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Crucial suppressive role of renal kallikrein-kinin 
system in development of salt-sensitive hypertension 
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Tissue kallikrein and low molecular weight kininogen are localized in the 
particular cells of the connecting tubules, indicating that kinin is immediately 
generated in the lumina of the lower nephrons. The role of the renal 
kallikreinkinin system was studied using mutant kininogen-deficient Brown 
NorwayKatholiek (BN-Ka) rats, and compared with that in normal BN-Kitasato 
rats of the same strain. Mutant BN-Ka rats showed no visible changes, but they 
were very sensitive to excess sodium ingestion and to the tendency of sodium to 
accumulate in the body by aldosterone released by angiotensin II, so that sodium 
was accumulated in erythrocytes and cerebrospinal fluid in BN-Ka rats and 
hypertension was induced. After four days infusion of 0.3 M NaCl solution to 
conscious and unrestrained mutant BN-Ka rats, the sensitivity of the vascular 
smooth muscle to norepinephrine and angiotensin II increased 30-fold and 10-
fold, respectively. Bradykinin was degraded by neutral endopeptidase (NEP) and 
carboxypeptidase Y-like exopeptidase (CPY) in rat and human urine. Daily oral 
administration of a selective inhibitor of CPY, ebelactone B, or that of NEP, 
BP 102, prevented development of deoxycorticosterone acetate-salt hypertension 
in Sprague-Dawley rats. These results indicate that: 1) the renal kallikrein-kinin 
system allows excretion of excess sodium in the body, 2) decreased sodium 
excretion due to reduced excretion of urinary kallikrein in patients with essential 
hypertension or in genetically hypertensive rats may cause hypertension, and 3) 
urine kininase inhibitors such as ebelactone B may emerge as a new anti­
hypertensive drug. 

Key terms: Brown Norway-Katholiek rats, Brown Norway-Kitasato rats, 
ebelactone B, DOCA-salt hypertension, renal kallikrein. 

D E D I C A T I O N 

It is a lmos t thir ty years , s ince the 
International Kinin Symposium was held in 
1969 in Fiezole, Italy, and so it has perhaps 
now faded from most memories. But it was 
the occasion of the author's first meeting 
with Prof Hector Croxatto. In the years both 
before and since that Symposium, he has 
made great efforts and great contributions, 
particularly in the field of renal kallikrein 

with its purification and study in its relation 
to hypertension. Some of the work currently 
being carried out in our laboratories using 
kininogen-deficient mutant rats treads in his 
footsteps and is indebted to him. 

We would like to dedicate this mini-
review to Prof Hector Croxatto on both his 
90th b i r thday and his 65 years of 
continuous contr ibut ion to the relation 
between the kinin field and cardiovascular 
and renal functions in health and diseases. 
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I N T R O D U C T I O N 

Recent histochemical and other studies 
have revea led that renal ka l l ikre in is 
l oca l i z ed in ce l l s in the c o n n e c t i n g 
tubu les of the nephron and that low 
molecular weight (LMW) kininogen is 
found in t he p r i n c i p a l ce l l s in the 
connecting tubules (Figueroa et al, 1988). 
These sites are adjacent, and once renal 
k a l l i k r e i n and L M W k i n i n o g e n are 
secreted, kinin is promptly generated in 
the tubules. Kallistatin, a tissue kallikrein 
i n h i b i t o r , is a l so s e c r e t e d in the 
co l lec t ing ducts of the inner medul la 
( C h e n et al, 1 9 9 5 ) . B r a d y k i n i n B 2 

r e c e p t o r s are d i s t r i b u t e d a l o n g the 
collecting ducts (Figueroa et al, 1995). 
These observations clearly suggest that 
the renal ka l l ik re in-k in in sys tem may 
have some roles to play in the kidney, but 
i ts p r e c i s e r o l e s h a v e not yet been 
clarified. 

We have had an opportunity to study the 
roles of the renal kallikrein-kinin system 
using mutant kininogen-deficient Brown 
Norway-Katholiek (BN-Ka) rats or natural 
knockout rats (Katori & Majima, 1996). 
Here, we introduce some recent findings on 
the roles of the renal kal l ikre in-kinin 
sys tem in ra t s in re la t ion to the 
development of hypertension. The detailed 
results have been publ ished in review 
articles (Majima & Katori, 1995; Katori & 
Majima, 1996, 1998). 

K I N I N O G E N - D E F I C I E N T B R O W N - N O R W A Y 

K A T H O L I E K R A T S 

Mutant BN-Ka rats have the ability to 
produce high molecular weight (HMW) and 
LMW kininogens in the liver, but the point 
mutation of a lan ine 1 6 3 to threonine in the 
common chain of the kininogens prevented 
a split into active forms (Hayashi et al, 
1993), so that negligible levels of HMW 
and LMW kininogens were found in the 
blood stream and practically no kinin was 
detected in the urine, unlike the situation in 
normal BN-Kitasato (BN-Ki) rats of the 
same strain (Fig 1) (Majima et al, 1991). 
By using these mutant rats, we were able to 
exclude the contribution of the kallikrein-
kinin system in the living rats. Interestingly, 
there was no visible alteration in these 
mutant BN-Ka rats. The systolic blood 
pressure increase that advances from the 
weaning stage was completely the same as 
that in normal BN-Ki rats, as long as they 
were fed with low levels (0.3%) of sodium 
chloride (Majima et al, 1991). 

A C C U M U L A T I O N O F S O D I U M IN B N - K a R A T S 

A F T E R I N G E S T I O N O F E X C E S S S O D I U M 

Mutant BN-Ka rats were very sensitive to 
excess inges t ion of sod ium ch lo r ide 
(Majima et al, 1993). Administration of 2% 
NaCl in the diet did not increase the 

BN-Ka 

Fig 1. Kininogen levels in plasma (left panel) and urinary kinin excretion (right panel) in normal Brown Norway Kitasato 
(BN-Ki) rats and mutant BN-Katholiek rats (BN-Ka). Bars, means + S E M ' s of 4 rats. BK eq, bradykinin equivalent; HMW, 
high molecular weight; L M W , low molecular weight. (Reproduced from Majima et al, 1993, with permission) 
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systolic blood pressure in normal BN-Ki 
rats, whereas in mutant BN-Ka rats, the 
same treatment caused the blood pressure 
to rise to 167 ± 4 mm Hg within two 
weeks. Mutant BN-Ka rats drunk more 
water and excreted less urine and urinary 
sodium, than the normal BN-Ki rats did 
(Majima et al, 1993). After two weeks of 
ingestion of 2% NaCl, the sodium level in 
the erythrocytes in mutant BN-Ka rats was 
significantly increased, indicat ing that 
mutan t B N - K a ra t s , which fai led to 
generate kinin in the urine, excreted less 
sodium while accumulating it in the cells. 
S u p p l e m e n t a t i o n of L M W k in inogen 
infused s u b c u t a n e o u s l y with a min i -
osmotic pump during 2% NaCl ingestion 
restored the kinin level in urine and the 
systemic pressure and increased the urinary 
volume and sodium excretion, indicating a 
direct relationship between blood pressure 
increase, sodium excretion and kininogen 
deficiency (Majima et al, 1993). 

Continuous infusion of 6 ml/kg/hr of 0.3 
M NaCl into the abdomina l aor ta of 
conscious and unrestrained mutant BN-Ka 
rats increased the mean arterial pressure, 
measured through an indwelling catheter, 
from 106 ± 3 mm Hg to nearly 127 ± 3 mm 
Hg within 24 hours (Majima et al, 1995a). 
Accumulation of sodium was observed a 
short t ime after infusion commenced . 
Sod ium was a c c u m u l a t e d in the 
erythrocytes and cerebrospinal fluid (CSF). 
The mean arterial pressure of mutant BN-
Ka rats did not change during the arterial 
infusion of 6 ml/kg/hr of physiological 
saline (0.15 M NaCl) solution. Normal BN-
Ki rats did not show increases in the mean 
arterial pressure or the sodium level in the 
e r y t h r o c y t e s and the CSF after 
administration of either 0.15 and 0.3 M 
NaCl s o l u t i o n s . These obse rva t ions 
indicated that arterial infusion of a large 
volume (6 ml/kg/h) did not itself increase 
the blood pressure, and only concentrations 
of NaCl higher than that of physiological 
saline solution caused an increase in the 
systemic pressure together with sodium 
accumulation in mutant BN-Ka rats. 

K in inogen -de f i c i en t BN-Ka rats 
accumulated sodium in the body not only 
by being loaded with excess sodium, but 

also by releasing aldosterone (Majima et al, 
1994b). Continuous subcutaneous infusion 
of a non-pressor dose (20 ug/day/rat) of 
angiotensin II with a miniosmotic pump for 
two weeks to mutant BN-Ka rats resulted in 
an increase of the systolic pressure to 180 ± 
8 mm Hg, together with an increased heart 
rate and accumulation of sodium in the 
e ry th rocy t e s and the C S F . The same 
treatment did not induce any change in 
these parameters in normal BN-Ki rats. 
Simultaneous treatment of mutant BN-Ka 
rats with spironolactone, an aldosterone 
an tagon i s t , in the second week of 
angiotensin II infusion normal ized the 
blood pressure, heart rate and erythrocyte 
and CSF sodium accumulation. Urinary 
aldosterone excretion was increased during 
angiotensin II infusion, but there was no 
difference in level between BN-Ka and 
BN-Ki ra ts . These f ind ings c lear ly 
indicated that failure of kidney to generate 
kinin caused sodium accumulation in the 
cells and body fluid, once excess sodium 
was ingested or sodium accumula t ion 
occurred as a result of aldosterone release 
due to angiotensin II. 

In summary, renal kallikrein does not 
take an active role in the excretion of 
sod ium when the a m o u n t of sod ium 
ingested is within physiological limits, but 
once sodium is ingested in excess or 
sodium begins to accumulate, then it takes 
action against the accumula ted excess 
sod ium and exc re t e it. It cou ld be 
hypothesized that the renal kallikrein-kinin 
system works as a floodgate for excess 
sodium, as illustrated with a diagram in 
Figure 2 (Majima & Katori, 1995). 

S I T E O F A C T I O N O F K I N I N IN T U B U L E S F O R 

U R I N A R Y S O D I U M E X C R E T I O N 

Kinin generated by renal kallikrein may act 
on vascular smooth muscle outside the 
renal t ubu le s to a c c e l e r a t e sod ium 
excretion, but there is evidence that the 
major site of action of kinin is the luminal 
side of the tubules. 

The presence of kininase in urine has 
been reported (see Katori & Majima, 1996), 
but the degradation pathway of bradykinin 
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Fig 2. Role of the kallikrein-kinin system (KKS) in the 
kidney. BN-Ki, normal Brown Norway-Kitasato rats; BN-
Ka , m u t a n t B r o w n N o r w a y - K a t h o l i e k r a t s ; A n g , 
angio tens in II; Aid, a ldos t e rone ; SHR, spon taneous ly 
hypertensive rats. (Reproduced from Majima & Katori , 
1995, with permission). 
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Fig 3 . Pathway of bradykinin degradation by rat plasma 
and rat ur ine . Bradykin in (BK)- ( l -n ) : BK degradat ion 
p r o d u c t s w i th n a m i n o a c i d s f rom t h e N - t e r m i n a l . 
(Reproduced from Katori et al, 1996, with permission). 

completely inhibited by the BK B 2 receptor 
antagonist, Hoe 140 (Majima et al, 1994a). 
These results clearly indicated that diuresis 
by BK occurs on the tubular side. 

in the urine was quite different from that in 
plasma (Kuribayashi et al, 1993). Major 
k in inases in rat ur ine were neutra l 
endopeptidase and carboxypeptidase Y-like 
exopeptidase (Kuribayashi et al, 1993), the 
latter of which was originally found as a 
carboxypeptidase in yeast. The same two 
peptidases were also present in human urine 
as major kininases. As shown in Figure 3, in 
human or rat plasma, bradykinin (BK) was 
degraded to BK (1-8) by k in inase I 
(carboxypeptidase N) and to BK (1-7) by 
kininase II (angiotensin converting enzyme), 
and then to BK (1-5), again by kininase II. 
BK (1-5) is a rather stable BK metabolite 
that was detected in inflammation sites 
(Majima et al, 1996), even when BK could 
not be detected. In rat urine, BK (1-5) was 
not detected, as Figure 3 shows. 

We found a selective inhibitor against 
ca rboxypep t idase Y-l ike exopept idase , 
ebelactone B (Majima et al, 1994a), which 
does not inhibit BK degradation in the 
plasma, but degradation of BK in the urine 
was supp re s sed by about 50% by 
ebelactone B. Intraduodenal administration 
of ebe lac tone B induced a significant 
increase in the urinary kinin level, urine 
volume and urinary sodium, but not in 
ur inary po t a s s ium. This increase was 

R E L A T I O N O F S O D I U M A C C U M U L A T I O N T O 

D E V E L O P M E N T O F H Y P E R T E N S I O N 

Ingestion of excess sodium or infusion of a 
non-pressor dose of angiotensin II always 
increased the systolic blood pressure in 
kininogen-deficient mutant BN-Ka rats. 
This was a c c o m p a n i e d wi th sod ium 
accumulation in the erythrocytes and the 
CSF (Majima et al, 1993, 1994b). 

Continuous infusion of 0.3 M NaCl 
so lu t ion into the a b d o m i n a l aor ta of 
conscious and unrestrained mutant BN-Ka 
rats for four days caused a shift to the left of 
the dose-response curve of the systemic 
blood pressure to intravenous norepinephrine 
(1-1000 pmol/kg) (Majima et al, 1995a). The 
sensitivity to norepinephrine was increased 
30-fold and that to angiotensin II was 10-
fold. This may be a t t r i bu t ab l e to 
accumulat ion of sodium in the arterial 
smooth muscle, just as in erythrocytes. 
These observations suggest that the blood 
pressure can be increased without any 
increase in the concentrations of vasoactive 
substances in the blood stream, but merely 
by an increase in sensitivity of the vascular 
smooth muscle. 

Furthermore, sodium accumulation in 
the CSF may increase the sympathetic tone, 
s ince cont inuous infusion of different 
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concentrations of sodium into the cisterna 
magna of rats increases the systemic blood 
pressure together with an increase in the 
sympathetic discharge (Sasaki et al, 1984). 
Inc reased s y m p a t h e t i c tone has been 
repeatedly reported in hypertension. 

P R E V E N T I O N O F D O C A - S A L T H Y P E R T E N S I O N BY 

I N F U S I O N O F E B E L A C T O N E B 

Deoxycorticosterone-acetate (DOCA)-salt 
hyper tension was induced in Sprague-
Dawley rats by uninephrectomy at 6 weeks 
of age and by weekly injection of DOCA (5 
mg/kg, sc) and 1% NaCl in drinking water. 
As shown in Figure 4, the systolic blood 
pressure, measured by the tail cuff method, 
gradually increased up to 10 weeks of age. 
As is well known, prolonged administration 
of the angio tens in conver t ing enzyme 
inhibitor, l is inopri l , did not affect the 
increase in the systolic pressure in this 
mode l . In con t ra s t , admin i s t r a t ion of 
ebelactone B completely prevented the 
increase in the systolic pressure (Yto et al, 
1997). A selective inhibitor of neutral 

endopeptidase, EP102, also prevented the 
development of DOCA-salt hypertension, 
since major kininases of rat ur ine are 
carboxypeptidase Y-like exopeptidase and 
neutral endopeptidase (Kuribayashi et al, 
1993). Administration of ebelactone B for 
one week also suppressed the increase in 
the systolic blood pressure in normal BN-
Ki rats (Majima et al, 1995b). These results 
indicate that the renal kal l ikrein-kinin 
system plays an important suppressive role 
during the deve lopment of DOCA-sa l t 
hypertension. 

In this DOCA-salt hypertension model, 
normal uninephrectomized BN-Ki rats 6 
weeks of age treated with DOCA and salt 
excreted increasing amounts of urinary 
kallikrein until 10 weeks of age, when the 
amount began to decline (Katori et al, 1992). 
The systolic blood pressure increased 
gradually thereafter, reaching 180 ± 10 mm 
Hg at 17 weeks of age. Increased excretion of 
urinary kallikrein was accompanied with 
increase in ur ine vo lume and sodium 
excretion in normal BN-Ki rats. Kininogen-
deficient BN-Ka rats excreted urinary 
kallikrein to the same degree, but this process 

Drugs 
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DOCA 5 mg/kg (s.c.) + !%NaCI in drinking water Q Vehicle 

6 7 8 9 10 W e e k s 

Fig 4. Prolonged administration of kininase inhibitors to deoxycorticosterone acetate (DOCA)-salt 
hypertension in Sprague Dawley rats. DOCA-salt hypertension induced by uninephrectomy at 6 
weeks of age and by weekly injections of DOCA (5 mg/kg, sc) + 1 % NaCl in drinking water. 
Systolic blood pressure (SBP) was measured using tail cuff. Daily oral administrations of lisinopril 
(5 mg/kg, twice a day), ebelactone B (5 mg/kg twice a day) or BP102 (30 mg/kg twice a day) made 
from first day of the DOCA-salt treatment. Symbols, means + SEM's of 5-11 rats. Values at 10 
weeks of age compared with own values at 6 weeks of age by Students 's f-tests. # p <0.05; NS, not 
significant. All values from each experimental group mutually compared by repeated ANOVA. 
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was not accompanied by increases in urine 
volume and urinary sodium excretion, and the 
systolic pressure reached a peak 2 weeks after 
the start of treatment (Majima et al, 1991). 
These results from kininogen-deficient BN-
Ka rats clearly indicate that the renal 
kal l ikre in-kinin system has a crucial 
suppressive role in the development of 
DOCA-salt hypertension. Furthermore, the 
site of action of sodium secretion accelerated 
by kinin is on the luminal side and not 
basolateral side, since ebelactone B prevents 
the development of this hypertension. 

It was reported that patients with essential 
hyper tension (Margol ius et al, 1971), 
Okamoto-Aoki's spontaneous hypertensive 
rats and other genetically hypertensive rats 
excrete reduced levels of urinary kallikrein. 
This was also reported by Prof Croxatto 
(Croxatto & San Martin, 1970; Croxatto et al, 
1974, 1976). In genetically hypertensive rat 
models or hypertensive patients, the reduced 
levels of urinary kallikrein generate less kinin 
in the renal tubules, which may cause 
reduced excretion of sodium and induce 
sodium accumulation and hypertension, as 
shown in Figure 2. Thus, the administration 
of ebelactone B or BP102 caused an increase 
in the level of BK in the renal collecting 
ducts through inhibition of BK degradation, 
these types of agents offer a new strategy of 
antihypertensive treatment, at least for salt-
sensitive hypertension. 

S U M M A R Y 

The renal kallikrein-kinin system acts to 
excrete sodium when excess amounts are 
ingested or when sodium is accumulated in 
the body by aldosterone release induced by 
angiotensin II. In DOCA-salt hypertension, 
increases in kinin levels in the renal tubules 
caused by the suppress ion of BK 
degradation by urinary kininase inhibitors 
such as e b e l a c t o n e B p reven t s the 
development of the hypertension. 
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