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Am J Physiol Renal Physiol 317: F839–F851, 2019. First published
July 31, 2019; doi:10.1152/ajprenal.00596.2018.—The small GTPase
Rho and its effector Rho kinase (ROCK) are involved in the patho-
genesis of diabetic kidney disease. Rho kinase has two isoforms:
ROCK1 and ROCK2. However, it remains unclear which is mainly
involved in the progression of diabetic glomerulosclerosis and the
regulation of profibrotic mediators. Glomeruli isolated from type 2
diabetic db/db mice demonstrated increased gene expression of trans-
forming growth factor (TGF)-� and its downstream profibrotic medi-
ators. Chemical inhibition of ROCK suppressed the expression of
profibrotic mediators in both isolated glomeruli and cultured mesan-
gial cells. An investigation of mechanisms underlying this observation
revealed activated ROCK functions through the phosphorylation of
JNK and Erk and the nuclear translocation of NF-�B via actin
dynamics. Knockdown by siRNA against ROCK1 and ROCK2
showed that ROCK2 but not ROCK1 controls this fibrotic machinery.
Further in vivo experiments showed that ROCK2 activity in the renal
cortex of db/db mice was elevated compared with control db/m mice.
Importantly, oral administration of ROCK2 inhibitor attenuated renal
ROCK2 activity, albuminuria, and glomerular fibrosis in db/db mice.
These observations indicate that ROCK2 is a key player in the
development of diabetic renal injury. Glomerular ROCK2 may be a
potential therapeutic target for the treatment of diabetic kidney dis-
ease.
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INTRODUCTION

Glomerulosclerosis is an important feature of the progres-
sion of diabetic kidney disease (41). Abnormal remodeling of
the extracellular matrix (ECM) causes glomerular mesangial
expansion leading to the scarring of glomeruli. With scarred
glomeruli unable to be repaired, the condition of many patients
with glomerulosclerosis worsens over time to end-stage
renal disease (26). Preventive approaches to diabetic kidney
disease have not been successful due to a poor understand-

ing of the upstream abnormalities that cause these morpholog-
ical changes.

Profibrotic mediators, including connective tissue growth
factor (CTGF), play an important role in the progression of
glomerulosclerosis (21). Their expressions are mainly regu-
lated by transforming growth factor (TGF)-� via Smad-depen-
dent or -independent pathways (45). The expression of TGF-�
in glomeruli is elevated in the diabetic state in humans and
experimental animal models via hyperglycemia and mechani-
cal stretch due to glomerular hypertension (32, 53, 54), which
may result in the promotion of CTGF expression. An excess of
CTGF in mesangial cells increases the ECM by enhancing
fibronectin and plasminogen activator inhibitor-1 production
and by increasing �5�1-integrin related to the formation of an
extracellular fibronectin fibrillar network (43, 48). CTGF also
causes cell hypertrophy and proliferation through inducing cell
cycle arrest and inhibition of apoptosis (42a, 44).

Rho kinase [Rho-associated coiled-coil-containing protein
kinase (ROCK)] is involved in the regulation of intracellular
stress fiber formation (1). ROCK is also known to mediate a
variety of cellular functions such as contraction, motility, and
proliferation (12). A series of recent animal model studies have
implicated the renoprotective effects of ROCK inhibition in a
rodent model of diabetic kidney disease (7, 17, 29). We
previously reported that the activity of ROCK is elevated in the
kidney cortex of db/db mice, an animal model of type 2
diabetes, and that ROCK is involved in the production of
mesangial ECM by enhancing the inflammatory process (22,
23). The effect of ROCK inhibition on pathological changes is
more significant in glomeruli than in tubulointerstitial areas.
ROCK consists of two isoforms: ROCK1 and ROCK2. These
isoforms share 65% homology in their DNA sequence. In
particular, the kinase domain has 92% homology between
them; however, the pathways of activation differ (12). Further-
more, systemic gene-deficient mice exhibit totally different
phenotypes. ROCK1�/� mice exhibit defects in eyelid closure
and omphaloceles at birth (33). In comparison, ROCK2�/�

mice develop thrombus formation, placental dysfunction, and
intrauterine growth retardation (42). These data suggest that
each isoform possesses its own function. ROCK1 is related to
mitochondrial dysfunction in podocytes caused by a high
glucose environment as well as dysfunction of glomerular
endothelial cells (46). In comparison, we demonstrated that
ROCK2 induces apoptosis of podocytes via the Notch signal-
ing pathway (24). Furthermore, ROCK2 is associated with
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fibrotic diseases such as cardiac fibrosis, idiopathic pulmonary
fibrosis, and psoriasis (36, 37, 52).

However, how ROCK modulates the expression of TGF-�-
induced profibrotic mediators still remains unknown. In par-
ticular, the contribution of ROCK to the expression of CTGF in
glomerular cells has not been investigated, as yet. Which
isoform of ROCK plays a role in the progression of fibrosis is
also an important issue. Here, we report that ROCK2 but not
ROCK1 regulates fibrotic gene expression in mesangial cells
and that chemical inhibition of ROCK2 attenuates urinary
albumin excretion and glomerulosclerosis in diabetic animals.
The modulation of ROCK2 may ameliorate TGF-�-induced
fibrosis of glomerular cells by the suppression of CTGF via a
Smad-independent pathway.

MATERIALS AND METHODS

Reagents. Recombinant TGF-� was purchased from R&D Systems
(Minneapolis, MN). Y-27632 was obtained from Wako (Osaka, Ja-
pan). SP600125, SB203580, PD98059, and cytochalasin D were from
Calbiochem (La Jolla, CA). Bay 11-7082 was from Sigma-Aldrich
(St. Louis, MO). SLx-2119 for in vitro experiments was from
ApexBio (Houston, TX) and for in vivo experiments was from
InvivoChem (Libertyville, IL). Predesigned murine siRNA duplexes
were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies
against CTGF (1:500 dilution, sc-14939), RhoA (1:500 dilution,
sc-418), ROCK1 (1:500 dilution, sc-17794), ROCK2 (1:500 dilution,
sc-398519), �-actin (1:1,000 dilution, sc-47778), and Ku-70 (1:500
dilution, sc-1486) as well as horseradish peroxidase-conjugated sec-
ondary antibody were from Santa Cruz Biotechnology. Antibodies
against phospho-JNK/SAPK (Thr183/Tyr185) (1:1,000 dilution, no.
9251), JNK/SAPK (1:1,000 dilution, no. 9252), phospho-p38 MAPK
(Thr180/Tyr182) (1:1,000 dilution, no. 9215), p38 MAPK (1:1,000
dilution, no. 9212), phospho-Erk1/2 (Thr202/Thr204) (1:1,000 dilution,
no. 4370), Erk1/2 (1:1,000 dilution, no. 9102), phospho-RelA/p65
(Ser536) (1:1,000 dilution, no. 3033), RelA/p65 (1:1,000 dilution, no.
8242), phospho-Smad3 (Ser423/Ser425) (1:1,000 dilution, no. 9520),
and Smad3 (1:1,000 dilution, no. 9513) were from Cell Signaling
Technology (Beverly, MA). Phospho-myosin phosphatase target sub-
unit 1 (MYPT1) antibody (Thr850) (1:1,000 dilution, no. 36-003) was
from Millipore (Temecula, CA).

Mice. Seven-week-old male BKS.Cg-�Leprdb/�Leprdb/Jcl (db/
db) mice and their age-matched heterozygous male BKS.Cg-m�/
�Leprdb/Jcl (db/m) littermates were obtained from CLEA (Tokyo,
Japan). In the ROCK inhibitor study, 8-wk-old mice were divided into
the following groups: nondiabetic db/m mice, diabetic db/db mice,
and db/db mice treated with the ROCK inhibitor fasudil. Fasudil was
kindly provided by Asahi Kasei Pharma (Tokyo, Japan) and admin-
istered in drinking water (100 mg·kg�1·day�1). Fasudil treatment was
continued for 16 wk. In the ROCK2 inhibitor study, 18-wk-old mice
were divided into the following groups: db/m mice, db/db mice, and
db/db mice treated with the ROCK2 inhibitor SLx-2119. Vehicle
[0.5% (wt/vol) methylcellulose] or SLx-2119 (100 mg/kg) was ad-
ministered every 12 h via orogastric gavage for 6 wk. Mice were
euthanized at 24 wk of age. Kidneys were perfused with 40 ml PBS
containing 8 � 107 Dynabeads M-450 tosylactivated (Invitrogen,
Carlsbad, CA) and rapidly dissected. All procedures were in accor-
dance with institutional guidelines for the care and use of laboratory
animals at The Jikei University School of Medicine.

Renal histopathology. Renal cortical tissues were fixed in 4%
paraformaldehyde and embedded in paraffin. Sections (3 �m) were
stained with periodic acid-Schiff for light microscopic observation. In
each animal of the three experimental groups, 20 glomeruli cut at their
vascular pole in the cortex were used for analysis of mesangial
expansion. The mesangial area was determined by the presence of
periodic acid-Schiff-positive and nuclei-free area in the mesangium.

The glomerular area was also traced along the outline of capillary
loop. Three groups for microscopy experiments were collected at the
same time under the same conditions.

Isolating glomeruli. Glomeruli were isolated using the magnetic
bead method (40). Kidneys were perfused with Dynabeads and then
minced and digested with 1 mg/ml collagenase type A (Roche Diag-
nostics, Mannheim, Germany) and 100 U/ml deoxyribonuclease I
(Invitrogen) in HBSS. The collagenase-digested tissue was pressed
through 100- and 70-�m cell strainers. The 70-�m cell strainer was
washed with HBSS. Finally, glomeruli containing Dynabeads from
the cell suspension were gathered using a magnetic particle concen-
trator (Dynal, Oslo, Norway).

Cell culture. Murine mesangial cells (MES-13) were obtained from
the American Type Culture Collection (Rockville, MD). Human renal
mesangial cells (HRMCs) were purchased from ScienCell Research
Laboratories (San Diego, CA). All cells were grown at 37°C in
humidified air containing 5% (vol/vol) CO2.

RNA isolation and quantitative real-time PCR. Total RNA was
isolated from isolated glomeruli and cultured mesangial cells with
TRIzol reagent (Invitrogen) followed by chloroform-isopropanol ex-
traction and ethanol precipitation as previously reported (22). One
microgram of total RNA was reverse transcribed using a Prime Script
RT reagent kit (Takara Bio, Otsu, Japan). Quantitative real-time PCR
was performed using a Thermal Cycler Dice Real Time System
TP800 (Takara Bio) and SYBR green fluorescence signals. The
primer sequences are provided in the Supplemental Data in Table S1
(available online at https://doi.org/10.6084/m9.figshare.8872718).

Western blot analysis. Mesangial cells and renal cortical tissues
were lysed with RIPA buffer. Nuclear extracts were prepared using
NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce,
Rockford, IL) as directed. Equal amounts of protein samples were
subjected to Western blot as previously described (22). Immunoreac-
tive bands were visualized by enhanced chemiluminescence (Amer-
sham, Buckinghamshire, UK). Peroxidase luminescence intensity was
measured using a LAS-4000 mini Luminescent Image Analyzer
(FUJIFILM, Tokyo, Japan).

Rho pulldown assay. A Rho pulldown assay was performed with an
Active Rho Pull-Down and Detection kit (Thermo, Rockford, IL)
according to the manufacturer’s instructions. Cell lysates were incu-
bated with glutathione-S-transferase fusion protein of the Rhotekin-
binding domain along with glutathione agarose resin to specifically
pull down active Rho. Active (GTP-bound) Rho was detected by
Western blot analysis.

ROCK activity assay. ROCK activity was measured using a ROCK
activity assay kit (Cell Biolabs, San Diego, CA) according to the
manufacturer’s instructions. This kit is an enzyme immunoassay
developed for the detection of the specific phosphorylation of MYPT1
at Thr696 by ROCK. A stripwell microtiter plate was precoated with
recombinant MYPT1. After substrate wells were incubated with cell
lysates, phosphorylated MYPT1 was detected by anti-phospho-
MYPT1 (Thr696) antibody followed by the addition of an antibody
detection reagent.

RNA interference. MES-13 cells or HRMCs at ~50% confluency
were transfected with control siRNA (negative control) or siRNA
against ROCK1 or ROCK2 using Lipofectamine reagent (Invitrogen)
according to the manufacturer’s instructions.

Immunocytochemistry. Mesangial cells grown on glass coverslips
were washed with PBS and fixed with 10% (vol/vol) formalin for 15
min. For the detection of RelA/p65, fixed cells were permeabilized
with 0.2% (vol/vol) Triton X-100 and blocked with PBS containing
10% (vol/vol) normal goat serum for 1 h. Cells were then incubated
with an anti-RelA/p65 antibody (1:200) at 4°C overnight. After being
washed, cells were incubated with Alexa Fluor 532-conjugated sec-
ondary (1:100, Molecular Probes, Eugene, OR) for 1 h. Nuclei were
visualized using Hoechst dye. Images were observed on an IX70
microscope (Olympus, Tokyo, Japan) using MetaVue imaging soft-
ware (Molecular Devices, Sunnyvale, CA).
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Transfection and reporter gene assay. The plasmid pNF-�B-LUC,
containing five copies of consensus NF-�B sequences linked to the
luciferase gene, was transfected into mesangial cells using FuGENE 6
reagent (Roche Diagnostics) according to the manufacturer’s instruc-
tions. A total of 1 �g plasmid DNA was used per well. Twenty-four
hours after the transfection, cells were treated with inhibitors before
stimulation with TGF-� for 4 h before being harvested. NF-�B
activity was determined using the Dual-Luciferase H Reporter Assay
System (Promega, Madison, WI).

Immunoprecipitation. Whole cell lysates (500 �g) of mesangial
cells were prepared with lysis buffer. An immunoprecipitation assay
was performed using Protein A/G PLUS-Agarose (Santa Cruz Bio-
technology) with 2 �g ROCK1 or ROCK2 antibody according to the
manufacturer’s protocol.

PCR array analysis. A fibrosis-focused PCR array (Qiagen, Hilden,
Germany) was carried out according to the manufacturer’s instruc-
tions. Array analysis was performed using MeV 4.9.0 software.

Statistical analyses. Data are presented as means 	 SE; numbers of
animals (n) are as indicated in the figures. The statistical evaluation of
two groups was performed by a two-tailed Student’s t-test. Data
involving more than two groups was assessed using ANOVA fol-
lowed by Bonferroni’s post hoc correction. A normal distribution was
assumed for all experimental groups. P values of 
0.05 were con-
sidered statistically significant.

RESULTS

ROCK inhibitor attenuates the expression of profibrotic
mediators in the glomeruli of db/db mice. The glomerular
structure of db/db mice showed accelerated mesangial expan-
sion characterized by an increase in a periodic acid-Schiff-
positive mesangial matrix area compared with that observed in
db/m mice. This mesangial expansion was noticeably amelio-
rated in fasudil-treated db/db mice. The glomerular area was
also increased in db/db mice compared with db/m mice, sug-
gesting glomerular hypertrophy, and this was reduced by
fasudil treatment (Fig. 1A). Since the expression of profibrotic
mediators in isolated glomeruli of db/db mice has not been
previously reported, we evaluated these by quantitative real-
time PCR. Expression of Tgfb1 was increased in isolated
glomeruli obtained from db/db mice compared with control
db/m mice. In addition, mRNA levels of TGF-�-regulated
profibrotic genes, including Ctgf, Fibronectin1, collagen type
I-�2 (Col1a2), and collagen type IV-�1 (Col4a1), were in-
creased in the glomeruli of diabetic mice, indicating the pos-
sible contribution of TGF-� signaling in the pathogenesis of
diabetic glomerulosclerosis. Furthermore, fasudil treatment

Fig. 1. Fasudil attenuates the expression of profibrotic mediators in the glomeruli of db/db mice. A: representative photomicrographs of periodic acid-Schiff
(PAS)-stained kidneys from db/m (control), db/db (diabetic), and db/db mice given fasudil. Original magnification: �400. Scale bars � 50 �m. B: kidneys were
excised from 24-wk-old male mice. Glomeruli were isolated using magnetic beads. Tgfb1, transforming growth factor-�1; Ctgf, connective tissue growth factor;
Col1a2, collagen type I-�2; Col4a1, collagen type IV-�1. A and B: n � 6. *P 
 0.05.
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significantly ameliorated enhancement of the expression of
these genes (Fig. 1B).

Inhibition of ROCK suppresses the expression of profibrotic
mediators in mesangial cells. To evaluate whether ROCK may
be involved in the expression of TGF-�-induced profibrotic
mediators, we conducted experiments using cultured mesangial
cells. TGF-� significantly upregulated RhoA and downstream
ROCK activity in murine mesangial cells (MES-13 cells; Fig.
2, A and B). We confirmed that the ROCK inhibitor Y-27632
suppressed the activity of ROCK by assessing the phosphory-
lation of its substrate. Importantly, Y-27632 significantly in-
hibited the expression of TGF-�-induced Ctgf, Fibronectin1,
Col1a2, and Col4a1 at the mRNA level and CTGF at the
protein level (Fig. 2, C and D). A similar trend was also
observed in HRMCs (Fig. 2E). Collectively, these observations
suggest that ROCK regulates renal profibrotic processes in
both mouse and human mesangial cells.

ROCK regulates CTGF expression through phosphorylation
of JNK and Erk and intranuclear translocation of NF-�B via
the Smad-independent pathway. It is well recognized that the
TGF-�/Smad pathway plays an important role in the progres-
sion of glomerular fibrosis (54). Hence, we examined whether

any cross-talk existed between ROCK and Smad3, a critical
molecule that regulates the Smad-dependent pathway. Chem-
ical inhibition of ROCK did not affect the phosphorylation and
nuclear translocation of Smad3 (Fig. 3, A and B). Furthermore,
TGF-�-induced activation of ROCK was not influenced by
gene silencing of Smad3 (Fig. 3C). These data indicate that
ROCK signaling is not involved in the Smad-dependent path-
way.

MAPKs and NF-�B play an important role in the Smad-
independent pathway (14, 27). SP600125 (JNK inhibitor),
SB203580 (p38 MAPK inhibitor), PD98059 (Erk inhibitor),
and Bay 11-7082 (NF-�B inhibitor) suppressed TGF-�-in-
duced CTGF expression (Fig. 3D). Y-27632 inhibited phos-
phorylation of JNK and Erk but not p38 MAPK (Fig. 3E).
TGF-� enhanced the phosphorylation of RelA/p65 in whole
cell lysates, which was not affected by the addition of the
ROCK inhibitor (Fig. 4A). However, TGF-� caused a reduc-
tion of RelA/p65 in the cytoplasmic fraction and its increase in
the nuclear fraction, indicating the enhanced translocation
RelA/p65 to the nucleus. These changes were significantly
suppressed by ROCK inhibition (Fig. 4B). Immunostaining
analysis also demonstrated that TGF-� induced nuclear trans-

Fig. 2. Rho kinase (ROCK) inhibitor suppresses the expression of profibrotic mediators in mesangial cells. A: murine mesangial (MES-13) cells were stimulated
with 1 �M transforming growth factor (TGF)-� for 3 min. B: MES-13 cells were pretreated with 10 �M Y-27632 (ROCK inhibitor) before stimulation with
TGF-� (1 �M) for 10 min. C and D: MES-13 cells were preincubated for 30 min with Y-27632 (10 �M) before stimulation with TGF-� (1 �M) for 4 h. E:
human mesangial cells were incubated with Y-27632 (10 �M) and then stimulated with TGF-� (1 �M) for 4 h. Ctgf, connective tissue growth factor; Col1a2,
collagen type I-�2; Col4a1, collagen type IV-�1. A�E: n � 3. *P 
 0.05.
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location of RelA/p65, which was inhibited by ROCK inhibition
(Fig. 4C). Using a luciferase reporter construct driven by a
NF-�B-responsive element, we also confirmed that the ROCK
inhibitor significantly attenuated TGF-�-induced NF-�B-de-
pendent reporter activity (Fig. 4D). To investigate the contri-
bution of MAPKs to the nuclear translocation of NF-�B, we
examined the effects of each MAPK inhibitor on cytoplasmic
and nuclear RelA/p65 in cells treated with TGF-�. Inhibitors of
JNK, Erk, and p38 MAPK weakened the nuclear translocation
of RelA/p65 (Fig. 4E). These results indicate that ROCK
modulates the expression of CTGF via the phosphorylation of
JNK and Erk and the nuclear translocation of RelA/p65 down-
stream thereof. Consistent with the findings obtained from the

in vitro experiments, ROCK inhibitor suppressed phosphory-
lation of JNK and Erk and nuclear translocation of NF-�B in
the renal cortex of db/db mice (Fig. S2, A and B, available
online at https://doi.org/10.6084/m9.figshare.8872718).

ROCK mediates nuclear translocation of NF-�B via actin
dynamics. Given that ROCK mediates actin cytoskeleton or-
ganization (1, 18), we surmised that ROCK may regulate
RelA/p65 localization by modulating actin polymerization dy-
namics. To investigate whether modulation of actin stress
fibers may regulate the nuclear translocation of NF-�B, we
examined the effect of cytochalasin D, a toxin that inhibits the
association of actin subunits that then leads to a change of the
cytoskeleton structure (5) on the expression of CTGF. Cy-

Fig. 3. Rho kinase (ROCK) controls connective tissue growth factor (CTGF) expression through phosphorylation of JNK and Erk via a Smad-independent
pathway. A: murine mesangial (MES-13) cells were pretreated with 10 �M Y-27632 (ROCK inhibitor) before stimulation with 1 �M transforming growth factor
(TGF)-� for 30 min. B: MES-13 cells were pretreated with Y-27632 (10 �M) before stimulation with TGF-� (1 �M) for 90 min. C: MES-13 cells stimulated
with 1 �M TGF-� (10 min) were treated with scrambled control siRNA or Smad3-specific siRNA. D: mesangial cells were incubated for 30 min with 10 �M
SP600125 (JNK/SAPK inhibitor), 10 �M SB203580 (p38 MAPK inhibitor), 10 �M PD98059 (Erk inhibitor), or 10 �M Bay 11-7082 (NF-�B inhibitor) and
then stimulated with TGF-� (1 �M) for 4 h. *Significant differences compared with the second column from the left. E, left and middle: MES-13 cells were
preincubated with Y-27632 (10 �M) before stimulation with TGF-� (1 �M) for 10 min. E, right: MES-13 cells were incubated with Y-27632 (10 �M) and then
stimulated with TGF-� (1 �M) for 60 min. p-Smad3, phospho-Smad3; p-JNK, phospho-JNK; p-Erk, phospho-Erk; p-p38, phospho-p38; NS, not significant.
A�E: n � 3. *P 
 0.05.
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tochalasin D significantly suppressed TGF-�-induced CTGF
expression at both the mRNA and protein levels (Fig. 5, A and
B). Furthermore, cytochalasin D did not affect the phosphory-
lation of RelA/p65 (Fig. 5C) but significantly inhibited the
nuclear translocation of RelA/p65 (Fig. 5, D and E). TGF-�-
induced NF-�B-dependent reporter activity was also signifi-
cantly decreased by the addition of cytochalasin D (Fig. 5F).
These results indicate that the TGF-�-induced expression of
CTGF depends on actin polymerization, while the similarity in
the manner of action shown by cytochalasin D and Y-27632
suggests that ROCK regulates the intracellular transition of
NF-�B by modulating action polymerization.

ROCK2 controls the expression of TGF-�-induced profi-
brotic mediators. We next investigated isoform-specific roles
of ROCK in the TGF-�-induced expression of CTGF. An
immunoprecipitation assay demonstrated that ROCK1 and

ROCK2 were concomitantly activated by TGF-� (Fig. 6A).
However, the TGF-�-induced expression of CTGF was signif-
icantly suppressed at both mRNA and protein levels only when
ROCK2 was knocked down (Fig. 6, B and C). In accordance
with results using the chemical ROCK inhibitor, siRNA-me-
diated ROCK2 knockdown significantly suppressed the TGF-
�-induced phosphorylation of JNK and Erk but not p38 MAPK
(Fig. 6D). ROCK2 knockdown did not affect total RelA/p65
phosphorylation but significantly suppressed the nuclear trans-
location of RelA/p65 (Fig. 6, E–G). These results indicate that
the suppression of the TGF-�-induced expression of CTGF by
ROCK inhibition is mainly due to the inactivation of
ROCK2. We also confirmed that SLx-2119, a chemical
ROCK2 inhibitor, modulated the expression of TGF-�-
induced CTGF via a similar mechanism by downregulating
ROCK2 activity (Fig. S3, A–H, available online at https://

Fig. 4. Rho kinase (ROCK) regulates
connective tissue growth factor (CTGF)
expression through nuclear translo-
cation of NF-�B. A: murine mesan-
gial (MES-13) cells were pretreated
with 10 �M Y-27632 (ROCK inhib-
itor) before stimulation with 1 �M
transforming growth factor (TGF)-�
for 30 min. B: MES-13 cells were
preincubated for 30 min with Y-27632
(10 �M) before stimulation with
TGF-� (1 �M) for 90 min. C:
MES-13 cells were treated with
TGF-� (1 �M) for 90 min. In a set of
experiments, cells were pretreated
with Y-27632 (10 �M). Cells were
fixed and stained with anti-RelA/p65
antibody and Hoechst. Magnifica-
tion: �400. Scale bars � 10 �m. D:
MES-13 cells were transfected with a
pNF-�B-LUC construct. Cells were
pretreated with Y-27632 (10 �M)
before stimulation with TGF-� (1
�M) for 4 h. E: MES-13 cells were
incubated for 30 min with 10 �M
SP600125 (JNK/SAPK inhibitor), 10
�M SB203580 (p38 MAPK inhibi-
tor), 10 �M PD98059 (Erk inhibi-
tor), or 10 �M Bay 11-7082 (NF-�B
inhibitor) and then stimulated with
TGF-� (1 �M) for 90 min. p-p65,
phospho-p65; NS, not significant.
*Significant differences from the
second column on the left. A�E: n �
3. *P 
 0.05.
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doi.org/10.6084/m9.figshare.8872718). We conducted simi-
lar experiments using human mesangial cells. As shown in Fig.
6H, ROCK2, but not ROCK1, was involved in the enhance-
ment of CTGF expression in HRMCs. We also confirmed that
the activity of ROCK2 in the renal cortex was enhanced in
db/db mice compared with db/m mice (Fig. 6I).

To comprehensively assess the roles of ROCK2 in the
development of renal fibrosis, we performed PCR array screen-
ing of the entire fibrogenic pathway. As a result, a large
number of profibrotic genes, including collagen type III-�1

(Col3a1), interferon-� (Ifng), �1-integrin (Integrina1), and
TNF-� (Tnfa), were downregulated by the knockdown of

Fig. 6. Rho kinase (ROCK)2 knockdown suppresses the expression of transforming growth factor (TGF)-�-induced profibrotic mediators. A: immunoprecipi-
tation of murine mesangial (MES-13) cell samples stimulated with 1 �M TGF-� for 10 min was performed using anti-ROCK1 or -ROCK2 antibodies. B and
C: MES-13 cells stimulated with 1 �M TGF-� (4 h) were treated with scrambled control or ROCK isoform-specific siRNAs. D, left and middle: MES-13 cells
were pretreated with control or ROCK2 siRNAs before stimulation with TGF-� (1 �M) for 10 min. D, right: MES-13 cells were transfected with control or
ROCK2 siRNAs and then stimulated with TGF-� (1 �M) for 60 min. E: MES-13 cells stimulated with 1 �M TGF-� (30 min) were treated with control or
ROCK2 siRNAs. F: mesangial cells were transfected with control or ROCK2 siRNA and then stimulated with TGF-� (1 �M) for 90 min. G: MES-13 cells were
treated with TGF-� (1 �M) for 90 min. In a set of experiments, cells were pretreated with control or ROCK2 siRNAs. Cells were fixed and stained with
anti-RelA/p65 antibody and Hoechst. Magnification: �400. Scale bars � 10 �m. H: human mesangial cells stimulated with 1 �M TGF-� (4 h) were pretreated
with control, ROCK1, or ROCK2 siRNAs. I: immunoprecipitation of renal cortex samples from diabetic (db/db) and control (db/m) mice was performed using
anti-ROCK2 antibody. p-MYPT1, phospho-myosin phosphatase target subunit 1; Ctgf, connective tissue growth factor; p-JNK, phospho-JNK; p-Erk,
phospho-Erk; p-p38, phospho-p38; p-p65, phospho-p65; NS, not significant. A�H: n � 3 and I: n � 6. *P 
 0.05.

Fig. 5. Rho kinase (ROCK) mediates
nuclear translocation of NF-�B via
actin polymerization in mesangial
cells. A and B: murine mesangial
(MES-13) cells were preincubated
for 30 min with 1 �M cytochalasin D
(Cyto D; actin filament disrupter) be-
fore stimulation with 1 �M trans-
forming growth factor (TGF)-� for 4
h. C: MES-13 cells were pretreated
with Cyto D (1 �M) before stimula-
tion with TGF-� (1 �M) for 30 min.
D: mesangial cells were incubated
for 30 min with Cyto D (1 �M) and
then stimulated with TGF-� (1 �M)
for 90 min. E: MES-13 cells were
treated with TGF-� (1 �M) for 90
min. In a set of experiments, cells were
pretreated with Cyto D (1 �M). Cells
were fixed and stained with anti-RelA/
p65 antibody and Hoechst. Magnifica-
tion: �400. Scale bars � 10 �m. F:
MES-13 cells were transfected with a
pNF-�B-LUC construct. Cells were
pretreated with Cyto D (1 �M) before
stimulation with TGF-� (1 �M) for 4
h. Ctgf, connective tissue growth fac-
tor; p-p65, phospho-p65; NS, not sig-
nificant. A�F: n � 3. *P 
 0.05.
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ROCK2 in TGF-�-stimulated mesangial cells, indicating a
broad effect of ROCK2 on the fibrotic machinery (Fig. 7).

SLx-2119 attenuates the expression of profibrotic mediators
in the glomeruli of db/db mice via suppression of ROCK2
activity. We next conducted in vivo intervention experiments
with ROCK2 inhibitor for 6 wk the after onset of diabetic

kidney disease. Treatment with SLx-2119, a ROCK2 inhibitor,
significantly ameliorated ROCK2 activation in renal cortexes
of db/db mice (Fig. 8A). Urinary albumin excretion was sig-
nificantly reduced in SLx-2119-administered db/db mice com-
pared with vehicle-treated mice (Fig. 8B). Moreover, mesan-
gial expansion and glomerular hypertrophy were ameliorated
by SLx-2119 treatment (Fig. 8, C and D). SLx-2119 did not
affect blood glucose levels (Fig. 8E). Mechanistically, SLx-
2119 treatment significantly suppressed the induction of
TGF-� and profibrotic genes (e.g., Ctgf, Fibronectin, Col1a2,
and Col4a1) in isolated glomeruli (Fig. 8F). Taken together,
these results indicate that ROCK2 inhibition can reverse renal
functional and histological abnormalities by, at least in part,
suppressing fibrotic regulators in the setting of diabetes.

DISCUSSION

The pathological hallmark of diabetic kidney disease is
broad glomerulosclerosis that results from a progressive in-
crease in the ECM of the glomerular mesangium. Hence, it is
important to delineate the processes that mediate fibrosis by
mesangial cells. TGF-� is upregulated in the diabetic kidney
and induces ECM deposition in the mesangial area through
Smad-dependent or -independent pathways. We have previ-
ously reported that ROCK is activated in the diabetic renal
cortex and plays an important role in glomerulosclerosis via the
regulation of hypoxic reactions and inflammatory processes
(22, 23). In the present study, we investigated the contribution
of ROCK to the production of TGF-�-mediated fibrogenic
factors by mesangial cells.

Profibrotic mediators play crucial roles in the development
of glomerulosclerosis. We have previously reported that the
expression of profibrotic mediators are increased in the renal
cortex of db/db mice compared with db/m mice. Fasudil, a
ROCK inhibitor, suppressed these by reducing ROCK activity
(22). Consistent with this observation, we observed the expres-
sion of profibrotic mediators, including CTGF, was elevated in
isolated glomeruli of db/db mice and was attenuated by fasudil
(Fig. 1B). Fasudil also inhibited the expression of TGF-� in the
glomeruli of db/db mice. Several pieces of evidence suggest
that ROCK functions downstream of TGF-�, while, in turn,
ROCK may regulate the expression of TGF-� under certain
circumstances (39). These data indicate that ROCK and TGF-�
have mutual enhancing effects.

Several reports have indicated that ROCK plays an impor-
tant role in the development of glomerulosclerosis under dia-
betic conditions (7, 17, 29). Other studies have implicated
ROCK in the regulation of mesangial cell growth and collagen
production induced by hyperglycemia (16), vascular endothe-
lial growth factor (50), and angiotensin II (3, 34). However, it
is not clear whether ROCK is involved in the regulation of
TGF-�-induced mesangial profibrotic mediators, despite the
well-known relationship between TGF-� and diabetic glomer-
ulosclerosis (15). Thus, we verified that inhibition of ROCK
attenuated the expression of TGF-�-induced profibrotic medi-
ators in mesangial cells (Fig. 2, C–E). Since ROCK and Smad3
did not affect each other, it was inferred that ROCK mediates
its downstream signals in a Smad-independent manner (Fig. 3,
A–C). Similarly, several reports have demonstrated that the
Rho/ROCK pathway is a member of the non-Smad signaling
pathway in constituent cells of the glomerulus (24, 30). On the

Fig. 7. Real-time PCR array analysis showing dysregulated genes impli-
cated in fibrosis. Shown is a heat map of transcripts analyzed by PCR array.
Murine mesangial (MES-13) cells treated with control siRNA before
stimulation with 1 �M transforming growth factor (TGF)-� (4 h) were
named the “control siRNA � TGF-�” group. MES-13 cells treated with
Rho kinase (ROCK)2 siRNA before stimulation with 1 �M TGF-� (4 h)
were named the “ROCK2 siRNA � TGF-�” group. Expression values were
normalized relative to the expression of �-actin. Compared with the average
of the “control siRNA � TGF-�” group, genes with a higher expression are
depicted in red, genes with a lower expression are depicted in green, and genes
with no difference are depicted in black.
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Fig. 8. SLx-2119 treatment attenuates mesangial expansion and reduces urinary albumin excretion. A: quantitative analysis and representative blots of the
phosphorylated form of myosin phosphatase target subunit 1 (p-MYPT1) and Rho kinase (ROCK)2 in protein extracts from the renal cortex of control (db/m),
diabetic (db/db), and db/db mice given SLx-2119. B: time course of changes in the urinary albumin-to-creatinine ratio in each group. Data are presented as
means 	 SEM. C: representative photomicrographs of periodic acid-Schiff (PAS)-stained kidneys from each group. Original magnification: �400. Scale bars �
50 �m. D: quantitative analysis of mesangial area and glomerular area. E: blood glucose was measured at 24 wk of age. F: kidneys were excised from 24-wk-old
male mice. Glomeruli were isolated using magnetic beads. Tgfb1, transforming growth factor-�1; Ctgf, connective tissue growth factor; Col1a2, collagen type
I-�2; Col4a1, collagen type IV-�1. A�F: n � 6. *P 
 0.05.
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other hand, ROCK regulates the Smad pathway in ocular
Tenon’s capsule fibroblasts (6). The relationship between
ROCK and Smad may varies depending on cell types. TGF-�
is also known to activate Erk, JNK, and p38 MAPK pathways
independently of the Smad cascade (20). Of these, the phos-
phorylation of Erk and JNK was attenuated by a ROCK
inhibitor, indicating that Erk/JNK lies downstream of ROCK in
mesangial cells (Fig. 3E). These results are consistent with our
previous report (24) showing that ROCK controls the phos-
phorylation of Erk and JNK activated by TGF-� in podocytes.
These findings indicate that ROCK-mediated Erk/JNK activa-
tion is important regardless of the cell type stimulated by
TGF-�.

Contrary to the above results, ROCK was demonstrated to
work in a Smad-dependent manner in synovium-derived mes-
enchymal stem cells (51). Since RhoA does not bind to Smad,
whereas RhoB does (19), the difference may be explained by
the activity of specific Rho subtypes. With respect to MAPKs,
we observed that JNK/Erk, but not p38 MAPK, was involved
in CTGF induction by TGF-� in mesangial cells. We have
previously reported that ROCK inhibition attenuated TNF-�-
induced p38 MAPK activation in mesangial cells (23). These
observations indicate that MAPKs mediate ROCK-dependent
pathways, but each MAPK is regulated distinctively by differ-
ent stimuli.

The role of NF-�B in the transcriptional regulation of
profibrotic mediators is well characterized. Chaqour et al. (4)
demonstrated that NF-�B binds to the binding site of the CTGF
promoter region. The basic NF-�B complex is a dimer of two
members of the Rel family of proteins, RelA/p65 and p50. In
unstimulated cells, NF-�B is sequestered in the cytoplasm by
I�B family proteins. Phosphorylation of RelA/p65 and I�B
results in the separation of I�B, which exposes the nuclear
localization signal of NF-�B. Subsequent recognition of
NF-�B by karyopherin-� directs it to the nuclear pore com-
plex, where nuclear translocation takes place (49). Changes in
actin polymerization contribute to diverse cellular functions
such as cell differentiation, motility, and gene expression (25).
We have previously reported that ROCK regulates the nuclear
translocation of NF-�B induced by TNF-� via actin polymer-
ization in mesangial cells (23). In the present study, we showed
that ROCK also regulates the TGF-�-induced nuclear translo-
cation of NF-�B via actin dynamics (Fig. 4, A–D). Taken
together, NF-�B activation by ROCK-mediated actin dynamics
is considered to be an important pathway to enhance the
proinflammatory and profibrotic response in glomeruli under
diabetic conditions. ROCK mediated the nuclear translocation
of NF-�B in mesangial cells even under high glucose stimu-
lation (49). However, in vascular endothelial cells, ROCK
modulates the phosphorylation of NF-�B (11). The method of
regulation of NF-�B by ROCK may differ depending on
stimulants and cell types.

The contribution of ROCK2, one of the ROCK isoforms, in
diabetic kidney disease has not been fully elucidated, as yet.
Knockdown of ROCK2 is known to prevent high glucose-
induced renal glomerular endothelial hyperpermeability (47).
As previously mentioned, while ROCK1 is related to mito-
chondrial dysfunction in podocytes (48), ROCK2 is involved
in fibrotic diseases such as idiopathic pulmonary fibrosis and
psoriasis (37, 52). The present study demonstrated the involve-
ment of ROCK2 in the regulation of TGF-�-induced profi-

brotic mediators, suggesting that ROCK2 is strongly related to
tissue fibrosis (Fig. 6, A–H). With regard to the results of the
PCR array focusing on fibrosis in mesangial cells, knockdown
of ROCK2 downregulated the expression of genes associated
with fibrosis, such as Col3a1, Ifng, Integina1, and Tnfa, under
stimulation of TGF-� (Fig. 7). Since ROCK2 activates profi-
brotic mediators in a Smad-independent manner, we antici-
pated that the knockdown of ROCK2 would not alter expres-
sion levels of genes that are regulated by a Smad-dependent
pathway. However, as mentioned above, several profibrotic
mediators other than CTGF were downregulated by siRNA-
mediated knockdown of ROCK2, suggesting that these genes
are regulated by NF-�B but not via a Smad-dependent path-
way. Activation of NF-�B has been shown to be controlled by
ROCK via a Smad-independent pathway (14). Indeed, Tnfa,
Integrina1, and Ifng have been shown to be modulated by
NF-�B signaling (13, 28, 35, 38). Although we did not inves-
tigate the involvement of these genes in glomerulosclerosis, it
seems that ROCK2 governs the TGF-�-mediated fibrotic pro-
cess by modulating NF-�B in mesangial cells via a Smad-
independent pathway (Fig. 8).

The contribution of each ROCK isoform to diabetic kidney
disease has not been elucidated. This report shows, for the first
time, the therapeutic effects of chemical ROCK2 inhibition on
diabetic kidney disease (Fig. 9). We confirmed that ROCK2 is
widely distributed in glomerular constituent cells by immuno-
staining (data not shown). We have previously reported that
ROCK1 and ROCK2 equally contribute to the regulation of
hypoxia-induced profibrotic mediator expression in mesangial
cells (22). In podocytes, overexpression of ROCK1 is in-
volved in the induction of apoptosis via a fatty acid metab-
olism disorder (46), whereas ROCK2 regulates TGF-�-
mediated apoptosis via a Notch signaling pathway (24).
Based on these findings, it seems that each ROCK isoform

Fig. 9. Rho kinase (ROCK)2 controls mesangial fibrotic mediators via actin
dynamics. Activation of ROCK2 induced by transforming growth factor
(TGF)-� causes phosphorylation of MAPK and nuclear translocation of
NF-�B via actin polymerization. NF-�B in the nucleus binds to the �B site and
enhances the expression of profibrotic genes.
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functions differently depending on stimuli. To characterize
a relationship between ROCK2 and diabetic kidney disease,
it is necessary to examine whether ROCK2 also controls
fibrosis in other glomerular constituent cells. As clinical
trials of ROCK2 inhibitors (ClinicalTrials.gov identifiers:
NCT02688647 and NCT02852967) are currently ongoing, it
will be interesting to investigate the effects of ROCK2
inhibitors on diabetic kidney disease in future studies. Ad-
ditionally, considering the importance of the ROCK2-CTGF
axis observed in our study, ROCK2 may also play important
roles in the progression of other glomerular diseases such as
focal and segmental glomerulosclerosis, IgA nephropathy,
and crescentic glomerulonephritis, which are mainly char-
acterized by excessive ECM accumulation induced by
CTGF (10).

One of the recent topics is the dysregulation of metabolic
flux through glycolysis in diabetic kidney disease. Elegant
works from King and colleagues (8, 31) have shown that
improvement of mitochondrial biogenesis via pyruvate kinase
M2 activation in renal glomeruli halts the progression of
diabetic kidney disease. When considered alongside a previous
report (9) demonstrating the roles of ROCK2 in glycolysis,
studies investigating the role of ROCK2 on glucose metabo-
lism may shed light in this area.

In summary, the present study identified ROCK2 as a central
regulator of fibrotic circuitry that governs the progression of
diabetic glomerulosclerosis. Targeting ROCK2 may be a fea-
sible approach to establish novel therapies against diabetic
kidney disease.
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