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Abstract Tumor necrosis factor (TNF)-a plays a crucial
role in the pathogenesis of ischemia/reperfusion-induced
renal injury. We demonstrated recently that the preischemic
treatment with resiniferatoxin, a transient receptor potential
vanilloid 1 (TRPV1) agonist, attenuates renal TNF-o mRNA
expression, and improves ischemia/reperfusion-induced
renal injury in rats. In the present study, we investigated
effects of treatment with SA13353, a novel orally active
TRPV1 agonist, on ischemia/reperfusion-induced renal
injury in rats. Ischemic acute kidney injury (AKI) was
induced by occlusion of the left renal artery and vein for 45
min followed by reperfusion, 2 weeks after contralateral
nephrectomy. Renal function in vehicle-treated AKI rats
markedly decreased at 24 h after reperfusion. Treatment with
SA13353 (3, 10, and 30 mg/kg, p.o.) 30 min before ischemia
dose-dependently attenuated the
ischemia/reperfusion-induced renal dysfunction.
Histopathological examination of the kidney of AKI rats
revealed severe renal damage, which were significantly
suppressed by the SA13353 treatment. In renal tissues
exposed to ischemia/reperfusion, TNF-a and
cytokine-induced neutrophil chemoattractant-1 mRNA
expressions were augmented, but these alterations were
attenuated by the treatment with SA13353. On the other hand,
ischemia/reperfusion-enhanced renal interleukin-10 mRNA
expression and its plasma concentration were further
augmented by SA13353 treatment. These results
demonstrate that the orally active TRPV1 agonist SA13353
prevents the ischemia/reperfusion-induced AKI. This
renoprotective effects seem to be closely related to the
inhibition of inflammatory response via TRPV1 activation.
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1. Introduction

Ischemic cell injury in the kidney occurs during
cardiovascular surgery, shock, and transplantation, which
may lead to acute kidney injury (AKI). In an international
investigation of the epidemiology of AKI, the period
prevalence of AKI requiring renal replacement therapy in
intensive care unit was approximately 5% and the hospital
mortality was more than 50% [1]. Renal ischemia, followed
by reperfusion, is one of the most common causes of AKI
and places a significant burden on the health care system.
AKI is caused by ischemic and nephrotoxic insults acting
alone or in combination. It is associated with increased
morbidity, prolonged hospitalizations, and increased
mortality [2]. The renal tubules are susceptible to hypoxic
injury because of a number of factors, but they are also
capable of rapid regeneration and functional recovery. The
molecular mechanisms underlying
ischemia/reperfusion-induced renal injury are not fully
understood, but it has been reported that several causal
factors (e.g., tumor necrosis factor (TNF)-a mRNA
expression, ATP depletion, enhancement of reactive oxygen
species production, phospholipase activation, neutrophil
infiltration, vasoactive peptides etc.) are contributive to the
pathogenesis of this renal damage [3]. Among them, TNF-a
is released during renal ischemia/reperfusion and plays an
important role in the ensuing neutrophil-mediated kidney
injury [4]. TNF-a up-regulates neutrophil adhesion
molecules, in particular intercellular adhesion molecule-1,
after renal ischemia/reperfusion, and this molecule then
plays an important role in tissue neutrophil influx.
Accumulating evidence indicates that renal TNF-a is an
autocrine contributor to renal dysfunction induced by the
ischemia/reperfusion [5]. On the other hand, the
anti-inflammatory cytokine interleukin (IL)-10, which is a
potent inhibitor of fever generation and early phase
inflammation, has many effects such as inhibition of
cytokines, chemokines, and neutrophil activation [6]. In
addition, IL-10 has been shown recently to improve ischemic
and cisplatin-induced AKI, by inhibiting the maladaptive
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activation of genes that cause leukocyte activation and
adhesion [7].

Transient receptor potential vanilloid 1 (TRPV1),
formerly termed vanilloid receptor 1, is a nonselective cation
channel that can be activated by noxious heat, protons, and
vanilloids such as capsaicin [8], and a range of putative
endogenous mediators [9]. TRPV1 was known originally to
be associated with nociceptive primary afferent fibers, but
subsequent observations revealed that it is broadly expressed
in the brain, epidermis and visceral cells [10]. It is
controversial that TRPV1 agonists act as aggravators of
inflammation or inhibitors of it. Keeble et al. [11] and Szabo
et al. [12] have demonstrated that TRPV1 plays a potential
role in acute and chronic inflammation in the knee joint. In
contrast, Kissin et al. [13] have shown that resiniferatoxin, a
potent capsaicin analog, attenuates knee joint inflammation.
Small doses of capsaicin are known to reduce systemic
inflammatory responses in septic rats [14]. Moreover, it has
been demonstrated that lipopolysaccharide-induced systemic
endotoxemia and airway inflammation are augmented in
TRPV1-knockout mice, thereby suggesting the protective
role of TRPV-mediated action against the onset of sepsis
after endotoxin and endotoxin-induced airway inflammation
[15,16]. A recent study demonstrated that the recovery
process of ischemia/reperfusion-induced cardiac dysfunction
was impaired in TRPV1 gene knockout mice [17].

TRPV1 expression is seen in a high percentage of primary
afferent neurons that project to cardiovascular and renal
tissues [18]. It has been demonstrated most recently that
TRPV1 protein is highly present in the renal pelvis and
exclusively regulates neuropeptide release from primary

renal afferent nerves in response to mechanostimulation [19].

Moreover, TRPV1 protein is abundantly located in renal
tubules of medulla, although its functional roles are
unknown [19]. The renal medulla contains nephron segments
that are most susceptible to ischemic injury [20]. We have
obtained evidence recently that the TRPVI agonists
capsaicin and resiniferatoxin attenuate renal TNF-oo mRNA,
increase renal IL-10 mRNA expression, and improve
ischemia/reperfusion-induced renal injury in rats [21].
SA13353
(1-[2-(1-Adamantyl)ethyl]-1-pentyl-3-[3-(4-pyridyl)propyl]
urea) was originally identified by us as a potent and orally
active inhibitor of TNF-a production, and this effect was due
to the activation of capsaicin-sensitive afferent neurons
mediated via TRPV1 in vivo [22]. In the present study, we
investigated the effects of treatment with the TRPV 1 agonist,
SA13353, on the ischemic AKI in rats and evaluated the
possible involvement of TNF-o and IL-10, and
cytokine-induced neutrophil chemoattractant (CINC)-1 in
the SA13353-induced actions.

2. Materials and Methods

2.1. Drugs

SA13353 was synthesized at Santen Pharmaceutical Co.,
Ltd. (Nara, Japan), and suspended in 1% methylcellulose
solution for oral administration. '*C-radiolabeled SA13353
("*C-SA13353) was synthesized by GE Healthcare
(Chalfont St. Giles, UK). The radiochemical purity of
C-SA13353 in dose formulation was >97%.

2.2. Screenings for the Target Molecules of SA13353

To identify the target molecules of SA13353, 82 binding
assays and 37 enzyme (except for TNF-a converting enzyme)
assays were performed by Cerep (Poitiers, France) or MDS
Sciex (Concord, ON, Canada). TNF-a converting enzyme
assay was performed in Santen Pharmaceutical Co., Ltd.

2.3. Pharmacokinetic Analysis of SA13353

To support identifying the target molecules of SA13353,
we measured plasma concentrations of SA13353 in rats.
Blood samples were collected at 0.25, 0.5, 1, 2, 4 and 24 h
from the cervical vein, with syringes containing heparin
sodium after oral administration of SA13353 at a dose of 30
mg/kg. Plasma was separated immediately by centrifugation
and stored at -70°C or below. Experimental protocols and
animal care methods in the experiments were approved by
the Santen Animal Experimental Ethics Committee.
Considering  the  pharmacological study, male
Sprague-Dawley rats (10 weeks of age, Japan SLC,
Shizuoka, Japan) weighing 280 to 320 g were used. The
animals were housed in a light-controlled room with a 12-h
light/dark cycle and were allowed ad libitum access to food
and water. All animals abstained from food for 12 h before
the administration of SA13353. Plasma concentrations of
SA13353 were determined using liquid chromatography
with tandem mass spectrometry with validated method. The
calibration curve is linear up to 25 ng/mL with a lower limit
of quantification of 0.2 ng/mL. Interday accuracy and
precision measured as coefficients of variation and relative
errors of mean values were 2.2 to 11.5% and 0.6 to 10.0%,
respectively.

2.4. Excretion Route of SA13353

After oral administration of '“C-SA13353 (3 mg/kg) to
male rats, urine and feces were collected separately from
each animal until 168 h postdose. Any “CO, present in the
expired air was trapped in a mixture of
ethanolamine/2-ethoxyethanol (1:3, v/v) until 120 h after
dose. The interiors of the metabolism cages were washed
well with distilled water throughout the sample collection
period, and the washings were retained. The rats were
housed individually in glass metabolism cages after dosing
and allowed ad libitum access to food and water under
lighting controlled with a 12-h light/dark cycle. Urine, air
traps, and cage washings were mixed with Ultima Gold
Scintillator (Canberra Packard Ltd., Meriden, CT, USA) for
measurement of radioactivity concentrations. Feces were
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homogenized with 1.5 volumes of distilled water and burned
in oxygen using an Automatic Sample Oxidizer (model 307,
Canberra Packard Ltd). The products of combustion were
absorbed in Carbo-sorb E and mixed with Permafluor E+
(Canberra Packard Ltd.) for measurement of radioactivity
concentrations. Radioactivity was measured by liquid
scintillation analysis using Wallac 1409 automatic liquid
scintillation counters (PerkinElmer Life and Analytical
Sciences-Wallac Oy, Turku, Finland).

2.5. Animals and Experimental Designs

Male Sprague-Dawley rats (10 weeks of age; Japan SLC)
weighing 280 to 320 g were used. The animals were housed
in a light-controlled room with a 12-h light/dark cycle and
were allowed ad libitum access to food and water.
Experimental protocols and animal care methods in the
experiments were approved by the Experimental Animal
Research Committee at Osaka University of Pharmaceutical
Sciences. Two weeks before the study (at 8 weeks of age),
the right kidney was removed through a small flank incision
under pentobarbital anesthesia (50 mg/kg i.p.). After a
2-week recovery period, uninephrectomized rats were
divided into sham-operated control, vehicle-treated ischemic
AKI, and drug-treated ischemic AKI groups. These all
animals abstained from food for 12 h before the ischemia. To
induce ischemic AKI, the rats were anesthetized with
pentobarbital (50 mg/kg i.p.), and the left kidney was
exposed through a small flank incision. The left renal artery
and vein were occluded with a nontraumatic clamp for 45
min. At the end of the ischemic period, the clamp was
released for blood reperfusion. SA13353 (3, 10, and 30
mg/kg) and its vehicle (1% methylcellulose) were given
orally 30 min before the start of ischemia at a volume 5
mL/kg. In sham-operated control animals, the left kidney
was treated identically, except for the clamping. All these
surgical procedures were carefully done under the rectal
temperature-controlled condition using a heater. The animals
exposed to 45 min of ischemia were housed in metabolic
cages 24 h after reperfusion; 5-h urine samples were taken,
and blood samples were drawn from the thoracic aorta at the
end of the urine collection period. The plasma was separated
by centrifugation. These samples were used for
measurements of renal function parameters. The kidneys
were excised and examined using a light microscope.

In separate experiments, animals were sacrificed at
various time points after the start of reperfusion for
evaluation of mRNA expressions and plasma concentration
of IL-10. Renal TNF-o and IL-10 mRNA expression and
plasma IL-10 concentration were determined at 2 and 4 h
after the reperfusion, based on our recent study [21].

2.6. Renal Functional Parameters

Blood wurea nitrogen (BUN) and plasma creatinine
concentration (Pcr) were determined using a commercial
assay kit, the BUN-test-Wako, and Creatinine-test-Wako

(Wako Pure Chemicals, Osaka, Japan), respectively. Urine
and plasma sodium concentrations were determined using a
flame photometer (205D; Hitachi, Hitachinaka, Japan). The
fractional excretion of sodium (FEy,; percentage) was
calculated from the following formula: FEy, = Uy, V/[Pn, X
creatinine clearance (Ccr)] x 100, where Uy,V is the urinary
excretion of sodium, and Py, is the plasma sodium
concentration.

2.7. Histological Studies

Excised left kidneys were processed for light microscopic
observation, according to standard procedures. The kidneys
were then fixed in phosphate-buffered 10% formalin, after
which the kidneys were chopped into small pieces,
embedded in paraffin wax, cut at 4 um, and stained with
hematoxylin and eosin. Histopathological changes were
analyzed for tubular necrosis and medullary congestion, as
described previously [23]. Tubular necrosis was graded as
follows: no damage (0), mild (1, unicellular, patchy isolated
damage), moderate (2, damage less than 25%), severe (3,
damage between 25 and 50%), and very severe (4, more
than 50% damage). The degree of medullary congestion
was defined as: no congestion (0), mild (1, vascular
congestion with identification of erythrocytes by x400
magnification), moderate (2, vascular congestion with
identification of erythrocytes by %200 magnification),
severe (3, vascular congestion with identification of
erythrocytes by x100 magnification), and very severe (4,
vascular congestion with identification of erythrocytes by
x40 magnification). The scoring of the histological data was
performed by independent observers in a double-blind
manner.

2.8. Total RNA Extraction, Reverse Transcription and
Real-Time PCR

Total RNA was isolated from left kidney of
sham-operated control, vehicle-treated ischemic AKI, and
drug-treated ischemic AKI groups using commercially
available kit (Nippon Gene, Tokyo, Japan) following the
manufacturer’s instructions. Total RNA was then reverse
transcribed using a commercially available kit (Takara Bio,
Otsu, Japan). Ten microliters of reaction mixture containing
500 ng of total RNA was incubated at 42°C for 15 min for
reverse transcription, then reverse transcriptase was
inactivated by incubation at 95°C for 2 min. For real-time
PCR, the primers used were as follows: ribosomal protein

S18 (Rps18) forward,
5’-AAGTTTCAGCACATCCTGCGAGTA-3’; Rps18
reverse, 5’-TTGGTGAGGTCAATGTCTGCTTTC-3’;
TNF-a forward,

5’-AACTCGAGTGACAAGCCCGTAG-3’; TNF-a reverse,
5’-GTACCACCAGTTGGTTGTCTTTGA-3’; IL-10
forward, 5’-CAGACCCACATGCTCCGAGA-3’; IL-10
reverse, 5’-CAAGGCTTGGCAACCCAAGTA-3’; CINC-1
forward, 5’-AGGCTTGCCTTGACCCTGAA-3’; CINC-1
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reverse, 5’-ACGCCATCGGTGCAATCTATC-3’. All
primers were purchased from Takara Bio. The PCR
reactions were carried out in an ABI Prism 7000 (Applied
Biosystems, Foster City, CA, USA). Reverse
transcriptase-PCR amplifications were performed in a
volume of 50 pL. Each reaction mixture contained 2 pL of
cDNA, 25 ul of SYBR Green PCR master mix (QIAGEN
GmbH, Hilden, Germany), and 0.5 uM each primer. Each
reverse transcriptase-PCR run started with a 15-min period
at 95°C to activate the Taq polymerase. The amplification
was done for 45 cycles. Each cycle consisted of:
denaturation for 15 s at 94°C, annealing of primers for 30 s
at 55 or 58°C, and elongation for 30 s at 72°C. The mRNA
copy numbers were calculated from the cycle threshold
value using ABI Prism 7000 Sequence Detection System
(Applied Biosystems). Results of mRNA copy numbers
were normalized against Rps18 mRNA.

2.9. Measurements of IL-10 and CINC-1 Protein

Plasma concentrations of IL-10 and CINC-1 were
measured using Bio-Plex suspension system (Biorad,
Hercules, CA, USA).

2.10. Statistical Analysis

Values are expressed as the mean = S.E.M. Relevant data
were processed by InStat (GraphPad Software Inc., San
Diego, CA, USA). For statistical analysis, we used one-way
analysis of variance followed by Dunnett’s tests for
multiple comparisons. Histological data were analyzed
using the Mann-Whitney test. For all comparisons,
differences were considered significant at P < 0.05.

3. Results

3.1. Screenings for the Target Molecules of SA13353

Although SA13353 was inactive (<50% inhibition at 1
uM) to most of the tested targets (except for histamine H,
receptor), the compound showed a binding affinity for the
rat vanilloid receptor, a candidate target molecule (Table 1).
At present, we cannot explain the pharmacological
implications of SA13353 with H, receptors. An ICs, value
of SA13353 for rat vanilloid receptor was 191 + 28 nM
(mean of three independent experiments). Taking into
account the Kd value for the radioligand (0.046 nM), the Ki
value for SA13353 was 35.8 +£ 5.2 nM. Capsaicin, the
reference for the TRPV1 agonist [8], showed a binding
affinity for this receptor with an ICsy value of 3140 nM.

3.2. Pharmacokinetics and Excretion Route of SA13353
Plasma concentration of SA13353 peaked at 0.5 to 1 h

after oral administration and thereafter decreased gradually
(Figure 1A). The mean Cy,, and Ty, values of SA13353
after oral administration at a dose of 30 mg/kg were 476 +
135 nM and 0.63 + 0.13 h, respectively, and mean area under
the plasma concentration-time curve from 0 to 24 h
calculated by the linear trapezoidal rule was 3970 = 860
nM-h. After oral doses of “C-SA13353 (3 mg/kg) to male
rats, 85.09 + 1.90 and 8.96 + 1.50% of the radioactivity dose
were excreted in the feces and urine, respectively, during the
7-day sample collection period, indicating that SA13353 was
predominantly excreted into feces (Figure 1B). The recovery
of radioactivity in feces, urine, expired air traps and cage
washings was 95.44 = 1.76 % of dose during this period.
Therefore, we considered that the urinary excretion route is
minor, and there is no effect of uninephrectomy on
pharmacokinetics of SA13353. In addition, there were not
more potent active metabolites than SA13353, and plasma
concentrations of metabolites were not higher than that of
SA13353 (data not shown). Taking into account the results
of the binding and enzyme assays, SA13353 seems to be a
near-pure TRPV1 agonist in this study.
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Figure 1. Plasma concentrations of SA13353 (A) and radioactivity
excretions until 168 h (B) after oral administration (30 mg/kg). Each point
and bar represents the mean + S.E.M. of 4 animals.
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Table 1. Results of binding, enzyme inhibitory, and functional assay of SA13353
Receptor/lon Channel/Enzyme % Inhibition at 1 uM Reference compound ICsp (NM)
Adenosine A, (h) — DPCPX 37
Adenosine A5 (h) — NECA 33
Adenosine A; (h) — IB-MECA 1.9
Adrenergic o4 (non-selective) — Prazosin 0.60
Adrenergic o, (non-selective) — Yohimbine 57
Adrenergic B (h) — Atenolol 2000
Adrenergic B, (h) — 1C1118551 3.5
Angiotensin AT, (h) — Saralasin 1.1
Angiotensin AT, (h) — Saralasin 0.70
Benzodiazepine (central) — Diazepam 26
Bradykinin B, (h) — desArg'®-KD 0.89
Bradykinin B, (h) — NPC567 6.0
Calcitonin (h) — Calcitonin 0.32
Calcitonin Gene-Related Peptide CGRP, (h) — CGRPa 0.045
Cannabinoid CB; (h) — WIN55212-2 15
Cannabinoid CB; (h) — WIN55212-2 5.6
Cholecystokinin CCK; (h) — CCK-8 1.1
Cholecystokinin CCK, — CCK-8 0.80
Corticotropin Releasing Factor CRF, — CRF 2.5
Dopamine D, (h) — SCH23390 1.0
Dopamine D,s (h) — (+)Butaclamol 10
Dopamine D; (h) — (+)Butaclamol 15
Dopamine Dy 4 (h) — Clozapine 92
Endothelin ET, (h) — Endothelin-1 0.091
Endothelin ETg (h) — Endothelin-3 0.090
GABA (non-selective) — GABA 45
Galanin GAL; (h) — Galanin 0.062
Galanin GAL, (h) — Galanin 2.67
Glucagon-Like Peptide GLP-1 (h) — GLP-1 (7-36) amide 0.12
Glutamate AMPA — L-glutamate 800
Glutamate Kainate — Kainic acid 16
Glutamate NMDA — CGS 19755 710
Glutamate PCP — MK801 12
Histamine H; (central) — Pyrilamine 3.8
Histamine H, 53 Cimetidine 2300
Histamine Hj — (R)a-Me-histamine 24
Imidazoline 11 (peripheral) — Rilmenidine 390
Imidazoline 12 (central) — Idazoxan 43
Leukotriene LTD4 (h) — LTD4 2
Melanocortin MC4 (h) — NDP-a-MSH 0.2
Muscarinic M (non-selective) — Atropine 0.31

Table shows the inhibition % of SA13353 at 1 pM and ICs, value of reference compound for each target.

—: <50% inhibition at 1 uM.
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Table 1. Results of binding, enzyme inhibitory, and functional assay of SA13353 (continued)

Receptor/lon Channel/Enzyme % Inhibition at 1 uM Reference compound ICsq (NM)
Neurokinin NK; (h) — [Sar® Met(0,)""]-SP 0.32
Neurokinin NK, (h) — [Nle'®)-NKA(4-10) 23
Neurokinin NKj (h) — SB222200 28
Neuropeptide Y (non-selective) — NPY 1.1
Nicotinic N (neuronal) (a-BGTX-insensitive) — Nicotine 18
Nicotinic N (neuronal) (a-BGTX-sensitive) — o-Bungarotoxin 2.2
Opiate (non-selective) — Naloxone 2.7
ORL1 (h) (NOP) — Nociceptin 5.9
Purinergic P2X — o,B-MeATP 23
Purinergic P2Y — dATPaS 44
Serotonin 5-HT (non-selective) — Serotonin 1.4
Sigma (non-selective) — Haloperidol 36
Steroid AR (h) — Mibolerone 4.7
Steroid ER (h) — 17-B-estradiol 1.9
Steroid GR (h) — Dexamethasone 1.6
Steroid GR — Dexamethasone 71
Steroid PR (h) — R5020 5.6
Somatostatin sst; (h) — Somatostatin-14 0.36
Somatostatin sst, (h) — Somatostatin-14 0.012
Somatostatin sst; (h) — Somatostatin-14 0.075
Somatostatin sst, (h) — Somatostatin-14 1
Somatostatin ssts (h) — Somatostatin-14 0.14
Thyrotropin Releasing Hormone TRH — TRH 52
Vanilloid 98 Resiniferatoxin 0.60
Vasoactive Intestinal Peptide VIP, (h) — VIP 0.076
Vasopressin V,, (h) — [d(CH,)5', Tyr(Me),]-AVP 2.5
Vasopressin V, (h) — AVP 1.6
Ca”* channel (L, DHP site) — Nitrendipine 3.7
Ca®* channel (L, diltiazem site) (benzothiazepines) — Diltiazem 27
Ca®* channel (L, verapamil site) (phenylalkylamines) — D600 39
K*arp channel — Glibenclamide 1.8
SK'¢, channel — Apamin 0.0068
K"y channel — a-dendrotoxin 1.7
Na’ channel (site 2) — Veratridine 5200
Cl- channel — Picrotoxinin 240
Adenosine transporter — NBTI 0.52
Choline transporter — Hemicholinium-3 7.2
Dopamine transporter (h) — BTCP 5.9
GABA transporter — Nipecotic acid 3500
Norepinephrine transporter (h) — Protriptyline 14
Serotonin transporter (h) — Imipramine 3.2

Table shows the inhibition % of SA13353 at 1 pM and ICs, value of reference compound for each target.

—: <50% inhibition at 1 uM.
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Table 1. Results of binding, enzyme inhibitory, and functional assay of SA13353 (continued)

Receptor/lon Channel/Enzyme % Inhibition at 1 yM Reference compound IC5 (NM)
Ca**/Calmodulin-Dep. II — K-252a 9.2
COX; (h) — Diclofenac 18
COX; (h) — NS398 1800
ERK1 (h) — Staurosporine 760
ERK2 — Staurosporine 870
GSK3B (h) — 5-lodo-Indirubin-3'-monoxime  0.63
IKKa (h) — Staurosporine 150
IKKB (h) — Staurosporine 450
inducible NOS — 1400W 41
MEK1 — uo126 7300
p38p (h) — $B202190 21
p38y (h) — Staurosporine 260
p385 (h) — Staurosporine 300
p705% (h) — Staurosporine 15
PKA, Non-Selective — H-7 1800
PKBo/Akt1 (h) — Staurosporine 87
PKC — Staurosporine 190
PDE1 — 8-methoxy-IBMX 2900
PDE2 (h) — EHNA 6000
PDE3 — Milrinone 880
PDE4 (h) — Rolipram 680
PDES5 (h) — Dipyridamole 680
PLA2 — NDGA 49000
PLC — Neomycin 9000
TACE — Marimastat 4.3
Acetylcholinesterase (h) — Neostigmine 33
Catechol-O-methyl transferase — Ro 41-0960 34
GABA transaminase — AoAA 310
MAO-A (h) — Clorgyline 13
MAO-B (h) — Deprenyl 17
Phenylethanolamine-N-methyl transferase — LY 78335 73000
Tyrosine hydroxylase — 3-iodo L-tyrosine 970
ATPase (Na'/K") — Ouabain 450
AcetylCoA synthetase — p-HMB 290000
HMG-CoA reductase — Mevastatin 4500
Adenylyl cyclase (basal) — Forskolin 24 uM
Guanylyl cyclase (basal) — Sodium nitroprusside 2.8 uM
Phosphoinositide turnover — PDGF-BB 10 ng/mL

Table shows the inhibition % of SA13353 at 1 uM and ICs, value of reference compound for each target.
—: <50% inhibition at 1 uM.
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Figure 2. Effects of treatment with SA13353 on BUN (A), Pcr (B), and FEx, (C) 24 h after ischemia/reperfusion. SA13353 was given orally 30 min
before ischemia. Each column and bar represents the mean + S.EM. * P <0.05, ** P <0.01, compared with vehicle-treated AKI rats.

3.3. Renal Function after the Ischemia/Reperfusion and
Effects of SA13353

The renal function of rats subjected to 45-min ischemia
showed a marked deterioration when measured 24 h after
the reperfusion (Figure 2). Compared with sham-operated
rats, vehicle-treated AKI rats showed significant increase in
BUN (173.33 + 8.84 versus 21.75 £+ 1.33 mg/dL), Pcr (4.28
+ 0.41 versus 0.68 + 0.04 mg/dL), and FEy, (15.99 + 3.84
versus 0.79 £ 0.15 %). The oral administration of SA13353
(3, 10, and 30 mg/kg) 30 min before ischemia produced a
dose-dependent ~ preventive effect against the
ischemia/reperfusion-induced renal dysfunction. When a
higher dose of SA13353 (30 mg/kg) was given, renal
function changes induced by ischemia/reperfusion were
markedly improved (BUN, 87.74 + 10.91 mg/dL; Pcr, 1.92
+ 0.29 mg/dL; FEy,, 3.40 = 0.70 %). The administration of
SA13353 to sham-operated rats (30 mg/kg) produced no
significant effects in their renal function (data not shown).

3.4. Histological Renal Damage after the
Ischemia/Reperfusion and Effects of SA13353

Histopathological examinations revealed severe lesions in
the kidney of vehicle-treated AKI rats (24 h after the
ischemia/reperfusion). These changes were characterized by
tubular necrosis in the outer zone outer stripe of the medulla
(Figures 3A and 4A) (score, 4.00 = 0.00), and medullary
congestion and hemorrhage in the outer zone inner stripe of
the medulla (Figures 3C and 4B) (score, 3.71 £ 0.18).
Pretreatment with SA13353 at 30 mg/kg produced
significant preventive effects against the development of
tubular necrosis (Figures 3B and 4A), and medullary
congestion and hemorrhage (Figures 3D and 4B).

vehicle-treated AKI AKI + SA13353 30 mg/kg

outer zone inner stripe (C, D) of the kidney in AKI rats treated with vehicle
(A, C) or 30 mg/kg SA13353 (B, D) 24 h after ischemia/reperfusion.
SA13353 was given orally 30 min before ischemia. (hematoxylin and eosin
staining, magnification, x 200).

3.5. Effects of SA13353 on Renal TNF-0, IL-10 and
CINC-1 mRNA Expression after the
Ischemia/Reperfusion

Experiments to examine the effect of SA13353 treatment
on TNF-o, IL-10, and CINC-1 mRNA expression were
evaluated at 2 and 4 h after the reperfusion. As shown in
Figure 5, A and D, the increased level of renal TNF-a mRNA
expression at 2 and 4 h after the ischemia/reperfusion was
markedly suppressed by the treatment with SA13353. On the
other hand, the administration of SA13353 tended to further
augment the level of IL-10 mRNA expression at 2 and 4 h
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after the ischemia/reperfusion (Figure 5, B and E), although CINC-1 mRNA expression at 2 and 4 h after the
these augmentations were not statistically significant. As ischemia/reperfusion was partially but significantly (Figure
shown in Figure 6, A and C, the increased level of renal 6C) suppressed by the treatment with SA13353.
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Figure 4. Effects of treatment with SA13353 (30 mg/kg) on histopathological changes (A: tubular necrosis, B: congestion and hemorrhage) in the
kidneys of AKI rats. Each column and bar represents the mean = S.E.M. Grades of score: 0, no change; 1, mild; 2, moderate; 3, severe and 4, very severe.
*P <0.05, **P<0.01, compared with vehicle-treated AKI rats.
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Figure 5. Effects of treatment with SA13353 (30 mg/kg) on renal TNF-a (A and D), IL-10 mRNA expressions (B and E) and plasma concentration of
IL-10 (C and F) 2 (A, B and C) and 4 h (D, E and F) after the reperfusion. SA13353 was given orally 30 min before the ischemia. Each column and bar
represents the mean + S.E.M. **P < (.01, compared with vehicle-treated AKI rats.
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Figure 6. Effects of treatment with SA13353 (30 mg/kg) on renal CINC-1 mRNA expressions (A and C) and plasma concentration of CINC-1 (B and
D) 2 (A and B) and 4 h (C and D) after the reperfusion. SA13353 was given orally 30 min before the ischemia. Each column and bar represents the mean

+S.EM. * P<0.05, **P <0.01, compared with vehicle-treated AKI rats.

3.6. Effects of SA13353 on Plasma IL-10 and CINC-1
Concentrations after the Ischemia/Reperfusion

Figure 5, C and F, showed the effect of SA13353 on
plasma concentration of IL-10 at 2 and 4 h after the
ischemia/reperfusion,  respectively.  Compared  with
sham-operated rats, vehicle-treated AKI rats showed 2- to
3-fold increases in plasma concentration of IL-10, and the
increased level was significantly enhanced by the SA13353
treatment. In addition, Figure 6, B and D, showed the effects
of SA13353 on plasma concentration of CINC-1 at 2 and 4 h
after the ischemia/reperfusion, respectively. Compared with
sham-operated rats, vehicle-treated AKI rats showed
8.4-fold increases in plasma concentration of CINC-1 at 4 h,
and the increased level was markedly attenuated by the
SA13353 treatment.

4. Discussion

Post-ischemic AKI is a frequent clinical syndrome with a
high morbidity and mortality [2]. Reperfusion of previously
ischemic renal tissue initiates a series of complex cellular
events that results in injury and the eventual death of renal

cells because of a combination of apoptosis and necrosis [24].

Numerous attempts have been made to prevent AKI using
animal models of ischemia/reperfusion-induced renal injury,

and various vasodilative agents, including natriuretic
peptides, adenosine antagonists, dopamine receptor agonists,
calcium antagonists, endothelin receptor antagonists, and
acetylcysteine, have been considered to be useful for the
prevention and management of AKI [25], although it
remains to be elucidated whether similar interventions are
beneficial to clinical uses. TRPV1 has also been suggested to
play a role in regulating vasodilatation in a variety of
vascular beds [18]. The activation of TRPV1 leads to release
of several neuropeptides, such as substance P, calcitonin
gene-related peptide (CGRP), and somatostatin [26]. CGRP
is strongly coexpressed in many TRPV1-expressing nerve
fibers, including sensory fibers that innervate the dural
vasculature [27], and it has been suggested to confer a
beneficial counterbalance to the development of
hypertension [28].

We have already demonstrated that TRPV1 agonists
capsaicin and resiniferatoxin prevent
ischemia/reperfusion-induced renal injury in rats [21].
Because the oral toxicity of capsaicin is relatively high (oral
LDs, values of nearly 100-200 mg/kg in mice or rats) [29],
we tried to find a safer TRPV1 agonist than capsaicin,
ultimately selecting SA13353 [22] from numerous
compounds available (oral LDs, values exceed 2000 mg/kg
in rats). In the present study, we found that the treatment with
SA13353 prevented the ischemia/reperfusion-induced renal
dysfunction in rats. We have demonstrated most recently that
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SA13353  significantly  inhibits  lipopolysaccharide
(LPS)-induced TNF-o production in a dose-dependent
manner in rats [22]. SA13353 exhibited a binding affinity for
the rat vanilloid receptor and increased neuropeptide release
from the rat dorsal root ganglion neurons. However, the
neuropeptide release by SA13353 was blocked by
pretreatment with the TRPV1 antagonist capsazepine.
Although  SA13353 inhibited LPS-induced TNF-a
production in vivo, its effect was not observed in sensory
denervation rat and TRPV1 knockout mice [22]. These
results suggest that SA13353 inhibits TNF-a production
through activation of capsaicin-sensitive afferent neurons
mediated via TRPV1 in vivo.

In the previous report, TRPV1 agonists markedly
inhibited the neutrophil infiltration, which is one of the major
causes for renal injury after ischemia/reperfusion [21]. Then,
we investigated the possible inhibitory mechanisms of
TRPV1 agonists on neutrophil infiltration observed in the
renal tissue exposed to ischemia/reperfusion using SA13353.
Expressions of adhesion molecules including intercellular
adhesion molecule-1 on endothelial cells are important for
neutrophil infiltration. For expression of adhesion molecules,
some cytokines, including TNF-a, have a critical role [30].
CINC-1, a major factor in acute inflammation, is responsible
for the activation of neutrophils and for neutrophil
chemotaxis to sites of injury [31]. On the other hand, the
anti-inflammatory cytokine IL-10 has been shown recently
to inhibit ischemic and cisplatin-induced AKI [7]. In
addition, we have demonstrated recently that SA13353
attenuated neutrophil infiltration and the increase of TNF-a
and CINC-1 level in lung inflammation [32]. Therefore, we
investigated the effects of SA13353 on TNF-a, CINC-1, and
IL-10 mRNA expression in the postischemic kidneys. We
noted that the preischemic treatment with SA13353
attenuated the ischemia/reperfusion-induced augmentation
of TNF-a and CINC-1 mRNA expression level. On the other
hand, SA13353 further enhanced the increases in IL-10
mRNA and its serum protein levels elicited by the
ischemia/reperfusion. Previous studies have demonstrated
that neuropeptides such as CGRP [33-35] and somatostatin
[36] inhibited the LPS-induced TNF-o production in vivo
and in vitro. We also found recently that orally administered
SA13353 evoked the release of CGRP and somatostatin [22].
Taken together, we suggest that activation of
capsaicin-sensitive afferent neurons by SA13353 and the
following release of neuropeptides may modify the
inflammatory reactions after ischemia/reperfusion.

In separate experiments, to confirm that the preventive
effects of SA13353 on ischemia/reperfusion-induced renal
injury are mediated by TRPV1, we attempted to utilize
TRPV1 antagonist capsazepine. However, because
capsazepine itself affected the ischemia/reperfusion-induced
renal injury, we could not evaluate its antagonizing activity
on TRPV1 agonist-induced renoprotective effects
(unpublished observations). Capsazepine is not only a
TRPV1 antagonist but also inhibits voltage-activated
calcium channels and nicotinic acetylcholine receptors

[37,38], thereby suggesting that capsazepine is not
appropriate for antagonizing study in
ischemia/reperfusion-induced renal injury model. Another
TRPV1 antagonist, iodo-resiniferatoxin, is also reported to
be inadequate for the TRPV1 antagonizing study in vivo [39].
In a preliminary experiment, we noted that
iodo-resiniferatoxin  inhibited =~ LPS-induced = TNF-a
production in rats. Thus, further studies using TRPV1
antagonists with better pharmaceutical properties or
TRPVI1-knockout animals are required to elucidate the
TRPVI1-mediated renoprotective effect and its precise
mechanisms.

In the present study, SA13353 was administered before
the start of 45-min ischemia. However, because AKI cannot
be predicted in many clinical cases, it is important to
evaluate whether TRPV1 agonists can reverse the
ischemia/reperfusion-induced renal dysfunction or at least
enhance the recovery process when given after the
reperfusion. Therefore, we examined the effect of the
postischemic treatment (at 30 min after the start of
reperfusion) with SA13353 (30 mg/kg p.o.), but the agent
produced no significant renoprotective effect (unpublished
observations). SA13353 administered after the reperfusion
may be unable to overcome the severe renal injury,
although the reason is unknown. Further studies using a
mild disease model and/or higher doses of SA13353 are
required to clarify whether SA13353 treatment after the
reperfusion exerts a renoprotective effect.

5. Conclusions

The preischemic treatment with SA13353 prevents
ischemia/reperfusion-induced renal injury, probably via
TRPV1-mediated mechanisms, which are closely related to
the inhibition of inflammatory responses. Taken together
with a previous study using capsaicin and resiniferatoxin
[21], renoprotective effects by TRPV1 agonists may be
useful to preserve renal function in patients with AKI after
cardiac and vascular surgery.
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