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Introduction

Calcium-channel blockers (CCBs) are widely used in 
the treatment of hypertension and its associated compli-
cations. Cilnidipine is an L/N-type CCB that has been 
recently shown to suppress the development of urinary 
protein excretion in hypertensive patients (1 – 3). A 
previous study conducted by our group showed that 
cilnidipine prevents the development of proteinuria and 
glomerular podocyte injury in rats with metabolic syn-
drome (4). These reno-protective effects cannot be simply 
explained by the hypotensive effects of cilnidipine, as its 
reno-protective effects were greater than those of amlo-
dipine, an L-type CCB, with similar levels of blood 
pressure control.

The reno-protective effects of cilnidipine may be in-
duced via its inhibitory effects on N-type calcium chan-
nels (N-CCs). N-CCs are distributed throughout sympa-
thetic nerve endings and are widely believed to be 
involved in controlling the release of neurotransmitters 
from the nerve terminals of sympathetic neurons. This 
N-CC–induced release of neurotransmitters has been 
implicated in the over-activation of sympathetic nerves 
(5, 6), which could also be involved in the pathogenesis 
of resistant hypertension (7) and chronic renal diseases 
(8, 9). We recently demonstrated the immunoreactivity 
of N-CCs in vascular walls, possibly in the nerves in 
adventitia, distal tubules, and renal podocytes and that 
N-CC in cultured podocytes was involved in the angio-
tensin II (Ang II)-induced reactive oxygen species pro-
duction (4). Given that cilnidipine was previously found 
to attenuate podocyte injury and proteinuria in a rat 
model of obesity and hypertension (4), then protection of 
podocyte, cells that play an important role in the glomeru-
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lar filtration barrier against plasma protein leakage into 
urine (4, 10), by N-CC inhibition may be the mechanism 
behind the cilnidipine-induced reno-protection. On the 
other hand, cilnidipine is reported to dilate efferent arter-
ies and to suppress glomerular hypertension that could 
cause hyper-filtration and stimulate sclerotic changes 
(11 – 13). However, it is still unclear whether cilnidipine 
targets renal nerves or other cells to induce its reno-pro-
tective effects in hypertensive subjects.

Therefore, the present study was conducted to sepa-
rately evaluate the reno-protective effects of cilnidipine, 
specifically its actions on renal sympathetic nerves and 
other cells such as podocytes. We performed renal nerve 
denervations in spontaneously hypertensive rats (SHR), 
a model for essential hypertension that has been shown 
to express N-CC in podocytes (14), and assessed the ef-
fects of cilnidipine in these animals compared to inner-
vated rats.

Materials and Methods

Animals and experiment design
All experimental procedures were performed accord-

ing to the guidelines for the care and use of animals, as 
established by the Kagawa University and the National 
Research Council. Male SHR and Wistar-Kyoto rats 
(WKY) were purchased from SLC (Shizuoka). Two 
weeks prior to the initiation of the study (at 7 weeks of 
age), the right kidney was removed (uninephrectomized: 
UNX) through a small flank incision under pentobarbital 
anesthesia (50 mg/kg, i.p.). Denervation of the left kidney 
was accomplished by cutting all of the visible nerves 
entering the renal hilus, stripping the renal artery and 
vein of adventitia, and applying 10% phenol in 70% etha-
nol to the vessels, as previously described (15). Denerva-
tion was confirmed by measuring renal norepinephrine 
(NE) content at 27 weeks of age.

After recovery, UNX animals were divided into five 
experimental groups as follows: 1) vehicle (n = 14), 2) 
vehicle plus renal denervation (n = 15), 3) cilnidipine (50 
mg/kg per day, p.o. via gavage, n = 10), 4) cilnidipine 
plus renal denervation (50 mg/kg per day, p.o. via gav-
age, n = 15), and 5) WKY (vehicle-administered, n = 10). 
UNX-SHR and -WKY rats were fed a high-salt (HS: 4% 
NaCl) diet (HS-UNX-SHR and HS-UNX-WKY) 
throughout the experimental period to accelerate the 
progression of renal injury (16, 17).

Systolic blood pressure (SBP) was measured in con-
scious rats by tail-cuff plethysmography (BP-98A; 
 Softron, Tokyo); and 24-h urine samples were collected 
at 9, 12, 15, 18, 21, 24, and 27 weeks of age. All animals 
underwent a 12-h acclimatization period in metabolic 
cages prior to urine collection. Blood and kidney samples 

were harvested from 27-week-old animals. Half of the 
kidney was dissected immediately after blood collection 
by decapitation and was snap-frozen in liquid nitrogen 
for measurement of renal Ang II content.

Renal NE content
Extraction of NE from renal cortical tissue and subse-

quent processing were performed as follows. Briefly, 
pieces of renal cortex were homogenized in a 5-fold 
volume of ice-cold saline containing 0.1 N HCl. After 
centrifugation (12,000 × g at 4°C) for 30 min, the super-
natant was subjected to high-performance liquid chroma-
tography with an amperometric detector (ECD-300; 
 Eicom, Kyoto; detection limit: 10 pg/mL) for measure-
ment of NE.

Immunohistochemistry for desmin and N-CC
Immunohistochemistry for desmin, a marker of podo-

cyte injury, and N-CC (Cav2.2 subunit) were performed 
by using the Histofine Simple Stain MAX-PO MULTI 
(Nichirei Biosciences, Tokyo), as previously described 
(18, 19). Deparaffinized sections were incubated with 
0.1% hydrogen peroxide for 10 min for desmin or 0.3% 
hydrogen peroxide in methanol for 30 min for N-CC to 
block endogenous enzymes. For antigen retrieval, N-CC 
sections were exposed to 0.1% Triton X for 30 min. After 
blocking, sections were incubated with primary  antibodies 
(anti-Human Desmin Mouse monoclonal antibody, D33, 
1:500, from DakoCytomation, Glostrup, Denmark; anti-
Cav2.2 antibody, 1:100, from Alomone Labs,  Jerusalem, 
Israel) for 10 min (desmin) or 1 h (N-CC) at room tem-
perature. Antibodies were visualized with DAB substrate 
(DakoCytomation) and counterstained with hematoxylin 
(DakoCytomation). Sections that were incubated without 
primary antibodies were used as controls. Antibody-
positive areas were calculated from 20 randomly selected 
microscope fields (× 200) in each section. Histological 
analyses were performed using a color image analyzing 
system (Image J) in a blinded manner.

Histological examination
Kidneys were fixed with 10% formalin (pH 7.4), em-

bedded in paraffin, sectioned into 4-μm slices, and 
stained with periodic acid – Schiff (PAS) reagent for ana-
lyzing mesangial expansion and matrix protein accumu-
lation. PAS staining was evaluated using light microscopy 
(× 200). Positive glomerular sclerotic areas were counted 
using a photo-imaging system (Image J).

Cell culture condition and real-time PCR
Conditionally immortalized mouse podocyte cell lines 

were used for the cell culture study (20, 21). Cells were 
maintained in RPMI 1640 (Sigma, St. Louis, MO, USA) 
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supplemented with 10% fetal bovine serum (FBS) con-
taining 100 μg/ml penicillin and 100 μg/ml streptomycin 
(without γ-interferon) at 37°C for 10 days. After that, 
cells that achieved 60% confluence were first cultured 
for 24 h in serum-free RPMI 1640 and then exposed to 
vehicle, Ang II (100 nM), cilnidipine (10 μM), or 
ω-conotoxin (1 μM) for 24 h. The drug concentrations 
selected were based on previous studies (22, 23).

N-CC (Cacna 1b gene) and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) mRNA expression levels 
were analyzed via real-time polymerase chain reaction 
(PCR) using a LightCycler FastStart DNA Master SYBR 
Green I kit (Applied Biosystems, Foster City, CA, USA), 
as previously described (24). The primer sequences for 
Cacna 1b and transforming growth factor β1 (TGF-β1) 
were also previously described elsewhere (4, 25, 26)

Other analytical procedures
Urinary protein and albumin excretion were deter-

mined via commercially available assay kits, microTP-
test (Wako, Osaka) and ELISA kit (Shibayagi, 
 Shibukawa), respectively (14, 18).

Statistical analyses
Values were presented as the mean ± S.E.M. Statisti-

cal analysis was performed by using Prism 5 (GraphPad, 
La Jolla, CA, USA). Statistical differences between treat-
ments and other parameters were determined via a one-
way ANOVA followed by a Tukey’s post-hoc test. A 
P-value < 0.05 was considered statistically significant.

Results

Renal NE contents
Renal NE content was measured to confirm the suc-

cessful completion of the renal denervation procedure. 
Renal NE content was undetectable in all denervated 
HS-UNX-SHR rats. The renal NE content tended to be 
higher in vehicle-treated HS-UNX-SHR than WKY, but 
the difference was not statistically significant. Cilnidi-
pine-treated innervated HS-UNX-SHR showed similar 
renal NE content as the vehicle group (Fig. 1).

SBP and body weights
Vehicle-treated HS-UNX-SHR had significantly 

higher SBP compared to HS-UNX-WKY throughout the 
experimental period. Renal denervation resulted in a 
comparable reduction in SBP of HS-UNX-SHR (P < 0.05 
at 9, 24, and 27 weeks of age). Treatment with cilnidipine 
significantly decreased SBP at 15, 18, 21, 24, and 27 
weeks of age in both denervated and innervated HS-
UNX-SHR, and there were no differences in SBP be-
tween these two groups except at 9 weeks of age (Fig. 2). 

Neither denervation nor cilnidipine affected the body 
weight of HS-UNX-SHR (vehicle, 377 ± 5 g; vehicle 
plus renal denervation, 384 ± 6 g; cilnidipine, 384 ± 4 g; 
cilnidipine plus renal denervation, 379 ± 4 g; and WKY, 
470 ± 3 g).

Urinary protein and albumin excretion
Vehicle-treated HS-UNX-SHR demonstrated an age-

dependent increase in urinary protein excretion, where 

Fig. 1. Renal norepinephrine (NE) levels. Renal NE levels were 
undetectable in both cilnidipine-treated and untreated denervated 
SHR rats. The cilnidipine-treated groups demonstrated similar renal 
NE to tissue weight ratios compared with the vehicle group. All rats 
were uninephrectomized and fed the 4% NaCl–containing diet. WKY: 
Wistar Kyoto rat, DNX: denervation, N.D.: undetectable.
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values at 27 weeks of age were substantially higher than 
those of HS-UNX-WKY (Fig. 3A). A significant increase 
in urinary albumin excretion was also observed in vehi-
cle-treated HS-UNX-SHR compared to HS-UNX-WKY 
at 27 weeks of age (Fig. 3B). Denervation tended to de-
crease the urinary excretion of protein and albumin in 
vehicle-treated denervated HS-UNX-SHR; however, the 
difference did not achieve statistical significance. In 
contrast, treatment with cilnidipine significantly sup-
pressed urinary protein excretion at 27 weeks of age in 

both innervated and denervated HS-UNX-SHR. Cilnid-
ipine also demonstrated a strong inhibitory effect on 
urinary albumin excretion at 27 weeks of age. Denerva-
tion did not further reduce the proteinuria and albuminu-
ria in cilnidipine-treated rats.

Desmin staining
Given that cilnidipine suppressed albuminuria in both 

denervated and innervated HS-UNX-SHR, we evaluated 
glomerular podocyte damage with desmin staining (18). 

Fig. 3. Reno-protective effects of cilnidipine. Urinary protein excretion (A) and urinary albumin excretion (B). The vehicle 
group demonstrated substantial proteinuria and albuminuria compared with WKY. Cilnidipine significantly suppressed proteinuria 
and albuminuria in both the denervated and innervated groups. C) Representative images with desmin immunostaining (a – e, 
× 200) and PAS staining (f – j, × 200), as well as the quantitative comparisons between the groups. Podocyte injury revealed by 
desmin immunostaining was greater in the vehicle group (a) compared to WKY (e). Podocyte injury was significantly reduced 
with cilnidipine treatment in innervated (c) and denervated (d) rats. Denervation did not attenuate desmin staining in the glomeruli 
of the vehicle group (b). Glomerulosclerosis and extracellular matrix accumulation were revealed with PAS staining in the vehicle 
group (f) compared with WKY (j). Denervation attenuated the PAS staining (g). Cilnidipine treatment either in innervated (h) or 
denervated (i) animals prevented the increase in PAS staining. Denervation in cilnidipine-treated animals did not show additional 
attenuation. Scale bars: 100 μm. D) Transforming growth factor β1 (TGF-β1) mRNA expression. Expression of TGF-β1 mRNA 
was significantly higher in the vehicle group than in WKY. The increase in expression was significantly improved in both the 
cilnidipine-DNX and cilnidipine groups. All rats were uninephrectomized and fed the 4% NaCl–containing diet. *P < 0.05 vs. 
WKY, #P < 0.05 vs. the vehicle group. WKY: Wistar Kyoto rat, DNX: denervation.
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At 27 weeks of age, desmin-positive areas were mark-
edly greater in vehicle-treated innervated and denervated 
groups versus HS-UNX-WKY (Fig. 3C). This increase 
in positive areas was significantly attenuated in cilnid-
ipine-treated innervated and denervated HS-UNX-SHR. 
There was no statistical difference between innervated 
and denervated groups.

Renal histochemistry
PAS staining clearly revealed the presence of mesan-

gial expansion and increases in matrix protein accumula-
tion in vehicle-treated HS-UNX-SHR when compared to 
age-matched HS-UNX-WKY (Fig. 3C). These renal 
pathological changes were improved following renal 
denervation and/or cilnidipine treatment. There were no 
significant differences in PAS-stained areas between in-
nervated and denervated cilnidipine-treated groups. 
Furthermore, renal TGF-β1 mRNA was highly expressed 
in the vehicle group compared to HS-UNX-WKY (Fig. 
3D). Renal denervation tended to decrease TGF-β1 ex-
pression, but the difference failed to reach statistical 
significance. Cilnidipine strongly suppressed TGF-β1 
mRNA in HS-UNX-SHR, and again there were no dif-
ferences between the innervated and denervated groups.

Renal Ang II
Renal Ang II content, which was evaluated to deter-

mine the renal renin–angiotensin system (RAS) activa-
tion (27), was greater in vehicle-treated HS-UNX-SHR 
than in WKY (Fig. 4). Denervation did not affect the 
increased renal Ang II level in HS-UNX-SHR. Cilnid-
ipine treatment significantly decreased renal Ang II, re-

gardless of the presence or absence of the renal nerves. 
There were no differences between the innervated and 
denervated groups.

N-CC expression in podocytes
N-CC was previously found to be expressed in the 

vascular walls, possibly in the nerves in adventitia, distal 
tubules, and glomerular podocytes of the kidneys (4). 
Podocyte injury has been implicated in the development 
of proteinuria and albuminuria (28, 29); thus, we evalu-
ated the expression of N-CC in glomerular podocytes. 
The N-CC–positive area in glomeruli in the denervated 
vehicle group tended to be lower than that of the inner-
vated vehicle group (Fig. 5). In contrast, cilnidipine 
treatment significantly decreased the N-CC–positive 
 areas compared to the vehicle group, and there were no 
differences in the immune-positive areas between the 
cilnidipine-treated innervated and denervated groups.

To further confirm the effects of cilnidipine on N-CC 
expression in vivo, we performed an in vitro study in 
cultured murine podocytes (20). We found both 
ω-conotoxin, a selective N-CC inhibitor, and cilnidipine 
significantly decreased Cacna 1b mRNA, which codes 
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for N-CC, in podocytes. Exogenous Ang II resulted in an 
increased expression of N-CC mRNA in podocytes. 
However, this increase was significantly suppressed by 
pre-incubation with either ω-conotoxin or cilnidipine 
(Fig. 6). These results indicate that the inhibition of 
N-CC in podocytes results in a negative feedback on its 
expression.

Discussion

In agreement with the findings of previous animal and 
clinical studies (4, 30, 31), cilnidipine, an N/L-type CCB, 
demonstrated strong anti-proteinuric and anti- albuminuric 
effects in HS-UNX-SHR, confirming its reno-protective 
effects in hypertensive renal damage. Results from the 
renal Ang II and glomerular desmin staining experiments 
also suggest that cilnidipine inhibits renal RAS and pro-
tects podocytes. Moreover, the major finding of the 
present study was that cilnidipine similarly attenuated 
renal injury in both denervated and innervated HS-UNX-
SHR, suggesting that its reno-protective mechanisms are 
independent of renal sympathetic nerves (4).

Cilnidipine demonstrated greater renal protective ef-
fects compared to L-type calcium-channel blockers (e.g., 
amlodipine) in various animal models (4, 13, 32, 33), as 
well as hypertensive patients (2, 3, 34, 35). Based on 
these findings, more attention has been recently paid to 
elucidate the relationship between the reno-protective 
effects of cilnidipine and its N-CC inhibition within the 
kidney. Since N-CC is known to be expressed in renal 
nerves and is capable of controlling neurotransmitter re-

lease (e.g., NE), it was suggested that the reno-protective 
mechanisms of cilnidipine primarily involve the sympa-
thetic nervous system (36, 37). Therefore, we investigated 
the involvement of renal sympathetic nerves in cilnid-
ipine-induced reno-protection in denervated HS-UNX-
SHR. We found that renal denervation reduced renal NE 
content to undetectable levels, and suppressed elevations 
in blood pressure in HS-UNX-SHR, as previously re-
ported (7, 38, 39). Furthermore, glomerulo-mesangial 
expansion was similarly attenuated, which was possibly 
due to the anti-hypertensive effects of cilnidipine. How-
ever, there were no statistically significant improvements 
in renal parameters, such as podocyte injury,  albuminuria, 
and proteinuria, indicating that renal sympathetic nerves 
did not contribute to the development of the renal lesions 
in our model. Conversely, regardless of whether renal 
nerves were present or not, cilnidipine suppressed the 
development of proteinuria and normalized podocyte 
injury, despite that the blood pressures of the cilnidipine-
treated animals were still much greater than those of the 
normotensive controls. These findings indicate that 
cilnidipine appears to have protective effects on podo-
cytes, independent of its inhibitory effects on N-CCs in 
the renal sympathetic nerves of HS-UNX-SHR.

We previously demonstrated that glomerular podo-
cytes, cells that play an important role in the glomerular 
filtration barrier, express N-CC (10). In the present study, 
cilnidipine prevented the development of renal injury in 
HS-UNX-SHR. The precise mechanism by which cilnid-
ipine may protect podocytes is unclear, but its inhibitory 
effects on L-CCs are unlikely to participate in reno-pro-
tection, as it was previously reported that L-CCs do not 
affect the changes in the intracellular calcium levels of 
podocytes induced by Ang II (40), NE (41), and acetyl-
choline (42). Additionally, to the best of our knowledge, 
there are no reports showing that L-CCs are expressed in 
podocytes. Conversely, N-CCs are known to be involved 
in the generation of reactive oxygen species in response 
to Ang II in cultured podocytes (4), and thus, the inhibi-
tion of this response could be one of the mechanisms 
involved in cilnidipine-induced podocyte protection. 
Moreover, in the present study, we found that the protec-
tive effects against podocyte injury were accompanied 
by the suppression of N-CC expression in cilnidipine-
treated HS-UNX-SHR. Furthermore, N-CC inhibition 
down-regulated the expression of N-CC in cultured podo-
cytes. Therefore, cilnidipine may, in part, exert its pro-
tective effects on podocytes via either its pharmacological 
inhibition or down-regulation of N-CC in podocytes.

CCBs regulate glomerular pressure by changing the 
afferent and efferent arteriole tone (11 – 13). Zhou et al. 
(11) demonstrated that cilnidipine decreases the single 
nephron filtration fraction, glomerular capillary pressure, 
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afferent and efferent arteriole resistance, and proteinuria 
in nitric oxide synthase-inhibited SHR, indicating that 
cilnidipine attenuates glomerular hypertension and, 
subsequently, prevents proteinuria. Similar arteriole re-
sponses were observed in dog kidneys (12) and hydro-
nephrotic SHR (13), More importantly, Konno et al. (13) 
revealed that nifedipine, another L-CC blocker, dilated 
the afferent, but not the efferent arteriole, whereas cilnid-
ipine dilated both the afferent and efferent arterioles. 
Their findings suggest that N-CC inhibition via cilnid-
ipine may elicit efferent vasodilation. Therefore, it is 
possible that the effects of cilnidipine on glomerular he-
modynamics are, in part, involved in its reno-protective 
effects in HS-UNX-SHR. However, it should be men-
tioned that we did not assess glomerular hemodynamics 
in the present study. Thus, further studies are warranted 
to address whether cilnidipine has any effects on glom-
erular hemodynamics.

Although cilnidipine was expected to both inhibit N-
CCs in renal nerve endings and reduce neurotransmitter 
release (5, 6), it was found that cilnidipine did not reduce 
the increased renal NE levels in HS-UNX-SHR. This 
may be a result of a negative feedback response due to 
the blood pressure decreases induced by cilnidipine (37). 
That is, the suppressing effects of cilnidipine on renal NE 
content may be masked by the increase in NE release 
induced by its blood pressure reduction, as also suggested 
by other investigators (37).

Renal denervation in HS-UNX-SHR did not signifi-
cantly reduce renal Ang II content. However, it is well 
known that renal sympathetic tone regulates renin release 
from the juxtaglomerular apparatus. This finding is 
consistent with those of previous studies, which demon-
strated that plasma renin activity is not affected in high-
salt–fed SHR following renal denervation (43, 44). Thus, 
the contribution of the sympathetic nervous system on 
renin release may be reduced on a high-salt diet.

Cilnidipine suppressed renal Ang II content. The cells 
that produce Ang II are unidentified in the present study 
due to the limitation in performing immunohistochemis-
try for this octapeptide in vivo. It has been shown that 
renal proximal tubular cells express all components that 
are necessary to produce Ang II and that Ang II in proxi-
mal tubular lumen can be retrieved into the cells through 
AT1 receptor–dependent endocytosis; this process ac-
celerates de novo angiotensinogen synthesis and further 
Ang II accumulation (45). Moreover, Cao et al. (46) 
demonstrated that albumin stress stimulated RAS in 
proximal tubular cells. Therefore, the increase in renal 
Ang II in HS-UNX-SHR may have resulted from the 
increased albumin stress in proximal tubules as a conse-
quence of podocyte injury, and it should be deemed 
reasonable to say that cilnidipine reduced the renal Ang II 

through the reduction of albumin leakage from glomeruli 
by podocyte protection.

We cannot exclude the possibility that reduced glom-
erular damage (e.g., desmin staining for podocyte dam-
age and PAS staining for sclerotic change) result in less 
expression of NCC in the glomeruli of cilnidipine-treated 
HS-UNX-SHR. On the other hand, in our previous study, 
we have demonstrated that cilnidipine attenuated the 
glomerular damage in obese SHR model without the 
changes in NCC expression in podocytes (14). Thus, 
taken together, the relationship between NCC expression 
and glomerular damage does not seem to be simple and 
could be independent consequences of cilnidipine 
treatment.

In conclusion, cilnidipine suppressed proteinuria and 
albuminuria by attenuating podocyte injury in HS-UNX-
SHR. It appears that the reno-protective effects of cilnid-
ipine are induced via mechanisms that are independent of 
renal sympathetic nerve inhibition. Future studies need 
to clarify the possible involvement of N-CC on the de-
velopment of podocyte injury.
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