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TRPV1 Ablation Aggravates Inflammatory Responses and Organ
Damage during Endotoxic Shock
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To test the hypothesis that ablation of transient receptor potential vanilloid type 1 (TRPV1) channels leads to exacerbated in-
flammatory responses and organ damage during endotoxic shock, lipopolysaccharide (LPS; 5 million endotoxin units/kg of body
weight) was injected intraperitoneally (i.p.) into wild-type (WT) and TRPV1-null mutant (TRPV1~/7) mice. Mean arterial pres-
sure and heart rate, determined by radiotelemetry, were severely depressed after LPS injection into WT and TRPV1~'~ mice,
with no distinction between the two strains. At 24 h after LPS injection, renal glomerular hypercellularity and hepatocellular
injury were observed in both strains, accompanying further elevated serum levels of creatinine and alanine aminotransferase in
TRPV1~'~ mice compared to those in WT mice. At 6 or 24 h after LPS injection, neutrophil recruitment into kidneys and livers,
serum cytokine (tumor necrosis factor alpha [TNF-a], interleukin 1 [IL-1B], IL-6) and renal chemokine (KC, macrophage in-
flammatory protein 2 [MIP-2]) levels, and renal VCAM-1 and ICAM-1 expression were greater in TRPV1 ™/~ mice than WT mice.
In addition, increased plasma calcitonin gene-related peptide (CGRP) levels observed in WT mice 6 h after LPS injection were
absent in TRPV1~'~ mice. Thus, TRPV1 ablation aggravates inflammatory responses, including neutrophil infiltration, proin-
flammatory cytokine production, and adhesion molecule expression, leading to intensified organ damage during endotoxic
shock in the absence of worsened circulatory failure. The data indicate that TRPV1 activation may attenuate endotoxin-induced

organ damage, possibly via its anti-inflammatory action rather than alteration of hemodynamics.

he transient receptor potential vanilloid type 1 (TRPV1) chan-

nel, also known as vanilloid receptor type 1, is a ligand-gated
nonselective ion channel (1). It functions as a molecular trans-
ducer to integrate multiple physical and chemical stimuli, includ-
ing noxious heat, low pH, exogenous and endogenous vanilloid
compounds, and lipid metabolites (2, 3). Immunohistochemical
labeling studies have shown that, in addition to the central ner-
vous system, TRPV1 resides predominantly in unmyelinated C
fibers and thinly myelinated Ad-afferent nerve fibers innervating
the cardiovascular tissues, including the heart, blood vessel, and
kidney (2). In addition to a function as afferent nerves sending
information to the central nervous system, sensory nerves possess
an efferent function by releasing a number of sensory neurotrans-
mitters, commonly substance P and calcitonin gene-related pep-
tide (CGRP) (2).

Endotoxic shock is caused mainly by an exaggerated systemic
response to endotoxemia induced by Gram-negative bacteria and
their characteristic cell wall component, lipopolysaccharide (LPS)
(4). It is characterized by refractory hypotension, multiple organ
failure, and high mortality (5). In addition to hypotension, abnor-
malities in renal, hepatic, pulmonary, and hematologic systems
are common in the course of endotoxic shock. The development
of multiple organ failure contributes to mortality associated with
endotoxic shock (6). Beyond refractory hypotension, excessive in-
flammatory responses are believed to result in tissue and cellular
injury during endotoxic shock. Inflammation-induced tissue
damage may be attributed as a main cause of multiple organ fail-
ure and mortality in the course of endotoxic shock.

Increased production of an endocannabinoid, anandamide, by
macrophages has been reported to contribute to endotoxin-in-
duced hypotension (7, 8). Recently, evidence has shown that
TRPV1 can be activated by anandamide, suggesting that TRPV1
may be involved in the pathogenesis of endotoxic shock (3, 9).
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Activation of TRPV1 expressed in sensory nerves may cause re-
lease of a number of sensory neuropeptides, including CGRP and
substance P, which are potent vasodilators in various vascular
beds (2). These studies suggest that activation of TRPV1 during
endotoxic shock may contribute to decreased systemic blood pres-
sure. However, the contrary has been shown, in which blockade or
deletion of TRPV1 exaggerates LPS-induced hypotension and
mortality (10, 11), suggesting that TRPV1 activation is essential in
protecting vital organ perfusion and survival during endotoxic
shock.

To further define the role of TRPV1 in pathogenesis of endo-
toxic shock, we evaluate LPS-induced hypotension and end-organ
damage in TRPV1-null mutant (TRPV1 /") mice compared to
that in wild-type (WT) mice. This study was designed to deter-
mine (i) whether ablation of TRPV1 leads to aggravated hemody-
namic failure manifested by more-depressed blood pressure and
heart rates during endotoxic shock and (ii) whether ablation of
TRPV1 leads to exaggerated inflammatory responses contributing
to more-severe end-organ damage during endotoxic shock.

MATERIALS AND METHODS

Animals. TRPV1 ™/~ mice were kindly provided by David Julius (Univer-
sity of California, San Francisco, CA) and were generated by deleting an
exon encoding part of the fifth and all of the sixth putative transmem-
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brane domains of the channel, as described by Caterina et al. (1).
TRPV1 ™/~ mice were backcrossed to C57BL/6 wild-type (WT) mice for
=6 generations and had been shown to have impaired nociception (1).
The experiments were carried out in 10-week-old male TRPV1 '~ and
WT (C57BL/6) mice obtained from Charles River Laboratories (Wil-
mington, MA). The mice were allowed free access to regular mouse chow
and water ad libitum. All of the experiments were approved by the insti-
tutional animal care and use committee.

Telemetry blood pressure measurement. Mean arterial pressure
(MAP) and heart rate (HR) were recorded using a telemetry system (Data
Sciences International, St. Paul, MN) according to the manufacturer’s
instructions. In brief, the mice were anesthetized with ketamine and xy-
lazine (80 and 4 mg/kg of body weight subcutaneously [s.c.], respectively),
the catheter linked to the transmitter was inserted into the left carotid
artery, and the body of the transmitter was placed subcutaneously in the
lower right side of the abdomen. The mice were returned to their individ-
ual cages and allowed to recover for 3 days before radiotelemetric record-
ing was started. MAP and HR were recorded over 10 s every 10 min. Data
were averaged over 60-min interval periods.

Experimental protocol. Three days after the radiotelemetric record-
ing, WT and TRPV1 '~ mice were given a single intraperitoneal injection
of either vehicle (saline) or LPS (5 million endotoxin units/kg), derived
from Escherichia coli (Sigma Chemical, St. Louis, MO). The mice were
sacrificed 6 or 24 h after administration of LPS. Blood was collected for
analysis of creatinine and alanine aminotransferase (ALT) activities and
cytokine and CGRP levels. The kidney and liver were fixed in 4% phos-
phate-buffered paraformaldehyde for histological analysis or frozen in
liquid nitrogen for chemokine assay.

Histology and immunohistochemistry. Paraformaldehyde-fixed
kidney and liver were embedded in paraffin. From the paraffin-embedded
tissue blocks, 4-pm sections were cut and stained with hematoxylin and
eosin (H&E). Renal and hepatic damage was evaluated on H&E-stained
sections.

For the immunohistochemical study of neutrophil infiltration in the
kidney and liver, 4-pm sections of paraffin-embedded specimens were
treated with 3% hydrogen peroxide for 5 min and blocked with 3% nor-
mal horse serum in phosphate buffer solution for 1 h. The sections were
then incubated overnight at 4°C with rat anti-mouse monoclonal anti-
body to neutrophils (1:200; Sterotec, Oxford, United Kingdom). After
being washed in phosphate buffer, the sections were incubated with 1:400-
diluted horse anti-rat IgG conjugated with horseradish peroxidase (Vec-
tor Laboratories, Burlingame, CA) for 1 h at room temperature and visu-
alized by incubation of the sections with the substrate vector fast red
(Vector Laboratories, Burlingame, CA). Finally, the sections were coun-
terstained in hematoxylin, mounted, and photographed. Negative-con-
trol experiments were performed with all the same conditions except that
the primary antibody was omitted during incubation.

Neutrophils were identified by positive staining and morphology and
were counted for at least 10 fields under X400 magnification for each
slide. The number of neutrophils was expressed as cells per square milli-
meter. The histological evaluation was performed in a blind fashion with
regard to the treatment of animals.

Creatinine and ALT assay. To further determine renal and hepatic
injury, serum creatinine and ALT activities were assayed by the use of an
improved Jaffe creatinine assay kit (BioAssay Systems, Hayward, CA) and
a kinetic test kit (Biotron Diagnostics, Hernet, CA), respectively.

Cytokine/chemokine assay. The levels of tumor necrosis factor alpha
(TNF-a), interleukin 1 (IL-1B), and IL-6 in serum and the protein levels
of KC and macrophage inflammatory protein 2 (MIP-2) in whole kidney
tissues were determined using the corresponding enzyme-linked immu-
nosorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN) by fol-
lowing the manufacturer’s instructions. Fifty microliters or less of serum
was used for the TNF-a, IL-13, and IL-6 assay. For determination of levels
of KC and MIP-2 in whole kidney tissues, kidneys were homogenized in
ice-cold phosphate buffer containing protease inhibitor cocktail (Sigma
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Chemical, St. Louis, MO), and the total protein was extracted using NE-
PER cytoplasmic extraction reagents (Pierce, Rockford, IL). The total pro-
tein concentration in tissue extract, determined by the use of a Bio-Rad
protein assay kit (Bio-Rad Laboratories, Hercules, CA), was used for nor-
malization of chemokine levels in kidney tissues.

Western blot analysis. Frozen kidney samples were homogenized in
ice-cold lysis buffer (20 mM HEPES, 75 mM NaCl, 2.5 mM MgCl,, 0.1
mM EDTA, 0.1% Triton X-100) containing a 1/10 volume of a protease
inhibitor solution consisting of 25 pg/ml antipain, 1 pg/ml aprotinin, 0.5
pg/ml leupeptin, 0.7 pg/ml pepstatin, and 200 wM phenylmethylsulfonyl
fluoride. The homogenate was centrifuged at 15,000 X gat 4°C for 20 min.
Protein content of the supernatant was measured using a Bio-Rad protein
assay kit (Bio-Rad Laboratories, Hercules, CA). Samples (30 g of pro-
tein) were loaded onto a 10% sodium dodecyl sulfate-polyacrylamide gel,
followed by electrophoresis and blotting to a polyvinylidene difluoride
membrane. The membranes were blocked for 1 h at room temperature in
5% milk solution (50 mM Tris-HCI, 100 mM NacCl, and 0.1% Tween 20 at
pH 7.5). Subsequently, the membranes were incubated with goat anti-
mouse ICAM-1 polyclonal antibody (1:500; Santa Cruz Biotechnology,
Santa Cruz, CA) or goat anti-human VCAM-1 polyclonal antibody (1:
500; Santa Cruz Biotechnology, Santa Cruz, CA) in blocking solution
overnight at 4°C. After being washed, the membranes were incubated with
bovine anti-goat horseradish peroxidase-conjugated antibody (1:3,000;
Santa Cruz Biotechnology, Santa Cruz, CA) in blocking solution at room
temperature for 1 h. The membranes were developed using the enhanced
chemiluminescence ECL kit (GE Healthcare, Buckinghamshire, United
Kingdom), and the signals were detected using Hyperfilm (Hyperfilm-
ECL; GE Healthcare, Buckinghamshire, United Kingdom). Quantifica-
tion was performed with Scion Image analysis software (Scion, Frederick,
MD). B-Actin was used to normalize protein loaded on the membranes.

CGRP assay. CGRP levels in plasma 6 h after LPS injection were as-
sayed using the CGRP (rat, mouse) radioimmunoassay kit (Phoenix Phar-
maceuticals, Belmont, CA) according to the manufacturer’s protocol
(12). This antibody has 100% cross-reactivity with a-CGRP and 79%
cross-reactivity with 3-CGRP. There is no cross-reactivity with amylin,
calcitonin, somatostatin, or substance P.

Statistical analysis. All values are expressed as means and standard
errors (SE). The significance of differences among groups was analyzed
using one-way analysis of variance (ANOVA), followed by Bonferroni’s
adjustment for multiple comparisons. Differences were considered statis-
tically significant at a P value of <0.05.

RESULTS

WT and TRPV1 ™/~ mice were implanted with telemetric probes,
and their hemodynamic parameters (MAP and HR) were contin-
uously measured before and after injection of LPS. These param-
eters were monitored for 24 h to study the changes in MAP and
HR produced by LPS. As shown in Fig. 1, MAP was not different
between WT and TRPV1 ™/~ mice before LPS injection. MAP de-
creased immediately after LPS injection and reached the lowest
point at about 8 to 12 h after LPS injection in both WT and
TRPV1 /" mice, with no difference between the two strains.
While LPS led to a transient increase followed by the prolonged
decrease in HR, there was no difference between WT and
TRPV1 ™" mice.

LPS-induced damage of the kidney and liver was assessed in
WT and TRPV1 ™/~ mice after H&E staining. As shown in Fig. 2,
renal and hepatic histology was not different between WT and
TRPV1 ™/~ mice before LPS challenge. Twenty-four hours after
LPS injection, TRPV1 ™/~ mice displayed manifested glomerular
injury, including hypercellularity and parenchymal red blood cell
congestion. Likewise, LPS-treated TRPV1 ~/~ mice exhibited dis-
rupted hepatic architecture manifested by extensive areas of hem-
orrhage and coagulative necrosis in the liver. On the other hand,
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FIG 1 Effect of lipopolysaccharide (LPS) treatment on mean arterial pressure
(A) and heart rate (B), as determined by radiotelemetry, in wild-type (WT)
and TRPV1-null mutant (TRPV1~/7) mice. LPS (5 million endotoxin units/
kg) was intraperitoneally injected at 0 min. Values are means = SE (n = 6).

mild tissue injury and hemorrhage were found in the kidney and
liver of LPS-treated WT mice.

Renal and hepatic injury caused by LPS was confirmed by se-
rum creatinine and ALT activity assays (Fig. 3). Serum creatinine
levels were similar between WT and TRPV1 ™/~ mice before LPS
challenge but increased in WT and TRPV1 ™/~ mice 24 h after LPS
injection, with a greater effect in the latter. Similarly, there was no
difference in baseline serum ALT levels between WT and
TRPV1 '~ mice. However, serum ALT levels increased 24 h after
LPS injection in both strains, with a greater effect in TRPV1 ™/~
mice than in WT mice. The results indicate that LPS induces ex-
aggerated injury in kidney and liver when TRPV1 is ablated.

As illustrated in Fig. 4 and 5, neutrophil infiltration was exam-
ined in the renal cortex and liver of WT and TRPV1 ™/~ mice 6 or
24 h after LPS injection, given that neutrophils have been impli-
cated in organ damage after LPS challenge. Immunohistochemi-
cal staining for neutrophils showed relatively few neutrophils in
the kidney and liver of WT and TRPV1 ™/~ mice before LPS injec-
tion. LPS treatment resulted in a marked increase in renal and
hepatic neutrophil infiltration in WT mice, with a greater magni-
tude at 6 h than at 24 h after LPS challenge. The effects of LPS on
neutrophil recruitment in the kidney and liver at 6 and 24 h were
exaggerated in TRPV1 ™/~ mice compared to WT mice.

To evaluate the systemic inflammatory response to LPS, serum
concentrations of cytokines were determined 6 and 24 h after LPS
treatment, and these data are summarized in Fig. 6. The concen-
trations of serum cytokines, including TNF-a, IL-1f3, and IL-6,
were not different in vehicle-treated WT and TRPV1 ™/~ mice. In
response to LPS treatment, TRPV1 /" mice exhibited signifi-
cantly greater amounts of cytokines (TNF-c, IL-18, and IL-6) 6 h
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FIG 2 Effect oflipopolysaccharide (LPS) treatment on renal and hepatic mor-
phology in wild-type (WT) and TRPV1-null mutant (TRPV1~'") mice. H&E-
stained kidney (A) and liver (B) sections showing morphological changes in
WT and TRPV1 ™/~ mice 24 h after intraperitoneal injection of vehicle or LPS
(5 million endotoxin units/kg). Magnification, X200.

after LPS injection than did WT mice. With the exception of IL-6,
there was no difference in TNF-« and IL-1f levels between WT
and TRPV1 ™/~ mice 24 h after LPS injection.

Chemokines, including KC and MIP-2, were assessed in the
kidney of WT and TRPV1 '~ mice 6 and 24 h after LPS injection
(Fig. 7), given that KC and MIP-2 are potent chemokines for neu-
trophil recruitment. No difference was observed in KC and MIP-2
between vehicle-treated WT and TRPV1 ™/~ mice. However, WT
and TRPV1 ™/~ mice had a marked increase in KC and MIP-2 6 h
after LPS treatment, with a greater effect in TRPV1 ™/~ mice than
in WT mice. While still significantly elevated 24 h after LPS injec-
tion, there was no difference in KC and MIP-2 levels between WT
and TRPV1 ™" mice.

In addition to proinflammatory chemokines, enhanced ex-
pression of adhesion molecules may also contribute to neutrophil
extravasation caused by LPS. As shown in Fig. 8, the effect of LPS
on expression of key adhesion molecules, ICAM-1 and VCAM-1,
in the kidney was determined using Western blot. ICAM-1 expres-
sion in the kidney increased in WT and TRPV1 ™'~ mice 6 h after
LPS injection, with no difference between the two strains. ICAM-1
expression further increased in WT and TRPV1 '~ mice 24 h after
LPS injection, with a greater magnitude in the latter. In addition,
the induction of VCAM-1 expression caused by LPS was enhanced
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FIG 3 Effect of lipopolysaccharide (LPS) treatment on serum creatinine (A)
and alanine aminotransferase (B) activities in wild-type (WT) and TRPV1-
null mutant (TRPV1~/") mice. Serum samples were collected at 24 h after
intraperitoneal injection of vehicle or LPS (5 million endotoxin units/kg).
Values are means * SE (n = 6 to 8). *, P value of <0.05 compared with control
WT or TRPV1~/~ mice; T, P value of <0.05 compared with LPS-treated WT
mice.

6 h after LPS injection, with substantial levels remaining for 24 hin
both WT and TRPV1~'~ mice. Moreover, a greater increase in
VCAM-1 expression was observed in TRPV1 ™/~ mice than in WT
mice at 6 but not 24 h after LPS treatment.

Plasma CGRP levels were determined 6 h after LPS adminis-
tration. As shown in Fig. 9, we found that intraperitoneal injection
of LPS significantly increased plasma CGRP levels in WT mice.
The enhanced plasma CGRP levels were abolished in TRPV1 ™/~
mice.

DISCUSSION

The development of multiple organ failure has been shown to be a
key predictor of the outcome of septic shock (13). We therefore
examined the role of TRPV1 in LPS-induced end-organ damage.
The results demonstrate that deletion of TRPV1 did not affect
LPS-induced circulatory failure in terms of telemetry-determined
MAP and HR but markedly accelerated renal and hepatic injury
revealed by histological and biochemical analysis, including fur-
ther elevated serum creatinine and ALT levels after LPS injection.
Moreover, the exaggerated organ damage in TRPV1-ablated mice
injected with LPS is accompanied by heightened inflammatory
responses, as evidenced by the enhancement in neutrophil infil-
tration, proinflammatory cytokine and chemokine production,
and adhesion molecule expression. The results suggest that LPS-
induced aggravated organ damage in TRPV1 ™/~ mice may be at-
tributed to exaggerated inflammatory responses rather than wors-
ened circulatory failure.

In light of the fact that LPS-induced organ damage is more
severe when TRPV1 is ablated, the data suggest that TRPV1 may
be a key target for LPS or LPS-induced signaling pathways. It has
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FIG 4 Effect oflipopolysaccharide (LPS) treatment on renal cortex neutrophil
infiltration in wild-type (WT) and TRPV1-null mutant (TRPV1~'") mice. (A)
Immunohistochemically stained sections from the renal cortex demonstrating
neutrophils in the renal cortex of control WT and TRPV1~/~ mice and WT
and TRPV1 ™/~ mice treated with LPS. (B) Bar graph showing the number of
renal cortical neutrophils, expressed as cells per square millimeter. Tissue sam-
ples were harvested at 6 or 24 h after intraperitoneal injection of vehicle or LPS
(5 million endotoxin units/kg). Values are means * SE (n = 6 to 8). ¥, P value
of <0.05 compared with control WT or TRPV1 ™/~ mice; 1, P value of <0.05
compared with LPS-treated WT mice.

been well established that TRPV1 can be activated by various stim-
uli, including low pH and prostanoids (2, 3). In addition, it has
been reported that the endocannabinoid anandamide, produced
by macrophages, contributes to endotoxin-induced hypotension
(7, 8). While activation of cannabinoid receptor 1 (CB1) by anan-
damide elicits hypotension (14, 15), Zygmunt et al. (3) have
shown that activation of TRPV1 receptors acts as a predominant
mechanism for anandamide-induced relaxation in the rat mesen-
teric arteries, indicating that TRPV1 plays a key role in anand-
amide-induced action. The notion is further supported by previ-
ous in vivo studies showing that the depressor response to
methanandamide, a metabolically stable analog of anandamide, is
attenuated by blockade of TRPV1 with its antagonist, capsazepine
(9). Given that endotoxemia often leads to tissue acidification and
increased production of various eicosanoids, including anand-
amide and arachidonic acid metabolites (7, 8, 16, 17), it is likely
that TRPV1 receptors are activated during endotoxemia.

The pathophysiology of LPS-induced organ damage is com-
plex, involving altered hemodynamics (18, 19), inflammation (20,
21), and/or cytotoxic injury (22). Previous studies by Clark et al.
using a tail-cuff technique have shown that LPS-induced hypoten-
sion is accelerated in TRPV1 ™/~ mice (10). Although the tail-cuff
method is noninvasive, direct and continuing measurement of
arterial pressure with radiotelemetry provides a more accurate
and reliable assessment that is recommended for blood pressure
detection under conscious conditions, especially in mice. The data
from the present study show that blood pressure determined with
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FIG 5 Effect of lipopolysaccharide (LPS) treatment on hepatic neutrophil
infiltration in wild-type (WT) and TRPV1-null mutant (TRPV1~'") mice. (A)
Immunohistochemically stained sections from the liver demonstrating neu-
trophils in the liver of control WT and TRPV1 /"~ mice and WT and
TRPV1 /" mice treated with LPS. (B) Bar graph showing the number of he-
patic neutrophils, expressed as cells per square millimeter. Tissue samples were
harvested at 6 or 24 h after intraperitoneal injection of vehicle or LPS (5 million
endotoxin units/kg). Values are means * SE (n = 6 to 8). *, P value of <0.05
compared with control WT or TRPV1 ™/~ mice; 1, P value of <0.05 compared
with LPS-treated WT mice.

the use of radiotelemetry decreased in response to LPS injection;
however, it was not different between WT and TRPV1 ™/~ mice.
These results suggest that TRPV1 ablation is insignificant in terms
of affecting LPS-induced hypotension, and therefore, aggravated
organ damage observed in TRPV1-ablated mice is likely attributed
to mechanisms other than altered hemodynamics.

In general, in the case of bacterial infection or sepsis in animal
or human hosts, the hosts remove pathogens primarily by increas-
ing neutrophil recruitment to the afflicted sites. Although neutro-
phil recruitment to the affected organs is part of the natural de-
fense mechanism, overwhelming accumulation of neutrophils
usually causes further damage of the affected organs, thus contrib-
uting significantly to the development of multiple organ failure
(23, 24). Neutrophils may produce several proinflammatory me-
diators, including oxygen-free radicals, neutrophil-specific pro-
teases, and products of lipid peroxidation, many of which are in-
jurious to cells and may lead to irreversible organ damage (25).
The fact that LPS-induced neutrophil infiltration in the kidney
and liver is worsened when TRPV1 is ablated indicates that acti-
vation of TRPV1 in WT mice during endotoxic shock may prevent
neutrophil infiltration, an action that constitutes an anti-inflam-
matory property of TRPV1.

In response to LPS administration, a number of cytokines (i.e.,
TNF-a, IL-1, and IL-6) and chemokines (KC and MCP-1) will be
produced and released (26). Our results show that heightened
neutrophil infiltration in the kidney and liver of TRPV1 ™'~ mice
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FIG 6 Effect of lipopolysaccharide (LPS) treatment on serum TNF-a (A),
IL-1B (B), and IL-6 (C) levels in wild-type (WT) and TRPV1-null mutant
(TRPV1~/7) mice. Serum samples were collected at 6 or 24 h after intraperi-
toneal injection of vehicle or LPS (5 million endotoxin units/kg). Values are
means * SE (n = 6 to 8). *, P value of <0.05 compared with control WT or
TRPV1 ™/~ mice; 1, P value of <0.05 compared with LPS-treated WT mice.

after LPS injection was accompanied by amplified cytokine and
chemokine responses in circulation and the kidney, respectively.
These results indicate that TRPV1 protects against LPS-induced
organ damage via inhibition of the production of proinflamma-
tory cytokines and chemokines and are consistent with the reports
showing that TRPV1 plays a counterregulatory role against acute
lung inflammatory injury induced by intratracheal administra-
tion of LPS (27). This notion is supported by most recent studies
showing that TRPV1 protects against the transition from alocal to
a systemic inflammatory state in a cecal ligation and puncture
(CLP) model of sepsis (28). In addition, it has been shown that the
proinflammatory cytokines stimulate expression of adhesion
molecules that lead to neutrophil-dependent organ damage (29).
The adhesion molecules, including ICAM-1 and VCAM-1, are
essential for the regulation of leukocyte trafficking across the vas-
cular endothelium and are critically involved in vascular inflam-
matory responses (30, 31). Heightened expression of these adhe-
sion molecules may lead to enhanced leukocyte attachment to
endothelial cells and, consequently, tissue infiltration by leuko-

cytes.
Interestingly, we found that the time course of ICAM-1 expres-
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FIG 7 Effect of lipopolysaccharide (LPS) treatment on renal chemokine KC
(A) and MIP-2 (B) levels in wild-type (WT) and TRPVI1-null mutant
(TRPV1 /") mice. Tissue samples were collected at 6 or 24 h after intraperi-
toneal injection of vehicle or LPS (5 million endotoxin units/kg). Values are
means * SE (n = 6 to 8). *, P value of <0.05 compared with control WT or
TRPV1 ™/~ mice; T, P value of <0.05 compared with LPS-treated WT mice.

sion did not correlate with neutrophil recruitment in the kidney.
These data suggest that ICAM-1 may not be the key factor for
neutrophil migration into tissues in TRPV1 ™'~ mice. In contrast,
we found that upregulation of VCAM-1 protein in the kidneys of
TRPV1 ™/~ mice occurred as early as 6 h after exposure to LPS,
suggesting that VCAM-1 may facilitate egress of neutrophils into
tissues, as reported by others in hosts with high cytokine levels,
although VCAM-1 was not originally recognized as an important
mediator of neutrophil infiltration (32).

Given the complexity of inflammatory responses, mechanisms
underlying TRPV1 anti-inflammatory effects may involve several
pathways. TRPV1 is known to be expressed mainly in primary
sensory nerves. Pretreatment with capsaicin, a selective TRPV1
agonist, in a rodent model of allergic inflammation leads to in-
creased TNF-a levels, suggesting that loss of TRPV1-positive sen-
sory nerves enhances TNF-a production (33). Consistent with the
results, we found that TRPV1 ablation aggravated inflammatory
responses, including increasing proinflammatory cytokine pro-
duction. In addition, most recent studies by us have shown that
TRPV1 is activated during the early phase of sepsis (11). One of
the consequences of TRPV1 activation is the release of sensory
neurotransmitters, including CGRP. In addition to its well-recog-
nized cardiovascular effects, CGRP has been shown to modulate
antigen presentation, phagocytosis, and cytokine production in-
duced by endotoxin (34-36). Indeed, inflammatory responses are
worsened in CGRP-null mutant mice (37). In the present study,
we found that ablation of TRPV 1 abolished the enhanced levels of
plasma CGRP during endotoxic shock. Consistent with the previ-
ous studies (37), our results suggest that the exaggerated inflam-
matory response may be attributed to the loss of CGRP release in
TRPV1 ™/~ mice suffering from endotoxic shock. Moreover, evi-
dence has shown that TRPV1 receptors are expressed in the vas-
cular endothelium and that TRPV1 activation increases nitric ox-
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FIG 8 Effect of lipopolysaccharide (LPS) treatment on renal ICAM-1 and
VCAM-1 protein expression in wild-type (WT) and TRPV1-null mutant
(TRPV1™'") mice. (A and C) Representative Western blots of ICAM-1 (A)
and VCAM-1 (C) in the kidney of control WT and TRPV1~/~ mice and WT
and TRPV1~'" mice treated with and without LPS. (B and D) Bar graphs
showing the relative optical density values for ICAM-1 (B) and VCAM-1 (D)
in WT and TRPV1 ™/~ mice with and without LPS. Tissue samples were col-
lected at 6 or 24 h after intraperitoneal injection of vehicle or LPS (5 million
endotoxin units/kg). Protein expression levels are normalized with the house-
keeping protein B-actin. Values are means = SE (n = 4 to 5). ¥, P value of
<0.05 compared with control WT or TRPV1 /" mice; 1, P value of <0.05
compared with LPS-treated WT mice.

ide (NO) production via activation of endothelial NO synthase
(eNOS) (38). While excessive NO production can be cytotoxic,
NO produced by eNOS in the case of TRPV1 activation serves a
beneficial role as a messenger and host defense molecule against
inflammation (39, 40). Although several mechanisms may con-
tribute to the anti-inflammatory effects of TRPV, further studies
are required to clarify the detailed molecular mechanisms.
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FIG 9 Effects of lipopolysaccharide (LPS) treatment on plasma calcitonin
gene-related peptide (CGRP) levels in wild-type (WT) and TRPV1-null mu-
tant (TRPV1 /") mice. Plasma samples were collected at 6 h after intraperi-
toneal injection of vehicle or LPS (5 million endotoxin units/kg). Values are
means * SE (n = 6 to 8). ¥, P value of <0.05 compared with control WT or
TRPV1 /" mice; 1, P value of <0.05 compared with LPS-treated WT mice.

In summary, we found that deletion of TRPV1 exacerbates
organ damage during endotoxic shock despite the lack of wors-
ened circulatory failure. The aggravated organ damage is associ-
ated with the enhancement of neutrophil infiltration, cytokine
and chemokine production, and adhesion molecule expression in
tissues. These data suggest that the enhancement in organ damage
may be derived primarily from the loss of TRPV1-induced anti-
inflammatory effects rather than affecting blood pressure.
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