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Abstract

Our recent studies indicate that the transient receptor potential vanilloid type 1 (TRPV1) channel may act as a potential regulator of
monocyte/macrophage recruitment to reduce renal injury in salt-sensitive hypertension. This study tests the hypothesis that
deletion of TRPV1 exaggerates salt-sensitive hypertension-induced renal injury due to enhanced inflammatory responses via
monocyte chemoattractant protein-1 (MCP-1)/C-C chemokine receptor 2 (CCR2)-dependent pathways. Wild type (WT) and
TRPV1-null mutant (TRPV1~/") mice were subjected to uninephrectomy and deoxycorticosterone acetate (DOCA)-salt treatment
for four weeks with or without the selective CCR2 antagonist, RS504393. DOCA-salt treatment increased systolic blood pressure
(SBP) to the same degree in both strains, but increased urinary excretion of albumin and 8-isoprostane and decreased creatinine
clearance with greater magnitude in TRPV1~'~ mice compared to WT mice. DOCA-salt treatment also caused renal glomerulo-
sclerosis, tubulointerstitial injury, collagen deposition, monocyte/macrophage infiltration, proinflammatory cytokine and chemo-
kine production, and NF-kB activation in greater degree in TRPV1~'~ mice compared to WT mice. Blockade of the CCR2 with
RS504393 (4 mg/kg/day) had no effect on SBP in DOCA-salt-treated WT or TRPV1 ~/~ mice compared to their respective controls.
However, treatment with RS504393 ameliorated renal dysfunction and morphological damage, and prevented the increase in
monocyte/macrophage infiltration, cytokine/chemokine production, and NF-kB activity in both DOCA-salt hypertensive strains
with a greater effect in DOCA-salt-treated TRPV1~/~ mice compared to DOCA-salt-treated WT mice. No differences in CCR2
protein expression in kidney were found between DOCA-salt-treated WT and TRPV1 ~/~ mice with or without RS504393 treatment.
Our studies for the first time indicate that deletion of TRPV1 aggravated renal injury in salt-sensitive hypertension via enhancing
MCP-1/CCR2 signaling-dependent inflammatory responses.
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(MCPs). This is achieved through ligand/receptor binding
with receptors expressed in the cell membrane of mono-

Introduction

Monocyte/ macrophage-mediated inflammatory responses

are involved in the progression of hypertension-induced
kidney diseases."? Monocyte/macrophage recruitment
and overexpression of proinflammatory cytokines and che-
mokines contribute to the development of inflammation.
Mechanistically, monocyte infiltration to the sites of inflam-
mation is regulated by members of C-C chemokine lig-
ands, also termed as monocyte chemoattractant proteins
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cytes. Chemokines are required for monocytes being
recruited to tissues, differentiating into macrophages
and releasing additional chemokines. C-C chemokine
receptor 2 (CCR2) bound by MCP-1 is mainly expressed in
monocyte subsets and required for monocyte emigration.
There is accumulating evidence showing that inhibition of
CCR?2 attenuates renal injury in renal diseases.*® These
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studies clearly indicate a role for CCR2 in the development
of renal disease.

The transient receptor potential vanilloid type 1 (TRPV1,
also known as VR1) channel is originally found in primary
sensory neurons that innervate various tissues including
the heart, blood vessel, and l<id1r1ey.7'8 The activation of
TRPV1 in primary sensory neurons evokes the release of
sensory neurotransmitters including calcitonin gene-related
peptide (CGRP) and substance P.” Moreover, several studies
have shown that TRPV1 is also expressed in endothelial
cells, and its activation increases nitric oxide (NO) release
via activation of endothelial NO synthase (eNOS).”'” The
TRPV1 is a ligand-gated non-selective ion channel and acti-
vated by multiple stimuli including noxious heat, low pH,
and the pungent ingredient of chili peppers, capsaicin.'"*2
In addition, a variety of endogenous proinflammatory
mediators including lipid metabolites, bradykinin, and
prostaglandins may activate or sensitize TRPV1."

Upregulation of TRPV1 expression has been shown in
several diseases such as inflammatory bowel disease and
irritable bowel syndrome.'*'* Although activation of
TRPV1in various tissues results in neurogenic inflammation
and nocicep’ciom,15 cumulative evidence shows that the
TRPV1 has an anti-inflammatory effect in various patho-
logical conditions, including inflammatory conditions in
the cardiovascular system.z’16 Indeed, the TRPV1 has been
implicated in protecting against ischemia/reperfusion-
induced inflammation of the heart.'” A similar action has
been reported in the onset of sepsis and acute lung inflam-
matory injury induced by intratracheal administration of
lipopolysaccharide.'®*® Although these studies show that
TRPV1 has anti-inflammatory actions, the precise mechan-
isms underlying TRPV1 anti-inflammatory actions remain to
be elucidated.

Our recent studies demonstrate that global deletion of
TRPV1 gene aggravates deoxycorticosterone acetate
(DOCA)-salt hypertension-induced renal injury, which is
associated with increased renal MCP-1 production and
monocyte/ macrophage infiltration.” These results support
the notion that global TRPV1 ablation-induced aggravation
of renal injury in DOCA-salt hypertension may be the result
of enhanced renal monocyte/ macrophage infiltration that is
dependent of the MCP-1/CCR2 signaling pathway. Since it
is well accepted that MCP-1 causes monocyte/ macrophage
infiltration via binding to CCR2 expressed in monocytes, we
hypothesized that MCP-1/CCR2-meditaed monocyte/
macrophage infiltration is a critical determinant of renal
injury in global TRPV1-null mutant (TRPV1~/ ") mice sub-
jected to DOCA-salt hypertension. To achieve this goal, we
evaluated the effects of RS504393, a selective CCR2 antagon-
ist, on renal function, structure, inflammatory cell infiltra-
tion, and production of multiple inflammatory factors
during the development of DOCA-salt hypertension in the
wild-type (WT) and global TRPV1~/~ mice.

Materials and methods
Animals

Experiments were conducted in 10-week-old male global
TRPV1~/~ and control WT (C57BL/6) mice (weighing

26-28¢g; Charles River Laboratory, Beijing, China).
TRPV1 ™/~ mice were generated by deleting an exon encod-
ing part of the fifth and all of the sixth putative transmem-
brane domains of the channel.? The mice were backcrossed
to C57BL/6 mice for at least six generation and shown to
have impaired nociception. All mice were provided with a
standard diet and water, and maintained under specific
pathogen-free conditions. All protocols were approved by
the Henan University of Traditional Chinese Medicine
Animal Care and Use Committee.

Experimental protocol

The general procedure of a DOCA-salt hypertension model
is well described before.? In brief, mice were anesthetized
with ketamine and xylazine (80 and 4 mg/kg sc, respect-
ively), and the left kidney was removed. The DOCA pellet
(24 mg/10 g body weight; Innovative Research of America,
Sarasota, FL) was implanted subcutaneously in the neck
area under anesthesia. The mice receiving DOCA were
given 1% NaCl and 0.2% KCI to drink, and treatment
with DOCA-salt continued for four weeks. Sham operation
was performed in a similar manner except for DOCA-salt
treatment. To evaluate the effect of MCP-1/CCR2 signaling,
the mice were subcutaneously given vehicle or a selective
CCR?2 antagonist, RS504393 (2mg/kg, twice a day; Tocris
Bioscience, Ellisville, MO) for four weeks. The dose of
RS504393 has previously been shown to specifically and
effectively block CCR2 in vivo.*>*' There were no differ-
ences in parameters including blood pressure, renal func-
tion/structure, or inflammatory cells/factors between
vehicle- and RS504393-treated sham-operated WT, and
vehicle- and RS504393-treated sham-operated TRPV1~/~
mice. Thus, sham-operated WT and TRPV1~/~ mice with
vehicle or RS504393 were pooled and treated as control
WT and TRPV1~/~ mice, respectively. Finally, mice were
randomly assigned into the following groups (n=6-8
per group): (1) control WT mice receiving sham operation
(WT); (2) control TRPV1 ™/~ mice receiving sham operation
(TRPV1~/7); (3) WT mice receiving DOCA-salt with vehicle
(DOCA-WT-Veh); (4) TRPV1~/~ mice receiving DOCA-
salt with vehicle (DOCA-TRPV1~/~-Veh); (5) WT
receiving DOCA-salt with RS504393 (DOCA-WT-RS);
(6) TRPV1~/~ mice receiving DOCA-salt with RS504393
(DOCA-TRPV1~/~-RS).

At the end of four-week treatment, mice were placed in
mouse metabolic cages for 24-h urine collection. After that,
plasma and kidney were harvested, weighted, and stored at
—80°C for biochemical analysis or fixed in a 10% formalde-
hyde solution in phosphate buffer for histological analysis.

Blood pressure measurement

Since it has been reported that renal function and injury
significantly correlate with systolic blood pressure (SBP),
indirect tail-cuff SBP was routinely determined in conscious
mice by use of a BP2000 Blood Pressure Analysis System
(Visitech Systems, Apex, NC) as described previously.>**
Blood pressure was measured one day before DOCA-salt
treatment (day 0) and at the end of each week after the
treatment. All mice were acclimated to the warming
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chamber (28-32°C) and the restrainer for 10-20 min/day for
at least three days before the day of measurement. Mice
were allowed to rest quietly for 10min at 28-32°C. The
blood pressure value for each mouse was calculated as
the average of at least eight separate measurements at
each session. All measurements were performed at the
same time for all groups to prevent any diurnal variations.

Plasma and urine analysis

Plasma and urine creatinine levels were determined with an
improved Jaffe creatinine assay kit (BioAssay Systems,
Hayward, CA). Urinary albumin was assayed by the use
of an ELISA kit (Exocell, Philadelphia, PA). Urinary 8-iso-
prostane concentrations were measured using the chemilu-
minescent enzyme immunoassay kit from Cayman
Chemical (Ann Arbor, MI).

Renal histology

The formaldehyde-fixed kidneys were embedded in paraf-
fin, and 4-um sections were cut. Sections were stained
with periodic acid-Schiff (PAS) and Masson’s trichrome
stain. The degree of glomerulosclerosis and tubulointersti-
tial injury was determined in a masked fashion in tissue
sections stained with PAS and Masson’s trichrome,
respectively.

The degree of glomerulosclerosis was determined at
x400 magnification using a semiquantitative scoring
method as previously described.* Briefly, 50 glomeruli
from each mouse (1=6-8 per group) were selected ran-
domly and scored as follows: grade 0 represents no lesions,
grade1, 2, 3, and 4 represent mesangial matrix expansion or
sclerosis, involving <25, 25-50, 50-75, or >75% of the glom-
erular tuft area, respectively. The ultimate score was
obtained by multiplying the degree of changes by the per-
centage of glomeruli with the same degree of injury and
adding up these scores.

The tubulointerstitial injury index was assessed at x 200
magnification in 20 fields selected randomly from each
mouse (1 = 6-8 per group) using a semiquantitative scoring
method as reported previously.”* Briefly, the tubulointersti-
tial injury was scored as follows: grade 0 represents no
lesions, grade 0.5, 1, 2, 3, and 4 represent tubular dilation
or atrophy, interstitial fibrosis, or inflammatory cell infiltra-
tion, involving small focal area, <10%, 10-25%, 25-75%, or
>75% of the renal cortex.

Hydroxyproline assay

The level of collagen in renal tissue was determined using
hydroxyproline assay. Kidney samples were homogenized
as described previously.** Hydroxyproline content was
assayed using a colorimetric assay and a standard curve
of 0-5ug of hydroxyproline (Sigma Chemical, St. Louis,
MO). Data were expressed as micrograms of collagen per
milligram of dry weight, assuming that collagen contains an
average of 13.5% hydroxyproline.*®

TRPV1 and MCP-1/CCR2 signaling pathway in salt-sensitive hypertension

Renal immunohistochemistry

Immunohistochemistry for renal monocyte/macrophage
was performed in 4-pm paraffin sections obtained four
weeks after the treatment. Kidney sections were incubated
with a primary antibody directed to F4/80 (1:200, rat anti-
mouse macrophage monoclonal antibody; Serotec, Oxford,
UK) overnight at 4°C. After being washed, horse anti-rat
antibody conjugated with horseradish peroxidase (1:400;
Vector Laboratories, Burlingame, CA) was applied and
incubated for 1h at room temperature, and visualized by
incubating the sections with the substrate vector fast red
(Vector Laboratories). The sections were counterstained
with hematoxylin. Negative control experiments were per-
formed by omitting the primary antibody during incuba-
tion. The quantification of macrophages in the cortex was
carried out in a blind fashion under x400 magnification. The
number of macrophages was counted in at least 10 fields for
each mouse (n =6-8 per group) and averaged. The number
of positive cells was expressed as cells per square
millimeter.

Renal cytokine assay

Levels of TNF-g, IL-6, and MCP-1 in kidneys were assayed
using the corresponding ELISA kit (R&D Systems,
Minneapolis, MN) according to the manufacturer’s proto-
col. Whole kidneys were homogenized in ice-cold phos-
phate buffer containing protease inhibitor cocktail (Sigma
Chemical). The total proteins were extracted using NE-PER
Cytoplasmic Extraction Reagents (Pierce, Rockford, IL) fol-
lowing the manufacturer’s protocol. The total protein level
of extract was assayed using a protein assay kit (Bio-Rad
Laboratories, Hercules, CA) and used for normalizing cyto-
kine concentrations in renal tissue.

NF-xB transcription factor assay

Nuclear protein was extracted from the kidney using the
nuclear extract kit (Active Motif, Carlsbad, CA) following
the manufacturer’s protocol. Protein concentrations of
nuclear extract were assayed with a protein assay kit. The
nuclear concentration of p65 was determined at 450 nm
with a TransAM NF-kB p65 assay kit (Active Motif) based
on the manufacture’s instruction. The NF-xB activity was
represented by the nuclear concentration of p65 and nor-
malized per milligram of renal protein.

Western blot analysis

Protein was extracted from the whole kidney using RIPA
buffer (Thermo Fisher Scientific Inc., Rockford, IL, USA)
containing cocktail proteinase inhibitors (Thermo Fisher
Scientific Inc.) and quantified with the Bio-Rad protein
assay. Equal amounts of protein (50 1g) were separated on
a 10% SDS-PAGE gel, and transferred to a polyvinylidene
difluoride membrane. Blots were blocked for 1h at room
temperature in 5% skim milk washing solution (50 mmol/
Tris-HCI, 100 mmol/L NaCl, and 0.1% Tween 20 at pH 7.5).
Subsequently, blots were incubated overnight at 4°C with
rabbit anti-CCR2 polyclonal antibody (1:600, Abcam,
Cambridge, MA) in block solution, washed, and then
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incubated at room temperature for 1h with horseradish
peroxidase-conjugated goat anti-rabbit IgG (1:800, Santa
Cruz Biotechnology, Santa Cruz, CA). Immune blots were
detected with an enhanced chemiluminescence Western
blot kit (ECL, Amersham Biosciences, Piscataway, NJ).
Blot intensity was densitometrically = determined.
Expression of P-actin was used to normalize protein
loaded on blots.

Statistical analysis

All of the values are expressed as means & SE. Comparisons
between groups at each experimental time point were
determined by the use of two-way ANOVA followed by a
Bonferroni’s test. The differences among groups were eval-
uated using one-way analysis of variance followed by a
Bonferroni’s adjustment for multiple comparisons.
Differences were considered statistically significant at
P <0.05.

Results

Effect of RS504393 on body weight, kidney weight, and
urine chemistries in WT and TRPV1~/~ mice with DOCA-
salt treatment

Table 1 summarizes the changes in body weight, kidney
weight, and urine parameters during the study. There was
no significant difference in body weight (BW) between
groups at the end of the experimental period (P > 0.05).
DOCA-salt treatment markedly enhanced the kidney to
BW ratio in WT and TRPV1~/~ mice compared to their
respective controls (P <0.05,), but no difference in the
kidney to BW ratio was found between DOCA-salt-treated
WT and TRPV1~/~ mice (P > 0.05). Blockade of CCR2 with
RS504393 did not affect the kidney to BW ratio in DOCA-
salt-treated WT or TRPV1~/~ mice (P> 0.05). DOCA-salt
treatment significantly increased the urinary output in
WT and TRPV1~/~ mice compared to their respective con-
trols (P <0.05). There was no difference in urinary output
between DOCA-salt-treated WT and TRPV1~/~ mice
(P>0.05). However, urinary output was obviously

increased in DOCA-TRPV1~/~-RS group compared to
DOCA-TRPV1~/~-Veh group (P <0.05). Urinary albumin
and 8-isoprostane excretion were used as an indicator for
renal injury and reactive oxygen species, respectively.
DOCA-salt treatment significantly increased urinary albu-
min and 8-isoprostane excretion in WT and TRPV1~/~ mice
compared to their respective controls (P < 0.05). Also, dele-
tion of TRPV1 markedly increased DOCA-salt-induced
urinary albumin and 8-isoprostane excretion compared to
DOCA-salt-treated WT mice (P <0.05). Moreover, treat-
ment with RS504393 prevented or significantly reduced
urinary albumin and 8-isoprostane excretion in DOCA-
salt-treated WT or TRPV1 /" mice (P <0.05), and the
degree of RS504393-induced decreases in urinary albumin
and 8-isoprostane excretion was greater in DOCA-salt-trea-
ted TRPV1~/~ mice compared to DOCA-salt-treated WT
mice (urinary albumin, 57.9+6.7 vs. 19.7+3.1ng/24h;
urinary 8-isoprostane, 2.53+0.34 vs. 0.99+0.21ng/24h,
P <0.05, respectively). In addition, DOCA-salt treatment
significantly reduced creatinine clearance in WT and
TRPV1~/~ mice compared to their respective controls
(P <0.05). Administration of RS504393 abolished or inhib-
ited the DOCA-salt-induced decrease in creatinine clear-
ance in WT or TRPV1~/~ mice (P<0.05), and the
magnitude of RS504393-induced increases in creatinine
clearance was greater in DOCA-salt-treated TRPV1 /"~
mice compared to DOCA-salt-treated WT mice (182+9
vs. 145+8mL/24h, P <0.05).

Effect of RS504393 on blood pressure in WT and
TRPV1~/~ mice with DOCA-salt treatment

As demonstrated in Figure 1, all mice had similar baseline
SBP determined by a non-invasive tail-cuff system.
Compared with the controls, tail-cuff SBP was significantly
higher beginning at week 1 after DOCA-salt treatment and
continuing for the rest of the experiment in DOCA-salt-trea-
ted WT and TRPV1~/~ mice with or without RS504393
(P <0.05). There was no difference in SBP among DOCA-
salt-treated mice with or without RS504393 treatment
(P> 0.05).

Table 1 Effect of CCR2 inhibition on body weight, kidney weight, and urine chemistries in WT and TRPV1~/~ mice with DOCA-salt treatment.?

Urinary Creatinine
Body Kidney weight Urinary output Urinary albumin 8-isoprostane clearance
Group weight (g) (mg/10g of BW) (mL/24 h) (ng/24 h) (ng/24 h) (mL/24 h)
WT 28.3+0.3 78.3+£1.2 1.3+£0.5 51407 0.48+0.13 325+ 18
TRPV1~/~ 27.9+0.5 76.8+1.4 1.5+0.3 4.6+0.6 0.55+0.16 332+22
DOCA-WT-Veh 28.9+0.4 115.3+3.8* 19.1+3.6* 26.5+ 3.4 1.52+0.21* 168 + 14+
DOCA-TRPV1~~-Veh 29.4+0.3 118.9+4.1* 16.8+3.3*" 89.3 + 5.2+ 4.24 +0.45™ 98 + 19+
DOCA-WT-RS 28.8+0.7 112.54+5.5% 21.6+4.3" 74417 0.62+0.18 311+16
DOCA-TRPV1~~-RS 29.7+0.5 114.7 £ 4.6 22.9+4.1* 31.6+4.6* 1.834+0.24* 279 +19*

CCR2: chemokine receptor 2; WT: wild-type; TRPV1~": transient receptor potential vanilloid type 1 (TRPV1)-null mutant; DOCA: deoxycorticosterone acetate;

Veh: vehicle; RS: RS504393; BW: body weight.

®Values are mean =+ SE; n =6-8 mice.

*P < 0.05 compared with control WT or TRPV1~/~ mice.

+P < 0.05 compared with DOCA-WT-Veh.

#P <0.05 compared with DOCA-WT-RS or DOCA-TRPV1~/~-RS.
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Effect of RS504393 on renal lesions in WT and TRPV1~/~
mice with DOCA-salt treatment

As shown in Figure 2, DOCA-salt treatment caused more
severe glomerulosclerosis determined by PAS staining in
TRPV1~/~ than WT mice. As illustrated in Figure 3, more
severe tubular injury determined by Masson’s trichrome
staining was also found in the renal cortex of DOCA-salt-
treated TRPV1 ™/~ mice compared with DOCA-salt-treated
WT mice. Quantitative analysis showed that DOCA-salt
treatment significantly increased glomerulosclerosis index
and tubulointerstitial injury scores in WT and TRPV1~/~
mice compared to their respective controls (P <0.05), and
DOCA-salt-induced renal injury was more severe in
TRPV1 ™/~ than WT mice (P <0.05). Renal damage was
not found in control WT and TRPV1~/~ mice. CCR2 block-
ade with RS504393 prevented or significantly reduced
glomerulosclerosis and tubulointerstitial injury in DOCA-
salt-treated WT and TRPV1 /™ mice, and the RS504393-
mediated decreases in glomerulosclerosis index and
tubulointerstitial injury score were greater in DOCA-salt-
treated TRPV1~/~ mice compared to DOCA-salt-treated
WT mice (glomerulosclerosis index, 0.38+£0.09 vs.
0.18+0.03; tubulointerstitial injury score, 2.1+0.4 vs.
0.940.3, P <0.05, respectively).

Effect of RS504393 on renal collagen levels in WT and
TRPV1~’~ mice with DOCA-salt treatment

Similarly to the changes in renal damage, DOCA-salt treat-
ment led to a significant increase in renal collagen levels
determined wusing hydroxyproline assay in WT and
TRPV1~/~ mice compared to control mice (P <0.05),
and the effect was found to be greater in the latter strain
(Figure 4). Moreover, the DOCA-salt-induced increase in
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Figure 1 Effect of treatment with chemokine receptor 2 (CCR2) antagonist,
RS504393 (RS) on systolic blood pressure in wild-type (WT) and transient
receptor potential vanilloid type 1 (TRPV1)-null mutant (TRPV1~") mice with
deoxycorticosterone acetate (DOCA)-salt treatment. Veh indicates vehicle.
Values are means + SE (n =6-8). *P < 0.05 compared with control WT or
TRPV1~/~ mice
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the levels of renal collagen was blocked or inhibited by
RS504393 treatment in WT or TRPV1 /™ mice, and the
RS504393-induced decrease in renal collagen levels was
more significant in DOCA-salt-treated TRPV1~/~ mice
compared to DOCA-salt-treated WT mice (9.2+1.8 vs.
3.8+ 0.6 pg/mg dry tissue, P <0.05).

Effect of RS504393 on renal monocyte/macrophage
infiltration and proinflammatory cytokine/chemokine
levels in WT and TRPV1~/~ mice with DOCA-salt
treatment

Monocyte/macrophage infiltration was indicated by F4/
80-positive cells that stained red. As shown in Figure 5,
DOCA-salt treatment significantly increased F4/80-positive
cells in the renal cortex of WT and TRPV1~/~ mice com-
pared with the controls (P <0.05), and the F4/80-positive
cells were further increased in DOCA-salt-treated TRPV1~/
~ mice compared with DOCA-salt-treated WT mice
(P <0.05). Moreover, RS504393 treatment blocked the
enhancement infiltration of monocytes/macrophages in
DOCA-salt-treated WT and TRPV1~/~ mice (P <0.05),
and the RS504393-induced decrease in renal monocyte/
macrophage infiltration was greater in DOCA-salt-treated
TRPV1~/~ mice compared to DOCA-salt-treated WT mice
(5245 vs. 23 + 3 cells/mm?, P < 0.05). DOCA-salt treatment
markedly increased renal protein levels of proinflammatory
cytokines/chemokines including TNF-a, IL-6, and MCP-1
in WT and TRPV1~/~ mice compared to their respective
controls (P <0.05), and the results are shown in Figure 6.
A further elevation of renal TNF-o, IL-6, and MCP-1 levels
was found in DOCA-salt-treated TRPV1~/~ mice compared
to DOCA-salt-treated WT mice (P <0.05). Moreover,
administration of RS504393 prevented DOCA-salt-induced
increases in the levels of renal proinflammatory cytokines/
chemokines in WT and TRPV1~/~ mice, and the RS504393-
mediated decreases in renal cytokines/chemokines were
more significant in DOCA-salt-treated TRPV1~/~ mice
compared to DOCA-salt-treated WT mice (TNF-q,
0.49+£0.07 vs. 0.18£0.03 pg/mg protein; IL-6, 1.41+0.35
vs. 0.50+£0.10pg/mg protein, MCP-1, 5.8540.53 vs.
2.53 £0.25 pg/mg protein, P < 0.05, respectively).

Effect of RS504393 on renal NF-kB activity in WT and
TRPV1~’~ mice with DOCA-salt treatment

As demonstrated in Figure 7, DOCA-salt treatment signifi-
cantly increased renal NF-kB activity in WT and TRPV1 ™/~
mice compared to their respective controls (P <0.05), and
the effect of DOCA-salt treatment was further enhanced in
TRPV1~/~ mice compared with WT mice (P <0.05).
Moreover, RS504393 treatment abolished the DOCA-salt-
induced increase in renal NF-xB activity in WT and
TRPV1™/~ mice (P<0.05), and RS504393 treatment
caused greater reduction in renal NF-xB activity in
DOCA-salt-treated TRPV1™/~ mice than in DOCA-salt-
treated WT mice (28.4+3.4 vs. 12.44+2.0ng/mg protein,
P <0.05).
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Figure 2 Effect of treatment with chemokine receptor 2 (CCR2) antagonist, RS504393 (RS), on renal glomerular injury in wild-type (WT) and transient receptor

potential vanilloid type 1 (TRPV1)-null mutant (TRPV1~/~) mice with deoxycorticosterone acetate (DOCA)-salt treatment. (A) Histological sections stained with Periodic
acid-Schiff (PAS) stain showing glomerulosclerosis in control WT (a) and TRPV1 ~/~ (b) mice, and DOCA-salt-treated WT and TRPV1~/~ mice with vehicle (Veh, ¢ and d)
or RS (e and f). Magnification, x400. (B) Bar graph showing the average of glomerulosclerosis index in all groups. Values are means =+ SE (n = 6-8). *P < 0.05 compared
with control WT or TRPV1~/~ mice; P < 0.05 compared with DOCA-WT-Veh; #P < 0.05 compared with DOCA-WT-RS or DOCA-TRPV1~/~-RS. (A color version of this

figure is available in the online journal.)

Effect of RS504393 on renal CCR2 protein expression in
WT and TRPV1~'~ mice with DOCA-salt treatment

As shown in Figure 8, DOCA-salt treatment did not
increase renal CCR2 protein expression in WT and
TRPV1~/~ mice compared to their respective controls
(P> 0.05). Moreover, there were no differences in the pro-
tein levels of CCR2 in kidneys between DOCA-salt-treated
WT and TRPV1 ™/~ mice with or without RS504393 treat-
ment (P > 0.05).

Discussion

Our study demonstrates that pharmacological blockade of
CCR2 induces renal protection as evidenced by decreased
albuminuria and morphological damage associated with
attenuation of monocyte/macrophage infiltration and cyto-
kine overproduction during DOCA-salt hypertension. We
also found that treatment with a CCR2 antagonist provides
more potent protection against renal damage induced by

DOCA-salt treatment in TRPV1 ™/~ mice without lowering
blood pressure. This is the first evidence suggesting that
activation of TRPV1 may ameliorate salt-sensitive hyper-
tension-induced renal damage via inhibiting MCP-1/
CCR2-mediated monocyte/macrophage infiltration.

It is well accepted that macrophage infiltration into the
kidney mediates renal damage in a number of renal dis-
eases.””® The chemokine MCP-1 is a potent macrophage
chemoattractant which binds to CCR2 to promote mono-
cyte/macrophage chemotaxis and infiltration in renal dis-
eases.” It has been shown that MCP-1 or CCR2 deficiency
attenuates the recruitment of monocytes/macrophages into
the aortic wall or kidney in atherosclerosis or renal injury
induced by ischemia-reperfusion or unilateral ureteral
obstruction.?*?"?® These studies indicate that the MCP-1/
CCR2 signaling pathway plays an important role in mono-
cyte/macrophage infiltration. In this study, we determined
the inhibitory effects of MCP-1/CCR?2 signaling pathway
on TRPV1 ablation-induced renal injury using a specific
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Figure 3 Effect of treatment with chemokine receptor 2 (CCR2) antagonist, RS504393 (RS) on renal cortical tubulointerstitial injury in wild-type (WT) and transient
receptor potential vanilloid type 1 (TRPV1)-null mutant (TRPV1 ~/~) mice with deoxycorticosterone acetate (DOCA)-salt treatment. (A) Histological sections stained with
Masson’s trichrome stain showing renal cortical tubulointerstitial injury in control WT (a) and TRPV1~/~ (b) mice, and DOCA-salt-treated WT and TRPV1~/~ mice with
vehicle (Veh, c and d) or RS (e and f). Magnification, x200. (B) Bar graph showing the average of tubulointerstitial injury score in all groups. Values are means + SE (n = 6-
8). *P < 0.05 compared with control WT or TRPV1 '~ mice; TP < 0.05 compared with DOCA-WT-Veh; *P < 0.05 compared with DOCA-WT-RS or DOCA-TRPV1~/-RS.
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Figure 4 Effect of treatment with chemokine receptor 2 (CCR2) antagonist,
RS504393 (RS) on renal collagen levels in wild-type (WT) and transient receptor
potential vanilloid type 1 (TRPV1)-null mutant (TRPV1~/") mice with deoxycor-
ticosterone acetate (DOCA)-salt treatment. Veh indicates vehicle. Values are
means + SE (n =6-8). *P < 0.05 compared with control WT or TRPV1~/~ mice;
P < 0.05 compared with DOCA-WT-Veh; *P < 0.05 compared with DOCA-WT-
RS or DOCA-TRPV1~~-RS

CCR2 antagonist, RS504393. The specificity and the effi-
ciency of RS504393 in the blockade of CCR2 have been sup-
ported by the experiments performed in vivo and in vitro.
RS504393 attenuated MCP-1-induced spleen cell or mono-
cyte chemotaxis in a dose-dependent manner, but it did not
attenuate MIP-1a-induced chemotaxis.?>?? In addition, the
dose of RS504393 used in this study was shown to attenuate
renal monocyte/macrophage infiltration in renal injury
induced by ischemia-reperfusion or unilateral ureteral
obstruction, which was similar to those observed in
CCR2-deficient mice.***' These studies suggested that the
MCP-1/CCR2 signaling pathway should be effectively
blocked by the dose of RS504393 used in our studies
in vivo, even though there were no changes in blood pres-
sure. In this study, we found that renal injury associated
with monocyte/macrophage infiltration was enhanced in
DOCA-salt hypertensive WT mice, which was attenuated
by RS504393. More importantly, the RS504393-mediated
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Figure 5 Effect of treatment with chemokine receptor 2 (CCR2) antagonist, RS504393 (RS) on renal cortical interstitial monocyte/macrophage infiltration in wild-type
(WT) and transient receptor potential vanilloid type 1 (TRPV1)-null mutant (TRPV1 ~/~) mice with deoxycorticosterone acetate (DOCA)-salt treatment.

(A) Immunohistochemically stained sections showing that F4/80-positive cells (monocytes/macrophages in red) in the renal cortex of control WT (a) and TRPV1 /= (b)
mice, and DOCA-salt-treated WT and TRPV1~/~ mice with vehicle (Veh, ¢ and d) or RS (e and f). The arrows indicate that F4/80-positive cells. Magnification, x400. (B)
Bar graph showing the number of renal cortical F4/80-positive cells expressed as cells per square millimeter in all groups. Values are means + SE (n =6-8). *P < 0.05
compared with control WT or TRPV1~~ mice; 'P < 0.05 compared with DOCA-WT-Veh; *P < 0.05 compared with DOCA-WT-RS or DOCA-TRPV1~/~-RS. (A color

version of this figure is available in the online journal.)

decreases in renal monocyte/macrophage infiltration and
renal injury were accelerated in TRPV1 ™/~ mice receiving
DOCA-salt treatment. We also found that deletion of TRPV1
further increased DOCA-salt-induced renal MCP-1 produc-
tion, but there was no evidence that TRPV1-deletion or
DOCA-salt treatment increased the protein expression of
CCR2 in kidneys. These data support the concept that acti-
vation of TRPV1 attenuates the MCP-1/CCR2 signaling
pathway, especially MCP-1 production, to reduce the
monocyte/macrophage-mediated inflammation, leading
to renal protection in salt-sensitive hypertension.

It is well established that inflammatory responses are
regulated at the level of transcription by the transcription
factor NF-kB.** Activated NF-kB causes numerous proin-
flammatory gene expression, including cytokines and che-
mokines, resulting in inflammatory responses. Our study
showed that renal NF-kB activity and monocyte/macro-
phage infiltration were elevated in DOCA-salt-treated WT

mice, and importantly deletion of TRPV1 further exacer-
bated those increases observed in DOCA-salt-treated WT.
The results suggest that activated TRPV1 attenuates inflam-
matory responses possibly via inhibition of NF-«xB activity
given that NF-xB is a common inflammatory regulator. In
this study, we found that CCR2 blockade reduced the pro-
duction of TNF-q, IL-6, and MCP-1 in the kidney of DOCA-
salt WT mice, deletion of TRPV1 accelerated these effects.
The reduction of cytokines and chemokines may be propor-
tional to the decrease in monocyte/macrophage infiltration
in the kidney. In addition, the interaction between macro-
phages and renal epithelial cells may be important in this
setting. Activated macrophages by MCP-1/CCR2 signaling
produce proinflammatory cytokines and chemokines,
which in turn stimulate renal tubular epithelial cells to pro-
duce cytokines and chemokines. Supporting this possibility,
there is evidence showing that MCP-1 activates NF-«xB, and
NF-«B in tubular epithelial cells is critical for production of
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Figure 6 Effect of treatment with chemokine receptor 2 (CCR2) antagonist, RS504393 (RS) on the levels of renal TNF-a (A), IL-6 (B), and MCP-1 (C) in wild-type (WT)
and transient receptor potential vanilloid type 1 (TRPV1)-null mutant (TRPV1 ") mice with deoxycorticosterone acetate (DOCA)-salt treatment. Values are means + SE
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Figure 7 Effect of treatment with chemokine receptor 2 (CCR2) antagonist,
RS504393 (RS) on renal NF-kB activity in wild-type (WT) and transient receptor
potential vanilloid type 1 (TRPV1)-null mutant (TRPV1 ~/~) mice with deoxycor-
ticosterone acetate (DOCA)-salt treatment. Veh indicates vehicle. Values are
means + SE (n = 6-8). *P < 0.05 compared with control WT or TRPV1 ™~ mice;
P < 0.05 compared with DOCA-WT-Veh; *P < 0.05 compared with DOCA-WT-
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Figure 8 Effect of treatment with chemokine receptor 2 (CCR2) antagonist,
RS504393 (RS) on renal CCR2 protein expression in wild-type (WT) and transient
receptor potential vanilloid type 1 (TRPV1)-null mutant (TRPV1~") mice with
deoxycorticosterone acetate (DOCA)-salt treatment. (A) Representative Western
blot of CCR2 in kidneys from all groups. (B) Bar graphs show the relative optical
density values for CCR2 in all groups. Results were normalized by the corres-
ponding B-actin. Veh indicates vehicle. Values are means + SE (n =4-6)

cytokines and chemokines.®" Moreover, our results showed
that CCR2 blockade with R5504393 reduced NF-kB activity
in WT and TRPV1~/~ mice during DOCA-salt hyperten-
sion. Taken together, these findings support the notion
that MCP-1/CCR2-dependent activation of NF-kB may
amplify the production of cytokines and chemokines in
the kidney, although there is evidence showing that MCP-
1 is down-stream of NF-kB.>?

As inflammatory responses are complicated, several
mechanisms may contribute to the anti-inflammatory
actions of TRPV1 beyond suppression of NF-kB activity. It
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is well known that TRPV1 is mainly expressed in primary
sensory nerves. Denervation of sensory nerves expressing
TRPV1 using capsaicin, a selective TRPV1 agonist, results in
increased TNF-a levels, suggesting that TRPV1-positive
sensory nerves inhibit proinflammatory mediator produc-
tion.” In addition, there is evidence showing that TRPV1 is
expressed in the vascular endothelium and that activation
of TRPV1 enhances NO production via activation of
eNOS.”'” Although excessive NO production is cytotoxic,
NO produced by eNOS expressed in endothelial cells may
attenuate production of chemokines including MCP-1.%*
Consistent with these published works, we found that
TRPV1 ablation further increased renal cytokine/chemo-
kine production induced by DOCA-salt treatment.
Although sympathetic nerve overactivity, endothelin-1,
angiotensin II, and reactive oxygen species are involved in
inflammatory responses in salt-sensitive hypertension,*>*
our data suggest that the TRPV1 dysfunction further
enhances inflammatory responses in salt-sensitive hyper-
tension. Further studies are needed to determine the
detailed molecular mechanisms responsible for TRPV1-
induced anti-inflammatory actions.

In this study, we found that CCR2 inhibition attenuated
DOCA-salt-induced renal injury and inflammatory
responses in WT and TRPV1~/~ mice without lowering
blood pressure. Although the tail-cuff technique does not
allow us to accurately detect minor changes in blood pres-
sure compared to the radiotelemetry, the technique is avail-
able to detect a significant change in blood pressure. In this
study, we cannot completely rule out the effects of CCR2
blockade on blood pressure, but the RS504393-induced
changes in blood pressure might not be very significant in
DOCA-salt hypertensive WT and TRPV1 ™/~ mice, because
we did not find any significant differences in blood pres-
sure between untreated and RS504393-treated DOCA-salt-
WT and TRPV1~/~ mice using the tail-cuff technique. In
addition, several studies have indicated that RS504393 is a
specific CCR2 antagonist, and the dose of RS504393 used in
our studies can effectively block CCR2 in vivo.*>*' Based on
these facts, we speculate that RS504393-induced renal pro-
tection in DOCA-salt-treated WT and TRPV1 ™/~ mice is
mainly attributed to a reduction in renal inflammation
rather than blood pressure. However, it should be noted
that a limitation to the present study is that blood pressure
was determined by use of the tail-cuff technique. Thus, fur-
ther studies are required to determine the effects of
RS504393 on blood pressure and whether CCR2 blockade-
mediated renal protection in salt-sensitive hypertension,
especially in TRPV1-deficient mice with salt-sensitive
hypertension, is secondary to the changes in blood pressure
by use of the radiotelemetry.

In summary, we found that antagonism of CCR2 pos-
sesses renal anti-inflammatory and protective effects in
DOCA-salt hypertension, which were empowered in
DOCA-salt-treated TRPV1 ™/~ mice in the absence of alter-
ation in blood pressure. This is the first evidence indicating
that activation of TRPV1 inhibits the MCP-1/CCR2 signal-
ing pathway and reduces renal injury during salt-sensitive
hypertension.
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Perspectives and significance

Although patients with salt-sensitive hypertension are
much more likely to experience renal damage, the mechan-
isms underlying the progression of renal injury in salt-sen-
sitive hypertension remain undetermined. Our results
suggest that activation of TRPV1 inhibits the MCP-1/
CCR2 signaling pathway to reduce monocyte/macrophage
infiltration, leading to renal protection during salt-sensitive
hypertension. Although further studies are required to
determine the mechanisms underlying TRPV1-induced
renal protection, our findings suggest that improvement
of TRPV1 function or blockade of MCP-1/CCR2 signaling
pathway may serve as therapeutic means to alleviate renal
damage occurring during salt-sensitive hypertension.
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