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Abstract. Background/Aim: Transient receptor potential
vanilloid type 1 (TRPV1) has anti-inflammatory properties.
The present study aimed to investigate the role of TRPVI in
renal inflammatory responses and tissue injury following
renal ischemia-reperfusion (I/R) in diet-induced obese mice.
Materials and Methods: TRPVI knockout and wild type mice
were fed a normal or western diet (WD) for 23 weeks and
were then subjected to renal I/R injury. Results: TRPVI
knockout mice showed enhanced WD-induced renal
macrophage infiltration and collagen deposition. Knocking
out TRPVI exacerbated renal I/R-induced increase of
malondialdehyde, interleukin-6, monocyte chemoattractant
protein-1, and NF-kB in obese mice. Similar results were
observed in the expression of phosphorylated Smadl and
Smad2/3. Blockade of calcitonin gene-related peptide
(CGRP) receptors with CGRP8-37 worsened the I/R-induced
renal inflammation and injury. Conclusion: Our data
indicate that preserving TRPV1 expression and function may
prevent renal I/R injury in obesity likely through alleviating
inflammatory responses.

Transient receptor potential vanilloid type 1 (TRPV1) is a
nonselective calcium-permeable ion channel activated by hot
temperature and capsaicin (1, 2). TRPV1 can also be
activated by endogenous mediators that are related to
inflammatory response and ischemia reperfusion (I/R)
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protection (2, 3). Activation of TRPV1 induces release of
neuropeptides, including calcitonin gene-related peptide
(CGRP) and substance P (SP) (4). These neuropeptides have
anti-inflammatory effects and may protect against I/R injury
(5). CGRP-positive neurons are abundant in the kidney (6).
TRPV1 deficiency results in aggravated inflammatory
response and enhanced I/R injury (7-9).

Western diet (WD, 42% calories from fat) intake increases
morbidity of obesity, type 2 diabetes, and hypertension, all
of which may contribute to end stage renal disease (10).
Renal inflammation is the hallmark of most kidney diseases.
WD is linked to activated nuclear factor kappa B (NF-xB)
and increased tumor necrosis factor-alpha (TNF-a) and
interleukin-6 (IL-6) (11-13). Expression of phosphorylated
Smadl (p-Smadl) plays a role in the development of
glomerulosclerosis and is related to the initiation and
progression of diabetic nephropathy (14). Smadl is highly
expressed in diabetic nephropathy and advanced glycation
end products induce the expression of Smadl in glomeruli
(15, 16). Phosphorylated Smad2/3 (p-Smad2/3) is
upregulated in obese rats (17). Smad3 is related to insulin
resistance, and deficiency or inhibition of Smad3 protects
against diet-induced obesity and insulin resistance (18).

Renal I/R injury is a main cause of acute renal failure with
high mortality and morbidity (19). Renal I/R injury involves
intrarenal leukocytic cell infiltration and increased
proinflammatory cytokines, such as TNF-o and transforming
growth factor-fp (TGF-B) (20). Diet-induced obesity
exacerbates renal inflammation and I/R injury (21). Acute
renal ischemia increases the expression of Smad3, which is
related to increased risk for chronic kidney disease (18).
TRPV1-positive sensory nerves are impaired in obesity and
diabetes. Obesity decreases the levels of sensory nerve-
mediated vasodilatation (22, 23). We have shown that
TRPV1 ablation aggravates renal inflammatory responses
(24, 25). TRPV1 activation is related to protection against
renal fibrosis via inhibition of the TGF-B-Smad2/3 signaling
in deoxycorticosterone acetate (DOCA)-salt hypertension.
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Renal inflammation and fibrosis are hallmarks of renal injury
and disease. Activation of the TGF-B-Smad1 and/or smad2/3
signaling pathways as well as increased NF-kB p65 activity
may play a key role in the pathogenesis of renal
inflammation and fibrosis after renal injury.

We have reported that TRPV1 ameliorates renal I/R injury
in obesity through increasing renal CGRP secretion and
blood flow (10). However, the role of TRPV1 in
inflammatory responses following renal ischemia-reperfusion
injury in obese mice has not been reported. In the present
study, we aimed to investigate the role of TRPV1 in I/R-
induced renal inflammatory responses and tissue injury in
diet-induced obese mice.

Materials and Methods

Animals. All animal protocols were approved by the Institutional
Animal Care and Use Committee of Michigan State University.
Male TRPV1 gene knockout (TRPV 1-/-) mice and C57BL/6J wild-
type (WT) mice were obtained from the Jackson Laboratory (Bar
Harbor, ME, USA). Mice were fed a normal (CON) or western diet
(WD; 42% calories from fat; TD.88137, Envigo) and had free
access to water. Mice were housed in a 12 h light/12 h dark cycle.
Body weight was measured every week.

Glucose tolerance. Intraperitoneal glucose tolerance testing was
performed in fasted mice. Briefly, mice were given glucose [2 g/kg
body weight, intraperitoneal (i.p.)], and tail vein blood glucose was
measured using a blood glucose meter (Roche Diagnostics,
Mannheim, Germany) at baseline and at 30, 60, 90, and 120 min
post-injection. Glucose tolerance was evaluated by areas under the
curve (AUC).

Hydroxyproline assay. Renal collagen content was measured using
the hydroxyproline assay. The renal samples were prepared as
previously described (26). The hydroxyproline content was detected
using a colorimetric assay kit (Sigma-Aldrich, St. Louis, MO,
USA). The amount of hydroxyproline per milligram of dry kidney
tissue was calculated, assuming that collagen contains an average
of 13.5% hydroxyproline (26).

Immunohistochemistry. Three-um-thick paraffin sections of the
kidney were deparaffinized and rehydrated. The sections were
treated with 3% hydrogen peroxide, blocked with 5% normal
donkey serum, and incubated with antibodies against F4/80 (1:100;
Serotec, Oxford, UK), phosphorylated Smad2/3 (1:200, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and phosphorylated Smad1
(1:200, Santa Cruz Biotechnology) overnight at 4°C. Then, the
sections were incubated with HRP-labeled secondary antibodies
(Vector Laboratories, Burlingame, CA, USA) and visualized using
the substrate fast red or 3,3’-diaminobenzidine (Vector
Laboratories). F4/80-positive cells per square millimeter were
quantified in the cortex and outer medulla using fifteen random
fields (Olympus BX41 model, Olympus Optical Co. Ltd, Tokyo,
Japan; Olympus MicroSuiteTM-Basic software, Olympus Soft
Imaging Solutions GmbH, Miinster, Germany). Periodic acid—Schiff
stain (PAS, Abcam, Cambridge, MA, USA) staining was also
performed.
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Determination of renal malondialdehyde (MDA) and cytokines.
Kidney slices (0.5 mm) were transferred immediately to chambers
containing RPMI 1640 culture medium with 5% BSA and saturated
with 95% 0,-5% CO, at 37°C. After 1 h equilibration, lactate
dehydrogenase (LDH) concentrations were measured to make sure
the tissue was alive. Then the kidney slices were saturated with 95%
0,-5% CO, at 37°C in control groups (con) or saturated with 99%
N, in ischemic groups (I). Subsequently, the kidney slices were
collected and immediately frozen at —80°C until measurements
would be taken (27). Monocyte chemoattractant protein-1 (MCP-1),
TNF-a, and interleukin (IL)-6 secretions from the kidney tissues
were measured using ELISA kits (eBioscience, San Diego, CA,
USA). Malondialdehyde (MDA) content was determined using a
Thiobarbituric Acid Reactive Substances (TBARS) kit (Cayman
chemical, Ann Arbor, MI, USA).

Renal ischemial/reperfusion model (28, 29). After 23 weeks of
dietary intervention, mice anesthetized with ketamine (85 mg/kg,
i.p.) and xylazine (5 mg/kg, i.p.) were placed on a heating pad. Mice
were infused with 1% bovine serum albumin in saline solution at a
rate of 2ml/100g/h during the experiment (30). The surface of the
kidney was gently flushed by 0.9% saline solution. Both renal
vessels were then tightened by a microaneurysm clamp (Fine
Science Tools, Foster City, CA, USA) to occlude the blood flow for
40 min (ischemic phase). During the ischemic period evidence of
clamping was confirmed by the dark color of ischemic kidneys. The
clamp was subsequently released to restore blood perfusion to the
ischemic kidney for 3 h. Sham surgery consisted of the same
surgical procedure except that clamps were not applied. To
determine the role of endogenous CGRP during I/R, CGRP8-37, a
CGRP antagonist, was given [20 nmol/kg/min, by intravenous (i.v.)]
injection during the renal I/R period. Urine, blood, and kidney
samples were obtained at the end of the experiment.

NF-kB p65 assay. Nuclear fraction of the kidney was extracted
using a Nuclear Extract Kit (Active Motif, Carlsbad, CA, USA).
The binding activity of free NF-kB p65 in the nuclear extracts was
determined using the TransAM NF-xB p65 assay kit (Active Motif).
Absorbance at 450 nm was measured using a microplate reader
(BioTek Instruments, Winooski, VT, USA).

Renal function assessment. Plasma creatinine and blood urea
nitrogen were measured using a Creatinine Colorimetric Assay Kit
and a Urea Colorimetric Assay Kit (Biovision, Milpitas, CA, USA).
Urinary LDH was measured using an LDH Colorimetric Assay
Kit (Biovision).

Statistical analysis. Data are expressed as mean+SEM. Differences
among groups were analyzed by one-way ANOVA analysis
followed by the post-hoc Tukey HSD test. Differences between two
groups were determined using the r-test. A p-value less than 0.05
was considered statistically significant.

Results

Glucose intolerance is exacerbated in TRPVI knockout mice.
After fed with a normal diet for 23 weeks, the body weight
(BW) was similar between the WT and the TRPV 1™~ mice
(WT BW=30.5+54 g vs. TRPVI7~ BW=32.5+42 g);
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Figure 1. TRPVI knockout exacerbates WD-induced glucose intolerance. (A) Plasma glucose levels before and after glucose injection (2g/kg) were
measured in WT and TRPV 1=/~ mice fed normal (CON) or western diet (WD) for 23 weeks. (B) Mean area under the curve (AUC) of glucose was
calculated. Values are mean+SEM (n=6). *p<0.05 vs. WI-CON; "p<0.05 vs. TRPVI---CON; ¥p<0.05 vs. WT-WD.
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Figure 2. Deletion of TRPV1 exacerbates WD-induced renal collagen deposition. (A) The amount of hydroxyproline per milligram of dry kidney
tissue in WT and TRPVI-'= mice fed normal (CON) or western diet (WD). Values are mean+SEM (n=6). (B) Periodic acid-Schiff (PAS)-stained
glomeruli. Magnification: 400x . *p<0.05 vs. WI-CON; "p<0.05 vs. TRPVI-=-CON; ¥p<0.05 vs. WT-WD.

however, the weight gain was significantly increased by WD
intake in both strains (p<0.01) with no difference between
WT and TRPV1~~ mice (WT BW=46.5+7.8 g vs. TRPV1~7~
BW=43.2+7.7 g). Fasting glucose levels were significantly
elevated by WD intake in both strains (p<0.01) compared to
normal diet, with no difference between WT-WD and
TRPV17/-WD mice (Figure 1). Glucose tolerance was
significantly impaired in both strains with WD intake (Figure
1, p<0.01), reflected by increased AUC, most prominent in
TRPV1~~-WD mice (Figure 1).

TRPVI gene deletion exacerbates WD-induced renal
collagen deposition and macrophage infiltration. WD intake
increased collagen deposition in the kidneys of WT and
TRPV1™~ mice, reflected by increased levels of
hydroxyproline, with greater collagen content in the
TRPV1~7--WD mice (Figure 2A). PAS-staining also showed
enhanced extracellular matrix (ECM) deposition in the
glomeruli from mice with WD intake (Figure 2B). Renal
macrophages were identified as F4/80-positive cells.
TRPV1~/~-WD mice showed a significant increase in the
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Figure 3. Deletion of TRPV1 exacerbates WD-induced renal macrophage infiltrations. (A) Immunostaining of F4/80-positive cells (macrophages in
red) in the kidney from WT and TRPVI=-'= mice with normal diet (CON) or western diet (WD) intake for 23 weeks. Arrows: F4/80-positive cells.
Magnification: 400x. (B) Quantification of macrophages was expressed as cells per square millimeter. Values are mean+SEM (n=4-5). *p<0.05

vs. WI-CON; Tp<0.05 vs. TRPVI==-CON; ip<0.05 vs. WTI-WD.

number of F4/80-positive cells in their kidney compared to
that WT-WD mice (p<0.05, Figure 3).

Exacerbated WD-induced renal inflammation in TRPVI
knockout mice. WD intake enhanced MDA, IL-6, and MCP-1
levels in the kidney of both TRPV1~~ and WT mice (Figure
4). Incubation under hypoxic conditions (99% N,)
significantly increased renal MDA, IL-6, and MCP-1 levels in
kidney sections compared to sections exposed to 95% O,-5%
CO,, while WD enhanced the hypoxia-induced MDA, IL-6,
and MCP-1 levels in both strains with a more prominent effect
in TRPV1~7~-WD mice (Figure 4). Kidney sections from WT-
CON mice pretreated with CGRP8-37 (CGRP antagonist)
significantly increased renal MDA, IL-6, and MCP-1 levels
compared to WT-CON with ischemia alone (Figure 4).

Exacerbated expression of WD-induced renal p-Smadl, p-
Smad2/3, and p65-NF-kB in TRPVI knockout mice.
Immunohistochemical staining demonstrated that renal I/R
increased renal p-Smadl-positive cells with a greater
intensity in TRPV1~7/~-WD-I/R mice (Figures 5A and B).
Similarly, renal I/R increased renal p-Smad2/3-positive cells
with a greater intensity in TRPV1~7/~-WD-I/R mice (Figures
5C and D). WD intake significantly increased renal NF-xB
p65 levels in WT and TRPVI~~ mice, which were
exacerbated in TRPV1~~ mice (p<0.05, Figure 5E). Renal
I/R injury significantly increased NF-kB p65 levels, with
TRPV1~/--WD-I/R mice expressing the highest NF-kB p65
levels compared to WT-WD-I/R mice and both strains with
normal diet intake at the same time point after I/R injury
(Figure SE).
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TRPVI gene deletion exacerbates renal injury in obese mice.
Increased urinary LDH release during postischemic
reperfusion is a marker of ischemic injury (31). Baseline
LDH levels had no significant difference between TRPV1~
/= and WT mice (data not shown). WD intake increased LDH
levels in both strains after I/R, with a significantly higher
increase in TRPV1~~ mice (Figure 6A). After renal I/R,
plasma levels of urea and creatinine were significantly higher
in both strains with WD intake; with TRPV1~7"WD mice
expressing significantly higher levels compared to WT-WD
mice (Figures 6B and C). These results demonstrate that I/R-
induced renal dysfunction is exacerbated by both WD intake
and TRPV1 ablation. To determine the role of endogenous
CGRP during I/R, we assessed the effect of its inhibitor,
CGRP8-37 on plasma creatinine, urea and urine LDH levels,
and saw that these are increased In CGRP8-37 treated WT
mice compared to WT mice without CGRP8-37 treatment
(Figure 6).

Discussion

The purpose of this study was to examine the role of TRPV1
in renal inflammatory responses, collagen deposition, and
renal dysfunction in diet-induced obese mice with renal I/R.
WD intake has been associated with an increased incidence
of chronic kidney disease and enhanced renal I/R injury,
which is related to chronic activation of inflammation,
increased oxidative stress, and development of
glomerulosclerosis (32, 33). The present study found that
WD intake significantly increased TNF-a, IL-6, and MCP-1
in the kidneys of both WT and TRPV1~~ mice, possibly as
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Figure 4. WD-induced renal inflammation is exacerbated in TRPV1
knockout mice. Kidney slices from WT and TRPVI—= mice fed with
western (WD) or normal (CON) diet for 23 weeks were subjected to
ischemia (I, incubated with 99% N,) or a control condition (C,
incubated with 95% O,-5% CO,). Malondialdehyde (MDA, A), IL-6 (B),
and MCP-1 (C) levels in the kidneys were measured. Values are
mean+SEM (n=7-8). ¥*p<0.05 vs. WI-CON-c; Tp<0.05 vs. TRPVI=~-
CON-c; ¥p<0.05 vs. WI-WD-c; #p<0.05 vs. TRPVI-—-WD.

a result of hyperglycemia induced by WD intake. WD intake
significantly increased fasting glucose levels in both strains,
with no difference between TRPV1~~ and WT mice with
WD intake. WD intake impaired glucose tolerance in both
strains with an exacerbation in TRPV1~~ mice, possibly
contributing to increased risk of cardiovascular disease (34).
Oxidative damage induced by hyperglycemia is critical for
tissue injury (35). Hyperglycemia induces oxidative stress
possibly via NF-kB p65 activation and increase of TNF-a,
IL-6, and MCP-1 (36). High glucose levels induce TNF-a
and MCP-1 secretion and stimulate collagen synthesis
through ROS, NF-kB, and the Smad pathway (37, 38).
Consistently, our data showed that WD intake increased
MDA levels, a marker of lipid peroxidation, enhanced MCP-
1, TNF-a, and IL-6 in both TRPV1~~ and WT mice. NF-kB
is a central mediator of inflammatory and oxidative
responses (39). WD intake increased NF-xB P65 in WT and
TRPV1~~ mice, which were exacerbated in TRPV1~/~-WD
mice. These data indicate that WD intake can cause chronic
renal inflammatory responses in WT and TRPV 17~ mice and
that TRPV1 ablation enhances the monocyte/macrophage
infiltration, accompanied by an increase in NF-xB P65
activity and release of TNF-a, IL-6, and MCP-1 from the
kidney.

WD intake enhanced renal collagen deposition and
macrophage infiltration, which were exacerbated in TRPV1~/~
mice. In these mice, activation of the Smad pathway plays a
key role towards the enhancement of renal fibrosis and
inflammation. Smad proteins are related to renal
development, cell proliferation, cell growth, and apoptosis
(40). Smadl is highly expressed in diabetic nephropathy and
is related to its initiation and progression and plays a role in
the development of glomerulosclerosis (15). Heart I/R may
lead to enhancement of bone morphogenetic protein-4
expression and Smad1/5/8 phosphorylation in the heart,
which is related to an increase in apoptosis and
proinflammatory gene expression (41). In contrast, other
studies have shown that Smad1 protects cardiomyocytes from
I/R injury (42). In the present study, we evaluated the p-
Smad1 expression changes in WT and TRPV 17~ mice with
long term WD intake and as acute renal I/R models. Our data
demonstrated that p-Smadl-positive cells are expressed in
tubules and interstitial infiltrating cells in TRPV1~7~ WD mice
and that renal I/R increased the renal p-Smadl expression in
the kidney of these mice, also characterized by exacerbated
renal inflammatory responses and renal dysfunction. The
TGF-f/Smad2/3 signal pathway plays a role in the
pathogenesis of obesity and type 2 diabetes, with increased
levels of p-smad2/3 and fibrosis present in diabetic
nephropathy (43). Smad3 deficiency or inhibition protects
against insulin resistance and obesity induced by high-fat diet
(18). We have previously reported that activation of Smad2/3
contributes to renal fibrosis, and TRPV1 plays a role in the
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Figure 5. TRPVI deletion exacerbates WD-induced renal p-Smadl, p-Smad2/3, and p65-NF-kB expression. WT and TRPV 1=/~ mice fed with western
(WD) or normal (CON) diet for 23 weeks were subjected to sham operation or ischemia (40 min) and reperfusion (3 h) (I/R). Immunohistochemistry
of p-Smadl in the glomeruli (A) and tubulointerstitial tissue (B) and of p-Smad2/3 in the glomeruli (C) and tubulointerstitial tissue (D).
Magnification: 400x . (E) Renal p65-NF-kB. *p<0.05 vs. WT-CON-IR; Tp<0.05 vs. TRPVI-=-CON-IR; ¥p<0.05 vs. WT-WD-IR.

protection against renal fibrosis by inhibiting TGF-f3/Smad2/3
signaling in DOCA-salt hypertensive mice (44). In the
present study, we showed that p-Smad2/3-positive cells were
expressed in the glomeruli, tubules, and in interstitial
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infiltrating cells of TRPV1~~ WD mice. However, p-smad1-
positive cells were not found in the glomeruli of WT and
TRPV1~~ mice with WD intake. These data collectively
indicate that p-Smad2/3, but not p-Smadl, plays a key role in
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Figure 6. Effects of CGRP antagonism on renal function after I/R injury.
After 23 weeks of western (WD) or normal diet (CON) intake, the mice
were subjected to ischemia (40 min) and reperfusion (3 h) (I/R) or a
sham operation. Urinary lactate dehydrogenase (LDH, A), plasma
creatinine (B), and blood urea nitrogen (C) levels were measured. Values
are mean=SEM (n=>5-6). ¥*p<0.05 vs. WI-CON-sham; Tp<0.05 vs. WT-
CON-I/R; ¥p<0.05 vs. WTI-WD-I/R; #p<0.05 vs. TRPVI-'—-WD-I/R.

renal fibrosis in the TRPV1 knockout with WD intake, and
suggest that TRPV1 ablation likely plays a role in the
elevation of p-Smadl and p-Smad2/3 signaling pathway
during renal I/R injury. In TRPV1~~ mice WD intake resulted

in enhanced renal collagen deposition and ECM protein
expression in the glomeruli, which

Renal hypoxia is a characteristic of diabetic kidney
disease (45, 46), responsible for inducing inflammatory gene
expression (47). Our data provide experimental evidence that
hypoxia increases renal oxidative stress and increases the
levels of proinflammatory cytokines and chemokines.
Hypoxia increases p-Smad2/3 causing increased levels of
Smad3transcriptional activity, and subsequently leading to
increased TGF-f3 gene expression (48).

ROS plays a critical role in TNF-a-induced insulin
resistance in adipocytes (49). Studies have shown that loss
of TRPV1-positive sensory nerves leads to increased TNF-
a levels (50) and treatment with endotoxin in TRPV1~~
mice increases cytokine levels in peritoneal fluid (24),
supporting the notion that chronic TRPV1 activation protects
against inflammatory response. Mice on WD show enhanced
tissue injury and inflammatory responses with or without I/R
injury, as well as exacerbated renal damage when the TRPV 1
gene is ablated.

WD intake and TRPV1 ablation enhanced the I/R-
induced renal dysfunction, which may have resulted from
the impairment of CGRP, causing it to release an excessive
amount of free radicals (10). It has been reported that CGRP
is important for neuroendocrine-immune interactions (51).
CGRP can inhibit IL-1B-induced endogenous MCP-1
secretion in type II alveolar epithelial cells (52). CGRP also
inhibits hydrogen peroxide production in macrophages (53)
and endotoxin-induced secretion of cytokines (54, 55). It
also suppresses antigen presentation, phagocytosis, DNA
synthesis and differentiation of macrophages (55, 56).
Indeed, inflammation is enhanced in CGRP knockout mice
(57). Consistently, our data show that CGRP8-37, a CGRP
antagonist, increased renal MDA levels as well as the
release of TNF-a and MCP-1 from the kidney after
ischemia treatment in WT-CON mice. These data indicate
that CGRP inhibits the inflammatory response from renal
ischemia, resulting in improved recovery of renal function
after I/R.

In conclusion, these data indicate that preserving TRPV1
expression and function may prevent renal injury in diet-
induced obese mice possibly their
inflammatory responses.
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