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Abstract-We developed an enzyme immunoassay (EIA) specific for A$-Pro*-Pro3-Gly4-Phe5 ([l-5]- 
BK) for determination of the levels of this peptide in biological fluids. Previously developed EIAs for 
bradykinin (BK) and for des-Phe*-Arg9-BK ([l-7]BK) were also used. Incubation of rat plasma with 
glass powder resulted in the transient appearance of BK. A degradation product, [l-7]BK, could be 
detected in the incubation mixture for a longer period of time. When compared with BK and [l-7]BK, 
a larger amount of [1-5]BK was detectable even longer. In ca~ageenan-induced pleurisy in rats, which 
was associated with a peak rate of plasma exudation 5 hr after administration of carrageenan, BK was 
undetectable (cl60 pg/rat) in the pleural exudates. By contrast, [l-7]BK was detectable over the entire 
course of the inflammatory response. A larger amount of [l-5]BK was detectable. The peak level of [I- 
SJBK was 6050 + 1050 pg/rat, 5 hr after administration of carrageenan. Inhibition of the generation of 
BK by intrapleural administration of soy bean trypsin inhibitor (0.3 mg/rat) 30 min before collection of 
pleural fluid resulted in significant reductions in the levels of both [l-7]BK (by 51-65%) and [l-5]BK 
(by 63-79%) in the exudates 3, 7 and 19 hr after administration of carrageenan. Intraperitoneal 
administration of captopril (10 mg/kg) caused a marked reduction (by 98%) in levels of [l-5]BK in 
exudates 3 hr after administration of carrageenan. The reduction was accompanied by an increase in the 
level of BK up to 1250% of that in untreated rats. These results indicate that the newly developed EIA 
for [l-S]BK might be a useful tool for verifying the release of kinin in vivo. 

Bradykinin (BIQ) is a very potent, biologi~~ly 
active peptide that induces vasodilatation, increased 
vascular permeability, increased pain sensation, 
increases in the glomerular filtration rate and 
increased excretion of sodium from kidneys. BK is 
considered to be involved in certain pathological 
states, which include inflammation [l-3], shocks 
[4,5], hypertension [6,7] and airway disease [8]. 
Detection of free kinin provides evidence for the 
involvement of kinin in such pathological states. An 
enzyme immunoassay (EIA) for BK has been 
reported from our laboratory 191 and has been used 
successfully in studies of endotoxin shock [S] and in 
in vitro experiments [HI]. This active peptide is, 
however, degraded very quickly by peptidases in the 
plasma and other biolo~ca1 fluids [lO-121. The 
detection of free kinin itself is generally difficult 
even at sites where it is generated. 

We have previously reported the pathways of 
degradation of BK in biological fluids from humans 
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and rats. The major peptidases in the plasma and 
inflammatory exudates from humans and rats are 
kininase I and kininase II [lo, 13,141, which are 
equivalent to carboxypeptidase N [15] and a 
dipeptidyl peptidase analogous to angiotensin- 
converting enzyme [15], respectively. BK is degraded 
in plasma and inflammatory exudates to des-Argg- 
BK ([l-8]BK) by kininase I and to des-Phe*-Arg9- 
BK ([l-7]BK) by kininase II. Both [l-8]BK and [l- 
7]BK are degraded by kininase II to Arg’-Pro*-Pro3- 
Glf-Phe5 ([l-5]BK), which was further degraded to 
smaller fragments without detection of Arg’-Pro*- 
Pro3 ([I-3]BK) (13,141. The contribution of kininase 
I to the degradation of BK is predominant in human 
piasma, whereas in the plasma and in~ammatory 
exudate of rats, the major kinin-degrading enzyme 
is kininase II [lo, 141. Thus, in rats the degradation 
of BK occurs predominantly via [l-7]BK to [l-5]BK. 

An EIA for [l-7]BK was developed some time 
ago and was used successfully in the characterization 
of a model of inflammation [lo] and shocks [5]. We 
now report an EIA specific for [l-5]BK which was 
used to clarify the involvement of BK in carrageenan- 
induced pleurisy in rats. 

MATERIALS AND METHODS 

L)evelopment of an EIA for a product of the 
de~rod~t~o~ of bradykini~ 

An#ibodies. Antibodies were raised against [l-S]- 
BK by conjugating its amino terminus to bovine 
serum albumin (BSA, Fraction V) and an EIA for 
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this metabolite was developed using these antibodies 
[9]. A solution of [l-5]BK (9 mg) and BSA (30 mg) 
in 30 mL of sodium phosphate buffer (pH 7.0,0.2 M) 
was incubated at 25” for 4 hr with 3 mL of a 0.25% 
(w/v) solution of 1 t g u araldehyde (in distilled water). 
One milliliter of a 1 M solution of lysine-HCl was 
added to the mixture which was then incubated at 
25” for 1 hr. The reaction mixture was dialysed at 4“ 
for 48 hr against 10 L of a 0.9% (w/v) solution of 
sodium chloride to remove the free peptide. The 
dialysed solution (7.4 mL, in terms of BSA 4 mg/ 
mL) was used as the conjugated immunogen. 

The solution of conjugated immunogen was 
emulsified with an equal volume of complete 
Freund’s adjuvant, and then it was injected (in terms 
of BSA 4 mg/mL, 1 mL per animal) subcutaneously 
into male Japanese white rabbits (Shizuoka Labor- 
atory Animal Center, Hamamatsu, Japan) at 10 
different sites (0.1 mL x 10 sites). As a booster, a 
half volume of the solution of immunogen was 
injected into five different sites (0.1 mL x 5 sites) 
every 2 weeks for 4 months. Three weeks after the 
last booster, rabbit blood was collected from the 
central artery of an ear and allowed to clot 
completely, and then serum was obtained by 
centrifugation. 

fi-Galactusidase-labeled peptides. For preparation 
of MBS [N-(m-maleimido-benzoyloxy)succinimide]- 
acylated peptides [ 17],1 mg of [ l-5]BK was dissolved 
in 0.2 mL of sodium phosphate buffer (PBS, 0.2 M, 
pH 7.0) and was incubated with 0.025 mL of 0.9% 
(w/v) MBS in dioxane at room temperature for 
3Omin. A solution (0.2mL) of @-D-galactosidase 
(2.5 mg/mL, in 0.2 M PBS, pH 7.0) was mixed with 
0.4 mL of a saturated solution of ammonium sulfate 
and allowed to settle at room temperature for 30 min. 
This solution was mixed with a solution of the MBS- 
acylated peptide prepared above and incubated at 
room temperature for 1 hr. This reaction mixture 
was dialysed at 4” for 48 hr against 0.02M PBS 
(pH 7.0). This dialysed solution was applied to a 
column (2.7 x 40 cm, Pharmacia Fine Chemicals, 
Uppsala, Sweden) of Sepharose 6B and the fractions 
which showed a high enzyme activit were eluted 
with Buffer A 10.04 M PBS-O.2% (w i v) gelatin that 
contained 0.9% (w/v) NaCl and 0.1% (w/v) NaN,, 
pH 7.41 and were pooled as labeled antigens. 

lnsolubilized second antibodies. Immunoglobulin 
raised in goat against rabbit immunoglobulin G 
(IgG) was coupled chemically with cell walls of 
Lactobacilius plantarum as reported previously 
]181* 

Substrate solution. A solution of 2-nitrophenyl-~- 
D-galactopyranoside (27 mM) , containing 1 mM 
MgClr, 40% (w/v) ethyleneglycol and 0.1% (w/v) 
NaN3 was used [18]. 

Termination of the reaction. Reactions were 
terminated with 100 mM K2HP0,-NaOH (pH 11) 
]lSl. 

Assays. One hundred microliters of a solution of 
standard peptide ~4OOpg-l~ng/mL) or of sample 
and 100 PL of diluted (1:8000) antiserum were 
pipetted into glass tubes (1.2 x 10 cm) and incubated 
at 4” for 24 hr. Two hundred microliters of the 
solution of enzyme-linked peptide was added into 
reaction tubes and the mixtures were incubated at 

4” for 1 hr. Two hundred microliters of the 
insolubilized second antibody in suspension (con- 
tinuously stirred on a magnetic stirrer) were added 
to the reaction tubes and the mixtures incubated at 
4” for 30min. Then, after 4mL of a 0.9% (w/v) 
solution of NaCl had been added to the incubation 
tubes, the tubes were centrifuged (1500 g, 10 min) 
at 4” and the supernatants were discarded. Five 
hundred microliters of Buffer B 0.04 M PBS-O. 1% 
(w/v) BSA containing 0.9% 
(w/v) NaN,, pH7.0] 

(w ![ v) NaCl and 0.1% 
were added while stirring, in 

order to disperse the precipitate completely. After 
preincubation at 37” for 5 min, 100 PL of the substrate 
solution were added and each mixture was incubated 
at 37” for 60 min. Finally 1.5 mL of the reaction 
terminator was added and the mixture was 
centrifuged again (15OOg, 10 min). The absorbance 
of the supernatant at 410 nm was measured and the 
concentrations of each peptide in the samples were 
determined by reference to the standard calibration 
curves for each peptide (Fig. 1). 

Previously developed EIAs for BK [9, 191 and for 
[l-7]BK [5, lo] were also used in the present study 
to determine levels of BK and [ l-7]BK. 

Sensitivi~ and reproducibili~ of EIAs. Figure IA 
shows standard curves that were obtained with 40 pg 
to 10 ng of authentic peptide per assay tube for each 
ETA. As seen in this figure, 40-80 pg/tube (100 pL) 
of unlabeled BK, [l-7]BK and [l-5]BK reduced 
absorbance at 410 nm significantly. The coefficient 
of variation (C.V.) was calculated for authentic BK 
and products of degradation of BK (5~pg/assay 
tube) from 15 measurements. The C.V. of EIAs for 
BK, [l-7]BK and [l-5]BK were 6.2%, 8.8% and 
9.8%, respectively. 

Specificity. Table 1 shows the cross-reactivity (%) 
of individual antibodies against the BK-related 
peptides and other biologically active peptides. The 
antibodies against BK showed 100% cross-reacti~ty 
with Lys-BK, Met-Lys-BK and T-kinin, whereas 
those against [l-5]BK showed only 20% cross- 
reactivity against [l-7]BK. Antibodies against 
[l-7]BK showed good selectivity. 

Vafidity of EIA. Solutions of authentic [l-5]BK 
(1-5 pg/mL in physiological saline) were assayed 
both by each EIA and by reversed-phase HPLC. 
The HPLC analysis was performed under the 
conditions reported previously [IO, 13,141. Figure 
1B shows that the values determined by EIA were 
well correlated with those determined by HPLC. 

Validity of the EIA for measurement of [l-5]BK 
in biological samples was tested. When the exudates 
from carrageenan-induced pleurisy in rats, collected 
at 5 hr, were diluted 2-, 4- and X-fold with buffer A 
and the measured levels were plotted against the 
dilution on the abscissa in a logarithmic scale, the 
curves for the diluted samples were parallel to the 
standard curves of EIA for [l-5]BK. Thus, effects 
of any contamination that might affect the EIA for 
[l-5]BK can be excluded. 

Glass actiuation of rat plasma 

Blood was collected into plastic tubes which 
contained l/10 of the blood volume of 3.8% (w/v) 
sodium citrate, from the carotid artery of male 
Sprague-Dawley rats (8 weeks old, specific pathogen 
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Fig. 1. Standard calibration curves for the determination of BK, [l-7]BK and [l-5]BK (panel A) and 
relationship between the levels of [l-5]BK determined by HPLC and EIA (panel B). In panel A, the 
ordinate represents absorbance at 410 nm and the abscissa represents the amounts of authentic peptides 
on a logarithmic scale. In panel B, the concentration, of solutions of [I-5]BK measured by IIPLC 

(ordinate) and by EIA (abscissa) are plotted. 

free, from the Sh~uoka Laboratory Animal Center, 
Hamama~u, Japan) under light ether anesthesia. 
Citrated blood was immediately centrifuged at 1500 g 
for 15 min (ZS’), and plasma was obtained. Blood 
was collected and pooled from 20 animals. One 
milliliter of c&rated rat plasma was placed in a plastic 
tube, which contained 4 mL of Tris-HCl buffer 
(6OmM, pH 7.8) and glass powder (lOOmg/mL, 
Ballotini, Jencons Scientific Ltd, Hemel Hempstead, 
U.K.). At a given time, an aliquot (OSmL) was 
transferred to a siliconized glass tube that contained 
2 mL of hot absolute ethanol. After heating at 70” 
for 10 min, the tube was centrifuged for 1.5 min at 
15OOg at 4”. The su~~atant fluid was evaporated 
to dryness under reduced pressure and the residue 
was dissolved in 2mL of distilled water, acidified 
with 0.1 mL of 0.01 N HCI, and washed twice with 
10mL of d~ethylether to remove lipids f20]. The 
aqueous phase was evaporated to dryness under 

reduced pressure and the dried sample was dissolved 
in Buffer A for measurements by the ElAs described 
above, 

Male Sprague-Hawley rats (8 weeks old, specific 
pathogen free) were anesthetized with ether lightly 
and 0.1 mL of a solution of A-carrageenan [2% 
(w/v) in sterile physiological saline, Picnin-A] was 
injected into the right pleural cavity as previously 
described [l]. After exsanguination of rats at fixed 
times, 5 mL of absolute ethanol were injected into 
the pleural cavity for prevention of further 
degradation of metabolites of BK. The fluid in the 
pleural cavity was collected in a sili~~zed glass 
tube and centrifuged for 15 min at 15OOg at 4” after 
heating at 70” for 10min. For the determination of 
BK and il-7]BK1 supernatants from four rats were 
pooled; for tl-S]BK, supernatants from one or two 

Table 1. Specificity of EIAs of BK, [l-7]BK and [l-S]BK 

Compounds 

~~d~~ (BK) 

Met-Lys-BK 
T-kinin 

[:-;I::: 
@p:: 

Angiotensin II 
Substance P 
LMW kininogen 

BK EiA 

100 
100 
100 
IM) 
CO.1 
<O.l 
co.1 
co.1 
<O.l 
CO.1 
CO.1 

Cross-reactivity (%) 
fl-?]BK EIA [l-5)BK EIA 

co.1 2 
<O.l <o. 1 

0.1 co.1 
CO.1 <o. 1 
-3J.l 2 
loo 20 
<o. 1 100 
co.1 co.1 
<O.l co.1 
co.1 <o. 1 
CO.1 co.1 
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rats were used. The ethanol extracts (su~matants~ 
were evaporated to dryness and washed with 
diethyiether as mentioned above. The washed 
samples were dissolved in 4mL of distilled water 
that had been acidified with 0.2 mL of 0.01 N HCl 
and were applied to a Sep-Pak Cls cartridge column. 
After washing with 12 mL of distilled water and 
4 mL of 0.1 M acetic acid, BK and products of its 
degradation were eluted with 6mL of 80% (v/v) 
acetonitrile contained 0.1 M acetic acid [21]. The 
kinin fraction was evaporated under reduced pressure 
and the residue was dissolved in 8OOpL of Buffer 
A, and the levels of BK and products of its 
degradation were determined by EIAs. 

For experiments to examine recovery during the 
extraction, the inflammatory exudates collected 3 hr 
after injection of carrageenan were kept at 37” for 
3 hr for complete degradation of the endogenous 
BK and its metabolites and then authentic BK, [l- 
7]BK and [l-5]BK (100 ng) were added. Immediate 
extraction of the kinin fraction as described above 
revealed that the total recovery after the extraction 
process was more than 85% for the individual 
peptides. 

To test whether metabolites of BK could be 
attributed to generation of BK in vivo, the generation 
of BK from high-molecular-weight (HMW) kin- 
inogen by plasma kallikrein was inhibited by soy 
bean trypsin inhibitor (SBTI) 1221. Three hundred 
microliters of solution of SBTI (1 mg/‘mL in 
physiological saline) were injected into the pleural 
cavity of rats 30 mip before the collection of pleural 
exudates. In control rats, only saline (0.3 mL) was 
injected into the pleural cavity. 

To inhibit the production in vivo of [ l-5]BK from 
BK via both [l-7]BK and [l-S]BK [lo, 13,141, 
captopril (10 mg/kg/mL in physiological saline) was 
administered intraperitoneally 30 min before the 
collection of samples. In control rats, only saline 
was administered (1 mL/kg, i.p.). 

For the determination of the rate of exudation of 
plasma into the pleural cavity, ~ntamine sky blue 
(60 mg/k~mL saline, Tokyo Kasei, Tokyo, Japan) 
was injected intravenously under ether anesthesia 
20min before the exsanguination. Blood was 
collected during exsanguination for measurements 
of the concentration of the dye in the serum. The 
concentrations of dye in the exudate and in the 
serum were determined spectrophotometrically from 
absorbance at 630 nm. The rate of exudation of 
plasma was expressed by the amount of dye exuded 
during the course of 20 min, which was corrected by 
reference to the concentration of dye in serum, since 
the concentration of dye in the serum differed 
between individual rats. 

Agents 

BK, [l-8]BK, [l-7]BK, (l-SJBK, [13]BK, angio- 
tensin II and substance P were purchased from 
Peptide Institute (Minoh, Osaka, Japan). Low- 
molecular-weight (LMW) kininogen was obtained 
from the Biochemical Corp. (Tokyo, Japan). 
Captopril was supplied from the Sankyo Phar- 
maceutical Co. (Tokyo, Japan). SBTI was purchased 
from Worthington Biochemical Co. (Cleveland, OH, 
U.S.A.). BSA, Fraction V was obtained from the 
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Fig. 2. Time course of the generation of BK and products 
of degradation of BK in diluted plasma of rats after 
activation with glass powder. The ordinate indicates the 
amounts of BK (Cl) and products of its degradation ([1-7]- 
BK, A; [I-5]BK, 0) per mL plasma. Each value represents 

mean 2 SEM from four experiments. 

Sigma Chemical Co. (St Louis, MO, U.S.A.). 
Glutaraldehyde was purchased from Nakarai Chem- 
icals Corp. (Kyoto, Japan). Complete Freund’s 
adjuvant from Difco Laboratories (Detroit, MI, 
U.S.A.) was used. A-Carrageenan (Picnin-A) was 
purchased from Zushi Chemical Institute (Sushi, 
Kanagawa, Japan) and pontamine sky blue was 
obtained from Tokyo Kasei (Tokyo, Japan). Other 
reagents were all of analytical grade and were 
obtained from commercial sources. 

Statistical analysis 

Values were expressed as mean + SEM, and 
Student’s t-test was used to evaluate the significance 
of differences. When variances were heterogeneous, 
statistical analyses were performed by the Aspin- 
Welch method or by Wilwxon’s rank sum test. 

RESULTS 

Changes in the level of BK and products of 
degradation of BK after glass activation of plasma 

Figure 2 shows the time course of the generation 
of BK, [l-7]BK and [l-S]BK after addition of glass 
powder to diluted plasma from rats. Immediately 
after addition of glass, BK was generated, but it was 
very rapidly degraded within 8 min under our 
experimental conditions. However, [1-7]BK could 
be detected for 10 min, although its generation was 
also transient. Unlike BK and [l-7]BK, [l-S]BK was 
detectable during the entire course of the incubation, 
and the maximum detectable levels of [l-S]BK 
(205 + 24 ng/mL plasma) were much higher than 
those of BK and {l-7]BK. 

Time course of exudation of plasma and accumulation 
of pleural fluid in rats with carrageenan-induced 
pleurisy 

Figure 3 shows the time course of changes of the 
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Fig. 3. Temporal changes in dye exudation and pleural 
fluid volume in carrageenan-induced pleurisy in rats. The 
left ordinate shows the dye amounts in the pleural cavity 
over 20 min periods (0) and right one indicates the exudate 
volume (0). Each value represents. the mean zz SEM from 

four to eight animals. 

rate of exudation of plasma and the volume of 
exudate in rats with carrageen-induced pleurisy. The 
accumulation of pleural exudate continued for up to 
19 hr (2.1 ct OSmL, N = 4) and then gradually 
decreased thereafter. The closed circles in the figure 
indicate the rate of exudation of plasma determined 
by leakage of dye from the circulation over 20 min 
periods. This rate increased rapidly up to 5 hr 
(190 rt 20 pg/20 mm, N = 6) and then decreased 
gradually. 

Changes in the leveis of BK and products of 
degradation of BK in carrageenan-induced pleurisy 

Figure 4 depicts temporal changes in the levels of 

BK, [l-7]BK and [l-5]BK in the exudates from rats 
with carrageenan-induced pleurisy. The limit of 
detection for BK and [l-7]BK in the pleural fluid 
was 160 pg per rat and, therefore, exudates were 
pooled from four rats and subjected to each EIA. 
Even when the exudates were pooled, the Ievels of 
BK were below the limits of detection. The 
degradation product, [I-7]BK, could be detected 
throughout the entire course of this inflammato~ 
response at levels above 400 pg per rat. The levels 
of [l-7JBK were higher in the early phase of the 
inflammatory response. By contrast, levels of [l-.5]- 
BK in the pleural fluid increased markedly up to 
5 hr (6050 2 105Opg per rat, N = 6) and then 
decreased gradually. The amount of [l-S]BK was 
much greater than that of BK and [l-7]BK. The 
levels of BK, [l-7]BK and [l-S]BK, in the washings 
of the pleural cavity of normal rats, were negligible 
(less than 160 pg per rat). 

Furthermore, the stability of [l-S]BK was tested 
in the pleural cavity after intrapleural injection of 
[I-SJBK (100 ng) or BK (1OOng). Collection of 
absolute ethanol injected into the pleural cavity 
30 min after [l-S]BK injection revealed that nearly 
20% of [1-5]BK (18.6 2 4.9ng per rat, N = 3) was 
detected. Intrapleural injection of the same amount 
of BK resulted in failure of detection of BK (below 
0.6 ng per rat), but still 7.6 -t 0.7 ng per rat (N = 
3) of [l-5]BK was detectable in the pleural cavity. 

Effects of SBTI an the levels of products of 
degradation of BK in carrageenan-induced pleurisy 

Figure 5 shows the intrapleural levels of [15]BK 
and [l-7]BK during treatment with SBTI or saline. 
The levels of [l-5]BK (3, 7 and 19 hr after 
administration of carrageenan) were significantly 
reduced by the treatment with SBTI by 63-79%, 
and those of [l-7]BK were reduced significantly by 
51-65%, indicating that BK was generated in the 

-c3- BK 

+ [l-71 BK 

-.- [MlBK 

0 CIAO 
0 2 4 6 8 10 12 14 16 18 20 22 24 Wash 

Time after carrageenan (hours) 

Fig. 4. Changes in intrapleural levels of BK and products of degradation of BK in rats with carrageenan- 
induced pleurisy. The ordinate indicates the amounts of BK (0) and products of its degradation ([l- 
7]BK, A; [I-SfBK, 0) per one rat. Wash represents the levels of BK and products of degradation of 
BK in the washings of the pleural cavity of normal rats. Each value represents mean A SEM from four 

to eight experiments. 
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Fig. 5. Effects of SBTI on the levels of [l-5]BK (upper panel) and [ I-7]BK (lower panel) in carrageenan- 
induced pleurisy in rats. SBTI (0.3 mg/rat) was injected intrapleurally (hatched column); control rats 
received only saline intrapleurally (closed column). The ordinate indicates the amounts of degradation 
products per rat. Each value represents mean 2 SEM from four to six experiments. * P < 0.05; 

** P-CO.01. 

pleural cavity during the entire course of carrageen- 
induced pleurisy in rats. 

Effects of ~aptoFri~ on the levels of BK and [ l-5]BK 
in carra~~enan-induced ~leur~y 

As shown in Fig. 6, the levels of BK and [l-5]BK 
were determined during treatments with captopril 
and with saline. The levels of [l-5]BK in the pleural 
exudate 3 hr after administration of carrageenan 
were markedly reduced by captopril by 98%. By 
contrast, the levels of BK in the exudates significantly 
increased during treatment with captopril to 1250% 
of levels in saline-treated control rats. 

DISCUSSION 

To verify the involvement of BK in various 
pathological conditions, it is necessary to detect BK 
at the sites where it is released, but difficulties 
associated with the detection of free BK have 

hampered such experiments. In previous reports, we 
proposed measuring the residual levels of precursor 
proteins of the kinin-forming system, e.g., plasma 
prekallikrein [22], HMW and LMW k~ninogens [19] 
in the biologicai fluids, instead of measuring free 
kinins, since these precursor proteins turn over 
slowly in vivo. Once plasma prekallikrein and HMW 
kininogen have been activated and degraded, 72 hr 
are required before the levels of these precursors 
are restored in rats [23]. In fact, residual levels of 
plasma prekallikrein and HMW kininogen are 
reduced in the pleural exudates of rats with 
carrageenan-induced pleurisy [l] and in plasma of 
rats after intravenous injection of endotoxin [S]. 
However, this approach to the verification of the 
involvement of kinin has the drawback that the 
precursors of kinin may be degraded by proteases 
other than kallikrein without formation of kinin 
124-261. Therefore, we developed assay systems to 
determine the stable products of the degradation of 
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Fig. 6. Effects of captcpril on the levels of BK (left panel) and [I-S]BK (right panel) in carrageenan- 
induced pleurisy in rats, CaptPpril (10 mg/kg) was injected intraperitaneally (hatched column) and as 
controls only saline was injected intraperitoneally (closed columrr). The ardinate indicates the amounts 
of degradation products per rat. Each value represents mean 3~ SEM from four to six experiments. 

* P < 0.05. 

we previonsiy reported the path~ys of degra- 
dation of bradykinin in human and rat plasma 
[lo, 13, f4f. In human plasma, BK is degraded to 
[l-8]BK by kininase I and to [I-7JBK by kininase II, 
and both degradation products are further degraded 
to [l-5]BK by kininase II. The same occurs in the 
plasma and pleural exudates of rats, with the 
exception that the activity of kininase II is 
predominant in rats [lo]. We described previously 
the development of EIAs for BK and for [l-7]BK 
[9, IO]. In the present experiments, an EIA for fl- 
5]BK was developed and was shown to be useful in 
demonstrating the activation of plasma kallikrein 
and reIease of kinin in D&O (Fig. 2) and in uiuo 
(Fig. 4). As shawn in Fig, 2, eo:antaet of rat plasma 
with glass powder results in activation of coagulation 
factors and, hence, conversion of plasma pre- 
kallikrein to plasma kallikrein, which releases 
bradykinin from HMW kiaiaagem. In this in vitro 
experiment with diluted plasma, BK was certainly 
detectable, but its presence was fleering. The peak 
level of its metabolite, [I-7]BK, was observed a little 
later but the level of [I-7]BK soon decreased. By 
contrast, the amounts of [I-5]BK detectable in the 
incubation mixtures were much higher, [I-8]BK was 
not assayed in the present experiments, 

In our previous reports [IO, I&14], ~n~nba~~on of 
fl-@SK with rat or human pfasma revealed that this 
peptide was degraded slowly to the smaller fragments 
without detection of [lS]BK, Thus, the detection 
of {l-S]BK in the biological fluid was reasonable. 
The present assay system for 1,14]BK was sensitive 
and sufficiently specific (Fig. 1, Table l), and the 
minimum amounts detectable were approx. 160pg 
per rat. Assay systems with higher sensitivity may 
be possible using fluorogenic substrates and 
monocional antibodies [IX]. Hawever, the present 

method did allow deEection of the produets of 
degrada~jo~ d BK in z&o. In the case of rats with 
~arrag~ena~-endured pleurisy_ BK was not detectable 
in pleural exudates even when samples from four 
rats were pooled. Bycontrast, fi-7jBKwasdetectable 
throughout the entire course of the inflammatory 
response induced by carrageenan. The levels uf [I- 
5]BK in the; pleural fluids increased to 605Opg per 
rat at 5 hr and then decreased gradually, and levels 
remained higher than those of [l-7]BK throughout 
the entire course of this inflammatory response, 
indicating that [I-SfBK may be a superior marker of 
the release of kinin. In this carrageenan-induced 
pleurisy model, BK may be generated ~o~~~uonsly 
in the pieura’t cavity, but the persistent- de~e~jon of 
II-S]BK in the pleural cavity after the i~~rapi~ural 
injection of this peptide or BK in the present 
experiment insured the reliabifity of the present 
method. 

The successful detection of the products of 
degradation of BK in the pleural exudates did not 
identify the origin of BK, for example, plasma 
kallikrein4MW kininogen system or tissue kalli- 
krein-LMW kininogen system. Simultaneous 
measurements of the residual levels of precursor 
proteins may reveal the origin of BK, since the two 
katlikrein-kinin systems are activated ind~pe~de~~Iy 
irr ~$00 1271. In a previous paper 1271, we reported 
that the residual levels of plasma ~rek~l~krein and 
HMW kininogen in the pleural exudate were reduced 
to a ~e~li~ibIe level, but LMW kininogen sysrem 
was not activated in the pleural cavity. It is knawn 
that carragaenan shows a negative charge and 
activates factor XII and plasma prekallikrein 
successively, with resultant generation of kinin from 
HMW kininogen in the exudate [28]. The absence 
of a reduction in levels of LMW kininagen suggests 
that no kinin is released from LMW kininogen. It 
seems likely that HMW kininogen, supplied from 
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the blood stream, is fully converted to kinin in the 
pleural cavity upon contact with carrageenan [l]. 
The temporal changes of the amounts of kinin 
generated in the pleural cavity appear to parallel 
those in the rate of exudation of plasma from the 
blood stream. As shown in Figs 3 and 4, the peak 
rate of exudation of plasma coincided with peak 
levels of [l-5]BK 5 hr after administration of 
carrageenan. 

To confirm that the detection of metabolites of 
BK in the pleural cavity reflected the generation of 
BK, SBTI was injected into the pleural cavity, since 
the activity of plasma kallikrein is blocked by SBTI 
[22]. This treatment markedly suppressed the 
exudation of plasma in our system [28]. The levels 
of both [l-7]BK and [l-S]BK were significantly 
reduced by SBTI (Fig. 5). 

We reported that captopril, an inhibitor of kininase 
II, blocks the formation of [l-5]BK from BK 
[lo, 13,141. Treatment with captopril in the present 
experiment allowed the detection of BK in the 
pleural fluid. Detectable levels of BK were 
accompanied by a marked reduction in levels of [l- 
5]BK. This observation suggests that BK was formed 
and was degraded to [l-5]BK in the pleural cavity. 
An inhibitor of kininase I [29] had less effect on 
detection of BK in the pleural cavity (data not 
shown) because of the lower contribution of kininase 
I to the degradation of BK in the pleural exudates 
[lo]. It is convenient for the detection of BK to treat 
animals with an appropriate inhibitor of kininase. 
However, during such treatment, the inflammatory 
process itself is enhanced, because of the accumu- 
lation of the active peptide, BK. Furthermore, 
during such treatment, the effects of other chemical 
mediators, prostaglandins, which play a role in the 
inflammation process, become prominent. In kaolin- 
induced models of pleurisy in rats, the leakage of 
plasma within 20 min of administration of kaolin can 
be inhibited by indomethacin if rats are treated with 
captopril [30], indicating enhancement of the 
generation of prostaglandins by captopril. 

In rats, a third kininogen, in addition to HMW 
and LMW kininogens, has been designated T- 
kininogen [31]. If T-kinin is generated in our model, 
after degradation of T-kininogen by kininase II, 
fragments of T-kinin might be detected by the EIA 
for [l-5]BK. However, this possibility is slight, 
because the level of T-kinin in fractions, after HPLC 
[lo, 13,141, of exudates from rats treated with 
captopril, was negligible, when it was measured by 
EIA for BK (data not shown). 

In conclusion, it appears that the detection of 
products of degradation of BK is a useful strategy 
for verifying release of kinin in duo. Among the 
products of degradation of BK, [l-5]BK is a superior 
marker in rat models of inflammation. [l-5]BK has 
been reported to be a stable and long-lived metabolite 
in human plasma [lo, 131. Thus, for human samples, 
the EIA for [l-5]BK will be a useful method to 
detect the release of kinin. In a preliminary 
experiment, we were able to detect [l-5]BK in the 
nasal cavities of patients with nasal allergy after 
antigen challenge (data not shown). 

and MS Harue Mihara for breeding the rats, Mr Hiroshi 
Ishikawa for skillful technical assistance. Part of this work 
was supported by Uehara Memorial Foundation and a 
Grant-in-Aid from the Ministry of Education, Science and 
Culture (# 02454497). 

REFERENCES 

1. Uchida Y, Tanaka K, Harada Y, Ueno A and Katori 
M, Activation of plasma kallikrein-kinin system and 
its significant role in rat carrageenan-induced pleurisy. 
Inflammation I: 121-131, 1983. 

2. Tissot M, Regoli D and Giroud JP, Bradykinin levels 
in inflammatory exudates. Inflammation 9: 419-424, 
1985. 

3. Hori Y, Jyoyama H, Yamada K, Takagi M, Hirose K 
and Katori M, Time course analyses of kinin and other 
meditators in plasma exudation of rat kaolin-induced 
pleurisy. Eur J Pharmacol 152: 235-245. 1988. 

4. billimdre MJ, Assen AO, Lyngaas KHN, Larsbraaten - 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

AcknowledgemenU-The authors thank Mr Osamu Yoshida 18 

M and Amundsen E, Falls in plasma levels of 
prekallikrein, high-molecular-weight kininogen, and 
kallikrein inhibitors during lethal endotoxin shock in 
dogs. Thromb Res 12: 307-318, 1978. 
Katori M, Majima M, Odi-Adome R, Sunshara N and 
Uchida Y, Evidence for the involvement of a plasma 
kallikrein-kinin system in the immediate hypotension 
produced by endotoxin in anaesthetized rats. Br J 
Pharmacol78: 1383-1391, 1989. 
Margolius HS, Geller R, De Jong, Pisano JJ 
and Sjoerdama A, Urinary kallikrein excretion in 
hypertension. Circulation Res 31 (Suppl II): 125-131, 
1972. 
Majima M, Katori M, Hanazuka M, Mizogami S, 
Nakano T, Nakao Y, Mikami R. Uryu H, Okamura 
R, Mohsin S and Oh-Ishi S, Suppression of rat 
deoxycorticosterone-salt hypertension by kallikrein- 
kinin system. Hypertension- i7: 806-813, i991. 
Proud D, Togias A, Nacrerio RM, Crush SA, Norman 
PS and Lichtenstein LM, Kinins are generated in oiuo 
following nasal airway challenge of allergic individuals 
with allergen. J Clin Inoest 72: 1678-1685, 1983. 
Ueno A, Oh-Ishi S, Kitagawa T and Katori M, Enzyme 
immunoassay of bradykinin using /&galactosidase as 
a labeling enzyme. Biochem Pharmacol30: 1659-1664, 
1981. 
Majima M, Ueno A, Sunahara N and Katori M, 
Measurement of des-Phe8-Arg9-bradykinin by enzyme 
immunoassay-a useful parameter of plasma kinin 
release. Adv Exp Med Biol247B: Kinin V, Part B 535- 
540, 1989. 
McCarthy DA, Potter DE and Nicolaides ED, An in 
uioo estimation of the potencies and half-lives of 
synthetic bradykinin and kallidin. J Pharmacol Exp 
Ther 148: 117-122, 1965. 
Ferreira SH and Vane JR, The disappearance of 
bradykinin and eledoisin in the circulation and vascular 
beds of the cat. Br J Pharmacol30: 417-424, 1967. 
Shima C, Majima M and Katori M, A stable metabolite 
ofbradykinin, Arg-Pro-Pro-Gly-Phe, in the degradation 
in human plasma. Jap J Pharmacol60: 111-119, 1992. 
Majima M, Shima C, Saito M, Kuribayashi Y, Katori 
M and Aoyagi T, Poststatin, a novel inhibitor of 
bradykinin-degrading enzymes in rat urine. Eur J 
Pharmacol, in press. 
Erdos EG, Conversion of angiotensin I to angiotensin 
II. Am J Med 60: 749-759. 1976.. 
Erdos EG and Sloane EM, An enzyme in human blood 
plasma that inactivates bradykinin and kallidin. 
Biochem Pharmacol 11: 585-592, 1962. 
Kitagawa T and Aikawa T, Enzyme coupled immu- 
noassay using a novel coupling reagent. J Biochem 
(Tokyo) 79: 233-236, 1976. 
Sunahara N, Kurooka S. Kaibe K, Ohkaru Y, 



Markers of kinin release in vivo 567 

Nishimura S, Nakano K, Sohmura Y and Iida M, 
Simple enzyme immunoassay methods for recombinant 
human tumor necrosis factor (Y and its antibodies using 
a bacterial cell wall carrier. J Immunol Methods 109: 
203-214, 1988. 

19. Uchida Y, Majima M and Katori M, A method of 
determination of human plasma HMW and LMW 
kininogen levels by bradykinin enzyme immunoa~ay. 
Fharmacoi Res Commun 18: 831-846, 1986. 

20. Mashford ML and Roberts ML, Detection of blood 
kinin levels by radioimmunoassay. &o&em Pharmucof 
21: 2727-2735, 1972. 

21. Kauker ML, Crofton JT, Share L and Nasjeletti A, 
Role of vasopressin in regulation of renal kinin 
excretion in Long-Evans and diabetes insipidus rats. J 
Clin Invest 73: 824-831, 1984. 

22. Oh-Ishi S and Katori M, Fluorometric assay method 
for plasma prekallikrein using peptidylmethyl-cou- 
marylamide as asubstrate. Thromb Res 14: 665-672, 
1979. 

23. Oh-&hi S, Uchida Y, Ueno A and Katori M, Bromelain, 
a thiolprotease from pineappfe stem, depletes high- 
molec~ar-weight kini~ogen-my activation of Hageman 
factor (factor XIII. Throm Res 14: 665-672. 1979. 

24. Maier M, Spragg’J and Schwartz LB, Inactivation of 
human high-molecular-weight kininogen by human 
mast cell tryptase. J ImmunoZl30: 2352-2356, 1983. 

25. Meier HL, Flowers B, Silverberg M and Kaplan AP, 

26. 

27. 

28. 

29. 

30. 

31 

The IgE-dependent release of a Hageman factor 
cleaving factor from human lung. Am J Pathol 123: 
146-154, 1986. 
Majima M, Tani Y and Katori M, Loss of the activity 
of human coagulation factor XII by a chymotrypsin- 
like protease activated in rat mast cells during 
degradation with compound 48180. Thromb Res 46: 
855-867, 1987. 
Uehida Y and Katori M, Independent consumption of 
high and low molecular weight kininogens in viva. Adv 
Exp Med Biol198: Kinin IV, Part A 113-117. 1986. 
Katori M, Majima M, Harada Y and Ueno A, A 
significant role of plasma kallikrein-kinin system in 
plasma exudation of rat carrageenan-induced pleurisy. 
Ado EXD Med Biol 247B: Kinin V. Part A 133-144. 
New York, 1989. 
Plummer TH Jr, and Ryan TJ, A potent mer- 
captobiproduct analogue inhibitor for human car- 
boxypeptidase N. Biochem Biophys Res Commun 98: 
448-454, 1981. 
Hori Y, Jyoyama H. Yamada K, Kageyama K, 
Kurosawa A, Hirose K and Katori M, Interaction of 
endogenous kinins and prostaglandins in the plasma 
exudation of kaolin-induced pleurisy in rats. Adu Exp 
g8: &of 2478: Kinin V, Part B 535-540, New York, 

Okamoto H and Greenbaum L, Isolation and structure 
of T-kinin. Biochem Biophys Res Common 112: 701- 
708, 1983. 


