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Increasing evidence indicates that podocyte apoptosis is a key event in the development of diabetic
nephrology. However, the underlying mechanism of this apoptosis remains poorly understood. In this
study, we report that high levels of glucose enhanced the expression of TRPC6 and TRPC6-dependent
Ca?" influx, but glucose levels did not affect TRPC1 and TRPC5 expression. TRPC6 knockdown by siRNA

Keywords: interference attenuated the observed increase in glucose-induced podocyte apoptosis. High glucose levels
TRPC6 also increased the generation of ROS; inhibition of ROS activity by N-acetyl-L-cysteine attenuated the
Egdsocytes high glucose-induced increase in TRPC6 expression and Ca®* influx. Exogenous treatment with H,0,
RhoA GTPase mimicked the high glucose response, resulting in an increase in TRPC6 expression and Ca?* influx. Taken
Apoptosis together, these data suggest that high glucose levels induce ROS, thereby mediating TRPC6 expression

and Ca?* influx. Because RhoA activity is increased following TRPC6 activation, we investigated whether
TRPC6 is involved in high glucose-induced apoptosis via the RhoA/ROCK pathway. We report that high
glucose levels produced an increase in RhoA activity, and this effect was abolished by the knockdown
of TRPC6. Moreover, inhibition of the RhoA/ROCK pathway by a ROCK inhibitor, Y27632, also attenuated
high glucose-induced apoptosis. We conclude that TRPC6 is involved in high glucose-induced podocyte

apoptosis through the RhoA/ROCK pathway.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Considerable evidence suggests that podocyte apoptosis is a key
event in the development of diabetic nephropathy (DN) [1-4].
Morphometric analyses of renal biopsy samples indicate that the
density of podocytes is reduced in individuals with DN and in pa-
tients with a short duration of diabetes before the onset of micro-
albuminuria [1]. Moreover, a decreased number of podocytes per
glomeruli is the strongest predictor of the progression of DN; fewer
podocyte cells predict a more rapid disease progression [1,2]. Sev-
eral lines of evidence indicate that podocyte apoptosis contributes
to this reduced podocyte number [3-5]. However, the mechanisms
that underlie podocyte apoptosis, in particular, as induced by high
levels of glucose, remain poorly understood.

Podocytes are non-excitable cells that lack voltage-gated cal-
cium channels but express a family of non-selective cation chan-
nels termed transient receptor potential canonical channels
(TRPC) that may contribute to calcium influx [6]. TRPC1, TRPC5,
and TRPC6 have been identified in podocytes [7]. Within the TRP
channel family, TRPC6 is tightly linked to hereditary and acquired
forms of proteinuric kidney diseases [7,8]. TRPC6 channels typi-
cally function as downstream components of phospholipase C sig-
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naling cascades that liberate diacylglycerol (DAG) and inositol
1,4,5-trisphosphate (IP3) [6]. TRPC6 is not activated by IPs in heter-
ologous systems, but it can be directly activated by DAG; this pro-
cess is referred to as a receptor-operated calcium entry (ROCE)
[6,9]. TRPC1 and TRPC5 can be activated by Ca?* mobilization from
intracellular stores mediated by IP; or thapsigargin (TG); this pro-
cess is referred to as a store-operated calcium entry (SOCE) [6,10].
TRPC6 can also be activated by reactive oxygen species (ROS),
which results in the trafficking of TRPC6 to the cell surface
[11,12]. One significant consequence of TRPC6 activation in podo-
cytes is an increase in RhoA activity [13]. RhoA is a small GTPase
that interacts with a downstream effector, Rho-associated coiled
coil-containing protein kinase (ROCK), to control many cellular
processes, including apoptosis [5,13,14]. Recent investigations
demonstrate that the induction of activated RhoA in a podocyte-
specific manner results in proteinuria and podocyte apoptosis
[15,16]. Moreover, the sustained activation of TRPC6 mediates pod-
ocyte apoptosis induced by angiotensin II treatment [17], albumin
overload [18], and activation of N-methyl-p-aspartate (NMDA)
receptors [11].

We hypothesize that a TRPC6-dependent Ca?" influx contrib-
utes to podocyte apoptosis induced by high glucose levels. In this
study, we examine the effects of high glucose levels on TRPC6
expression and the potential link with the mediation of podocyte
apoptosis.
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2. Materials and methods
2.1. Cell culture and plasmid transfection

Conditionally immortalized human podocytes were cultured as
previously described [19]. In brief, the cells were grown at 33 °C in
RPMI-1640 medium (HyClone, USA), supplemented with ITS (insu-
lin, transferrin, sodium selenate; Sigma, USA) and 10% FBS (Hy-
Clone, USA). To induce differentiation, the podocytes were
cultured at 37 °C in the same medium for 11-14 days. The cells
were transiently transfected with TRPC6 siRNA (sc-42672; Santa
Cruz, USA) using the X-treme GENE siRNA transfection reagent
(Roche, Germany) according to the manufacturer’s instruction.
The transfected cells were assayed 24-48 h post-transfection.

2.2. Quantitative real-time PCR

RT-PCR was performed using standard methods as described
previously [20]. The primer sequences used to amplify TRPC1,
TRPC5 and TRPC6 were as follows (5-3'): TRPC1 sense
CGCCGAACGAGGTGAT and TRPC1 antisense GCACGCCAGCAA-
GAAA; TRPC5 sense CCACCAGCTATCAGATAAGG and TRPC5 anti-
sense CGAAAGAAGCCACTTATACC; and TRPC6 sense
GCCAATGAGCATCTGGAAAT and TRPC6 antisense
TGGAGTCACATCATGGGAGA. GAPDH was used as an internal con-
trol, and AACt was calculated for each sample with the expression
levels indicated by values of 2722,

2.3. Western blotting

Western blots were performed using a standard protocol as de-
scribed previously [20] and probed with the following primary
antibodies: polyclonal rabbit anti-TRPC1, -TRPC5, or -TRPC6 anti-
bodies (Alomone Labs, Israel) or an anti-actin antibody (Santa Cruz,
USA). The membranes were washed extensively and incubated
with fluorescence-conjugated goat anti-rabbit or goat anti-mouse
IgG secondary antibodies (Invitrogen, USA). Western blot bands
were quantified using the Odyssey infrared imaging system (Li-
COR Bioscience, USA).

2.4. Fluorescence measurement of [Ca®*]i

[Ca?*]i levels were measured as described previously [20].
Briefly, the podocytes were grown on coverslips and treated with
1% physiological saline solution containing Fluo-3/AM (3 pM,
Molecular Probes, USA) and Pluronic F-127 (0.03%, Sigma, USA)
for 45 min at 37 °C. The fluorescence intensity of Fluo-3 in the
podocytes was recorded using a laser scanning confocal micro-
scope (FV300; Olympus, Japan). The [Ca®*]i was expressed as a
pseudo-ratio value of the actual fluorescence intensity divided by
the average baseline fluorescence intensity. Calibrations were per-
formed immediately following each experiment. Data from 20 to
40 cells were compiled from a single run, and at least three inde-
pendent experiments were conducted.

2.5. TUNEL staining

TUNEL (Roche, Germany) staining was performed using an in
situ cell death detection kit according to the manufacturer’s proto-
col. DAPI (Sigma, USA) staining was used to identify the cells in the
field, and the labeled podocytes were analyzed by confocal micros-
copy (FV300; Olympus, Japan). The percentage of apoptotic cells
was determined by counting the number of apoptotic TUNEL-posi-
tive cells (out of a total of more than 200 cells over five random
fields) and dividing by the total number of cells.

2.6. Annexin V and propidium iodide staining assay

An AnnexinV/PI apoptosis detection kit (Beijing Biosea Biotech-
nology Co., Ltd., China) was used to stain Annexin V and Propidium
lodide according to the manufacturer’s instructions. The cell pellets
were resuspended in binding buffer and then treated with 10 pl of
Annexin V for 15 min followed by the addition of 5 pl of Propidium
iodide (PI) for 5 min in the dark. The rate of apoptosis was analyzed
by flow cytometry (BD Biosciences, USA) using CellQuest software.

2.7. Measurement of intracellular ROS

The peroxide-sensitive fluorescent probe 2/, 7’-dichlorodihydro-
fluorescin diacetate (DCF-DA; Sigma) was used to measure intra-
cellular ROS accumulation. The podocytes were first incubated
for 45 min at 37 °C in PBS containing 10 uM DCF-DA to label intra-
cellular ROS, and then the cells were washed. DCF fluorescence was
detected by confocal microscopy as described above.

2.8. RhoA activation assay

RhoA activity was measured using a Rho activation assay kit
(Cytoskeleton) according to manufacturer’s instructions. The cells
were lysed in cell lysis buffer and clarified by centrifugation. The
supernatants were incubated with Rhotekin-Rho binding domain
(RBD) glutathione affinity beads, which specifically bind to GTP-
bound RhoA. The beads were washed, and the immunoprecipitated
complex was resuspended in 2x Laemmli sample buffer and sub-
jected to 15% SDS-PAGE, followed by Western blot analysis. Total
RhoA protein was determined in separate Western blots and used
to normalize GTP-bound RhoA densitometric units.

2.9. Statistical analysis

Data are presented as the mean + SEM, with the number (n) of
experiments indicated. Statistical analyses were performed using
the unpaired t-test (SPSS 16.0), and graphs were prepared with
Adobe Photoshop or plotted in Graphpad prism 5 (GraphPad Soft-
ware, Inc.). p < 0.05 was considered significant.

3. Results

3.1. High glucose levels selectively increases the expression levels of
TRPC6 mRNA and protein

We quantified the effects of high glucose levels on the expres-
sion levels of TRPC1, TRPC5, and TRPC6 mRNA and protein. In con-
trast with the control condition of 5.6 mmol/L glucose, the
administration of 30 mmol/L glucose for 48 h significantly in-
creased the TRPC6 mRNA levels and protein expression by 118%
and 72%, respectively (p < 0.01; n = 3; Fig. 1A and D). However, this
treatment did not lead to increases in TRPC1 or TRPC5 expression
(p > 0.05; n = 3); on the contrary, TRPC5 mRNA levels were signifi-
cantly decreased by high glucose levels (Fig. 1A) although the
TRPC5 protein expression was not altered (Fig. 1D). Excluding os-
motic effects, the administration of 30 mmol/L mannitol (instead
of glucose) did not significantly affect the expression levels of
TRPC6 mRNA or protein, (Fig. 1B and E). Furthermore, the effects
of high glucose levels on TRPC6 expression were dose-dependent
(Fig. 1B and E); significant increases in the expression levels TRPC6
mRNA and protein occurred at 20 mmol/L of glucose, with further
increases at 30 mmol/L (Fig. 1B and E). High glucose levels also dis-
played a time-dependent effect on TRPC6 expression, as shown in
Fig. 1C and F.
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Fig. 1. The influence of high glucose concentration on TRPC6 mRNA levels and protein expression. Podocytes were treated with normal glucose (NG, 5.6 mmol/L) or high
glucose (HG, 30 mmol/L) for 48 h. (A) The effects of HG on the mRNA levels of TRPC1, TRPC5, and TRPC6 (n = 3). A dose-dependent (B) and a time-dependent (C) increase in
TRPC6 mRNA levels was observed in response to high glucose concentration (n =3). (D) The effects of HG on the protein levels of TRPC1, TRPC5, and TRPC6 (n = 3). High
glucose concentration increased TRPC6 protein levels in a dose-dependent (E) and a time-dependent (F) manner (n = 3). Administration of 30 mmol/L mannitol (M) did not
significantly affect TRPC6 mRNA and protein expression (Fig. 1B and E). Asterisks indicate the statistical significance (*p < 0.05, **p < 0.01), with respect to NG.

3.2. High glucose levels enhance the TRPC6-dependent Ca®* influx

It is well known that DAG can activate TRPC6 and result in Ca?*
entry via ROCE. Therefore, we tested the effect of high glucose lev-
els on Ca®* entry induced by 1-oleoyl-2-acetyl-sn-glycerol (OAG), a
membrane-permeable DAG analogue. Internal Ca®* stores were
first depleted by incubating the podocytes with 1 uM TG for
5min in a Ca®*-free solution. The addition of 1.8 mM Ca?" to the
bathing solution induced a remarkable increase in [Ca®*]i
(Fig. 2A). Following TG-induced SOCE, the application of 100 uM
OAG induced an additional and substantial elevation of [Ca%*]i un-
der conditions in which Ca?* stores are already depleted (Fig. 2A).
Therefore, OAG-induced Ca?" influx was facilitated by plasmalem-
mal channels other than, or at least in addition to, SOCE. Note that
the podocytes exhibited no spontaneous alterations in [Ca®*]i lev-
els during these experiments, and the re-addition of extracellular
Ca?* in the absence of agonists had no effect on [Ca®']i (data not
shown). OAG-induced ROCE was significantly inhibited by treat-
ment with 100 uM of the nonselective TRPC channel blocker 2-
aminoethoxydiphenyl borate (2-APB; Fig. 2A). In lieu of selective
pharmacological blockers of TRPC6, siRNA knockdown was used
to determine whether OAG-induced Ca** influx requires TRPC6
function. The specificity and efficiency of TRPC6-siRNA was con-
firmed by real-time RT-PCR and Western blot analyses (Fig. 2B).
Transfection with TRPC6 siRNA significantly reduced OAG-induced
Ca?* influx by 50% in contrast with transfection with scrambled
siRNA (p <0.01, n=3; Fig. 2C). However, TG-induced SOCE was
unaffected (p > 0.05, n=3). Transfection with scrambled siRNA
did not alter TG-induced SOCE or OAG-induced ROCE in contrast
with the non-transfected control (data not shown). Taken together,
these results strongly suggest that OAG-induced Ca®* influx is

TRPC6-dependent. Furthermore, the administration of 30 mmol/L
of glucose for 48 h significantly increased OAG-induced ROCE by
115% (p < 0.01; n = 3; Fig. 2D), whereas this treatment had no effect
on TG-induced SOCE (p > 0.05; n =3). These results suggest that
high glucose levels enhance TRPC6-dependent Ca?* influx.

3.3. Blockage of TRPC6 activity attenuates high glucose-induced
apoptosis

To investigate the role of TRPC6 in apoptosis induced by high glu-
cose levels, we employed siRNA interference to assess the effect of
TRPC6 depletion on high glucose-induced apoptosis using the TUN-
EL method and flow cytometry. The administration of 30 mmol/L
glucose for 48 h caused a significant increase in the number of apop-
totic cells in contrast with control glucose levels (p <0.01; n=5;
Fig. 3A). Flow cytometry measurements further indicated the apop-
totic rate was significantly increased in the high glucose group in
contrast with the normal glucose group (Fig. 3B). Mannitol treat-
ment had no effect on podocyte apoptosis as assessed using these
two methods (data not shown). However, this increase in both the
number of apoptotic cells and the apoptotic rate induced by high
glucose levels was significantly inhibited by transfection with TRPC6
siRNA (Fig. 3), in contrast with non-transfected cells and cells trans-
fected with scrambled siRNA. These data suggest the involvement of
TRPC6 in high glucose-induced apoptosis.

3.4. High glucose-induced ROS generation mediates TRPC6 expression
and Ca®" influx

Given that the intracellular ROS level is elevated in high glu-
cose-treated podocytes, we examined whether ROS are implicated
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Fig. 2. Effects of TRPC6 knockdown and high glucose concentration on TG-induced SOCE and OAG-induced ROCE. (A) Representative traces (left) and summary data (right)
showing that pretreatment with 100 pM 2-APB inhibited TG-induced SOCE and OAG-induced ROCE, respectively (*p < 0.05 vs. NG, n = 3). (B) Real-time PCR experiments
indicate that the TRPC6 siRNA significantly reduced the mRNA expression of TRPC6 (**p < 0.01 vs. NG, n = 3) but not TRPC1 and TRPC5 (p > 0.05, n = 3). Western blot analyses
reveal that transfection with TRPC6 siRNA significantly reduced TRPC6 protein expression compared to transfection with scrambled siRNA (*p<0.01, n=3). (C)
Representative traces (left) and summary data (right) indicate that transfection with TRPC6 siRNA significantly inhibited OAG-induced ROCE compared with transfection with
scrambled siRNA (**p < 0.01, n =3), whereas TG-induced SOCE was unaffected (p > 0.05, n=3). (D) Representative traces (left) and summary data (right) show that high
glucose concentration enhanced OAG-induced ROCE (**p < 0.01 vs. NG, n = 3) but did not affect TG-induced SOCE (p > 0.05, n = 3).

in the high glucose-induced TRPC6 upregulation. ROS induction by
high glucose levels was investigated using the dye DCF-DA; in con-
trast with the control conditions, the administration of 30 mmol/L
glucose for 48 h significantly increased the production of ROS (p <
0.01; n = 6; Fig. 4A). In addition, the concurrent administration of

10 mmol/L of the ROS inhibitor N-acetyl-L-cysteine (NAC) inhibited
the effect of high glucose levels (p <0.01; n=6; Fig. 4A) and pre-
treatment with NAC attenuated the increased TRPC6 protein
expression induced by high glucose levels (p<0.01; n=3;
Fig. 4B). Consistent with this finding, TRPC6-dependent Ca** influx
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induced by high glucose levels was also inhibited by pretreatment
with NAC (Fig. 4D). To further confirm the activation of TRPC6 by
ROS, we examined the effects of exogenous H,0, (500 uM) on
TRPC6 protein expression and Ca?* influx. As shown in Fig. 4C
and E, H,0, recapitulated the high glucose response, resulting in
an increase in TRPC6 protein levels and Ca?' influx (p<0.01;
n=4,p<0.01, n=3, respectively). These data strongly suggest that
the high glucose-associated ROS generation leads to increased
TRPC6 expression and Ca?* influx.

3.5. TRPC6 participates in high glucose-induced apoptosis via a RhoA
dependent mechanism

RhoA activity was measured by an affinity pull-down assay
using the GST fusion protein rhotekin that only recognizes the ac-
tive form of RhoA (GTP-RhoA). Treatment with high glucose levels
for 48 h caused a significant increase in RhoA activity in contrast
with normal glucose levels (p<0.01; n=3; Supplementary
Fig. 1A). This effect may be attributed to the high glucose-induced
TRPC6 activation because transfection with TRPC6 siRNA attenu-
ated the high glucose-induced increase in RhoA activity (Supple-
mentary Fig. 1A), in contrast with non-transfected cells or cells
transfected with the scrambled siRNA (p <0.01; n =3). Mannitol
treatment had no effect on RhoA activity (data not shown). If the
RhoA/ROCK pathway is activated by the TRPC6-dependent Ca®* in-
flux in high glucose-induced apoptosis, the inhibition of this down-
stream pathway should attenuate the high glucose effect. We
measured the effect of Y27632, a selective ROCK inhibitor, on the
high glucose-induced apoptosis and found the increase in both
the number of apoptotic cells and the apoptotic rate induced by
high glucose was significantly inhibited by the concurrent admin-
istration of Y27632 (10 uM; Supplementary Fig. 1B and C). These
data suggest the involvement of the RhoA/ROCK pathway in

TRPC6-dependent Ca?* influx during high glucose-induced
apoptosis.

4. Discussion

We have demonstrated that TRPC6 channels are involved in
high glucose-induced apoptosis in podocytes. This finding is also
supported by a recent clinical observation showing increased pod-
ocyte TRPC6 expression in kidney biopsies from four patients with
DN [21]. As both gain-of-function mutations of the TRPC6 gene and
elevated levels of wild-type TRPC6 protein result in glomeruloscle-
rosis [7,8], altered TRPC6 channel activity may account for both
podocyte apoptosis at the early stages of DN and for the pathogen-
esis of glomerulosclerosis at the later stages of DN.

A previous study in heterologous systems reported the TRPC6
channels can be activated by ROS, including H,0, [12]. In podo-
cytes, TRPC6 channels are also activated by endogenous ROS gen-
erated from insulin and puromycin aminonucleoside (PAN)
treatments [22,23]. High glucose concentrations can also induce
ROS generation [3,4]; however, it was not known whether high
glucose concentrations can activate TRPC6. Our data reveal that
high glucose-induced ROS increases TRPC6 expression and activity,
consistent with previous studies. High glucose-induced ROS is at
least partially generated through the stimulation of NADPH oxi-
dases [3,4], particularly the Nox1 and Nox4 subforms. The expres-
sion levels of these subforms are increased by high glucose levels
[3]. We did not investigate which of these NADPH oxidase sub-
forms is responsible for the high glucose-induced TRPC6 activation
in podocytes. However, it is possible that Nox4 may contribute to
TRPC6 activation induced by high glucose levels because Nox4 is
a crucial component of the pathway by which insulin and PAN
can regulate TRPC6 activity [22,23]. It is interesting to note that
there were no changes in NADPH oxidase-dependent ROS genera-
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Fig. 4. ROS production induced by high glucose concentration mediated TRPC6 expression and Ca®* influx. (A) High glucose concentration resulted in increased ROS
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tion upon acute exposure (6 h) of podocytes to high glucose levels
[3]. Therefore, it is possible that the transient elevation of glucose
levels observed in normal subjects following a glucose load may
not activate the TRPC6 channels; a sustained exposure to high glu-
cose levels may be required, as is found in the early stages of DN. A
study using animal models demonstrated that TRPC6-deficient
mice lack an overt renal phenotype [24], and another study sug-
gested that in addition to ROS, high glucose levels induce TRPC6
activation via a Wnt/-catenin signaling pathway [25].

Taken together, these findings suggest there is a common mech-
anism by which TRPC6-dependent Ca?* influx contributes to the
apoptosis processes that are induced by high glucose levels. A pre-
vious study indicated that two distinct signaling microdomains oc-
cur in podocytes: TRPC6 specifically interacts with and activates
RhoA, and TRPC5 specifically interacts with and activates Racl
[13]. In addition, another recent study found that NMDA recep-
tor-evoked TRPC6 activation also increased RhoA activity [11].
Consistent with these results, we report that high glucose treat-

ment also evoked a marked activation of RhoA; this effect was
abolished by the knockdown of TRPC6 using siRNA, suggesting that
RhoA is a downstream effector of TRPC6 activation. One recent
study observed that RhoA/ROCK1 mediates high glucose-induced
ROS generation and thereby promotes mitochondrial fission and
podocyte apoptosis [5]. However, the activation mechanism of
RhoA signaling has not yet been elucidated. Our results indicate
that TRPC6-dependent Ca®* influx may account for the high glu-
cose-induced RhoA activation. Moreover, these results support a
pathophysiological positive feedback loop in which high glucose-
evoked ROS leads to TRPC6 and RhoA activation. This feedback loop
could result in additional elevations in ROS and thereby promote
podocyte apoptosis, although further investigation is needed to
systematically test this model. It is important to note that our data
do not exclude the possible model that the effect of TRPC6 chan-
nels on high glucose-induced podocyte apoptosis may be medi-
ated, at least in part, through RhoA/ROCK-independent pathways.
For example, high glucose-induced podocyte apoptosis requires
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activation of calcineurin [26], which is also a downstream effector
of the TRPC6 channel [14].
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