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Abstract

We assessed a kallikrein-like amidase activity probably related to the
kallikrein-kinin system, as well as the participation of leukocyte
infiltration in renal ischemia and reperfusion. Male C57BL/KSJmdb
mice were subjected to 20 or 60 min of ischemia and to different
periods of reperfusion. A control group consisted of sham-operated
mice, under similar conditions, except for ischemia induction. Kal-
likrein-like amidase activity, Evans blue extravasation and myeloper-
oxidase activity were measured in kidney homogenates, previously
perfused with 0.9% NaCl. Plasma creatinine concentration increased
only in the 60-min ischemic group. After 20 min of ischemia and 1 or
24 h of reperfusion, no change in kallikrein-like amidase activity or
Evans blue extravasation was observed. In the mice subjected to 20
min of ischemia, edema was evident at 1 h of reperfusion, but kidney
water content returned to basal levels after 24 h of reperfusion. In the
60-min ischemic group, kallikrein-like amidase activity and Evans
blue extravasation showed a similar significant increase along reper-
fusion time. Kallikrein-like amidase activity increased from 4 nmol
PNA mg protein-1 min-1 in the basal condition to 15 nmol PNA mg
protein-1 min-1 at 10 h of reperfusion. For dye extravasation the
concentration measured was near 200 µg of Evans blue/g dry tissue in
the basal condition and 1750 µg of Evans blue/g dry tissue at 10 h of
reperfusion. No variation could be detected in the control group. A
significant increase from 5 to 40 units of DAbs 655 nm g wet tissue-1

min-1 in the activity of the enzyme myeloperoxidase was observed in
the 60-min ischemic group, when it was evaluated after 24 h of
reperfusion. Histological analysis of the kidneys showed migration of
polymorphonuclear leukocytes from the vascular bed to the interstitial
tissue in the 60-min ischemic group after 24 h of reperfusion. We
conclude that the duration of ischemia is critical for the development
of damage during reperfusion and that the increase in renal cortex
kallikrein-like amidase activity probably released from both the kid-
ney and leukocytes may be responsible, at least in part, for the
observed effects, probably through direct induction of increased vas-
cular permeability.
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Introduction

Damage produced by ischemic disorders
has been recently studied in different organs
but some of the alterations described have
not been strictly attributed to the ischemia
suffered by the organ (1-4). The role of
neutrophils in post-ischemic damage has been
studied in myocardium (5), kidney (1), intes-
tine (2), brain (6) and pancreas (4). Hoffman
et al. (4) reported that ischemia followed by
reperfusion is responsible for the breakdown
of the microcirculation in the pancreas and
considered this event as a critical factor in
the pathogenesis of acute pancreatitis.
Romson et al. (7) demonstrated that oxygen
radicals are involved in the pathogenesis of
myocardial infarction and that inflammatory
neutrophils are a major source of oxygen
radicals. Cell membrane disintegration is the
consequence of both the formation of bio-
logically dangerous free radicals through an
enhanced activity of xanthine oxidase and
leukocyte interaction with the microvascular
endothelial cells in the intestine (2). Grisham
et al. (2) suggested a relationship between
xanthine oxidase-generated O2

- and neutro-
phil infiltration. Experiments involving is-
chemia and reperfusion of coronary arteries
revealed that the endothelium was activated.
Under these conditions, endothelial cells were
able to release several factors such as inter-
leukin-8 and platelet activating factor, that
act as either chemotactic or activating fac-
tors for neutrophils (5,8,9). Nitric oxide (NO)
has also been shown to mediate leukocyte-
endothelial cell interactions. Several studies
have demonstrated that NO concentration
increases during ischemia and decreases upon
reperfusion, thus facilitating the binding of
neutrophils to the endothelium during the
latter period (5,10).

According to Weight et al. (1), activated
polymorphonuclear cells can cause kidney
damage by three different pathways: 1)
production of free radicals through the
respiratory burst, 2) release of intrinsic en-

zymes, and 3) physical obstruction of
capillaries. The kallikrein-kinin system and
other proteases have been involved in the
regulation of vascular permeability both un-
der physiological conditions and in different
pathologies (11). Semerciöz et al. (12) dem-
onstrated that the administration of ramipril
(an angiotensin-converting enzyme inhibi-
tor) exacerbates the deleterious effect of is-
chemia in the kidney. They also suggested
that the observed effect may involve an
increase in kinin production. The present
study was performed to correlate the ap-
pearance of a kallikrein-like amidase activ-
ity in homogenates of renal cortex with prob-
able alterations of the microcirculation pro-
duced in the kidney by ischemia and reperfu-
sion.

Material and Methods

All experiments were performed with
C57BL/KSJmdb mice weighing 20-25 g each,
supplied by the Genetic National Institute of
Buenos Aires. The animals were housed at
room temperature, on a 12-h light-dark cycle,
with free access to tap water and mouse
chow. Separate groups of five or six mice
each were subjected to a specific pair of
conditions (ischemia-reperfusion), and ami-
dase activity, Evans blue extravasation, kid-
ney water content and myeloperoxidase ac-
tivity were determined for each situation.

Ischemia induction

Surgery was carried out under ether anes-
thesia, in agreement with international rules
for the use of experimental animals provided
by the National Institutes of Health, USA.
The left renal pedicles of the mice were
clamped through an abdominal incision. Af-
ter 20 or 60 min the clamp was removed and
contralateral nephrectomy was carried out.
A control group was sham operated under
similar conditions, except for ischemia in-
duction.
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Tissue water content

After reperfusion the animals were anes-
thetized and sacrificed by cervical disloca-
tion and the kidney was removed, decapsu-
lated and weighed. Tissue samples were dried
at 105oC for 48 h and weighed again (13).
The percentage of tissue water content was
calculated (13).

Creatinine concentration

Plasma was prepared from blood obtained
by cardiac puncture under anesthesia. Crea-
tinine concentration was determined with a
commercial kit (Biosystems, Barcelona,
Spain) and reported as mg creatinine/dl
plasma.

Kallikrein-like amidase activity

The kidneys were perfused with 0.9%
NaCl and immediately frozen at -20oC. The
renal cortex was sectioned, weighed and
homogenized in 40 volumes of 10 mM Tris
buffer, pH 7.4, per gram of tissue. Homoge-
nates were obtained in a cold water bath with
a Teflon-glass homogeneizer. Sodium deoxy-
cholate was added to a final concentration of
0.2% and homogenates were incubated for
30 min at 4oC. The samples were then centri-
fuged at 12,000 g for 60 min at 4oC and
supernatants were filtered through Sephadex
G-25 to remove salts and detergent. The
eluted fraction was used for the assay of
kallikrein amidase activity and protein.

Amidolytic activity was determined by in-
cubating 0.1 ml of homogenate with 1.5 mM
D-Val-Leu-Arg-paranitroaniline (S2266, Chro-
mogenix, Mölndal, Sweden), 20 mM soybean
trypsin inhibitor (SBTI) and 0.2 M Tris buffer,
pH 9.5, in a final volume of 1 ml, for 30 min at
37oC. The reaction was stopped with 0.1 ml of
50% acetic acid. Samples were centrifuged at
10,000 g for 15 min at 4oC and precipitated
proteins were discarded. Blanks were per-
formed under similar conditions but the reac-

tion was stopped at 0 time. The color devel-
oped during incubation was determined by
absorbance measurements at 405 nm and en-
zyme activity was reported as nmol p-
nitroaniline released per minute per mg pro-
tein (14). Protein concentration in the superna-
tant was measured by the method of Bradford
(15) using bovine serum albumin as standard.
Determinations were carried out in duplicate.

Vascular permeability

One hour before sacrifice the mice were
anesthetized with ether and injected intrave-
nously with 2.5 ml Evans blue (EB) dye (1%
in 0.9% NaCl solution) per kg body weight
through the jugular vein. One hour after the
injection the mice were anesthetized and
decapitated, and then perfused with physi-
ological solution through the thoracic aorta
until elimination of all blood. The kidneys
were excised, decapsulated, dried by cen-
trifugation at 25oC under vacuum and
weighed in order to estimate dry weight. The
kidneys were homogenized in 2 ml of di-
methylformamide, incubated at 55oC for 18
h, and then centrifuged at 10,000 g for 15
min at 4oC. The amount of EB in the super-
natant was determined by measuring absorb-
ance at 635 nm and corrected for the extrac-
tion volume. A standard curve of EB in
dimethylformamide was constructed (16).

Myeloperoxidase activity

The kidneys of a group of mice subjected
to ischemia and reperfusion were perfused,
excised and decapsulated as described above,
weighed on an analytical balance to deter-
mine wet weight and frozen. Three freezing-
thawing cycles were performed with sonica-
tion for 10 s at 25oC. Renal tissue was ho-
mogenized in 10 volumes of 50 mM phos-
phate buffer, pH 5.4, and 0.5% hexadecyltri-
methylammonium bromide. The samples
were incubated at 4oC for 20 min and centri-
fuged at 12,000 g for 45 min (17).
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Myeloperoxidase activity was assayed
using 3,3',5,5'-tetramethylbenzidine (TMB)
as substrate. Aliquots of 0.1 ml of the super-
natant were mixed with 0.9 ml of buffer to
obtain a final concentration of 0.3 mM H2O2,
1.6 mM TMB, 4% dimethylformamide and
80 mM phosphate buffer, pH 5.4. The ab-
sorbance was measured at 655 nm and 25oC
with a Shimadzu spectrophotometer and re-
corded for 1 min each starting after 30 s.
Results are reported as DAbs 655 nm g wet
tissue-1 min-1 (18).

Histological analysis

The kidneys of ischemic-reperfused (60

min and 24 h) and sham-operated mice were
fixed in Lillie�s formalin and embedded in
paraffin. Five-µm slices were stained with
hematoxylin-eosin and photomicrographs
were taken at 100X.

Statistical analysis

All data are reported as means ± SEM.
Groups were compared by multiple analysis
of variance followed by the Bonferroni post-
hoc test. When differences between vari-
ances were high, the Kruskal-Wallis test was
performed followed by Dunn�s multiple com-
parisons test. P<0.05 was considered statis-
tically significant.

Results

The purpose of the present study was to
evaluate different factors inherent to micro-
circulation in a model of kidney ischemia
and reperfusion. Vascular permeability, kal-
likrein-like amidase activity, plasma creati-
nine concentration and tissue water content
were studied after different periods of ische-
mia (20 or 60 min) and reperfusion (1 or 24
h). While the first three parameters did not
show significant changes after 20 min of
ischemia and 1 or 24 h of reperfusion, kid-
ney water content exhibited a significant
increase in the group of mice subjected to 20
min of ischemia and 1 h of reperfusion (Fig-
ure 1).

Table 1 shows the plasma creatinine con-
centrations of sham-operated and ischemic
groups of mice after 24 h of reperfusion. A
significant increase in plasma creatinine con-
centration was detected in the mice sub-
jected to 60 min of ischemia and 24 h of
reperfusion compared to all other groups
(Bonferroni multiple comparisons test:
P<0.001).

The vascular permeability and tissue kal-
likrein-like amidase activity for the groups
of mice subjected to 60 min of ischemia and
1, 3, 10 or 24 h of reperfusion are shown in
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Figure 1 - Effect of reperfusion
time on Evans blue extravasa-
tion (A), kallikrein-like amidase
activity (B) and kidney water con-
tent (C) in mice previously sub-
jected to 20 min of renal ische-
mia and in sham-operated ani-
mals. Results are reported as the
means ± SEM of duplicate
samples obtained from at least
five animals. ANOVA: aP<0.01
between sham and ischemic
mice (Bonferroni post-hoc test).
PNA, p-nitroaniline.
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Figure 2. Kidney water content was evalu-
ated in mice subjected to 60 min of ischemia
only after 1 or 24 h of reperfusion (Figure
2C). Similar patterns can be observed for
both EB extravasation and kallikrein-like
amidase activity, which exhibited progres-
sive significant increments in ischemic mice
during the initial 10 h of reperfusion, fol-
lowed by a decrease. Sham-operated ani-
mals did not show changes in either param-
eter at any of the reperfusion periods studied
(Figure 2A and B). Sixty minutes of ische-
mia and 1 or 24 h of reperfusion caused
significant increments in kidney water con-
tent when compared with tissue water con-
tents measured in the sham-operated ani-
mals.

Myeloperoxidase activity was measured
in renal tissue as a marker of neutrophil
infiltration (17) (Figure 3). The activity of
the enzyme was measured after 24 h of re-
perfusion in mice previously subjected to 20
or 60 min of ischemia. While no difference
could be detected after 20 min of ischemia, a
significant increase in enzyme activity was
evident after 60 min of ischemia.

Figure 4 shows photomicrographs of is-
chemic-reperfused as well as sham-operated
mouse kidneys. The renal tissue of 60-min
ischemic mice that were reperfused for 24 h
exhibited submassive tubular necrosis and
endothelial micronecrosis with vascular con-
gestion. The margination and later migration
of polymorphonuclear leukocytes from the
vascular bed to the interstitial tissue was also
evident. These results correlate well with the
myeloperoxidase activity measured in the
ischemic-reperfused mouse kidneys and sug-
gest active participation of leukocytes in the
ischemia-reperfusion process.

Discussion

Early restoration of blood flow to ische-
mic tissues is essential to halt the progres-
sion of cellular injury associated with de-
creased oxygen and nutrient delivery. It is
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Table 1 - Effect of ischemia time on serum creati-
nine levels in sham-operated and ischemic mice
after 24 h of reperfusion.

Data are reported as mean ± SEM for five or six
mice per group. *P<0.001 between groups (Bon-
ferroni multiple comparisons test).

Time (h) Serum creatinine (mg/dl)

Sham Ischemia

20 0.452 ± 0.061 0.510 ± 0.110
60 0.402 ± 0.030 1.817 ± 0.138*

clear that reperfusion of ischemic tissues
initiates a complex series of reactions that
paradoxically damage tissues (5,19,20). Even
though several mechanisms have been pro-

Figure 2 - Effect of reperfusion
time on Evans blue extravasa-
tion (A), kallikrein-like amidase
activity (B) and kidney water
content (C) in mice previously
subjected to 60 min of renal is-
chemia and in sham-operated
animals. Results are reported as
the means ± SEM of duplicate
samples obtained from at least
five animals. ANOVA (Bonfer-
roni post-hoc test): aP<0.01 be-
tween sham and ischemic mice;
bP<0.001 between sham and is-
chemic mice; cP<0.001 be-
tween 10 and 1, 3 or 24 h of
reperfusion in ischemic mice;
dP<0.001 between 10 and 1 or
3 h of reperfusion in ischemic
mice for Evans blue extravasa-
tion; eP<0.001 between 24 and
1 h of reperfusion, P<0.05 be-
tween 24 and 3 h of reperfusion
for kallikrein-like amidase activ-
ity. PNA, p-nitroaniline.
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Tissue kallikrein is secreted from differ-
ent sources and acts on low molecular weight
kininogen to generate lysyl-bradykinin (kal-
lidin), which is rapidly converted to bradyki-
nin. On the other hand, plasma kallikrein
directly liberates bradykinin from a high
molecular weight kininogen through a cas-
cade that involves previous conversion of
coagulation factors (22-24). Under physi-
ological conditions the kallikrein-kinin sys-
tem has been implicated in the control of
renal blood flow and of electrolyte and water
transport (25).

Our results demonstrate that short peri-
ods of ischemia followed by reperfusion did
not cause alterations in kidney homogenate
kallikrein-like amidase activity, Evans blue
extravasation, plasma creatinine or myelo-
peroxidase activity (Figures 1 and 3). On the
other hand, edema was evident after a short
period of ischemia (20 min) and a short
period of reperfusion, thus confirming this
as an early event in the pathogenesis of
ischemia-reperfusion injury (Figure 1). These
results suggest that a short period of ische-
mia followed by reperfusion transiently in-
duced edema. Under such ischemia condi-
tions, kidney water content slightly increased
at 1 h of reperfusion and returned to basal
values after prolonged reperfusion. Occur-
rence of leukocyte infiltration was unlikely
since myeloperoxidase activity remains near
zero and renal function should probably re-
main unchanged. More sensitive assays such
as inulin and p-aminohippurate clearance
should be more sensitive than plasma creati-
nine concentration in clarifying the status of
renal function after short periods of reperfu-
sion. Further investigations should include
these approaches.

A longer period of ischemia followed by
different periods of reperfusion caused in-
creased kidney kallikrein-like amidase ac-
tivity and Evans blue extravasation, with the
highest responses being obtained after 10 h
of reperfusion. Increases in tissue water con-
tent were also evident after a long period of
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Figure 3 - Effect of ischemia time
on myeloperoxidase activity in
the kidney after different peri-
ods of ischemia (20 or 60 min)
and 24 h of reperfusion. Results
are reported as the means ±
SEM of duplicate samples ob-
tained from at least five animals.
ANOVA: aP<0.05 between sham
and ischemic mice (Dunn’s mul-
tiple comparisons test).

Figure 4 - Histological analysis
of renal tissue from control mice
(not reperfused) (A) and from
mice subjected to 60 min of is-
chemia and 24 h of reperfusion
(B and C). Sections of 5 µm were
stained with hematoxylin-eosin
and photomicrographs were
taken at 100X. B, Submassive
tubular necrosis with intense
leukocyte infiltration and capil-
lary congestion can be ob-
served. C, Tubular necrosis with
incoming leukocyte interstitial
exudation is also visible.

posed to explain the pathogenesis of ische-
mia-reperfusion injury, most attention has
been focused on the role of reactive oxygen
metabolites and some mediators of the in-
flammatory process (19-21).
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ischemia and after 1 and 24 h of reperfusion,
but at higher levels than those observed in
the 20-min ischemic kidneys. The almost
identical patterns in Evans blue extravasa-
tion and kallikrein-like amidase activity re-
sponses constitute strong evidence for a rela-
tionship between the measured kidney ami-
dolytic activity and permeability of the cap-
illary membranes in the ischemic-reperfused
kidney. Histological examination of control
and ischemic-reperfused kidneys (60 min
and 24 h) revealed dramatic alterations in the
latter group, including leukocyte infiltration,
submassive tubular necrosis and capillary
congestion (Figure 4). These results are con-
sistent with a role for kinin release in the
initiation of damage caused by reperfusion
of renal tissue previously subjected to ische-
mia for a long period of time (60 min), as
also reported by Bhoola (26).

Which was the main source of the amido-
lytic activity that we measured? Bhoola et al.
(25) measured kallikrein activity in human
neutrophils and Rothschild and Castania (27)
indicated the presence of a kinin-generating
enzyme system in rat granulocytes. Bhoola
(26) reported a role for bradykinin released
from neutrophil kininogen as a key mediator
of an inflammatory process, especially
through promotion of venule constriction
and increases in capillary membrane perme-
ability. In addition, the expression of a kinin-

generating member of mouse glandular kal-
likrein was detected in mouse kidney (28).
We performed our studies in the presence of
soybean trypsin inhibitor, which, at a con-
centration of 2 mg/ml, caused 73.3% of inhi-
bition of the amidase activity of human leu-
kocyte extracts (20) and which did not inhib-
it glandular (renal) kallikreins (29). Thus,
we cannot rule out the possibility that our
results could probably represent additive
activities of both renal and leukocyte en-
zymes. Future studies in the presence of
SBTI + EDTA + aprotinin should be per-
formed to evaluate independently renal kal-
likrein-like amidase activities from leuko-
cyte or other proteases (29).

We conclude from our experiments that
the duration of ischemia is critical for the
development of damage during reperfusion.
Increased kallikrein-like amidase activity
from renal tissue and/or neutrophils could
probably be involved in the inflammatory
process at least in part through direct induc-
tion of increased vascular permeability. In-
terleukin, prostaglandin and leukotriene syn-
thesis is stimulated in different tissues by the
kallikrein-kinin system (26). More specific
assays should be performed to determine if
these substances are formed and contribute
to the inflammatory process in our ischemia-
reperfusion model.
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