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PROTEINASE INHIBITORS SUPPRESS THE FORMATION OF GRA-
NULATION TISSUE IN THE CARRAGEENIN-INDUCED INFLAMMA-
TION IN RATS+
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Effect of proteinase inhibitors on the carrageenin-induced inflammation was
studied. The formation of granulation tissue was markedly inhibited by a single injection of e-
amino- n -caproic acid n-hexyl ester (EACA hexyl ester, 300 mg/kg) into the carrageenin-ait-
pouch immediately after carrageenin injection, whereas repeated injections of the inhibitor
starting at 12 hr, 24 hr and 48 hr after carrageenin injection were less effective, slightly effec-
tive and ineffective, respectively. A dose-dependent inhibition of both the formation of gra-
nulation tissue and the migration of polymorphonuclear leukocytes (PMNs) into the inflam-
matory locus was found by a single injection of EACA hexyl ester into the catrageenin-air-
pouch immediately after carrageenin injection. Similarly, a single injection of L-1-tosylamide-
2-phenylethyl chloromethyl ketone (TPCK, 50 mg/kg) ang N-a-p-tosyl-L-lysine chloro-
methyl ketone (TLCK, 30 mg/kg) inhibited both the formation of granulation tissue and the
migration of PMNs into the inf%ammatory locus.

These results suggest that serine proteinase inhibitors such as EACA hexyl ester,
TPCK and TLCK exert their anti-inflammatory actions by interfering with the initial inflam-
matory reactions including the migration of PMNs into inflammatory locus after carrageenin

injection.

Keywords— inflammation; anti-inflammatory agents; PMN migration; granula-
tion tissue; proteinase inhibitors; TPCK; TLCK; e-amino-n -caproic acid n-hexyl ester

INTRODUCTION

One of the important cellular responses to in-
jury is the infiltration of PMNs into the inflamed
tissues. During phagocytosis and on the death of
the cells, PMNSs release lysosomal enzymes into
the inflammatory locus. PMNs, thus, are one of
the main sources of proteinases responsible for
tissue damage in inflammatory processes.V
Therefore, the inhibition of the migration of
PMNs into the inflammatory locus and the
inhibition of proteinases released from PMNs are
important to reduce PMN-mediated inflammato-

ry processes. It has been demonstrated that
administration of proteinase inhibitors such as
soybean trypsin inhibitor (SBTI),? aprotinin®
and endogenous proteinase inhibitors? sup-
pressed experimental inflammation induced by
kaolin, urate crystals and adjuvant, respectively.
The work reported here demonstrates that serine
proteinase inhibitors such as EACA hexyl ester,
TPCK and TLCK inhibit the migration of PMNs
into the inflammatory locus and suppress the for-
mation of granulation tissue in the carrageenin-
induced inflammation in rats.

* The abbreviations used are: EACA, e-amino- n-caproic acid; EACA hexyl ester, e-amino- n-caproic acid n-hexyl ester
p -toluenesulfonate; SBTI, soybean trypsin inhibitor; TPCK, 1-1-tosylamide-2-phenylethyl chloromethyl ketone; TLCK,
N-a- p-tosyl-L-lysine chloromethyl ketone; DMSO, dimethyl sulfoxide; PMN (s), polymorphonuclear leukocyte(s).
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MATERIALS AND METHODS

Inhibitors —EACA and EACA hexyl ester
were purchased from Tokyo Kasei Kogyo Co.,
Ltd., SBTI (eype 1-S), TLCK and TPCK were
from Sigma Chemical Co., 0 -phenanthroline was
from Wako Pure Chemical Industries, Ltd.,
leupeptin, chymostatin and pepstatin were from
Peptide Institue, Osaka. EACA (300 mg/ml),
EACA hexyl ester (300 mg/ml), SBTI (100
mg/ml) and leupeptin (40 mg/ml) were dissolved
in 09% NaCl solution. o-Phenanthroline (30
mg/ml) was dissolved in ethyl alcohol. TPCK (50
mg/ml) and TLCK (30 mg/ml) were dissolved in
DMSO. The injected volume of the inhibitors
described above was 1 ml/kg body weight.
Chymostatin (20 mg/ml) and pepstatin (20
mg/ml) were dissolved in 0.9% NaCl-DMSO
(1:1, v/v) and 2 ml/kg body weight was injected.
Control rats received an equivalent volume of the
respective solvent (1 or 2 ml/kg body weight). All
of the inhibitors were dissolved in the solvents
just before the injection.

Treatment with Inhibitors — An inflammation
in the form of carrageenin-air-pouch was induced
on the back of male Donryu rats according to the
procedure of Tsurufuji ef al. ®; in rats weighing
140—170 g, 4 ml of 2% (w/v) solution of Seakem
202 carrageenin (Marine Colloid Inc., Springfield,
NJ, USA) was injected into the air-pouch
already formed. Proteinase inhibitors were
injected into the air-pouch immediately after the
injection of catrageenin solution (in case of a
single injection) and the injection was repeated

H.Nakagawa, et al.

every 12 hr until day 3 (in case of repeated injec-
tions). Control rats were given the vehicle. On day
4 after carrageenin injection, the granulation
tissue was harvested and the wet weight of the
tissue was used as an index of anti-inflammatory
action of inhibitors.

The number of PMNs migrated into the car-
rageenin-air-pouch 2—7 hr after injection of car-
rageenin and inhibitors was estimated; 0.1 ml of
the pouch fluid containing PMNs was diluted
2—10 times with phosphate-buffered saline and
an aliquot of the diluted solution was mixed with
the equal volume of 0.2% (w/v) trypan blue dis-
solved in phosphate-buffered saline, and the
number of the total cells was counted
microscopically. The percentage of PMNs to the
total cells in the pouch fluid was about 95% 2—7
hr after carrageenin injection.

RESULTS

EACA hexyl ester, an inhibitor of plasmin and
trypsin,® markedly inhibited the formation of
granulation tissue, when the inhibitor (300
mg/kg) was injected into the carrageenin-air-
pouch immediately after carrageenin injection
and was repeatedly injected every 12 hr until day
3 (Table I). p-Toluenesulfonic acid sodium salt
(150 mg/kg body weight, dissolved in 1 ml of
09% NaCl) was injected as another vehicle,
because EACA hexyl ester was the salt of p-
toluenesulfonic acid. Table I shows that p-
toluenesulfonic acid sodium salt has no effect on
the carrageenin-induced inflammation. Conse-

TABLE L. Effect of EACA Hexyl Ester on the Formation of Granulation Tissue in Rats
No. of  Net body Pouch fluid  Granulation tissue,
rats wt. (g) @ wet wt. (g)
Saline (09% NaCl) 10 168+4 849+0.85 4.84+0.19
p-Toluenesulfonic acid
sodium salt (150 mg/kg) 10 169+2 8.25+1.30 475+022
EACA hexyl ester (300 mg/kg) 10 166+4 8.60%031 285+0.11*

EACA hexyl ester (300 mg/ kg) was injected into the carrageenin-air-pouch immediately after carrageenin
injection and the injection was repeated every 12 hr until day 3 (8 injections in total). Data are shown as means
=+ S.E. Values are significantly different from the control: * p < 0.001.
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TABLE IL Effect of Various Doses of EACA Hexyl Ester on the Formation of Granulation Tissue in Rats

Air 2% Carr.

(7ml) @ ml Sacrifice
Granulation Percent
| l { tissue, e
Day —1 0 1 2 3 4 wet wt. (g) inhibition
[} i ] 1 1 i
Bxpe s Lttt 111
Control: ] 437+0.19

Group 1-A: M:% 1.82+0.09** 58%
1T 1 1
Group 2-B: “ 436+0.24 0%

B % SRR R N A

Control: ] 4.26+0.26

Group 1-A: e —— 1.790.20** 58%
Group 1-B: M 3.32+0.17* 22%
Group 2-A: EI L1 11 IJ 2.12+£0.22** 50%

s
Group 2-B: 2.85+0.20** 33%

EACA hexyl ester (300 mg/ kg; W ) or 0.9% NaCl (1 mi/kg; & ) was injected into the carrageenin-air-
pouch immediately after carrageenin injection and was repeatedly injected every 12 hr thereafter ghe experi-
mental schedule is shown in the left column). Wet weight of granulation tissue and weight of exudate were
measured on day 4 afier carrageenin injection. Data are shown as means * S.E. Each group in experiments 1
and 2 included 10 and 8 rats, respectively. Values are significantly different from the control;* p < 0.01, **
p< 0.001.

TABLE III Effect of a Single Injection of EACA Hexyl Ester (300 mg/ kg) on the Amounts of Collagen
and Noncollagen Protein in Granulation Tissue (Day 4)

EACA hexyl ester

Control (300 mg/kg)

Net Body wt. (g) 153%2 155+4

Granulation tissue, wet wt. (g) 4.26+0.26 2.1240.22**
Collagen;

Hyp (mg) in whole tissue 3.06+0.23 2.13+£0.30*

Hyp (mg)/g wet wt. 0.74+0.08 0.99+0.08*
Noncollagen protein;

Protein (mg) in whole tissue 59.2+5.3 12,0+ 2.5%*

Protein (mg)/g wet wt. 13.7+0.5 5.3+ 0.6**

The granulation tissues from the group 2-A and the control group in Expt. 2 shown in Table II were used for
the measurement of the amounts of both proteins. Each group included 8 rats. Data are shown as means
=+ S.E. Values are significantly different from the control; * p < 0.05, ** p< 0.001.
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quently, 0.9% NaCl solution was injected to con-
trol rats in all of the following experiments using
EACA hexyl ester.

To investigate the most effective phase of
EACA hexyl ester in the carrageenin-induced
inflammation, the injection of the inhibitor into
the carrageenin-air-pouch was started at various
times after carrageenin injection. The results are
summarized in Table II. Wet weight of granula-
tion tissue was significantly inhibited by the treat-
ment with EACA hexyl ester (Table II), whereas
the amount of exudate and the net body weight
were not affected by the treatment with EACA
hexyl ester in all of the groups in Expts. 1 and 2 in
Table II (data not shown). A single injection of
EACA hexyl ester markedly inhibited the forma-
tion of granulation tissue (group 2-A in Expt. 2,
Table II) and the inhibitory effect of the inhibitor
was much stronger in the A group than in the
corresponding B group (Table II). These results
suggest that the inhibitor exerts its inhibitory
action within 12 hr after carrageenin injection.

60 1

o
S
A

% inhibition

/,,/*

[\
)
i

50 100 200
EACA hexyl ester

300
mg/kg

FIG. 1. Dose-dependent Inhibition of the Formation
of Granulation Tissue by a Single Injection of
EACA Hexyl Ester

EACA hexyl ester was injected into the car-
rageenin-air-pouch immediately after carrageenin
injection. Wet weight of granulation tissue was
measured on day 4 after carrageenin injection.
Each point represents the mean = S.E. of 6 deter-
minations.
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PMNs are the main cell type (more than 90% of
total cells) in the pouch fluid during the first 12
hr after carrageenin injection. Therefore, the
inhibitory effects of proteinase inhibitors on the
formation of granulation tissue and the migration
of PMNs were studied by a single injection of
proteinase inhibitors into the carrageenin-air-
pouch immediately after carrageenin injection.
The amounts of collagen and noncollagen pro-
tein in granulation tissues from rats treated with a

control
50 4 $ EACA hexyl ester
1 T EACA (300 mg/kg)
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FIG. 2. Effect of EACA and EACA Hexyl Ester on
the Migration of PMNs into the Carrageenin-air-
pouch in Rats

EACA (300 mg/kg; A — A ) and EACA hexyl
ester (50, 100 and 300 mg/kg; @ — @) were
injected into the carrageenin-air-pouch immediatel
after carrageenin injection (denoted by an arrow).
Each point represents the mean = S.E. of 5 or 6
determinations. Statistically significant difference
against control is shown by the following marks; *
p< 0.001,* p< 0.0l
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FIG. 3. Effect of a Single Injection of TPCK and
TLCK on the Carrageenin-induced Inflammation

in Rats

TPCK (20 and 50 mg/kg) and TLCK (10 and
30 mg/ kg) were injected into the carrageenin-air-
pouch immediately after carrageenin injection. Wet

weight of granulation tissue (L]

) and weight of the

pouch fluid (M ) were measured on day 4 afier car-
rageenin injection. Each column and bracket is the
mean = S.E. of 7 or 8 determinations. The number
of rats used are shown in parentheses. Statistically
significant difference against control is shown by the
Jollowing marks; * p< 0.01, ** p< 0.025.

TABLE 1AYA OJI‘

L£Ls 2
Lil 1LV, LJ?CC[

a Singile Injection of Pro-

teinase Inhibitors on the Formation of Granulation
Tissue in the Carrageenin-induced Inflammation in

Rats
Granulation tissue,

wet wt. (g)
Expt. 1;
Control (0.9% NaCl, 1 mi/kg) 4.33+0.25
Leupeptin (40 mg/kg) 3.47+0.29*
Chymostatin (40 mg/kg) 3.73+0.21
Pepstatin (40 mg/kg) 392+0.27
SBTI (100 mg/kg) 406%0.20
0 -Phenanthroline (30 mg/kg) 345+0.15*
Expt. 2;
Control (0.9% NaCl, 1 mi/kg) 3.60%+0.30
EACA (300 mg/kg) 3.78+0.28
DMSO (2 ml/kg) 3.70+0.30

Data are shown as means = S.E. Each group in

Expts. 1 and 2 included 7 and 8 rats, respectively.
Values are significantly different from the control; *
p< 0.05.
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single injection of EACA hexyl ester (300 mg/kg;
group 2-A in Expt. 2, Table II) were measured
according to the procedure described in the pre-
vious paper.” Table III shows that formation of
collagen and noncollagen protein in the whole
granulation tissue was inhibited by 30% and 80%,
respectively.

A dose-dependent inhibition of the formation
of granulation tissue was found by a single injec-
tion of EACA hexyl ester into the carrageenin-air-
pouch immediately after carrageenin injection
(Fig. 1). In addition, a dose-dependent inhibition
of the migration of PMNs into the carrageenin-
air-pouch was observed by a single injection of
EACA hexyl ester (Fig. 2). On the other hand, a
single injection of EACA (300 mg/kg) had no
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FIG. 4. Effect of TPCK and TLCK on the Migra-
tion of PMNs into the Carrageenin-air-pouch in
Rats

TPCK (50 mg/kg, A — A) and TLCK (30
mg/ke, @ — @) were injected into the car-
rageenin-air-pouch immediately after carrageenin
injection (denoted by an arrow). Each point repre-
sents the mean = S.E. of 7 or 8 determinations.
Statistically significant difference against control is
shown by the following marks; * p< 0.001, **
p < 0.005. :
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effect on the migration of PMNs (Fig. 2).

Effects of other proteinase inhibitors on the
carrageenin-induced inflammation were studied
by a single injection of the inhibitors immediately
after carrageenin injection. The results are sum-
marized in Table IV and Fig. 3. Leupeptin (40
mg/kg) and o -phenanthroline (30 mg/kg) signifi-
cantly inhibited, and TPCK (20 mg and 50
mg/kg) and TLCK (10 mg and 30 mg/kg)
markedly inhibited the formation of granulation
tissue (Table IV and Fig. 3). In addition, TPCK
(50 mg/kg) and TLCK (30 mg/kg) markedly
inhibited the migration of PMNs into the car-
rageenin-air-pouch at least until 6 hr after car-
rageenin injection (Fig. 4). On the other hand, all
of the inhibitors had no effect on the amount of
exudate and net body weight (data not shown)
except that TPCK suppressed the amount of exu-
date (Fig. 3).

DISCUSSION

EACA hexyl ester, a serine proteinase inhibi-
tor, inhibited the formation of granulation tissue
by a single injection of the inhibitor into the car-
rageenin-air-pouch immediately after carrageenin
injection, while repeated injections of the inhibi-
tor starting at 12 hr, 24 hr and 48 hr after car-
rageenin injection were less effective, slightly
effective and ineffective, respectively (Table II).
These results suggest that the inhibitory effect of
the inhibitor on the formation of granulation
tissue is mainly exerted during the first 12 hr after
carrageenin injection.

In the early phase of inflammation the first cell
type to appear in the inflammatory locus is PMN
which is one of the main sources of enzymes
responsible for tissue damage in inflammatory
processes.'® Therefore, the effect of a single injec-
tion of EACA hexyl ester on the migration of
PMNs into inflammatory locus was studied.
EACA hexyl ester exerted a dose-dependent
inhibition on the migration of PMNss into the car-
rageenin-air-pouch 2—7 hr after carrageenin
injection (Fig. 2). The results suggest that EACA
hexyl ester reduces PMN-mediated tissue injury
by inhibiting the accumulation of PMNs which
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are the main source of proteinases released from
cells in the early phase of inflammation.

EACA, in contrast to EACA hexyl ester, had
no effect on the migration of PMNs and the fot-
mation of granulation tissue (Fig. 2 and Table IV),
though both EACA and EACA hexyl ester are
known as anti-fibrinolytic agents inhibiting the
degradation of polymerized fibrin by plasmin.
This discrepancy may be accounted for by the
findings that EACA hexyl ester inhibits
tibrinolysis through the inhibition of plasmin,
while EACA inhibits fibrinolysis through the
interaction with fibrin, protecting it against pro-
teolysis by plasmin$9-1 The results suggest that
serine proteinases, which are important in the ear-
ly phase of inflammation, are inhibited by EACA
hexyl ester, but not by EACA.

In analogy with EACA hexyl ester, TPCK and
TLCK, which are the histidine-specific serine
proteinase inhibitors,'? inhibited both the forma-
tion of granulation tissue and the migration of
PMNs into the inflammatory locus by a single
injection of the inhibitors into the carrageenin-
air-pouch immediately after carrageenin injection
(Figs. 3 and 4). The results are consistent with
those of the in vitroexperiments'® that preincuba-
tion of human neutrophils with either TPCK or
TLCK suppressed chemotaxis of the neutrophils
when assessed in Boyden chambers in vitro.
Leupeptin and o -phenanthroline also inhibited
the formation of granulation tissue (Table IV).
Leupeptin inhibits serine proteinases such as
plasmin and trypsin, though it inhibits most
strongly cathepsin B, a thiol proteinase.!*) o -Phe-
nanthroline, a chelating agent, inhibits metallo-
proteinases, but it also inhibits many other en-
zymes, whose activity depends on the presence of
more or less tightly bound divalent cations.

It is suggested that collagen, elastin and vascu-
lar basement membrane can become targets of
neutral proteinases from PMNs in vivo. V' In addi-
tion, nonstructural components of connective
tissue, namely, serum soluble constituents such as
kininogens and complement factors may serve as
important substrates for proteinases activated
during inflammation including those originating
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in PMNs.? Furthermore, neutral proteinases of
PMNs cause a rheumatoid arthritic-like syn-
drome including articular cartilage matrix dis-
solution and pannus formation when injected
into normal rat knee joints!® Therefore, the
inhibitory effect of serine proteinase inhibitors on
the formation of granulation tissue may be
attributed to the inhibitory action of the inhibi-
tors on (1) the accumulation of PMNs in the
inflammatory locus and (2) neutral proteinases of
PMNs. The present study demonstrates that
serine proteinase inhibitors suppress the
accumulation of PMNs in the inflammatory
locus, though the effect of the inhibitors on the
proteinases of rat PMNs is unclear and is current-
ly under investigation.
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