
 International Journal of 

Molecular Sciences

Article

Rho-Kinase Blockade Attenuates Podocyte Apoptosis
by Inhibiting the Notch Signaling Pathway in
Diabetic Nephropathy

Keiichiro Matoba ID , Daiji Kawanami *, Yosuke Nagai, Yusuke Takeda, Tomoyo Akamine,
Sho Ishizawa, Yasushi Kanazawa, Tamotsu Yokota and Kazunori Utsunomiya

Division of Diabetes, Metabolism and Endocrinology, Department of Internal Medicine,
Jikei University School of Medicine, Tokyo 105-8461, Japan, matoba@jikei.ac.jp (K.M.); y.nagai@jikei.ac.jp (Y.N.);
ms05-takeda@jikei.ac.jp (Y.T.); akamine-tm@igakuken.or.jp (T.A.); ishizawa@jikei.ac.jp (S.I.);
yasu@jikei.ac.jp (Y.K.); yokotat@jikei.ac.jp (T.Y.); kazu-utsunomiya@jikei.ac.jp (K.U.)
* Correspondence: daijika@jikei.ac.jp; Tel.: +81-3-3433-1111; Fax: +81-3-3578-9753

Received: 18 July 2017; Accepted: 15 August 2017; Published: 18 August 2017

Abstract: Podocyte apoptosis is a key process in the onset of diabetic nephropathy. A significant
body of evidence shows that the Notch signaling pathway plays a central role in this process.
We found that Rho-kinase mediates transforming growth factor β (TGF-β)-induced Notch ligand
Jag1 expression. Importantly, TGF-β-mediated podocyte apoptosis was attenuated by Rho-kinase
inhibition. Mechanistically, Rho-kinase regulated Jag1 induction via the extracellular signal-regulated
kinase (ERK) 1/2 and c-Jun N-terminal kinase (JNK) but not Smad pathways. Consistently, the
Rho-kinase inhibitor fasudil prevented albuminuria and the urinary excretion of nephrin in db/db
mice and reduced the prevalence of podocyte apoptosis and Jag1 expression. Finally, the expression
of Jag1 and apoptosis markers such as Bax and cyclin-dependent kinase inhibitor 1A (CDKN1A)
was decreased in podocytes derived from db/db mice treated with fasudil. The present study
provides evidence that Rho-kinase plays a key role in podocyte apoptosis. Rho-kinase is an attractive
therapeutic target for diabetic nephropathy.
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1. Introduction

The number of patients with diabetic nephropathy is increasing worldwide. Diabetic nephropathy
is a risk factor not only for end-stage renal disease but also for cardiovascular disease [1]. Therefore, it
is of considerable important to establish a novel therapeutic strategy against diabetic renal injury in
order to improve the prognosis of these patients as well as relieve the social economic burden. To this
end, understanding the molecular mechanisms of diabetic nephropathy is critically important.

Podocytes are highly differentiated epithelial cells and have a limited ability to self-repair and/or
regenerate. Therefore, podocyte injury is an important factor in determining the prognosis of diabetic
nephropathy. Podocyte foot processes are interconnected by slit diaphragms and form the final
filtration barrier.

The slit diaphragm consists of a complex of plasma-membrane proteins, such as nephrin and
podocin. Abnormalities of podocyte foot processes, including effacement and apoptosis, are common
feature of diabetic nephropathy [2]. Transforming growth factor β (TGF-β) has been implicated as
a key regulator of this process [3]. The TGF-β receptor is a serine/threonine kinase transmembrane
heteromeric type I and type II receptor complex that delivers signals through Smad family transcription
factors upon receptor activation [4]. Importantly, TGF-β also directly activates Smad-independent
signaling pathways, such as Rho/Rho-kinase [3] and Notch signaling [5]. Rho-kinase is an effector of
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the small G protein Rho. Rho-kinase regulates several cellular functions, including cytoskeleton
reorganization, proliferation, apoptosis, and gene regulation [6]. We previously reported that
Rho-kinase is activated under diabetic conditions and promotes the mesangial production of
extracellular matrix by enhancing the inflammatory process [7–10]. With this background, Rho-kinase
inhibitors have been widely used for experimental diabetic nephropathy models. The Rho-kinase
inhibitors, fasudil and Y-27632, inhibit Rho-kinase by competing with ATP for the binding site of the
kinase catalytic subunit. Fasudil is converted in vivo to its active metabolite hydroxyfasudil which is
highly selective for Rho-kinase [11]. Therefore, fasudil is preferentially used for in vivo studies.

Mammalian Notch receptors (Notch 1–4) are a family of transmembrane proteins. Notch signaling
is short-distanced, as it requires cell–cell contact to be initiated [5]. Notch receptors consist of two
domains, namely the N-terminal Notch extracellular domain (NECD) and the C-terminal Notch
intracellular domain (NICD). There are two families of Notch ligands: Jagged (Jag 1–2) or ∆-like
(Dll 1–4). Upon the binding of Notch receptors to Notch ligands, NICD is released from the
cell membrane by γ-secretase and translocates to the nucleus. The released NICD then forms a
complex with the recombination signal binding protein for immunoglobulin κJ region (Rbpj) and
mastermind-like (MAM) proteins to initiate target gene transcription [12,13]. Notch signaling has
been implicated as a critical regulator of the cell fate during kidney development, including nephron
segmentation and endowment [14–17]. However, Notch ligands and receptors are not present in
mature podocytes and are not required for podocyte development [14,18–20].

Interestingly, a significant body of evidence has shown that Notch signaling is induced under
diabetic conditions. Niranjan et al. demonstrated that renal Notch signaling is activated in both
type 1 and type 2 diabetic mice and promotes albuminuria [21]. Furthermore, TGF-β has been shown
to increase the Notch1 receptor and Jag1 expression in podocytes [21,22], which is associated with
cell apoptosis.

In this study, we investigated the involvement of Rho-kinase in Notch signaling-mediated
podocyte apoptosis under diabetic conditions.

2. Results

2.1. TGF-β Induces Jag1 Expression and Rho/Rho-Kinase Activation in Podocytes

Notch ligand Jag1 was induced by the treatment of recombinant TGF-β at both the mRNA
(Figure 1A) and protein (Figure 1B) levels in murine podocytes E11. Similarly, TGF-β activated RhoA
(Figure 1C) and Rho-kinase, which was completely abolished with the pretreatment with the specific
Rho-kinase inhibitor Y-27632 (Figure 1D). Real-time quantitative PCR (Figure 1E) and Western blot
analyses (Figure 1F) showed the inhibitory effects of Y-27632 on the TGF-β-mediated Jag1 expression,
indicating the participation of Rho-kinase in Jag1 induction. To elucidate the isoform-specific roles
of Rho-kinase, we knocked down ROCK1 and ROCK2 separately using siRNA duplexes (Figure 1G).
Individual knockdown of ROCK2 but not ROCK1 attenuated Jag1 induction. These data indicate that
TGF-β promotes Jag1 production via a ROCK2-dependent pathway in podocytes.
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Figure 1. Rho-Kinase mediates transforming growth factor β (TGF-β)-induced Jag1 expression in 
podocytes. Differentiated E11 podocytes were stimulated with TGF-β (5 ng/mL) for the indicated 
durations (A,B). (A) RNA was extracted, and Jag1 mRNA was analyzed by real-time quantitative 
PCR, with GAPDH mRNA as the internal standard; (B) The amount of Jag1 protein in cell lysates 
from podocytes was determined by Western blotting; (C) Cell lysates were collected from E11 
podocytes stimulated with TGF-β (5 ng/mL) for 1 min. RhoA activity was determined by G-LISA 
RhoA assay; (D) Podocytes were pretreated with Y-27632 (10 µM) and then stimulated with TGF-β (5 
ng/mL) for 1 h. Rho-kinase activity was measured as described in the Materials and methods section; 
(E) E11 podocytes were pretreated with Y-27632 (10 µM) before stimulation with TGF-β (5 ng/mL) for 
8 h. Jag1 mRNA was analyzed by real-time quantitative PCR; (F) Podocytes were stimulated by TGF-
β for 24 h after treatment with Y-27632. The protein expression of Jag1 was analyzed by Western 
blotting. A representative blot of three independent experiments is shown; (G) Podocytes stimulated 
with TGF-β (8 h) were treated with scramble control siRNA or Rho-kinase isoform specific siRNA 
and analyzed by real-time quantitative PCR. * p < 0.05 vs. control siRNA with TGF-β. The data are 
presented as means ± SD. 

2.2. Rho-Kinase Inhibition Attenuates Podocyte Apoptosis 

We next investigated the involvement of TGF-β-mediated Jag1 signaling in apoptosis of 
podocytes. To evaluate apoptosis, condensed nuclei and TUNEL-positive cells were counted among 
podocytes under TGF-β-stimulated conditions. While the number of condensed nuclei was increased 
in TGF-β-treated podocytes, this effect was reversed when the cells were pretreated with the Rho-
kinase inhibitor Y-27632 (Figure 2A). TUNEL staining also showed increased apoptosis in podocytes 
treated with TGF-β (Figure 2B), and this increase was suppressed by Rho-kinase inhibition. 

Figure 1. Rho-Kinase mediates transforming growth factor β (TGF-β)-induced Jag1 expression in
podocytes. Differentiated E11 podocytes were stimulated with TGF-β (5 ng/mL) for the indicated
durations (A,B). (A) RNA was extracted, and Jag1 mRNA was analyzed by real-time quantitative PCR,
with GAPDH mRNA as the internal standard; (B) The amount of Jag1 protein in cell lysates from
podocytes was determined by Western blotting; (C) Cell lysates were collected from E11 podocytes
stimulated with TGF-β (5 ng/mL) for 1 min. RhoA activity was determined by G-LISA RhoA assay;
(D) Podocytes were pretreated with Y-27632 (10 µM) and then stimulated with TGF-β (5 ng/mL) for
1 h. Rho-kinase activity was measured as described in the Materials and methods section; (E) E11
podocytes were pretreated with Y-27632 (10 µM) before stimulation with TGF-β (5 ng/mL) for 8 h.
Jag1 mRNA was analyzed by real-time quantitative PCR; (F) Podocytes were stimulated by TGF-β for
24 h after treatment with Y-27632. The protein expression of Jag1 was analyzed by Western blotting. A
representative blot of three independent experiments is shown; (G) Podocytes stimulated with TGF-β
(8 h) were treated with scramble control siRNA or Rho-kinase isoform specific siRNA and analyzed
by real-time quantitative PCR. * p < 0.05 vs. control siRNA with TGF-β. The data are presented as
means ± SD.

2.2. Rho-Kinase Inhibition Attenuates Podocyte Apoptosis

We next investigated the involvement of TGF-β-mediated Jag1 signaling in apoptosis of podocytes.
To evaluate apoptosis, condensed nuclei and TUNEL-positive cells were counted among podocytes
under TGF-β-stimulated conditions. While the number of condensed nuclei was increased in
TGF-β-treated podocytes, this effect was reversed when the cells were pretreated with the Rho-kinase
inhibitor Y-27632 (Figure 2A). TUNEL staining also showed increased apoptosis in podocytes treated
with TGF-β (Figure 2B), and this increase was suppressed by Rho-kinase inhibition.
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Figure 2. Rho-Kinase mediates podocyte apoptosis. (A) Representative photomicrographs and 
quantification of condensed nuclei in podocytes. E11 podocytes were pretreated with Y-27632 (10 µM) 
and then stimulated with TGF-β (5 ng/mL) for 24 h; (B) Microphotographs and quantification of 
TUNEL-positive apoptotic podocytes. Original magnification, ×400. * p < 0.05. The data are presented 
as means ± SD. 

2.3. Rho-Kinase Promotes TGF-β-Induced Apoptosis in Podocytes via the Notch and Mitogen-activated 
Protein Kinase (MAPK) Signaling Pathways Independently of the Smads Cascade 

We next addressed the contribution of Rho-kinase to the TGF-β-induced Smad cascade. SIS3, a 
selective inhibitor of Smad3, completely abolished Jag1 induction (Figure 3A), indicating the 
involvement of Smad signaling in Jag1 transcription in podocytes. The activation of Smad signaling 
by TGF-β was also confirmed by investigating the phosphorylation of Smads 2 and 3 (Figure 3B). 
However, the TGF-β-mediated phosphorylation of Smads 2 and 3 was not affected by Y-27632. Jag1 
induction is also mediated by MAPK pathways, as evidenced by the effects of pharmacological 
inhibitors for mitogen-activated protein/extracellular signal-regulated kinase kinase (MEK) 1/2, c-Jun 
N-terminal kinase (JNK) or p38 MAPK (Figure 3C). As shown in Figure 3D, the TGF-β-induced 
phosphorylation of extracellular signal-regulated kinase (ERK) 1/2 and JNK was attenuated by Rho-
kinase blockade. These data indicate that ERK1/2 and JNK are critical signaling intermediates 
required for Rho-kinase-mediated Jag1 induction in podocytes, independently of the Smads cascade. 

Figure 2. Rho-Kinase mediates podocyte apoptosis. (A) Representative photomicrographs and
quantification of condensed nuclei in podocytes. E11 podocytes were pretreated with Y-27632 (10 µM)
and then stimulated with TGF-β (5 ng/mL) for 24 h; (B) Microphotographs and quantification of
TUNEL-positive apoptotic podocytes. Original magnification, ×400. * p < 0.05. The data are presented
as means ± SD.

2.3. Rho-Kinase Promotes TGF-β-Induced Apoptosis in Podocytes via the Notch and Mitogen-activated Protein
Kinase (MAPK) Signaling Pathways Independently of the Smads Cascade

We next addressed the contribution of Rho-kinase to the TGF-β-induced Smad cascade. SIS3,
a selective inhibitor of Smad3, completely abolished Jag1 induction (Figure 3A), indicating the
involvement of Smad signaling in Jag1 transcription in podocytes. The activation of Smad signaling
by TGF-β was also confirmed by investigating the phosphorylation of Smads 2 and 3 (Figure 3B).
However, the TGF-β-mediated phosphorylation of Smads 2 and 3 was not affected by Y-27632. Jag1
induction is also mediated by MAPK pathways, as evidenced by the effects of pharmacological
inhibitors for mitogen-activated protein/extracellular signal-regulated kinase kinase (MEK) 1/2, c-Jun
N-terminal kinase (JNK) or p38 MAPK (Figure 3C). As shown in Figure 3D, the TGF-β-induced
phosphorylation of extracellular signal-regulated kinase (ERK) 1/2 and JNK was attenuated by
Rho-kinase blockade. These data indicate that ERK1/2 and JNK are critical signaling intermediates
required for Rho-kinase-mediated Jag1 induction in podocytes, independently of the Smads cascade.



Int. J. Mol. Sci. 2017, 18, 1795 5 of 12Int. J. Mol. Sci. 2017, 18, 1795  5 of 12 

 

 

Figure 3. Mitogen-activated protein kinases (MAPKs) are signaling intermediates required for Rho-
kinase-mediated Jag1 induction. (A) Differentiated E11 podocytes were pretreated with Smad3 
inhibitor (SIS3, 10 µM) and then stimulated with TGF-β (5 ng/mL) for 8 h. Jag1 mRNA was analyzed 
by real-time quantitative PCR; (B) Podocytes were pretreated with Y-27632 (10 µM) before stimulation 
with TGF-β (5 ng/mL) for 30 min. Cell lysates were subjected to Western blotting. A representative 
blot of three independent experiments is shown; (C) Podocytes were stimulated with TGF-β for 8 h 
with or without pretreatment of MAPK inhibitors (50 µM). RNA was extracted, and Jag1 mRNA was 
analyzed by real-time quantitative PCR, with GAPDH mRNA as the internal standard. * p < 0.05 vs. 
DMSO with TGF-β; (D) Podocytes were pretreated with Y-27632 (10 µM) and then stimulated with 
TGF-β (5 ng/mL) for 30 min. Equal amounts of cell lysate were subjected to Western blotting using 
MAPKs antibodies. A representative blot of three independent experiments is shown. The data are 
presented as means ± SD. 

2.4. Rho-Kinase Inhibitor Fasudil Inhibits Podocyte Apoptosis in db/db Mice 

To clarify the involvement of Rho-kinase in apoptosis of podocytes and the progression of 
diabetic nephropathy in vivo, we next assessed the effect of Rho-kinase blockade on podocyte loss 
and albuminuria using db/db mice as a model of type 2 diabetes. Many studies, including our own, 
have shown that the up-regulation of TGF-β in the renal cortex plays a critical role in the development 
of diabetic nephropathy in these mice [8]. Drug treatment was started from five weeks of age, and 
mice were sacrificed at eight weeks of age, when they began to show a marked increase in podocyte 
apoptosis [23]. We first confirmed activated Rho-kinase in the renal cortex of db/db mice by the 
quantification of phosphorylation of MYPT1 (myosin phosphatase target subunit 1), a substrate of 
Rho-kinase, with a reduction in its levels by fasudil treatment (Figure 4A). The glomerular structure 
in db/db mice showed no abnormalities at eight weeks of age (Figure 4B); however, these mice showed 
decreased numbers of glomerular podocytes (Figure 4B,C) with an increased excretion of urinary 
nephrin (Figure 4D). Importantly, the administration of fasudil prevented podocyte loss (Figure 
4C,D), increases in TUNEL-positive glomerular cells (Figure 4E), and albuminuria (Figure 4F) in 
diabetic mice. We then investigated the effects of Rho-kinase inhibition on podocytes isolated from 
the same mice. As shown in Figure 4G, increased Jag1 expression levels were observed in isolated 

Figure 3. Mitogen-activated protein kinases (MAPKs) are signaling intermediates required for
Rho-kinase-mediated Jag1 induction. (A) Differentiated E11 podocytes were pretreated with Smad3
inhibitor (SIS3, 10 µM) and then stimulated with TGF-β (5 ng/mL) for 8 h. Jag1 mRNA was analyzed
by real-time quantitative PCR; (B) Podocytes were pretreated with Y-27632 (10 µM) before stimulation
with TGF-β (5 ng/mL) for 30 min. Cell lysates were subjected to Western blotting. A representative
blot of three independent experiments is shown; (C) Podocytes were stimulated with TGF-β for 8 h
with or without pretreatment of MAPK inhibitors (50 µM). RNA was extracted, and Jag1 mRNA was
analyzed by real-time quantitative PCR, with GAPDH mRNA as the internal standard. * p < 0.05 vs.
DMSO with TGF-β; (D) Podocytes were pretreated with Y-27632 (10 µM) and then stimulated with
TGF-β (5 ng/mL) for 30 min. Equal amounts of cell lysate were subjected to Western blotting using
MAPKs antibodies. A representative blot of three independent experiments is shown. The data are
presented as means ± SD.

2.4. Rho-Kinase Inhibitor Fasudil Inhibits Podocyte Apoptosis in db/db Mice

To clarify the involvement of Rho-kinase in apoptosis of podocytes and the progression of
diabetic nephropathy in vivo, we next assessed the effect of Rho-kinase blockade on podocyte loss
and albuminuria using db/db mice as a model of type 2 diabetes. Many studies, including our own,
have shown that the up-regulation of TGF-β in the renal cortex plays a critical role in the development
of diabetic nephropathy in these mice [8]. Drug treatment was started from five weeks of age, and
mice were sacrificed at eight weeks of age, when they began to show a marked increase in podocyte
apoptosis [23]. We first confirmed activated Rho-kinase in the renal cortex of db/db mice by the
quantification of phosphorylation of MYPT1 (myosin phosphatase target subunit 1), a substrate of
Rho-kinase, with a reduction in its levels by fasudil treatment (Figure 4A). The glomerular structure in
db/db mice showed no abnormalities at eight weeks of age (Figure 4B); however, these mice showed
decreased numbers of glomerular podocytes (Figure 4B,C) with an increased excretion of urinary
nephrin (Figure 4D). Importantly, the administration of fasudil prevented podocyte loss (Figure 4C,D),
increases in TUNEL-positive glomerular cells (Figure 4E), and albuminuria (Figure 4F) in diabetic
mice. We then investigated the effects of Rho-kinase inhibition on podocytes isolated from the same
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mice. As shown in Figure 4G, increased Jag1 expression levels were observed in isolated podocytes
derived from db/db mice, and this increase was inhibited by fasudil. A similar trend was observed in
the expression of Bax and cyclin-dependent kinase inhibitor 1A (CDKN1A). Taken together, these data
demonstrate the critical role of Rho-kinase in Jag1-mediated apoptotic events in vivo.
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Figure 4. Treatment of db/db mice with fasudil prevents podocyte loss. (A) A representative blot of 
three independent experiments and quantitative analyses of the phosphorylated form of myosin 
phosphatase target subunit 1 (MYPT1) (p-MYPT1) and MYPT1 in protein extracts from the renal 
cortex of db/m mice, db/m mice given fasudil (db/m + fasudil), db/db mice, and fasudil-treated db/db 
mice (db/db + fasudil); (B) Representative photomicrographs of periodic acid-Schiff (PAS) and WT1-
stained kidney sections. Original magnification, ×400; Quantitative analyses of WT1-positive cells in 
(C) the glomerulus and the urinary excretion of nephrin; (D–F) TUNEL-stained glomerular cells and 
changes in the albumin excretion in each group; (G) Jag1 and apoptotic markers were analyzed in the 
isolated podocytes. * p < 0.05. The data are presented as the means ± SD. (n = 5 in each group). 

3. Discussion 

Glomerular podocytes serve as an essential component of the filtration barrier. It is important to 
delineate the processes that mediate podocyte damage. Using functional, biochemical, and genetic 
approaches, we identified Rho-kinase as a critical regulator of Notch signaling. Our data provide 
evidence that Rho-kinase plays a central role in podocyte apoptosis, which subsequently influences 
albuminuria. 

Smad proteins are divided into three groups: receptor-activated type (R-Smads: Smads 1–3, 5 
and 8), co-mediator type (Smads 4 and 10), and inhibitory type (Smads 6 and 7). Among R-Smads, 
Smads 2 and 3 are involved in TGF-β-mediated Notch activation in the kidney [24]. However, Rho-
kinase did not affect the Smads 2 and 3 phosphorylation in podocytes in this study. This finding is 
consistent with those of previous reports showing that Rho-kinase inhibition has no effect on Smads 
2 and 3 phosphorylation in mesangial cells [25]. We therefore examined the contribution of Rho-
kinase to Smad-independent pathways. TGF-β is known to activate the ERK, JNK, and p38 MAPK 
pathways independently of the Smads cascade [3]. Of these, phosphorylation of ERK and JNK was 
attenuated by a Rho-kinase inhibitor, indicating that ERK/JNK lies downstream of Rho-kinase. ERK, 
JNK, and p38 MAPK seem to commonly play important roles in podocyte apoptosis, regardless of 
stimuli, as seen in angiotensin II (AngII)-induced podocyte apoptosis [26]. Previous studies have 
shown that ERK mediates TGF-β-induced apoptosis in podocytes by increasing oxidative stress and 
inflammation via mTOR and NF-κB activation [27,28]. TGF-β induces biphasic ERK phosphorylation 
in podocytes [27]. The rapid phase (starting at 5 min after TGF-β stimulation) occurs in a Smad-
independent fashion [29], while the late phase (starting at 6 h after TGF-β stimulation) occurs in a 
Smad-dependent fashion [30]. As Rho-kinase is not involved in the Smad-dependent signaling 
pathway, it is likely that Rho-kinase mediates the Smad-independent ERK phosphorylation. JNK also 
plays an important role in AngII-induced podocyte apoptosis [26]. In the present study, we showed 
that JNK mediates TGF-β-induced podocyte apoptosis. Although p38 MAPK was involved in the 
podocyte apoptosis induced by TGF-β, we failed to show the contribution of Rho-kinase to p38 
MAPK activation, whereas Rho-kinase inhibition attenuated the TNF-α-induced p38MAPK 
activation in mesangial cells [7]. These observations indicate that MAPKs mediate Rho-kinase-
dependent pathways, but each MAPK is regulated distinctively with different stimuli and cell types. 

Figure 4. Treatment of db/db mice with fasudil prevents podocyte loss. (A) A representative blot
of three independent experiments and quantitative analyses of the phosphorylated form of myosin
phosphatase target subunit 1 (MYPT1) (p-MYPT1) and MYPT1 in protein extracts from the renal cortex
of db/m mice, db/m mice given fasudil (db/m + fasudil), db/db mice, and fasudil-treated db/db mice
(db/db + fasudil); (B) Representative photomicrographs of periodic acid-Schiff (PAS) and WT1-stained
kidney sections. Original magnification, ×400; Quantitative analyses of WT1-positive cells in (C) the
glomerulus and the urinary excretion of nephrin; (D–F) TUNEL-stained glomerular cells and changes
in the albumin excretion in each group; (G) Jag1 and apoptotic markers were analyzed in the isolated
podocytes. * p < 0.05. The data are presented as the means ± SD. (n = 5 in each group).

3. Discussion

Glomerular podocytes serve as an essential component of the filtration barrier. It is important
to delineate the processes that mediate podocyte damage. Using functional, biochemical, and
genetic approaches, we identified Rho-kinase as a critical regulator of Notch signaling. Our data
provide evidence that Rho-kinase plays a central role in podocyte apoptosis, which subsequently
influences albuminuria.

Smad proteins are divided into three groups: receptor-activated type (R-Smads: Smads 1–3, 5
and 8), co-mediator type (Smads 4 and 10), and inhibitory type (Smads 6 and 7). Among R-Smads,
Smads 2 and 3 are involved in TGF-β-mediated Notch activation in the kidney [24]. However,
Rho-kinase did not affect the Smads 2 and 3 phosphorylation in podocytes in this study. This finding
is consistent with those of previous reports showing that Rho-kinase inhibition has no effect on
Smads 2 and 3 phosphorylation in mesangial cells [25]. We therefore examined the contribution
of Rho-kinase to Smad-independent pathways. TGF-β is known to activate the ERK, JNK, and
p38 MAPK pathways independently of the Smads cascade [3]. Of these, phosphorylation of ERK
and JNK was attenuated by a Rho-kinase inhibitor, indicating that ERK/JNK lies downstream of
Rho-kinase. ERK, JNK, and p38 MAPK seem to commonly play important roles in podocyte apoptosis,
regardless of stimuli, as seen in angiotensin II (AngII)-induced podocyte apoptosis [26]. Previous
studies have shown that ERK mediates TGF-β-induced apoptosis in podocytes by increasing oxidative
stress and inflammation via mTOR and NF-κB activation [27,28]. TGF-β induces biphasic ERK
phosphorylation in podocytes [27]. The rapid phase (starting at 5 min after TGF-β stimulation) occurs
in a Smad-independent fashion [29], while the late phase (starting at 6 h after TGF-β stimulation) occurs
in a Smad-dependent fashion [30]. As Rho-kinase is not involved in the Smad-dependent signaling
pathway, it is likely that Rho-kinase mediates the Smad-independent ERK phosphorylation. JNK also
plays an important role in AngII-induced podocyte apoptosis [26]. In the present study, we showed
that JNK mediates TGF-β-induced podocyte apoptosis. Although p38 MAPK was involved in the
podocyte apoptosis induced by TGF-β, we failed to show the contribution of Rho-kinase to p38 MAPK
activation, whereas Rho-kinase inhibition attenuated the TNF-α-induced p38MAPK activation in
mesangial cells [7]. These observations indicate that MAPKs mediate Rho-kinase-dependent pathways,
but each MAPK is regulated distinctively with different stimuli and cell types.



Int. J. Mol. Sci. 2017, 18, 1795 8 of 12

The Notch pathway has been shown to interact with the TGF-β pathway in podocyte apoptosis.
These pathways form a positive feedback loop, as Jag1 and TGF-β upregulate each other [31].
Furthermore, TGF-β has been shown to upregulate TGF-β in the kidney of diabetic mice in a process
that has been proposed to be positive feedback keeping the TGF-β signal active under conditions
of diabetic nephropathy [32,33]. We previously reported that Rho-kinase inhibition attenuates the
TGF-β expression in the renal cortex of db/db mice [8]. Given the ability of Rho-kinase inhibitors
to attenuate both TGF-β and TGF-β-mediated Jag1 expression, Rho-kinase may be a regulator of
the positive feedback loop formed by TGF-β and Notch signaling. In the present study, we mainly
focused on the mechanisms by which Rho-kinase regulates TGF-β-induced Notch signaling activation
and subsequent podocyte apoptosis. Further studies to elucidate how Rho-kinase regulates these
complicated positive feedback loops will be required.

Rho-kinase has two isoforms: ROCK1 and ROCK2. In this study, ROCK2 but not ROCK1 was
dominantly involved in the TGF-β-mediated Jag1 expression. These isoforms share 65% identity
overall in their amino acid sequences and 92% identity in their kinase domains [34], and each has
its own specific functions. For instance, it has been shown that ROCK2 but not ROCK1 is involved
in NF-κB-mediated induction of cell adhesion molecule [35] and in VEGF-driven angiogenesis [36].
In contrast, ROCK1 but not ROCK2 mediates leukocyte recruitment and neointima formation following
vascular injury [37]. ROCK1 and ROCK2 possess absolute identity in the ATP-binding pocket. Since
Y-27632 and fasudil target their ATP-dependent kinase domains, these drugs inhibit ROCK1 and
ROCK2 at equimolar concentrations. We previously reported that ROCK1 and ROCK2 equally
contributed to hypoxia-inducible factor 1α (HIF-1α) stabilization in mesangial cells [8]. How ROCK2
dominantly regulates Jag1 expression in podocytes is unclear at present. We speculate that the ROCK
isoforms have distinct functions in each type of cell in the glomerulus. Wang et al. showed that the
podocyte-specific overexpression of ROCK1 promotes glomerulosclerosis by increasing mitochondrial
fission [38]. They also showed that podocyte effacement was induced by ROCK1 overexpression.
Further studies using cell-specific gene deletion approaches in animal models will be required to
elucidate the distinct roles of ROCK1 and ROCK2 in podocytes.

4. Materials and Methods

4.1. Reagents

Recombinant murine TGF-β was purchased from R&D Systems (Minneapolis, MI, USA). Y-27632
(Rho-kinase inhibitor) was obtained from Wako (Tokyo, Japan). Fasudil was kindly provided by Asahi
Kasei Pharma Corporation (Tokyo, Japan). Predesigned murine siRNA duplexes were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). PD98059 (MEK1/2 inhibitor), SP600125 (JNK
inhibitor), and SB203580 (p38 MAPK inhibitor) were from Tocris Biosciences (Bristol, UK). Antibodies
of Jag1, phospho-Smad2 (Ser465/467), phospho-Smad3 (Ser423/425), phospho-ERK1/2 (Thr202/204),
phospho-JNK (Thr183/Try185), phospho-p38 MAPK (Thr180/Tyr182), and myosin phosphatase target
subunit 1 (MYPT1) were purchased from Cell Signaling Technology (Danvers, MA, USA). β-Actin
antibody and horseradish peroxidase-conjugated antibody were from Santa Cruz Biotechnology.
Phospho-MYPT1 antibody (Thr850) was obtained from Millipore (Billerica, MA, USA).

4.2. Cell Culture

A conditionally immortalized murine podocyte cell line (E11) was obtained from Cell Line
Services. Podocytes were propagated at 33 ◦C in RPMI1640 supplemented with 10% FBS and 10 U/mL
of IFN-γ (Saint Louis, MO, USA) to enhance expression of thermosensitive T antigen. To induce
differentiation, podocytes were maintained at 37 ◦C without IFN-γ for 10–14 days. For experiments
with pharmacological inhibitors, podocytes were incubated with the indicated concentration of agents
for 1 h before exposure to TGF-β.
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4.3. Animal Studies

Five-week-old male db/db mice and their age-matched heterozygous male littermates db/m mice
were obtained from CLEA Japan, Inc. (Tokyo, Japan) and housed in an animal facility with a 12-h
light-dark cycle and unlimited access to food and water for the duration of the study. These mice were
divided into the following groups: non-diabetic db/m mice (n = 5), db/m mice given fasudil (n = 5),
type 2 diabetic db/db mice (n = 5), and db/db mice treated with Rho-kinase inhibitor fasudil (n = 5).
Fasudil was administered in the drinking water (100 mg/kg/day). The kidney was perfused with
ice-cold phosphate-buffered saline (PBS) and rapidly dissected. All procedures were conducted in
accordance with institutional guidelines for the care and use of laboratory animals at Jikei University
School of Medicine. (#22-002, 2 June 2010).

4.4. Podocyte Isolation

Podocyte isolation was performed as described previously [39]. After red blood cell removal
using ammonium chloride potassium lysis buffer and endothelial cell depletion using CD31 antibody
(Biolegend, San Diego, CA, USA), nephrin-positive cells were prepared from minced murine kidneys
using magnet-activated cell sorting with nephrin antibody (Thermo Fisher Scientific, Waltham,
MA, USA).

4.5. Silencing of Rho-Kinase

Podocytes were transfected with control siRNA (negative control) or siRNA (50 nM) against
ROCK1 or ROCK2 using Lipofectamine reagent (Invitrogen, Carlsbad, CA, USA) in accordance with
the manufacturer’s instructions.

4.6. RNA Isolation and Real-Time Quantitative Polymerase Chain Reaction

Total RNA was isolated from podocytes with TRIzol reagent (Invitrogen) followed by
chloroform-isopropanol extraction and ethanol precipitation, and 1 µg of total RNA was
reverse-transcribed using the Prime Script RT reagent Kit (Takara Bio, Kusatsu, Japan). To evaluate
the mRNA expression of Jag1, real-time quantitative polymerase chain reaction (PCR) was performed
using the Thermal Cycler Dice Real Time System TP800 (Takara Bio) with SYBR Green I fluorescence
signals. The levels of Jag1 mRNA were normalized with GAPDH and expressed as levels relative
to control.

4.7. Western Blot Analyses

Podocytes were lysed with RIPA buffer. Equal amounts of protein samples were subjected to
Western blot as described previously [9]. Immunoreactive bands were visualized with the enhanced
chemiluminescence system (Amersham, GE Healthcare Life Science, Marlborough, MA, USA). The
peroxidase luminescence intensity was measured using an LAS-4000 mini Luminescent Image Analyzer
(FUJIFILM, Tokyo, Japan). Quantification was performed in three independent experiments.

4.8. GTP-RhoA Activity Assay

Activation of RhoA was measured by the quantification of guanosine-5’-triphosphate
(GTP)-bound RhoA using a G-LISA RhoA activation kit in accordance with the manufacturer’s
instructions (Cytoskeleton, Denver, CO, USA). Briefly, the collected podocytes were immediately
snap-frozen to prevent RhoA degradation and then lysed in ice-cold lysis buffer. The protein samples
were added to a 96-well microplate coated with Rho-GTP binding protein. The plates were then
incubated with RhoA antibody and secondary horseradish peroxidase-conjugated antibody. The
luminescence signal was detected by measuring the absorbance at 490 nm.
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4.9. Rho-Kinase Activity Assay

The in vitro Rho-kinase activity was determined using a Rho-kinase activity assay kit (Cell Biolabs,
San Diego, CA, USA). This kit is designed as an enzyme immunoassay for the specific detection of
the phosphorylated form of MYPT1 at Thr696 by Rho-kinase. A microtiter plate is precoated with
recombinant MYPT1 protein. After the wells are incubated with cell lysates, phosphorylated MYPT1
is detected by an anti-phospho-MYPT1 (Thr696) antibody followed by incubation with the antibody
detection reagent.

4.10. Detection of Condensed Nuclei and Apoptotic Podocytes

For the detection of condensed nuclei, podocytes were incubated with propidium iodide. Images
were observed on an IX70 microscope (Olympus, Tokyo, Japan) using the MetaVue imaging software
program (Molecular Devices, Sunnyvale, CA, USA). Apoptotic podocytes were visualized by the
terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-biotin nick end labeling
(TUNEL) method using an in situ apoptosis detection kit (Takara Bio) in accordance with the
manufacturer’s protocol.

4.11. Statistical Analyses

Data are expressed as mean ± standard deviation. The comparison of groups was performed
using an analysis of variance and Bonferroni post hoc correction. A value of p < 0.05 was considered
statistically significant.

5. Conclusions

Our findings provide evidence that Rho-kinase blockade inhibits diabetic nephropathy by
attenuating podocyte apoptosis. Rho-kinase may be an attractive therapeutic target against
diabetic nephropathy.

Acknowledgments: This study was supported by Grant-in-Aid for Scientific Research from the Japan Society for
the Promotion of Science (to Keiichiro Matoba Daiji Kawanami, and Kazunori Utsunomiya), Kanae Foundation
for the Promotion of Medical Science (to Keiichiro Matoba), Takeda Science Foundation (to Daiji Kawanami),
MSD Life Science Foundation (to Daiji Kawanami), and Uehara Memorial Foundation (to Keiichiro Matoba and
Daiji Kawanami).

Author Contributions: Keiichiro Matoba and Daiji Kawanami conceived and designed the study, performed
experiments, wrote the manuscript, and made the figures; Yosuke Nagai, Yusuke Takeda, Tomoyo Akamine, Sho
Ishizawa, Yasushi Kanazawa and Tamotsu Yokota analyzed the data; Kazunori Utsunomiya analyzed the data
and wrote the manuscript. All of the authors read and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Adler, A.I.; Stevens, R.J.; Manley, S.E.; Bilous, R.W.; Cull, C.A.; Holman, R.R.; Ukpds, G. Development and
progression of nephropathy in type 2 diabetes: The United Kingdom Prospective Diabetes Study (UKPDS 64).
Kidney Int. 2003, 63, 225–232. [CrossRef] [PubMed]

2. Mathieson, P.W. The podocyte as a target for therapies-new and old. Nat. Rev. Nephrol. 2011, 8, 52–56.
[CrossRef] [PubMed]

3. Loeffler, I.; Wolf, G. Transforming growth factor-β and the progression of renal disease. Nephrol. Dial.
Transplant. 2014, 29 (Suppl. 1), i37–i45. [CrossRef] [PubMed]

4. Wrana, J.L.; Attisano, L.; Wieser, R.; Ventura, F.; Massague, J. Mechanism of activation of the TGF-β receptor.
Nature 1994, 370, 341–347. [CrossRef] [PubMed]

5. Bonegio, R.; Susztak, K. Notch signaling in diabetic nephropathy. Exp. Cell Res. 2012, 318, 986–992. [CrossRef]
[PubMed]

6. Kawanami, D.; Matoba, K.; Utsunomiya, K. Signaling pathways in diabetic nephropathy. Histol. Histopathol.
2016, 31, 1059–1067. [PubMed]

http://dx.doi.org/10.1046/j.1523-1755.2003.00712.x
http://www.ncbi.nlm.nih.gov/pubmed/12472787
http://dx.doi.org/10.1038/nrneph.2011.171
http://www.ncbi.nlm.nih.gov/pubmed/22045242
http://dx.doi.org/10.1093/ndt/gft267
http://www.ncbi.nlm.nih.gov/pubmed/24030832
http://dx.doi.org/10.1038/370341a0
http://www.ncbi.nlm.nih.gov/pubmed/8047140
http://dx.doi.org/10.1016/j.yexcr.2012.02.036
http://www.ncbi.nlm.nih.gov/pubmed/22414874
http://www.ncbi.nlm.nih.gov/pubmed/27094540


Int. J. Mol. Sci. 2017, 18, 1795 11 of 12

7. Matoba, K.; Kawanami, D.; Ishizawa, S.; Kanazawa, Y.; Yokota, T.; Utsunomiya, K. Rho-kinase mediates
TNF-α-induced MCP-1 expression via p38 MAPK signaling pathway in mesangial cells. Biochem. Biophys.
Res. Commun. 2010, 402, 725–730. [CrossRef] [PubMed]

8. Matoba, K.; Kawanami, D.; Okada, R.; Tsukamoto, M.; Kinoshita, J.; Ito, T.; Ishizawa, S.; Kanazawa, Y.;
Yokota, T.; Murai, N.; et al. Rho-kinase inhibition prevents the progression of diabetic nephropathy by
downregulating hypoxia-inducible factor 1α. Kidney Int. 2013, 84, 545–554. [CrossRef] [PubMed]

9. Matoba, K.; Kawanami, D.; Tsukamoto, M.; Kinoshita, J.; Ito, T.; Ishizawa, S.; Kanazawa, Y.; Yokota, T.;
Murai, N.; Matsufuji, S.; et al. Rho-kinase regulation of TNF-α-induced nuclear translocation of NF-κB
RelA/p65 and M-CSF expression via p38 MAPK in mesangial cells. Am. J. Physiol. Ren. Physiol. 2014, 307,
F571–F580. [CrossRef] [PubMed]

10. Gojo, A.; Utsunomiya, K.; Taniguchi, K.; Yokota, T.; Ishizawa, S.; Kanazawa, Y.; Kurata, H.; Tajima, N.
The Rho-kinase inhibitor, fasudil, attenuates diabetic nephropathy in streptozotocin-induced diabetic rats.
Eur. J. Pharmacol. 2007, 568, 242–247. [CrossRef] [PubMed]

11. Ishizaki, T.; Uehata, M.; Tamechika, I.; Keel, J.; Nonomura, K.; Maekawa, M.; Narumiya, S. Pharmacological
properties of Y-27632, a specific inhibitor of rho-associated kinases. Mol. Pharmacol. 2000, 57, 976–983.
[PubMed]

12. Borggrefe, T.; Oswald, F. The Notch signaling pathway: Transcriptional regulation at Notch target genes.
Cell Mol. Life Sci. 2009, 66, 1631–1646. [CrossRef] [PubMed]

13. Kovall, R.A. Structures of CSL, Notch and Mastermind proteins: Piecing together an active transcription
complex. Curr. Opin. Struct. Biol. 2007, 17, 117–127. [CrossRef] [PubMed]

14. Bonegio, R.G.; Beck, L.H.; Kahlon, R.K.; Lu, W.; Salant, D.J. The fate of Notch-deficient nephrogenic
progenitor cells during metanephric kidney development. Kidney Int. 2011, 79, 1099–1112. [CrossRef]
[PubMed]

15. Cheng, H.T.; Miner, J.H.; Lin, M.; Tansey, M.G.; Roth, K.; Kopan, R. γ-Secretase activity is dispensable
for mesenchyme-to-epithelium transition but required for podocyte and proximal tubule formation in
developing mouse kidney. Development 2003, 130, 5031–5042. [CrossRef] [PubMed]

16. Cheng, H.T.; Kim, M.; Valerius, M.T.; Surendran, K.; Schuster-Gossler, K.; Gossler, A.; McMahon, A.P.;
Kopan, R. Notch2, but not Notch1, is required for proximal fate acquisition in the mammalian nephron.
Development 2007, 134, 801–811. [CrossRef] [PubMed]

17. Wang, P.; Pereira, F.A.; Beasley, D.; Zheng, H. Presenilins are required for the formation of comma- and
S-shaped bodies during nephrogenesis. Development 2003, 130, 5019–5029. [CrossRef] [PubMed]

18. Chen, L.; Al-Awqati, Q. Segmental expression of Notch and Hairy genes in nephrogenesis. Am. J. Physiol.
Ren. Physiol. 2005, 288, F939–F952. [CrossRef] [PubMed]

19. Leimeister, C.; Schumacher, N.; Gessler, M. Expression of Notch pathway genes in the embryonic mouse
metanephros suggests a role in proximal tubule development. Gene Expr. Patterns 2003, 3, 595–598. [CrossRef]

20. Piscione, T.D.; Wu, M.Y.; Quaggin, S.E. Expression of Hairy/Enhancer of Split genes, Hes1 and Hes5, during
murine nephron morphogenesis. Gene Expr. Patterns 2004, 4, 707–711. [CrossRef] [PubMed]

21. Niranjan, T.; Bielesz, B.; Gruenwald, A.; Ponda, M.P.; Kopp, J.B.; Thomas, D.B.; Susztak, K. The Notch
pathway in podocytes plays a role in the development of glomerular disease. Nat. Med. 2008, 14, 290–298.
[CrossRef] [PubMed]

22. Morrissey, J.; Guo, G.; Moridaira, K.; Fitzgerald, M.; McCracken, R.; Tolley, T.; Klahr, S. Transforming growth
factor-β induces renal epithelial jagged-1 expression in fibrotic disease. J. Am. Soc. Nephrol. 2002, 13,
1499–1508. [CrossRef] [PubMed]

23. Chow, F.; Ozols, E.; Nikolic-Paterson, D.J.; Atkins, R.C.; Tesch, G.H. Macrophages in mouse type 2 diabetic
nephropathy: Correlation with diabetic state and progressive renal injury. Kidney Int. 2004, 65, 116–128.
[CrossRef] [PubMed]

24. Xiao, Z.; Zhang, J.; Peng, X.; Dong, Y.; Jia, L.; Li, H.; Du, J. The Notch γ-secretase inhibitor ameliorates kidney
fibrosis via inhibition of TGF-β/Smad2/3 signaling pathway activation. Int. J. Biochem. Cell Biol. 2014, 55,
65–71. [CrossRef] [PubMed]

25. Peng, F.; Zhang, B.; Wu, D.; Ingram, A.J.; Gao, B.; Krepinsky, J.C. TGF-β-induced RhoA activation and
fibronectin production in mesangial cells require caveolae. Am. J. Physiol. Ren. Physiol. 2008, 295, F153–F164.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bbrc.2010.10.093
http://www.ncbi.nlm.nih.gov/pubmed/20977889
http://dx.doi.org/10.1038/ki.2013.130
http://www.ncbi.nlm.nih.gov/pubmed/23615507
http://dx.doi.org/10.1152/ajprenal.00113.2014
http://www.ncbi.nlm.nih.gov/pubmed/25007875
http://dx.doi.org/10.1016/j.ejphar.2007.04.011
http://www.ncbi.nlm.nih.gov/pubmed/17511984
http://www.ncbi.nlm.nih.gov/pubmed/10779382
http://dx.doi.org/10.1007/s00018-009-8668-7
http://www.ncbi.nlm.nih.gov/pubmed/19165418
http://dx.doi.org/10.1016/j.sbi.2006.11.004
http://www.ncbi.nlm.nih.gov/pubmed/17157496
http://dx.doi.org/10.1038/ki.2010.553
http://www.ncbi.nlm.nih.gov/pubmed/21270765
http://dx.doi.org/10.1242/dev.00697
http://www.ncbi.nlm.nih.gov/pubmed/12952904
http://dx.doi.org/10.1242/dev.02773
http://www.ncbi.nlm.nih.gov/pubmed/17229764
http://dx.doi.org/10.1242/dev.00682
http://www.ncbi.nlm.nih.gov/pubmed/12930775
http://dx.doi.org/10.1152/ajprenal.00369.2004
http://www.ncbi.nlm.nih.gov/pubmed/15821257
http://dx.doi.org/10.1016/S1567-133X(03)00114-5
http://dx.doi.org/10.1016/j.modgep.2004.04.007
http://www.ncbi.nlm.nih.gov/pubmed/15465493
http://dx.doi.org/10.1038/nm1731
http://www.ncbi.nlm.nih.gov/pubmed/18311147
http://dx.doi.org/10.1097/01.ASN.0000017905.77985.4A
http://www.ncbi.nlm.nih.gov/pubmed/12039979
http://dx.doi.org/10.1111/j.1523-1755.2004.00367.x
http://www.ncbi.nlm.nih.gov/pubmed/14675042
http://dx.doi.org/10.1016/j.biocel.2014.08.009
http://www.ncbi.nlm.nih.gov/pubmed/25150830
http://dx.doi.org/10.1152/ajprenal.00419.2007
http://www.ncbi.nlm.nih.gov/pubmed/18434385


Int. J. Mol. Sci. 2017, 18, 1795 12 of 12

26. Liu, Y.; Liang, W.; Yang, Q.; Ren, Z.; Chen, X.; Zha, D.; Singhal, P.C.; Ding, G. IQGAP1 mediates angiotensin
II-induced apoptosis of podocytes via the ERK1/2 MAPK signaling pathway. Am. J. Nephrol. 2013, 38,
430–444. [CrossRef] [PubMed]

27. Das, R.; Xu, S.; Nguyen, T.T.; Quan, X.; Choi, S.K.; Kim, S.J.; Lee, E.Y.; Cha, S.K.; Park, K.S. Transforming
growth factor-β1-induced apoptosis in podocytes via extracellular-signal-regulated kinase-mammalian
target of rapamycin complex 1-nadph oxidase 4 axis. J. Biol. Chem. 2015, 290, 30830–30842. [CrossRef]
[PubMed]

28. Yu, L.; Lin, Q.; Liao, H.; Feng, J.; Dong, X.; Ye, J. TGF-β1 induces podocyte injury through Smad3-ERK-NF-κB
pathway and Fyn-dependent TRPC6 phosphorylation. Cell Physiol. Biochem. 2010, 26, 869–878. [CrossRef]
[PubMed]

29. Lee, M.K.; Pardoux, C.; Hall, M.C.; Lee, P.S.; Warburton, D.; Qing, J.; Smith, S.M.; Derynck, R. TGF-β activates
Erk MAP kinase signalling through direct phosphorylation of ShcA. EMBO J. 2007, 26, 3957–3967. [CrossRef]
[PubMed]

30. Simeone, D.M.; Zhang, L.; Graziano, K.; Nicke, B.; Pham, T.; Schaefer, C.; Logsdon, C.D. Smad4 mediates
activation of mitogen-activated protein kinases by TGF-β in pancreatic acinar cells. Am. J. Physiol. Cell Physiol.
2001, 281, C311–C319. [PubMed]

31. Mertens, P.R.; Raffetseder, U.; Rauen, T. Notch receptors: A new target in glomerular diseases. Nephrol. Dial.
Transplant. 2008, 23, 2743–2745. [CrossRef] [PubMed]

32. Juarez, P.; Vilchis-Landeros, M.M.; Ponce-Coria, J.; Mendoza, V.; Hernandez-Pando, R.; Bobadilla, N.A.;
Lopez-Casillas, F. Soluble β-glycan reduces renal damage progression in db/db mice. Am. J. Physiol.
Renal Physiol. 2007, 292, F321–F329. [CrossRef] [PubMed]

33. Sharma, K.; Ziyadeh, F.N. The emerging role of transforming growth factor-β in kidney diseases.
Am. J. Physiol. 1994, 266, F829–F842. [PubMed]

34. Zhou, Q.; Gensch, C.; Liao, J.K. Rho-associated coiled-coil-forming kinases (ROCKs): Potential targets for
the treatment of atherosclerosis and vascular disease. Trends Pharmacol. Sci. 2011, 32, 167–173. [CrossRef]
[PubMed]

35. Shimada, H.; Rajagopalan, L.E. Rho kinase-2 activation in human endothelial cells drives lysophosphatidic
acid-mediated expression of cell adhesion molecules via NF-κB p65. J. Biol. Chem. 2010, 285, 12536–12542.
[CrossRef] [PubMed]

36. Bryan, B.A.; Dennstedt, E.; Mitchell, D.C.; Walshe, T.E.; Noma, K.; Loureiro, R.; Saint-Geniez, M.;
Campaigniac, J.P.; Liao, J.K.; D’Amore, P.A. RhoA/ROCK signaling is essential for multiple aspects of
VEGF-mediated angiogenesis. FASEB J. 2010, 24, 3186–3895. [CrossRef] [PubMed]

37. Noma, K.; Rikitake, Y.; Oyama, N.; Yan, G.; Alcaide, P.; Liu, P.Y.; Wang, H.; Ahl, D.; Sawada, N.;
Okamoto, R.; et al. ROCK1 mediates leukocyte recruitment and neointima formation following vascular
injury. J. Clin. Investig. 2008, 118, 1632–1644. [CrossRef] [PubMed]

38. Wang, W.; Wang, Y.; Long, J.; Wang, J.; Haudek, S.B.; Overbeek, P.; Chang, B.H.; Schumacker, P.T.; Danesh, F.R.
Mitochondrial fission triggered by hyperglycemia is mediated by ROCK1 activation in podocytes and
endothelial cells. Cell Metab. 2012, 15, 186–200. [CrossRef] [PubMed]

39. Murakami, A.; Oshiro, H.; Kanzaki, S.; Yamaguchi, A.; Yamanaka, S.; Furuya, M.; Miura, S.; Kanno, H.;
Nagashima, Y.; Aoki, I.; et al. A novel method for isolating podocytes using magnetic activated cell sorting.
Nephrol. Dial. Transplant. 2010, 25, 3884–3890. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1159/000355970
http://www.ncbi.nlm.nih.gov/pubmed/24247724
http://dx.doi.org/10.1074/jbc.M115.703116
http://www.ncbi.nlm.nih.gov/pubmed/26565025
http://dx.doi.org/10.1159/000323996
http://www.ncbi.nlm.nih.gov/pubmed/21220918
http://dx.doi.org/10.1038/sj.emboj.7601818
http://www.ncbi.nlm.nih.gov/pubmed/17673906
http://www.ncbi.nlm.nih.gov/pubmed/11401854
http://dx.doi.org/10.1093/ndt/gfn279
http://www.ncbi.nlm.nih.gov/pubmed/18503100
http://dx.doi.org/10.1152/ajprenal.00264.2006
http://www.ncbi.nlm.nih.gov/pubmed/16954341
http://www.ncbi.nlm.nih.gov/pubmed/8023963
http://dx.doi.org/10.1016/j.tips.2010.12.006
http://www.ncbi.nlm.nih.gov/pubmed/21242007
http://dx.doi.org/10.1074/jbc.M109.099630
http://www.ncbi.nlm.nih.gov/pubmed/20164172
http://dx.doi.org/10.1096/fj.09-145102
http://www.ncbi.nlm.nih.gov/pubmed/20400538
http://dx.doi.org/10.1172/JCI29226
http://www.ncbi.nlm.nih.gov/pubmed/18414683
http://dx.doi.org/10.1016/j.cmet.2012.01.009
http://www.ncbi.nlm.nih.gov/pubmed/22326220
http://dx.doi.org/10.1093/ndt/gfq323
http://www.ncbi.nlm.nih.gov/pubmed/20530496
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	TGF- Induces Jag1 Expression and Rho/Rho-Kinase Activation in Podocytes 
	Rho-Kinase Inhibition Attenuates Podocyte Apoptosis 
	Rho-Kinase Promotes TGF–Induced Apoptosis in Podocytes via the Notch and Mitogen-activated Protein Kinase (MAPK) Signaling Pathways Independently of the Smads Cascade 
	Rho-Kinase Inhibitor Fasudil Inhibits Podocyte Apoptosis in db/db Mice 

	Discussion 
	Materials and Methods 
	Reagents 
	Cell Culture 
	Animal Studies 
	Podocyte Isolation 
	Silencing of Rho-Kinase 
	RNA Isolation and Real-Time Quantitative Polymerase Chain Reaction 
	Western Blot Analyses 
	GTP-RhoA Activity Assay 
	Rho-Kinase Activity Assay 
	Detection of Condensed Nuclei and Apoptotic Podocytes 
	Statistical Analyses 

	Conclusions 

