded when expressed in mammalian cells [17]. Treatment of DD-G14VRhoA-L1
cells with Shield1 [18] after their differentiation into adipocytes,
resulted in induction of DD-G14VRhoA (Fig. 2A). Next, the actin
cytoskeleton was analyzed to investigate the role of DDG14VRhoA. In preadipocytes, Shield1 treatment enhanced condensation of actin stress ﬁbers, but these changes were not observed in
control cells overexpressing DD alone (Fig. 2B, left panel). After differentiation of DD-G14VRhoA-L1 cells into adipocytes, Shield1
treatment enhanced thick cortical actin ﬁlaments in DDG14VRhoA-L1 cells, whereas these changes were not observed in
control cells (Fig. 2B, right panel). Induction of DD-G14VRhoA in
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Fig. 1. RhoA and ERM activities in various tissues. (A) Fifty micrograms of each
tissue extract was subjected to SDS–PAGE and Western blotting with anti-RhoA
(RhoA total), anti-phospho-ERM and anti-ERM Abs. RhoA-GTP was isolated using
GST-Rhotekin RBD, followed by SDS–PAGE and Western blotting with anti-RhoA Ab.
(B) Fifty micrograms of total adipose tissues (WAT), stromal vascular fraction (SV),
and mature adipocyte fraction (MA) were subjected to SDS–PAGE and Western
blotting with anti-phospho-ERM and anti-ERM Abs.
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Fig. 2. Induction of active RhoA and changes in mRNA expressions of inﬂammatory cytokines in 3T3-L1 adipocytes. (A) After differentiation into adipocytes, 3T3-L1 cells
expressing HA-DD (DD) and HA-DD-G14VRhoA (DD-G14VRhoA) were treated with or without 1 lM of Shield1 for 24 h, and cell lysates were subjected to SDS–PAGE and
Western blotting with anti-HA Ab. (B) Undifferentiated (preadipocytes), and differentiated (adipocytes) 3T3-L1 cells expressing HA-DD (DD) or HA-DD-G14VRhoA (DDG14VRhoA) were treated with or without 1 lM of Shield1 for 24 h, ﬁxed, permeabilized, and stained with Alexa Fluor 568 phalloidin for F-actin (red), and DAPI for nucleus
(blue). Magniﬁcation, preadipocytes (20) and adipocytes (60). (C,D) mRNA expression levels of PAI-1, MCP-1, and adiponectin in differentiated 3T3-L1 adipocytes
expressing HA-DD (DD-L1 cells) or HA-DD-G14VRhoA (DD-G14VRhoA-L1 cells) with or without 1 lM Shield1 for 24 h. DD-G14VRhoA-L1 cells were treated with or
without 30 lM Y-27632 for 24 h. The mRNA levels were quantiﬁed by real-time RT-PCR. Values are normalized to the level of cyclophilin mRNA and expressed as
means ± SEM (n = 4–6).
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differentiated adipocytes increased mRNA expression of PAI-1 and
MCP-1 (Fig. 2D), while such change was not observed in control
cells (Fig. 2C). Under this condition, Shield1 treatment did not affect lipid accumulation, as estimated by oil red-O staining (data
not shown), adiponectin mRNA levels (Fig. 2E), or peroxisome proliferator-activated receptor c mRNA levels (data not shown) in
both cells. To elucidate the downstream signaling of RhoA, adipocytes were pretreated with Y-27632, a ROCK inhibitor, before the
treatment with Shield1. This treatment restored Shield1-induced
PAI-1 and MCP-1 expression (Fig. 2D). These results indicate that
active RhoA induces PAI-1 and MCP-1 expression through ROCK
in differentiated adipocytes.
RhoA-ROCK pathway affects TNF-a-induced production of
proinﬂammatory cytokines
To identify the upstream factor of RhoA activation, pull-down
assay was performed in 3T3-L1 adipocytes stimulated with TNFa, dexamethasone, H2O2, glucose, or insulin. Treatment with
H2O2, glucose, or insulin did not affect RhoA activity (data not
shown), whereas TNF-a and dexamethasone activated RhoA within
4–6 h (Fig. 3A) as reported previously in other cell types [19,20].
Similar to the induction of G14VRhoA (Fig. 2E), TNF-a induced
mRNA expressions of MCP-1 and PAI-1 (Fig. 3B), as described previously in 3T3-L1 adipocytes [5,15]. Y-27632 signiﬁcantly inhibited
the effects of TNF-a on MCP-1 and PAI-1 expression (Fig. 3B). These
results indicate that the RhoA-ROCK pathway is involved, at least
in part, in TNF-a induced expression of PAI-1 and MCP-1 in
adipocytes.
Discussion
In the present study, we investigated the role of RhoA in 3T3-L1
adipocytes. In differentiated adipocytes, Furukawa et al. [21] reported that inactivation of ROCK impaired insulin signaling and
insulin-stimulated glucose transport both in vitro and in vivo, using
Y-27632 or adenoviral infection of dominant-negative form of
ROCK. Unfortunately, mature adipocytes are very difﬁcult to trans-
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fect with plasmid cDNAs, and transient adenoviral infection inﬂuences inﬂammatory responses in adipocytes. In the present study,
we investigated for the ﬁrst time the role of RhoA on inﬂammatory
cytokine expression in differentiated adipocytes, using inducible
cell lines expressing G14VRhoA fused to DD.
Several factors regulate PAI-1 and MCP-1 expression. For example, expression of MCP-1 is signiﬁcantly decreased during differentiation of 3T3-L1 cells [22], and is induced by TNF-a, insulin,
growth hormone, and IL-6 in 3T3-L1 adipocytes [22]. On the other
hand, expression of PAI-1 is induced by TNF-a, insulin [23], oxidative stress [15], hypoxia [24], and nitric oxide [25]. Rivera et al. [26]
reported that rats with genetically elevated angiotensin I-converting enzyme activity overexpressed PAI-1 and MCP-1 mRNAs in aortic walls, and that treatment with fasudil, another inhibitor of
ROCK, reduced their expression levels. In the present study, we
showed that RhoA induced PAI-1 and MCP-1 expression in 3T3L1 adipocytes through ROCK (Fig. 2D). Thus, similar to aortic walls,
the RhoA-ROCK pathway seems to induce PAI-1 and MCP-1 in
adipocytes.
TNF-a activates RhoA through tumor necrosis factor receptor 1
(TNF-R1), and subsequent activation of RhoA is required for TNF-ainduced phosphorylation of myosin phosphatase in airway smooth
muscle cells [27,28]. Inhibition of ROCK prevents TNF-a-induced
stress ﬁber formation in endothelial cells [29]. Recently, Mong
et al. [30] reported that Y-27632 prevented TNF-a-induced JNK
activation in pulmonary endothelial cells. In agreement with these
reports, Y-27632 inhibited TNF-a-induced expression of inﬂammatory cytokines, such as MCP-1 and PAI-1 in this study (Fig. 3B).
These results suggest that ROCK can modulate the signaling pathway of TNF-a.
In the present study, high RhoA activity was noted in adipose
tissues of C57BL/6J mice, and fractionation study signiﬁed high levels of phosphorylated ERM in mature adipocyte fraction, suggesting that mature adipocytes contribute to the total RhoA activity
in adipose tissues. In this regard, RhoA activation is reported to
be relatively low in 3T3-L1 adipocytes [12,31]. Here, we showed,
for the ﬁrst time, that TNF-a and dexamethasone activated RhoA
in 3T3-L1 adipocytes (Fig. 3A). Moreover, previous reports showed
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Fig. 3. Effects of TNF-a on RhoA activity and mRNA expression levels of inﬂammatory cytokines in 3T3-L1 adipocytes. (A) Cell lysates were collected from 3T3-L1 adipocytes
cells treated with 10 ng/ml TNF-a (left panel) or 20 nM dexamethasone (right panel) for the indicated duration. Then, 50 lg of each cell lysates were subjected to SDS–PAGE
and Western blotting with anti-RhoA (RhoA total). RhoA-GTP was isolated using GST-Rhotekin RBD, followed by SDS–PAGE and Western blotting with anti-RhoA Ab. (B) 3T3L1 adipocytes were pretreated with or without 30 lM Y-27632 for 20 h, followed by treatment with or without 10 ng/ml TNF-a for 4 h. The mRNA levels were quantiﬁed by
real-time RT-PCR. Values are normalized to the level of cyclophilin mRNA and expressed as mean ± SEM (n = 4–6).
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that RhoA was activated by angiotensin II [32] in cardiac myocytes
and by IL-1b or H2O2 in epithelial cells [33]. Taken together, these
circulating factors may activate RhoA in adipose cells in vivo.
In summary, the results of the present study suggest that RhoAROCK pathway is one of the inducers of inﬂammatory cytokines in
adipocytes.
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