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1 The pharmacological activity of phenylacetyl-Phe-Ser-Arg-N-(2,4-dinitrophenyl)-ethylenediamine
(TKI), a tissue kallikrein speci®c inhibitor, was assessed using models of nociception and
in¯ammation in mice.

2 Injection of TKI (13.6 ± 136 mmol kg71, i.p. or 41 ± 410 mmol kg71, s.c.) produced a dose-related
inhibition of the acetic acid-induced writhes (by 37 to 85% or 34 to 80%, respectively). The
antinociceptive activity of TKI (41 mmol kg71, i.p.) was maximal after 30 min injection and lasted
for 120 min. The e�ect was unaltered by pretreatment with naloxone (8.2 mmol kg71, s.c.) or
bilateral adrenalectomy.

3 TKI (41 and 136 mmol kg71, i.p.) produced a dose-related decrease of the late phase of formalin-
induced nociception by 79 and 98%, respectively. At 136 mmol kg71, i.p., TKI also shortened the
duration of paw licking in the early phase by 69%. TKI (41 and 136 mmol kg71, i.p.) also reduced
the capsaicin-induced nociceptive response (by 51 to 79%).

4 TKI (41 mmol kg71, i.p. or 410 mmol kg71, s.c.) reduced the oedematogenic response, from the
second to the ®fth hour after carrageenin injection by 36 to 30% or by 47 to 39%, respectively.

5 Pretreatment with TKI (41 mmol kg71, i.p.) reduced the capsaicin-induced neurogenic
in¯ammation in the mouse ear by 54%.

6 It is concluded that TKI presents antinociceptive and antiin¯ammatory activities mediated by
inhibition of kinin formation by tissue kallikrein in mice. The results also indicate that the tissue
kallikrein-dependent pathway contributes to kinin generation in nociceptive and in¯ammatory
processes in mice.
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Introduction

Activation of the kallikrein-kinin cascade in injured tissues

causes the release of the nonapeptide bradykinin (BK) in the
plasma, and the closely related decapeptide kallidin (Lys-BK)
in tissues. The endogenous precursor of BK is the high
molecular weight kininogen (HMWK), while the tissue

precursor for Lys-BK is the low molecular weight kininogen
(LMWK). Activation of prekallikrein bound to either
precursor originates two kininogen-processing serine proteases

(kallikreins) that are physicochemically and immunologically
distinct (Bhoola et al., 1992a). In the blood, plasma kallikrein
releases BK and the active tissue kallikrein releases kallidin,

except in rats where BK rather than kallidin is produced.
(Bhoola et al. 1992a; Sharma 1993; Walker et al., 1995). Once
kinins are generated, they exert their pharmacological e�ects
through interaction with two main speci®c receptors, B1 and B2

(Sharma, 1993). Local actions of BK and Lys-BK produce,
among others, vasodilatation, increased vascular permeability,
stimulation of nociceptive nerve terminals causing hyperalgesia

and pain, and spasmogenic e�ect on smooth muscles (Bhoola

et al., 1992a; Sharma, 1993; Perkins et al., 1995; Walker et al.,
1995; Poole et al., 1999; Ahluwalia & Perretti, 1999). For this
reason, kinins have been involved in the pathogenesis of
in¯ammatory processes like rheumatoid arthritis and asthma

(Bhoola et al. 1992b; Polosa, 1993; Bond et al., 1997;
Deshandra & Bhoola, 1998).

Because LMWK and tissue kallikrein are localized in tissues

and plasma kallikrein does not release kinin from LMWK,
kallidin is expected to be the predominant kinin formed in
tissues in in¯ammatory responses (Bhoola et al., 1992a;

Walker et al., 1995). In addition, the tissue kallikrein-
dependent pathway has been involved in rheumathoid arthritis
(Selwyn et al., 1989; Williams et al., 1997), allergic diseases
(Polosa, 1993) and experimental pancreatitis (Blackberg &

Ohlsson, 1994). Burton & Benetos (1989) and Okunishi et al.
(1989) reported the e�ects of tissue kallikrein inhibitors in the
blood pressure of the rat. Szelke et al. (1994) described the

e�ects of synthetic inhibitors of tissue kallikrein in a model of
allergic in¯ammation in guinea-pigs. The e�ects of tissue*Author for correspondence; E-mail: ajlapa.farm@infar.epm.br
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kallikrein speci®c inhibitors, however, were not tested in
nociceptive transmission and in¯ammatory response in mice.

This study aimed to investigate the pharmacological activity

of a novel tissue kallikrein speci®c inhibitor, phenylacetyl-Phe-
Ser-Arg-EDDnp where EDDnp is N-(2,4-dinitrophenyl)-
ethylenediamine (TKI) (Juliano et al., 1995; Bizeto et al.,
1996; Portaro et al., 1997), in experimental models of chemical

and thermal nociception and in¯ammation in mice. The results
indicated that TKI is endowed with antinociceptive and anti-
in¯ammatory properties mediated in part by the tissue

kallikrein-dependent pathway.

Methods

Adult albino mice (25 ± 35 g) of either sex, kept under

controlled 12/12 h light/dark cycle and temperature
(23+28C) were used. Food and water were provided ad
libitum. Animals used in the nociception studies were
acclimatized to the observation chamber during 15 min prior

to testing. All experiments were conducted according to the
ethical guidelines for investigation of experimental pain in
conscious animals (Zimmerman, 1983).

Antinociceptive activity

Abdominal constriction models The abdominal constriction
response was induced as previously described with minor
modi®cations (Emim et al., 1994). Mice were treated

intraperitoneally (i.p.) or subcutaneously (s.c) with either the
vehicle (saline+tween 80, 40 : 1 v v71, 0.1 ml 10 g71) or TKI
(4.1 ± 136 mmol kg71, i.p. or 13.6 ± 410 mmol kg71, s.c.) After
30 min all animals were injected with either 1.2% acetic acid

(0.1 ml 10 g71, i.p.) (Koster et al., 1959) or kaolin
(200 mg kg71, i.p.) (Fujioshi et al., 1989), placed individually
in a glass cylinder (18 cm diameter) and the number of

abdominal constrictions was counted cumulatively over 20 or
30 min, respectively. Mice treated with HOE-140
(2.7 mmol kg71, s.c.), a bradykinin B2 receptor antagonist,

with PKSI-527 (22.9, 68.6 and 229 mmol kg71, i.p) or with
soybean trypsin inhibitor (SBTI: 0.48. 1.43 and 4.8 mmol kg71,
i.p.), a speci®c and nonspeci®c plasma kallikrein inhibitors,
respectively, were used for positive controls.

To evaluate the in¯uence of endogenous corticosteroids
release, the same doses of TKI were tested in the acetic acid-
induced writhing after 1 week bilateral adrenalectomy in mice.

Possible mediation by the opioid system was evaluated after
injection with naloxone (8.2 mmol kg71, s.c.) 15 min prior to
TKI (41 mmol kg71, i.p.) administration.

Formalin test The formalin test was performed in mice using
an acrylic box (12612612 cm) mounted with a mirror at a

458 angle beneath the ¯oor (Hunskaar et al., 1985). Following
the acclimatization period, mice were treated with either the
vehicle or TKI (13.6 ± 136 mmol kg71, i.p.), 30 min before
injection of 50 ml 3% formalin (1.2% formaldehyde in PBS,

s.c.) into the plantar surface of the right hindpaw. Each animal
was then returned to the observation chamber and the amount
of time spent by the animals licking or biting the injected paw

was taken as the index of nociception. The e�ects of TKI was
investigated during the early phase of the nociceptive response
designated as neurogenic pain (0 ± 5 min after formalin

injection), and the late phase related to the in¯ammatory pain
(15 ± 30 min after formalin injection) (Hunskaar & Hole,
1987). Mice treated orally with indomethacin (28 mmol kg71,
p.o.) were used for positive control.

A similar procedure was used to assess the TKI e�ect on the
capsaicin-induced neurogenic pain (Sakurada et al., 1992).
Following 15 min adaptation to the observation chamber,

mice were treated with either the vehicle, TKI (13.6 ±
136 mmol kg71, i.p.) or fentanyl (19 ± 190 nmol kg71, s.c.) for
positive control. After 30 min all animals were injected with
50 ml capsaicin (32 mg ml71, in saline, s.c.) into the plantar

surface of the right hindpaw and the index of nociception was
quantitated as described above.

Tail ¯ick test The nociceptive stimuli were induced in mice by
a constant focused heat stimulus on the tail delivered by an
analgesiometer apparatus (Ugo Basile, Italy) as previously

described (D'Amour & Smith, 1941; GuilleÂ n et al., 1997).
Animals used in this test were selected according to their
responses to the nociceptive stimuli and by eliminating those

mice with reaction time up to 7 s. A cut-o� time of 20 s was
maintained throughout the procedure to prevent tissue
damage. Each mouse response was elicited every 30 min from
1 h up to 2 h after treatment with either the vehicle. TKI (41

and 136 mmol kg71, i.p.) or the opioid analgesic fentanyl
(567 nmol kg71, i.p.) for positive control. The animal's
reaction to the heat was quantitated as the latency of the tail

¯ick response.

Antiin¯ammatory activity

Mouse paw oedema induced by carrageenin, bradykinin,
histamine and serotonin Mice were treated with either the

vehicle or TKI (13.6 and 41 mmol kg71, i.p., or 136 and
410 mmol kg71, s.c.) 30 min before injection of 50 ml 1%
carrageenin, s.c., into the plantar surface of the right hind
paw. Positive control animals were given indomethacin

(28 mmol kg71, p.o.) 60 min before. The contralateral paw
was injected with equal volume of saline. The paw volumes
were determined hourly for 5 h in a hydroplethysmometer

(Ugo Basile) and the swelling, expressed in ml, was
calculated as the di�erence between the two paws
(Henriques et al., 1987).

The e�ect of TKI (41 mmol kg71, i.p.) was also assessed on
the mouse paw oedema induced by intraplantar injection of
either bradykinin, histamine or serotonin (50 mg each, s.c.)
after 30 min treatment. The respective positive control animals

were given HOE-140 (0.5 mmol kg71), diphenhydramine
(206 mmol kg71) or cyproheptadine (1.5 mmol kg71), i.p.

Carrageenin-induced peritonitis The acute in¯ammatory re-
sponse was induced by injection of 1% carrageenin (0.25 ml in
saline, i.p.) after 30 min treatment with either the vehicle or

TKI (13.6 ± 136 mmol kg71, i.p.). The positive control group
was pretreated with dexamethasone (1.3 mmol kg71, i.p.).
After 4 h carrageenin injection, all animals were killed under

ether anaesthesia and 2 ml of PBS containing heparin
(10 iu ml71) was injected into the peritoneal cavity. Following
a gentle massage, peritoneal ¯uids were collected and the
number of leukocytes that had migrated to the peritoneal

cavity was counted in a Neubauer chamber (FerraÂ ndiz &
Alcaraz, 1992).

Ear oedema-induced by croton oil and capsaicin Thirty
minutes after treatment of mice with the vehicle or TKI
(41 mmol kg71, i.p.) 10 ml of croton oil solution (2.5% in

acetone) were applied topically to the inner surface of the right
ear. The left ear was treated with the same volume of acetone
for control. After 4 h, all animals were killed by cervical
dislocation under ether anaesthesia and a 6 mm diameter disk
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removed from each ear lobe. The di�erence between the ear
disk weights was taken as the oedema induced by croton oil
(Schianterelli et al., 1982).

Neurogenic in¯ammation was induced in mice by topical
application of 20 ml capsaicin solution (5 mg ml71 in acetone)
to the inner surface of the right ear (Inoue et al., 1993) 30 min
after treatment with either the vehicle or TKI (41 mmol kg71,

i.p.). The left ear was treated with 20 ml of acetone for control.
After 30 min, all animals were killed by cervical dislocation
under ether anaesthesia and the ear oedema quantitated as

described above.

Drugs and chemicals Drugs used were: bradykinin, capsaicin,

histamine hydrochloride, naloxone hydrochloride, serotonin
hydrochloride, cyproheptadine hydrochloride, diphenhydra-
mine, soybean trypsin inhibitor (Sigma, U.S.A.), k-carrageenin
(Cialgas, Brazil), Croton Oil (Veafarm, Brazil), Fentanyl
(Janssen FarmaceÃ utica, Brazil), and Heparine (Roche1,
Brazil). HOE-140 (D-Arg-[Hyp3-Thi5-D-Tic7-Oic8]-bradykinin)
(Hoechst, Germany). Phenylacetyl-FSR-EDDnp was obtained

by peptide synthesis in solution using anhydride procedures
and tert-butyloxycarbonyl-amino acids, puri®ed in silica gel
and characterized by HPLC as previously described (Juliano &

Juliano, 1985; Chagas et al., 1991). PKSI-527 was provided by
Dr Yoshio Okada from the Faculty of Pharmacy Sciences,
Kobe-Gakuin University, Kobe, Japan. For pharmacological

tests, the drug was dissolved in physiological saline (0.9%)
using tween 80 (40 : 1). All other reagents were of analytical
grades. Stock drug solutions were prepared just before use in

0.9% w v71 of NaCl, except indomethacin and capsaicin which
were dissolved in NaHCO3 and ethanol, respectively. Formalin
solution was prepared in phosphate bu�er saline (PBS: NaCl
135 mM, KCl 2.7 mM and phosphate bu�er 10 mM).

Statistical analysis All data were expressed as means+s.e.
mean. ID50 (doses to reduce the number of responses to 50%

of control) values were calculated by linear regression from the
data against logarithm of doses. Statistical signi®cance of the
results was determined using one-way analysis of variance

followed by the Duncan method (Sokal & Rohlf, 1981).
Di�erences between two means were compared using unpaired
Student's t-test. Data were considered di�erent at the level of
P50.05.

Results

E�ect of TKI on nociceptive transmission

Acetic acid-induced writhing Mice treated with TKI (4.1 ±
136 mmol kg71, i.p.) did not show signs of toxicity up to 24 h
afterwards compared to control animals injected with the

vehicle (saline+tween). A few animals presented occasional
abdominal constrictions immediately after injection of the
highest dose.

Injection of 1.2% acetic acid (0.1 ml 10 g71, i.p.) in control

mice treated i.p. or s.c. with the vehicle produced respectively,
26.2+3.3 (n=9) or 30.5+2.3 writhes (n=10) over 20 min.
Previous treatment with TKI (13.6 ± 136 mmol kg71, i.p.)

produced a long lasting and dose-related inhibition of
abdominal constrictions by 37 to 85% of control, with a
mean e�ective dose (ID50) of 17.7 mmol kg71 (Figure 1A). In

mice pretreated with 41 mmol kg71, i.p., the TKI-induced
antinociceptive response reached its maximum after 30 min
injection, lasted for 120 min and then decayed (Figure 2). At a
dose below 13.6 mmol kg71 TKI did not a�ect the acetic acid-

induced nociceptive response (Figure 1A).
A similar e�ect was obtained after s.c. injection of TKI

(41 ± 410 mmol kg71) which reduced abdominal constrictions

by 34 to 84%, with ID50 value of 85.7 mmol kg71 (Figure 1B).
In positive control animals treated with PKSI-527 (22.9 ±

229 mmol kg71, i.p.), a speci®c plasma kallikrein inhibitor
(Teno et al., 1993), the acetic acid-induced writhes were

reduced by 10 to 60%, with ID50 value of 186.5 mmol kg71

(Figure 1). Likewise, pretreatment of mice with SBTI (0.48 ±

Figure 1 Accumulative number of writhings induced by injection of
acetic acid (1.2%, 0.1 ml 10 g71, i.p.) in mice treated 30 min before
with either the vehicle (0), TKI (4.1 ± 136 mmol kg71) and PKSI
(229 mmol kg71) intraperitoneally (i.p.) in (A) or with TKI (13.6 ±
410 mmol kg71) and HOE-140 (2.7 mmol kg71) subcutaneously (s.c.),
in (B) The columns and vertical bars are means+s.e.mean of 6 ± 8
animals. *Di�erent from the vehicle-treated mice (P50.05).

Figure 2 Time course of the antinociceptive e�ect of TKI
(41 mmol kg71, i.p.) on the acetic acid-induced abdominal constric-
tions in mice. Symbols and vertical bars are means+s.e.mean of 6 ± 8
animals. *Di�erent from vehicle-treated mice (P50.05).
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4.8 mmol kg71, i.p.), a non speci®c plasma kallikrein inhibitor
(Katori et al., 1989), reduced the acetic acid-induced
abdominal constrictions by 37 to 58%, with ID50 value of

3.1 mmol kg71. Comparatively, injection of mice with HOE-
140 (2.7 mmol kg71, s.c.), a bradykinin B2 receptor antagonist
(Wirth et al., 1991), reduced the acetic acid-induced writhing
by 48%.

E�ect of naloxone and adrenalectomy The inhibitory e�ect of
TKI on the acetic-acid induced writhing was una�ected by a

dose of naloxone (8.2 mmol kg71, s.c.) that completely
reversed the analgesic activity of the opioid fentanyl
(190 nmol kg71, s.c.) (Table 1). Likewise, adrenalectomy

(ADX) of mice did not alter the TKI antinociceptive activity
as compared to the observed in sham-operated (S) animals (S:
36.5+6.6 and TKI-treated: 9.9+2.0 writhes, ADX: 26.6+4.6

and TKI-treated: 4.2+3.1 writhes, n=6 each).

Kaolin-induced writhing Injection of kaolin (200 mg kg71,
i.p.) to control vehicle-treated mice 30 min beforehand induced

8.8+1.6 writhes (n=6). Treatment with the kininase II
inhibitor enalapril (20.3 mmol kg71, s.c.), 120 min before
kaolin, increased the number of abdominal constrictions by

153% (22.3+2.6 writhes in 30 min, n=6). Injected at a dose
that inhibited the acetic acid-induced writhing, TKI
(136 mmol kg71, s.c.) reduced the number of abdominal

constrictions in enalapril-treated animals by 47% (11.8+2.8
writhes in 30 min). Similar e�ect was observed in animals
pretreated with SBTI (1.4 mmol kg71, i.p.) which inhibited

writhing by 72% of control (17.7+2.0, writhes in 30 min,
n=8).

Formalin-induced nociception In control vehicle-treated mice

the duration of paw licking during the ®rst (neurogenic pain)
and second phase (in¯ammatory pain) of the formalin-induced
nociception was 78.4+8.9 and 120.7+17.3 s (n=8), respec-

tively. Previous administration of TKI (41 and 136 mmol kg71,
i.p.) shortened the second phase of the formalin-induced
nociception by 79 and 98%, respectively (Figure 3A). A low

dose of TKI (13.6 mmol kg71, i.p.) did not a�ect the second
phase, while a high dose (136 mmol kg71, i.p.) shortened the
®rst phase by 69% (Figure 3A). The ID50 values calculated in
this assay were 88.4 and 20.4 mmol kg71 in the ®rst and second

phase, respectively.
When injected s.c. TKI (136 and 410 mmol kg71) shortened

the licking time during the ®rst phase, by 46 and 37% of

control (95.1+9.5 s), as well as that related to the second
phase, by 80 and 85% (control : 105.8+25.0 s) (Figure 3B).
Pretreatment of mice with the non steroidal anti-in¯ammatory

agent indomethacin (28 mmol kg71, p.o.) did not a�ect the
licking time during the ®rst phase, but it shortened the licking
time observed during the second phase of the formalin-induced

pain by 69% of control (81.0+7.7 s) (Figure 3B).

Capsaicin-induced nociception Plantar injection of capsaicin
(0.016 to 6.4 mg) into the mouse right paw produced a short

lasting paw licking related to the dose that was maximal at
1.6 mg (43.5+7.8 s, n=8). Pretreatment of mice with TKI up
to 13.6 mmol kg71, i.p., did not in¯uence the capsaicin-induced

nociceptive response. At 41 and 136 mmol kg71, however, TKI
reduced the capsaicin-induced neurogenic pain by 51 and 79%,
respectively (Figure 4A). The calculated ID50 of TKI in this

assay was 23 mmol kg71, similar to that determined in the late
phase of the formalin test.

Pretreatment with the opioid analgesic fentanyl (56.7 and

190 nmol kg71, s.c.) was more e�ective than that with TKI,
reducing the capsaicin-induced neurogenic pain by 54 and
98%, respectively (Figure 4B).

Tail ¯ick test In control mice given the vehicle i.p. or s.c., the
basal tail ¯ick latency was 4.7+0.3 or 4.8+0.2 s (n=7 in each
group). Treatment with TKI (41 and 136 mmol kg71, i.p. or

136 mmol kg71, s.c.) did not alter the animal's nociceptive
response over 2 h measurements (i.p.: 4.9+0.5 and s.c.:
4.6+0.3 s, n=7, respectively). Treatment with fentanyl

(567 nmol kg71, s.c.), however, increased the tail ¯ick latency
from 4.8+0.2 s (control) to 11.2+1.9 s (n=6 each).

E�ect of TKI on the in¯ammatory responses

Carrageenin-induced paw oedema Injection of carrageenin in
control mice treated with the vehicle, i.p. or s.c., induced a

progressive swelling of the paw that reached a maximum

Table 1 E�ect of naloxone (NAL) on antinociception
induced by phenylacetyl-Phe-Ser-Arg-EDDnp (TKI) or
fentanyl (FEN) in the acetic acid-induced abdominal
constrictions in mice

Treatment
Route of

administration
Cumulative
writhes

Vehicle
TKI (41 mmol kg71)
FEN (190 nmol kg71)
NAL (8.2 mmol kg71)
TKI (41 mmol kg71)+NAL
(8.2 mmol kg71)

FEN (190 nmol kg71)+NAL
(8.2 mmol kg71)

i.p.
i.p.
s.c.
s.c.

i.p., s.c.

s.c.

38.1+6.0
7.9+1.4*
3.0+2.3*
29.0+2.9
7.4+2.6*

31.0+6.2

Data are means+s.e.mean of 6 ± 8 animals. *Di�erent from
vehicle-treated mice (P50.05).

Figure 3 E�ect of the vehicle (0) and TKI injected intraperitoneally
(13.6 ± 136 mmol kg71), in (A) or subcutaneously (41 ±
410 mmol kg71), in (B) on the formalin-induced (50 ml 1.2%
formaldehyde in PBS) ®rst (neurogenic pain) and second (in¯amma-
tory pain) phases of nociception in mice. Positive control mice were
treated orally with indomethacin (Ind, 28 mmol kg71, A). The
columns and vertical bars are means+s.e.mean of 8 ± 9 animals.
*Di�erent from vehicle-treated mice (P50.05).
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volume (i.p.: 121.0+4.8, s.c.: 101.7+8.6 ml, n=8) after 4 h.
Pretreatment with TKI (41 mmol kg71, i.p. or 410 mmol kg71,
s.c.) inhibited the paw oedema by 36 to 30% or by 47 to 39%,

respectively, from the second to the ®fth hour after carrageenin
injection (Figure 6). In positive control animals treated with
indomethacin (28 mmol kg71, p.o.), the maximal carrageenin
paw oedema was decreased by 45% of control (Figure 5).

Bradykinin, histamine and serotonin-induced paw oedema In-
jection of either bradykinin, histamine or serotonin (50 mg
each) in control mice produced oedema of the hindpaw with
maximal increase in volume within 30 min (respectively,
63.8+9.6, 72.9+7.5 and 65.0+9.9 ml, n=8). At a dose

e�ective in reducing nociception and carrageenin-induced paw
oedema, TKI (41 mmol kg71, i.p.) did not a�ect the paw
oedema induced by either phlogistic agent. A high dose of TKI

(136 mmol kg71, i.p.), however, reduced the bradykinin-
induced paw oedema by 51% of control. In positive control
animals pretreated with the antagonists of bradykinin B2

receptors, HOE-140 (0.5 mmol kg71, i.p.), histamine H1

receptors, diphenhydramine (206 mmol kg71, i.p.) or serotonin
receptors, cyproheptadine (1.5 mmol kg71, i.p.), the paw
oedema induced by bradykinin, histamine or serotonin was

decreased by 44, 50 and 51%, respectively.

Carrageenin-induced peritonitis Intraperitoneal injection of

carrageenin in control vehicle-treated mice induced migration
of 9.6+1.16106 leukocytes ml71 (n=8). Previous treatment of
mice with TKI (13.6, 41 and 136 mmol kg71, i.p.) decreased the

leukocytes in®ltration by 55% (4.3+0.36106 ml71, n=7) only
at the highest dose (Figure 6). In parallel experiments,
treatment with the steroid antiin¯ammatory agent dexametha-
sone (1.3 mmol kg71, i.p.) reduced the leukocytes migration by

40% (5.9+0.86106 ml71, n=7)

Ear oedema induced by croton oil and capsaicin Topical

application of croton oil increased the ear disk weight of
control mice from 10.6+0.4 mg (ear injected with vehicle) to a
maximum of 22.6+0.5 mg (n=8) after 30 min. Previous

injection of TKI (41 mmol kg71, i.p.) did not prevent the
exudative process induced by croton oil (Control: 12.1+0.3
and TKI: 10.3+1.1 mg, n=8). Nevertheless, the same
treatment with TKI was e�ective on the neurogenic in¯amma-

tion induced by capsaicin in the mouse ear reducing its disk
weight from 7.9+1.3 mg to 3.6+1.0 mg (n=6 each).

Oral treatment (2.5 mmol kg71) or topical application
(0.25 mmol ear71) of dexamethasone in positive control groups
reduced the ear oedema induced by croton oil from 12.0+1.0

Figure 4 E�ect of previous intraperitoneal injection of the vehicle
(0) or TKI (13.6 ± 136 mmol kg71) on capsaicin-induced
(1.6 mg paw71) neurogenic pain in mice. Positive control animals
were pretreated with fentanyl (Fen, 19 ± 190 nmol kg71). The light
column represents the values of animals injected with the vehicle. The
columns and vertical bars are means+s.e.mean of eight animals.
*Di�erent from vehicle treated mice (P50.05).

Figure 5 E�ect of previous treatment with TKI injected intraper-
itoneally (13.6 and 41 mmol kg71, i.p.) in (A) or subcutaneously (136
and 410 mmol kg71, s.c.), in (B) on the paw oedema induced by
carrageenin (0.5 mg paw71) in mice. Control animals were injected i.p.
or s.c. with the vehicle. The positive control group was treated orally
with indomethacin (28 mmol kg71, p.o.). Symbols and vertical bars are
means+s.e.mean (eight animals in each group) of the volume
di�erence between the paw injected with carrageenin and the
contralateral paw injected with saline. *Di�erent from control
(P50.05).

Figure 6 E�ect of previous intraperitoneal (i.p.) injection of the
vehicle (0) or TKI (13.6 ± 136 mmol kg71) on cell migration of the
carrageenin (0.25 ml 1% in saline) induced peritonitis in mice.
Positive control mice were treated with dexamethasone (Dex.
1.3 mmol kg71, i.p.). The light column represents the values of
animals injected with the vehicle. The columns and vertical bars are
means+s.e.mean of 6 ± 8 animals. *Di�erent from vehicle treated
mice (P50.05).
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to 5.5+1.5 mg (n=5) and from 12.1+0.3 to 3.7+0.7 mg,
respectively.

Discussion

The pharmacological activity of phenylacetyl-FSR-EDDnp, a

novel tissue kallikrein inhibitor (TKI) synthetized according to
the speci®cities of the enzyme extended binding site (Juliano et
al., 1995; Portaro et al., 1997), was assessed in nociceptive and

in¯ammatory processes. Mice were used because in this species
the active tissue kallikrein liberates Lys-bradykinin (kallidin)
rather than bradykinin (Bhoola et al., 1992a), as occurs in

humans. The tissue kallikrein is an acidic glycoprotein with
catalytic reaction steps similar to those described for other
serine proteases, but sharing antigenic and structural identities

distinct from those of plasma kallikrein (Bhoola et al., 1992a).
Detection of this kininogenase in synovial ¯uids, neutrophils
and bronchoalveolar lavage ¯uid of asthmatic subjects has
suggested an important role for the tissue kallikrein system in

in¯ammatory processes (Christiansen et al., 1987; Selwyn et
al., 1989; Bhoola et al., 1992b; William et al., 1997).

TKI was active upon intraperitoneal or subcutaneous

administration in mice without inducing signs of toxicity or
changes in the spontaneous motor activity, as compared with
control animal. Short lasting abdominal constrictions were

observed in a few animals after i.p. injection of the highest dose
tested. These occasional and transitory e�ects were attributed
to peritoneal irritation at the injection site, and possibly

re¯ecting the non speci®c e�ects at high doses of TKI.
The antinociceptive activity of TKI was evaluated on the

acetic acid or kaolin-induced writhes, on the formalin-induced
paw licking, on the capsaicin-induced neurogenic pain and on

the tail ¯ick test. Pretreatment of mice with TKI reduced the
acetic acid-induced writhing after either i.p. or s.c. adminis-
tration, with ID50 value ®ve times higher after upon the former

treatment than that obtained after the latter. The e�ect was
related to the dose, reached maximal value after 30 min i.p.
injection, and lasted for about 2 h.

The acetic acid-induced writhing is a standard test for pain,
sensitive to opiates as well as non-opiates analgesics (Siegmund
et al., 1957; Steranka et al., 1987). The associated nociceptive
response is believed to involve the release of endogenous

substances such as bradykinin (BK) and prostanoids among
others, that stimulate nociceptive endings (Whittle, 1964;
Berkenkopf & Weichman, 1988). The antinociceptive e�ect of

TKI determined on this assay was una�ected by previous
administration of naloxone or bilateral adrenalectomy,
excluding opioid mediation or corticosteroids release from the

adrenal cortex by either direct or indirect actions of the drug.
The e�ect, however, could be explained by inhibition of kinin
formation by tissue kallikrein, as previously shown in in vitro

and in vivo studies (Juliano et al., 1995; Bizeto et al., 1996).
Both PKSI-527 and SBTI, a speci®c and non-speci®c

plasma kallikrein inhibitors, respectively, also reduced the
mouse writhing response indicating involvement of the

kallikrein ± kinin system (KKS), in agreement with other
studies (Steranka et al., 1987; Chau et al., 1991; Heapy et al.,
1993). In addition, the BK B2 receptor antagonist HOE-140

reduced the acetic acid-induced writhes, con®rming other
reports (Steranka et al., 1987; Heapy et al., 1993). These data
indicated activation of both tissue and plasma kinin releasing

pathways in the mouse writhing response. The ID50 value of
TKI determined in this assay was 10 times lower than that
determined for PKSI-527, indicating a higher potency of the
tissue kallikrein inhibitor in the writhing response. TKI was

shown to inhibit human tissue kallikrein in vitro with
Ki=0.7 mM, but it did not inhibit human plasma kallikrein at
concentrations 1000 fold higher than its Ki value (Portaro et

al., 1997). PKSI-527 in its turn, inhibited plasma kallikrein in
vitro with Ki value of 0.81 mM, while it inhibited tissue
kallikrein with Ki values higher than 500 mM (Okada et al.,
1999). Assuming that both TKI and PKSI-527 exhibit the

same speci®ty in vitro and in vivo, our results suggest a
predominant role of tissue kallikrein in the mouse writhing
response.

At a dose inhibiting the acetic acid-induced writhing, TKI
also reduced writhing induced by kaolin in mice, supporting a
role of the tissue kinin release in nociception. Kaolin is an

activator of Factor XII reported to induce nociception mainly
through activation of the KKS and release of BK (Fujiyoshi et
al., 1989). Treatment with the kininase inhibitor enalapril

prevents degradation of BK, leading to potentiation of the
writhing reaction and increase of the assay speci®city
(Fujiyoshi et al., 1989). Potentiation of the kaolin-induced
writhing in enalapril-treated mice was reduced by injection of

the serine protease inhibitor SBTI, favouring a role of the KKS
in this model. This possibility is reinforced by the reported
inhibition of the kaolin-induced writhing by BK B2 receptor

antagonists (CorreÃ a et al., 1996). Although the plasma kinin
releasing pathway is important in this assay, a possible
endogenous activation of tissue kallikrein by plasma kallikrein

(Takada et al., 1985; Proud & Kaplan, 1988) can not be
excluded, which may explain the TKI antinociceptive e�ect in
enalapril-treated mice.

Administered either i.p. or s.c., TKI reduced both the
neurogenic (®rst phase) and in¯ammatory (second phase) pain
in the formalin test. The ®rst phase is attributed to direct
activation of nociceptors and primary a�erents ®bres by

formalin, causing the release of BK and tachykinins (Shibata
et al., 1989; CorreÃ a & Calixto, 1993). This phase is inhibited by
opioid antagonists and BK B2 receptor antagonists (CorreÃ a et

al., 1996). The second phase is due to an in¯ammatory reaction
caused by tissue injury, involving the release of histamine,
serotonin, prostaglandins, bradykinin, and excitatory aminoa-

cids (Coderre & Melzack, 1992; Damas & Liegeois, 1999). This
late phase is inhibited by non-steroidal anti-in¯ammatory
drugs (NSAID), opioid analgesics (Hunskaar & Hole, 1987),
and BK B2 receptor antagonists (CorreÃ a & Calixto, 1993).

Although TKI reduced both neurogenic and in¯ammatory
responses, the e�ect was more prominent on the latter phase.
The ID50 value of TKI determined in the second phase

(20.4 mmol kg71) was four times lower than that obtained in
the ®rst phase, and similar to that determined on the acetic acid
assay (17.7 mmol kg71), indicating that the antinociceptive

e�ect of TKI is related to inhibition of the release of kinins.
A number of studies have shown that BK receptor

antagonists strongly inhibit the second phase of the

formalin-induced pain, while they reduce the ®rst phase only
at high doses (CorreÃ a & Calixto, 1993, Campos et al., 1996).
BK was also reported to produce pain and hyperalgesia by
activation of B2 receptors in sensory neurons (Steranka et al.,

1987; Dray, 1995), implicating the KKS on the formalin-
induced excitation of nociceptive a�erents. Accordingly,
inhibition of the release of endogenous proin¯ammatory

mediators by tissue kallikrein may explain the inhibitory e�ect
of TKI on both neurogenic and in¯ammatory pain in the
formalin test.

Further evidence of the TKI e�ectiveness on neurogenic
pain was obtained in the capsaicin-induced pain test.
Intraplantar injection of capsaicin in the mouse hindpaw
induces a single phase nociceptive response similar to that
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displayed in the former phase of the formalin test (Sakurada et
al., 1992). The response to capsaicin is attributed to direct
activation of speci®c receptors leading to stimulation of Ad
and C a�erent nociceptive ®bres, and to the release of
glutamate and neuropeptides (Dray, 1995). This response was
inhibited by BK B2 receptor antagonists (CorreÃ a et al., 1996),
and related to activation of the KKS (Shibata et al., 1989).

Treatment of mice with TKI, i.p., reduced the capsaicin-
induced nociceptive response with ID50 value (23 mmol kg71)
similar to those values obtained in the acetic acid assay

(17.7 mmol kg71) and the second phase of the formalin test
(20.4 mmol kg71), indicating common underlying mechanisms
in all three tests, probably related to inhibition of tissue

kallikrein.
At a dose producing pronounced antinociceptive e�ect,

TKI (136 mmol kg71, i.p.) did not a�ect the nociceptive

responses in the mouse tail ¯ick test. This model involves
spinal nociceptive re¯exes (Laneuville et al., 1988; Bauer et al.,
1992) and it is sensitive to opioid modulation (Suh et al., 1989).
The lack of e�ect of TKI in this test was expected since no

evidence of BK participation on the transmission of spinal
nociceptive re¯exes was reported (CorreÃ a et al., 1996),
providing further support for involvement of the KKS in the

TKI-induced antinociceptive e�ect.
To evaluate the e�ect of TKI on acute in¯ammatory

responses, standard models were used: the paw oedema

induced by di�erent phlogistic agents, carrageenin-induced
peritonitis and the ear oedema induced by croton oil or
capsaicin. Carrageenin is a polysaccharide known to activate

the Hageman factor and to liberate kallikrein from its inactive
precursor prekallikrein (Hargreaves et al., 1988). At doses
e�ective in nociception, TKI reduced the paw swelling induced
by carrageenin with the e�ect lasting for 5 h at the highest

doses (41 mmol kg71, i.p., and 410 mmol kg71, s.c.). The e�ect
could also be related to inhibition of kinins release, which have
been implicated as major proin¯ammatory mediators in

addition to histamine and prostaglandins (Di Rosa et al.,
1971; Hargreaves et al., 1988). In the same model, tissues
kinins were shown to be maximal after 1 h injection of

carrageenin and to induce the release of other mediators that
interact in synergism producing the oedema. The e�ect was
reported to be mediated by B2 receptors and to last for 8 h
(DeÂ carie et al., 1996). Speci®c BK B2 receptor antagonists

inhibited the carrageenin-induced paw oedema in rats (Burch
& DeHaas, 1990; DeÂ carie et al., 1996) and mice (CorreÃ a et al.,
1996), con®rming involvement of kinins in this model of acute

in¯ammation.
At doses e�ective on the carrageenin-induced paw oedema.

TKI did not a�ect the paw oedema produced by either BK,

histamine or serotonin suggesting its speci®c action in those
models involving kinins release. The BK-induced paw oedema,
however, was reduced by a high dose of TKI (136 mmol kg71,

i.p.) indicating additional mechanisms, possibly nonspeci®c. In
fact, being a protease inhibitor one can not exclude such action
at high doses of TKI. This action could also explain the
decrease in cell migration of the carrageenin-induced

peritonitis produced by a high dose of TKI, although the
tissue kallikrein-dependent pathway is implicated in this model
(Figueroa et al., 1989, William et al., 1997).

TKI did not in¯uence the cutaneous in¯ammation induced
by croton oil, a model strongly inhibited by steroid anti-
in¯ammatory agents (Tubaro et al., 1985), excluding once

more a possible drug in¯uence on the endogenous corticoster-
oids system. In contrast, TKI reduced the ear oedema induced
by capsaicin in mice, a model of neurogenic in¯ammation

reported to involve primarily the release of neuropeptides
through activation of sensory nerves (Inoue et al., 1993),
suggesting implication of tissue kallikrein also in this model.
Taken together, the results showed that the e�ects of TKI were

more prominent on the nociceptive than on the acute
in¯ammatory models, indicating the relevance of the tissue-
kallikrein pathway in nociception in mice.

In conclusion, upon parenteral administration, the tissue
kallikrein inhibitor phenylacetyl-FSR-EDDnp exerted anti-
nociceptive and anti-in¯ammatory actions only in those

models where injuries are related to kinin formation by tissue
kallikrein, and in those sensitive to nonsteroidal anti-
in¯ammatory agents. The TKI-induced antinociceptive e�ect

was unrelated to opioid mediation or corticosteroids release
from the adrenal cortex. These results indicated that the tissue
kallikrein-dependent pathway of kinin generation is involved
in nociception and in¯ammatory reactions in mice, and

probably in humans too because of the enzyme similarity.
Our data ®nally show that speci®c tissue kallikrein inhibitors
could be useful analgesic and anti-in¯ammatory agents

di�erent from BK B2 receptors antagonists since they might
inhibit the release of kinins as well as of other proin¯ammatory
mediators in pathological processes.
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