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1 The e�ect of prolonged administration of a carboxypeptidase Y-like kininase inhibitor,
ebelactone B (EB) (2-ethyl-3, 11-dihydroxy-4, 6, 8, 10, 12-pentamethyl-9-oxo-6-tetradecenoic 1, 3-
lactone), on the development of deoxycorticosterone acetate (DOCA)-salt hypertension was tested.

2 The systolic blood pressure (SBP) of non-treated 6-week-old Sprague-Dawley strain rats was
gradually increased by DOCA-salt treatment from 137+2 mmHg (n=11) to 195+7 mmHg at 10
weeks of age.

3 With daily oral administration of lisinopril (5 mg kg71, twice a day), which is an inhibitor of
angiotensin converting enzyme, a major kininase in plasma, the development of hypertension was
not suppressed.

4 By contrast, administration of EB (5 mg kg71, twice a day), completely inhibited the
development of hypertension (SBP: 146+1 mmHg, n=5, 10 weeks old). The reduced SBP at 10
weeks of age was equal to the SBP before any treatment (142+1 mmHg, n=5).

5 Direct determination of mean blood pressure (MBP) in conscious, unrestrained rats con®rmed
that MBP elevation was completely inhibited by EB.

6 Continuous subcutaneous infusion (5 mg kg71 day71) of HOE140, a bradykinin B2 receptor
antagonist, restored the elevation of SBP, which was suppressed by EB.

7 The weights of left ventricle of DOCA-salt treated rats 10-weeks-old (0.36+0.02 g 100 g body
weight71, n=11) was signi®cantly reduced by EB (0.27+0.01, n=5), as were the sodium levels in
serum, cerebrospinal ¯uid and erythrocyte.

8 These ®ndings suggested that EB is e�ective in preventing salt-related hypertension presumably
by eliminating sodium retention.
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Introduction

A wide variety of antihypertensive agents can reduce
established genetic or secondary hypertension, and several

antihypertensive agents capable of improving the patient's
quality of life are now available. However, fewer drugs have
been developed for the prevention of hypertension. Some

researchers have tried to predict high blood pressure in
childhood so that action can be taken to prevent hypertension
in the adults (Zinner et al., 1971; Klein et al., 1977; Holland &
Beresford, 1977; Higgins et al., 1980; Levine et al., 1980; Lauer

et al., 1991). Even in a genetically hypertensive model, namely,
the spontaneously hypertensive rats, it was suggested that the
initial phase is critical in the development of hypertension

(Unger & Rettig, 1990). In the present experiment, we
administered a urinary kininase inhibitor with the aim of
preventing the development of hypertension in models in

which short-duration administration was e�ective in reducing
high blood pressure (Majima et al., 1995).

We previously reported that the renal kallikrein kinin system

showed an antihypertensive action, suppressing the develop-

ment of hypertension when sodium retention in the body was
induced (Majima & Katori, 1994). This was due to kinin

generated through the action of kallikrein secreted from the
connecting tubules of the kidney (Scicli & Carretero, 1986), and
may be potentiated when kinin degradation in the kidney is

inhibited. In rat urine, we found a novel urinary kininase, a
carboxypeptidase Y (CPY)-kininase, some of whose character-
istics resembled those of a carboxypeptidase from yeast
(Kuribayashi et al., 1993). This serine protease was a major

kininase in rat urine in terms of kinin-degrading activity
(Kuribayashi et al., 1993), and is also secreted in human urine
(Saito et al., 1995). In addition, a microbial product, ebelactone

B (EB), was found. It was isolated fromActinomycetes, and is a
potent inhibitor of carboxypeptidase Y-like kininase (Majima
et al., 1994a). EB showed kinin-dependent diuretic and

natriuretic actions in anaesthetized rats (Majima et al.,
1994a), and transiently but signi®cantly reduced the high blood
pressure in a deoxycorticosterone acetate (DOCA)-salt model

on short-term administration (Majima et al., 1995).
In the present experiment, we tested the preventive e�ect on

the development of hypertension by a prolonged administra-
tion of EB from the ®rst day of DOCA-salt treatment.*Author for correspondence.
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Methods

Animals

Male Sprague-Dawley strain (SD) rats (speci®c pathogen-free,

6-weeks-old, SLC, Hamamatsu, Japan) were used. All animals
were housed at a constant humidity (60+5%) and temperature
(25+18C), and kept on a 12-h light/12-h dark cycle throughout
the experiments. All rats were given normal rat chow
containing 0.3% sodium, NMF (Oriental Yeast Corp., Tokyo,
Japan). The number of animals (n) used for each experiment is

stated in the corresponding section. This study was performed
in accordance with the guidelines for animal experiments of
Kitasato University School of Medicine.

Induction of hypertension and administration of kininase
inhibitors

At 6 weeks of age, the drinking water was replaced with 1%
NaCl solution after resection of the left kidney, and weekly
subcutaneous administration of deoxycorticosterone acetate

solution (5 mg kg71 week71, 5 mg ml71 in physiological saline
containing 50 mg ml71 of gum arabic) was started for 4 weeks
as reported previously (Majima et al., 1991).

One day after the start of DOCA-salt treatment, EB
(5 mg kg71, suspended in 1% CMC at a concentration of
15 mg ml71; a gift from the Institute of Microbial Chemistry,
Tokyo, Japan), lisinopril (5 mg kg71, suspended in 1% CMC

at a concentration of 15 mg ml71; a gift from Shionogi
Pharmaceutical Corp., Osaka, Japan) or BP102 (sinorphan,
30 mg kg71, dissolved in 1% CMC at a concentration of

90 mg/ml, a gift from Shionogi Pharmaceutical Corp., Osaka,
Japan) was administered twice a day for 4 weeks by oral
administration. BP102 was developed as a prodrug of the

neutral endopeptidase (NEP) inhibitor thiorphan, which was
the ®rst synthetic inhibitor of NEP (Roques et al., 1980).
Control animals received only vehicle solution, and two

further control groups were prepared. One group is unilateral
nephrectomised rats without 1% NaCl solution and sub-
cutaneous injection of DOCA. Another group is unilateral
nephrectomised rats with DOCA-treatment without giving 1%

NaCl solution.
Doses used in the present experiment were selected as

follows. The previous report (Majima et al., 1995), we

administered EB at doses of 5 and 15 mg kg71 (twice a day).
The hypotensive e�ects were not increased with higher doses.
Thus, we selected the dose of 5 mg kg71. In case of BP102,

diuretic e�ects were not di�erent between the doses of 30 and
100 mg kg71 (twice a day), suggesting that 30 mg kg71 was a
maximal dose. In the preliminary experiments, lisinopril
(5 mg kg71, twice a day) completely blocked the development

of hypertension in young spontaneously hypertensive rats.
Thus, this dose was selected in these experiments.

Measurement of blood pressure

The systolic blood pressure (SBP) of unanaesthetized rats was

determined twice a week with a tail-cu� plethysmograph
(Ueda model UR1000, Ueda Seisakusho, Tokyo Japan) as
reported previously (Majima et al., 1991; 1993a; 1994b) twice

a week for 4 weeks from the start of experiment. Mean
arterial blood pressure (MBP) was determined for 1 h in
conscious and unrestrained rats, as reported previously
(Majima et al., 1993a; 1994b) 1 day after determination of

the SBP. The rats were anaesthetized with light ether
anaesthesia soon after the SBP determination by tail-cu�

method, and a polyethylene cannula (PE-10, Clay Adams,
Parsippany, NJ, U.S.A.) was inserted into the abdominal
aorta through the femoral artery under light ether anaesthesia

and the cannula was connected to a PE-50 cannula (Clay
Adams, Parsippany, NJ, U.S.A.) and exteriorized in the
interscapular region.

On the next day, a blood pressure transducer (TP-200T,

Nihon Kohden, Tokyo, Japan) was attached to the other end
of the intra-arterial cannula, and the mean arterial blood
pressure was monitored on a polygraph (WS-641-G, Nihon

Kohden, Tokyo, Japan) (Majima et al., 1995). Starting
30 min after the connection of the transducer, recordings
were made for over 1 h in the rats, which were kept in

separate cages.

Weights of left ventricle of heart and of kidney

Immediately after blood collection, rats were exsanguinated
and the hearts and kidneys were excised under ether
anaesthesia, and were ®xed with a 10% formaldehyde solution.

After removal of the atrium and right ventricle from the ®xed
hearts, the left ventricles were weighed (Majima et al., 1993a).
The hearts (non-treated) from rats without nephrectomy,

which received no salt water were also weighed. The kidneys
were also weighed after removal of the capsula ®brosa.

Blood collection

One hour after MBP determination, a half ml of blood was

collected from the carotid artery at 10 weeks of age through a
cannula into glass tubes without anticoagulant under light
ether anaesthesia. Collected blood was left at room
temperature for 2 h, and then centrifuged at 15006g for

15 min at 258C in order to obtain serum. Blood (1 ml) was also
collected directly into tubes containing ice-chilled iso-osmotic
lithium chloride solution, for determination of the sodium

concentration of the erythrocytes. During the blood collection,
there was no volume replacement.

Collection of urine and measurement of urinary levels of
sodium

Twenty-four hour urine samples from individual rats were

collected using metabolic cages 24 h after determination of
SBP at 7 and 9 weeks of age. The volume of urine and drinking
water were recorded at the end of the 24 h period. Urinary

sodium levels were determined electrometrically using electro-
des selective for sodium ions, respectively (Majima et al.,
1993a). Sodium balance was approximately calculated as the

amounts of sodium excreted in urine over 24 h subtracted from
the sodium intake.

Collection of urine and measurement of urinary active
kallikrein

Twenty-four hour urine samples from individual rats were

collected using metabolic cages after determination of SBP at 7
and 9 weeks of age. The volume of urine and drinking water
were recorded at the end of the 24 h period.

The active kallikrein in the 24 h urine was measured using a
peptidyl ¯uorogenic substrate selective for glandular kallik-
rein, Pro-Phe-Arg-methyl-coumarinylamide (Peptide Institute,

Minoh, Osaka, Japan), as reported previously (Majima et al.,
1993a). One arbitrary unit was de®ned as the amount of
urinary kallikrein that released 1610710 mol 7-amino-4-
methylcoumarin from 1 ml of urine in 10 min at 378C.
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Measurement of urinary kinin secretion

Free kinin was measured in the urine collected via catheters

(PE-10, Clay Adams, Parsippany, NJ, U.S.A.) inserted into
ureters of rats under sodium pentobarbitone anaesthesia
(60 mg kg71, s.c.). During urine collection, physiological
saline was infused (6 ml kg71 h71) to the femoral vein. The

kinin levels were determined with a bradykinin enzyme
immunoassay kit (Markit-M, Dainippon Pharmaceutical
Corp., Osaka, Japan) after extraction with ethanol (Majima

et al., 1991; 1993a; 1994b). Extracted kinin fraction was
puri®ed with a Sep-Pak C18 column (Waters Associates,
Milford, MA, U.S.A.) (Kauker et al., 1984). Kinin was

separated by high-performance liquid chromatography by the
method reported previously (Shima et al., 1992; Majima et al.,
1993a). Four weeks after the start of DOCA-salt treatment

(10-weeks-old), EB (5 mg kg71, suspended in 1% CMC at a
concentration of 15 mg ml71) was orally administered.
Urinary kinin excretion during the ®rst 30 min was
determined. The excretion of urinary kinin in control rats

which did not receive EB, was also measured.

Measurement of sodium levels in serum and in
erythrocytes

The levels of sodium in the sera were determined by ion-

selective electrodes, as reported previously (Majima et al.,
1991). The sodium concentration in the erythrocytes
(RBC[Na]i), which was a marker for sodium retention, was

determined using atomic absorption spectrophotometry
(McCormic et al., 1989), as reported previously (Majima et
al., 1993a; 1994b; 1995). The sodium concentrations in the
erythrocytes were expressed as mmol l71 RBC.

Measurement of sodium levels in cerebrospinal ¯uid

Immediately before the blood collection, cerebrospinal ¯uid
from rats (Waynfortii, 1988), was obtained by aspiration from
the cisterna magna with a 26-gauge needle under light ether

anaesthesia. All rats were kept on the sloped stand which was
prepared to aspirate the cerebrospinal ¯uid easily (Waynfortii,
1988). The levels of sodium in the cerebrospinal ¯uid were
determined with an atomic absorption spectrophotometer, as a

marker for the sodium retention (Majima et al., 1994b).

Continuous administration of a bradykinin antagonist

A bradykinin antagonist, HOE140 (5 mg kg71 day71, dis-
solved in physiological saline, infusion rate; 12 ml day71,

Peptide Institute) was administered from the ®rst day of
DOCA-salt treatment by continuous subcutaneous infusion
using a micro-osmotic pump (Alzet model 2002, Alza Corp,

Palo Alto, CA, U.S.A.) implanted under the skin of back.
Control animals received physiological saline (12 ml day71)
using the same type pump. From the ®rst day of DOCA-salt
treatment, EB (5 mg kg71, twice a day, suspended in 1% CMC

at a concentration of 15 mg ml71) was administered twice a
day for 2 weeks by oral administration. SBP was determined
by tail cu� method and urinary sodium levels were determined

using the method described above (Majima et al., 1993a).

Statistical analysis

Values were expressed as means+s.e.mean. Factorial ANOVA
and repeated measures ANOVA with the post-hoc test were
used to evaluate the signi®cance of di�erences. For compar-

ison between two groups, Student's t-test was used. A P value
less than 0.05 was considered to be signi®cant.

Results

E�ects of kininase inhibitors on systemic blood pressure
of DOCA-salt treated rats

The SBP of non-treated SD strain rats (6-weeks-old) was

137+2 mmHg, and DOCA-salt treatment gradually increased
the SBP to 155+3 and 195+7 mmHg, at 8 and 10 weeks of
age, respectively (Figure 1). The daily oral administration of

the angiotensin converting enzyme (ACE) inhibitor lisinopril
from the ®rst day of DOCA-salt treatment did not suppress the
development of hypertension (156+5 and 210+10 mmHg, at

8 and 10 weeks of age, respectively). The SBP of rats treated
with BP102 (30 mg kg71, p.o.), which is an inhibitor of neutral
endopeptidase, remained at low levels (146+1 and 160+4
mmHg, at 8 and 10 weeks of age, respectively). At 10 weeks of

age, SBP of BP102-treated rats was slightly increased, and the
di�erence of SBP between at 6 weeks of age and at 10 weeks of
age was statistically signi®cant (ANOVA was used to evaluate

the signi®cance of di�erences). By contrast, administration of
EB (5 mg kg71, p.o.), an inhibitor for rat urinary kininase,
completely inhibited the development of hypertension (SBP:

138+1 and 146+1 mmHg, at 8 and 10 weeks of age,
respectively).

The results from the direct determination of blood pressure

in conscious, unrestrained rats 10-weeks-old (Table 1) were
con®rmed by those from the tail cu� determination. MBP was
reduced by EB (112+1 mmHg) to that in the non-treated rats
(110+2 mmHg). There was no signi®cant di�erence between

the control groups (non-treated rats, uninephrectomized rats,
and uninephrectomized rats with DOCA treatment) and EB-
treated rats.

E�ects of kininase inhibitors on weights of left ventricles
of heart and kidneys

The left ventricle weight of the vehicle-treated rats
(0.36+0.02 g 100 g body weight71), 4 weeks after the start
of DOCA-salt treatment (10-weeks-old) was signi®cantly

higher than the left ventricle weight of the EB-treated rats
(0.27+0.01 g 100 g body weight71). The left ventricle weight
of the EB-treated rats was the same as the left ventricle weight

of non-treated rats (0.28+0.01 g 100 g body weight71) (Table
1). The left kidney weight of vehicle-treated rats (0.76+0.01 g
100 g body weight71) (10-weeks-old) was signi®cantly higher

than the left kidney weight of the EB-treated rats (0.55+0.01 g
100 g body weight71).

E�ects of kininase inhibitors on water intake, urine
volume, and balance of water and sodium

The urine volume at both 7 and 9 weeks of age were not

changed signi®cantly with these kininase inhibitors (Table
2). The same was true in water intake in these animals
(Table 2). The tentatively calculated values of sodium

balance are shown in Table 2. The amounts of sodium
excreted in urine over 24 h were subtracted from the
sodium intake, which were derived from the drinking water

and food in each rat. As shown in Table 2, sodium
retention seen in vehicle- and lisinopril-treated rats was
signi®cantly suppressed by BP102 and EB at both 7 and 9
weeks of age.
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E�ects of kininase inhibitors on urinary kallikrein
excretions

Urinary active kallikrein secretions in BP102-treated rats were
174 and 226% of those in vehicle rats at 7 and 9 weeks of age,
respectively, and in EB-treated rats, were 168 and 236% of

those in vehicle rats at 7 and 9 weeks of age, respectively. By
contrast, lisinopril (89 and 55% of vehicle rats at 7 and 9 weeks
of age, respectively) did not increase the excretion of urinary

active kallikrein at either age (Table 2).

E�ects of a urinary kininase inhibitor, EB on urinary
kinin excretion

The amounts of urinary kinin in DOCA-salt treated rats (10-

weeks-old) without EB were 113+29 pg 30 min71 (n=4).

With EB (5 mg kg71, p.o.), urinary kinin excretion was
increased to 477+154 pg 30 min71 during the ®rst 30 min.

E�ects of kininase inhibitors on sodium concentration in
serum, cerebrospinal ¯uid and erythrocytes

The serum sodium levels in rats treated with EB
(138+1 mmol l71) and BP102 (136+1 mmol l71) were sig-
ni®cantly reduced, compared with the levels of vehicle-treated

rat (142+1 mmol l71); whereas lisinopril treatment (144+
1 mmol l71) had no e�ect on the serum sodium levels
(Table 3).

The sodium levels in cerebrospinal ¯uid in rats treated with
EB (127+3 mmol l71) and BP102 (126+2 mmol l71) were
also less than those in vehicle-treated rats (144+2 mmol l71).
Lisinopril (141+2 mmol l71) did not reduce the levels

(Table 3).

Figure 1 E�ects of ebelactone B, BP102 and lisinopril on the development of deoxycorticosterone acetate-salt hypertension. Values
are means+s.e.mean. After unilateral nephrectomy at 6 weeks of age, deoxycorticosterone acetate (5 mg kg71, s.c.) was
administered once a week, and ebelactone B (5 mg kg71), BP102 (30 mg kg71), or lisinopril (5 mg kg71) was administered orally
twice a day from immediately after the surgery for 4 weeks. Values in rats receiving these three compounds are shown in comparison
with those in rats receiving vehicle. The results of unilateral nephrectomized group with DOCA and unilateral nephrectomized
group without DOCA-salt also showed. # comparison of values at 6 and 10 weeks of age. ANOVA was used to evaluate the
signi®cance of di�erences.

Table 1 E�ects of ebelactone B, BP102 and lisinopril on the mean blood pressure, weights of left ventricle and right kidney, and body
weight in deoxycorticosterone acetate-salt treated rats

DOCA+ DOCA-salt+uninephrectomy

(10 weeks)
Uninephrectomy

(n=6)
uninephrectomy

(n=6)
Vehicle
(n=11)

Lisinopril
(n=5)

BP102
(n=11)

Ebelactone
B (n=5)

Non treated
(n=5)

Mean blood
pressure (mmHg)

Left ventricle weight
(g 100 g BW71)

Kidney weight
(g 100 g BW71)

Body weight (g)

103+3

0.26+0.01

0.51+0.03

330+6.42

105+2

0.27+0.01

0.50+0.03

328+6.25

162+9

0.36+0.02

0.76+0.01

296+6.24

173+5

0.40+0.01

0.86+0.05

291+9.85

120+2*

0.29+0.01**

0.60+0.02***

315+5.69

112+1*

0.27+0.01**

0.55+0.02***

311+5.87

110+2

0.28+0.01

0.33+0.03

337+6.12

Values are means+s.e.mean. Non-treated: results from rats that underwent neither uninephrectomy nor deoxycorticosterone acetate-
salt treatment. ANOVA was used to evaluate the signi®cance of di�erences. *, **, *** P50.05.
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The sodium levels in the erythrocytes of rats treated with
EB (5.2+0.3 mmol l71) and BP102 (5.3+0.3 mmol l71)
were also reduced, compared with vehicle-treated rats

(6.3+0.5 mmol l71). However, lisinopril (5.9+0.3 mmol l71)
showed no signi®cant e�ect (Table 3).

E�ects of HOE140 on systemic blood pressure in
EB-treated rats

Continuous subcutaneous infusion of HOE140 to DOCA-salt

treated rats, which received oral administration of EB, caused
more rapid increase in SBP (167+3 mmHg, n=5, at 8 weeks
of age), in comparison with SBP in vehicle-treated rats

(145+3 mmHg, n=5, at 8 weeks of age) (Figure 2).

Discussion

We previously reported that Brown Norway Katholiek (BN-
Ka) rats, which secrete no kinin in the urine because of a

de®ciency of kininogens, developed DOCA-salt hypertension
more rapidly than in normal rats of the same strain (Brown
Norway Kitasato rats, BN-Ki rats) (Majima et al., 1991). We

found that a major kininase in urine was CPY-like
exopeptidase, and was inhibited by a microbial product,

ebelactone B, isolated from Actinomycetes (Majima et al.,
1994a). EB did not inhibit kininases in plasma. The short-term
administration of EB (4 ± 7 days) to DOCA-salt treated rats

resulted in transient but signi®cant reductions in SBP and
MBP during the developmental stages of DOCA-salt
hypertension in normal BN-Ki and SD strain rats, which can
generate kinin in the urine, however, kininogen-de®cient BN-

Ka rats showed no reduction in blood pressure (Majima et al.,
1995). These results suggested that EB reduced blood pressure
through an action on the kallikrein-kinin system. EB abolished

the retention of sodium in the body, with concomitant
increases in urinary sodium excretion even in short-term
experiments (Majima et al., 1995).

In the present experiment, to test the e�ects of prolonged
administration of EB on the initiation of hypertension in a
DOCA-salt hypertensive model, we administered EB from the

®rst day of DOCA-salt treatment throughout the 4-week
experimental period (Figure 1). EB completely inhibited the
development of hypertension throughout the experimental
period and increased urinary kinin excretions. The preventive

e�ect on hypertension development was kinin-dependent,
judging from the e�ect of continuous and simultaneous
infusion of HOE140 (Figure 2). By contrast, the ACE

inhibitor lisinopril did not reduce the blood pressure. These
e�ects of kininase inhibitors were con®rmed from the mean

Table 2 E�ects of ebelactone B, BP102 and lisinopril on excretion of urinary active kallikrein, intake of 1% NaCl solution, urine
volume, and the balance of water and sodium

DOCA+ DOCA-salt+uninephrectomy
Uninephrectomy

(n=6)
uninephrectomy

(n=6)
Vehicle
(n=11)

Lisinopril
(n=5)

BP102
(n=11)

Ebelactone B
(n=5)

Urinary kallikrein activity
(AU day71)
7 weeks
9 weeks

24 h intake volume
(ml 24 h71 rat71)
7 weeks
9 weeks

24 h urine volume
(ml 24 h71 rat71)
7 weeks
9 weeks

intake volume ± urine volume
(ml 24 h71 rat71)
7 weeks
9 weeks

Sodium intake ± urinary sodium
(mg 24 h71 rat71)
7 weeks
9 weeks

67+24.8
83+32.7

30+4.2
31+4.1

22+2.0
24+3.1

8+3.3
7+3.6

1.7+0.9
0.8+1.2

82+15.3
95+23.1

28+3.0
32+3.5

18+4.3
21+4.4

10+3.2
11+3.9

9.6+2.1
10.3+2.5

69+8.9
79+18.1

59+7.6
66+4.6

48+9.4
57+4.1

11+4.1
9+3.8

115+10.1
378+25.8

61+30.5
44+8.3

76+14.7
90+10.7

70+14.1
84+12.0

6+3.4
6+3.3

129+12.3
465+27.6

120+27.3*
180+55.1**

37+2.8
53+4.1

28+3.2
36+2.8

9+3.1
17+3.3

68+7.2*
294+18.7**

116+3.6*
187+35.1**

40+3.6
49+3.5

27+3.5
32+2.3

13+2.3
17+3.1

57+7.1*
267+19.5**

Urine was collected for 24 h, and active kallikrein excretion over 24 h was measured using a peptidyl ¯uorogenic substrate selective for
glandular kallikrein as described in Methods. Values are means+s.e.mean. ANOVA was used to evalue the signi®cance of di�erences.
*, ** P50.05.

Table 3 E�ects of ebelactone B, BP102 and lisinopril on the sodium levels in the serum, cerebrospinal ¯uid and erythrocytes

DOCA+ DOCA-salt+uninephrectomy

(10 weeks)
Uninephrectomy

(n=6)
uninephrectomy

(n=6)
Vehicle
(n=11)

Lisinopril
(n=5)

BP102
(n=11)

Ebelactone B
(n=5)

Serum sodium levels
(mmol l71)

Sodium levels in CSF
(mmol l71)

RBC [Na]i (mmol l71)

138+1

130+3

5.1+0.2

137+1

132+3

5.0+0.3

142+1

144+2

6.3+0.5

144+1

141+2

5.9+0.3

136+1*

126+2**

5.3+0.3***

138+1*

127+3**

5.2+0.3***

Each sample was collected at 10 weeks of age as described in Methods. RBC[Na]i; sodium concentration in erythrocytes. Values are
means+s.e.mean. Values in rats receiving ebelactone B, BP102 or lisinopril were compared with those in rats of the same age receiving
vehicle, and ANOVA was used to evaluate the signi®cance of di�erences. *, **, *** P50.05.
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blood pressure determined through the indwelling cannula

(Table 1). Furthermore, the weights of left ventricle treated
with EB were the same as those of rats without DOCA-salt
treatment, although signi®cant increases in the weights of left

ventricle were observed in DOCA-salt treated rats receiving
only vehicle solutions (Table 1). The increase in left ventricular
weight may be a consequence of the increased after-load

caused by the elevated arterial blood pressure. The kidney
weight in vehicle and lisinopril-treated rats were larger than
those in EB- and BP102-treated rats. This may be due to the
dilatation of renal tubules which was usually observed in the

kidney of DOCA-salt treated rats, which secreted a greater
volume of urine.

The lack of any antihypertensive e�ect of ACE inhibitors in

DOCA-salt hypertension in rats, which had been reported
already by others (Pham et al., 1993), was also con®rmed in the
present experiment, even though the administration was

started at the pre-hypertensive stage (Figure 1). Although
ACE (kininase II) is a predominant kininase in rat plasma
(Majima et al., 1993b), and though administration of the ACE

inhibitor, captopril causes a signi®cant increase in blood kinin
levels (Majima et al., 1994a; Nakagawa & Nasjletti, 1988),
lisinopril induced no hypotensive response, suggesting that the
increased blood kinin levels were not related to the hypotensive

response. Plasma renin activity was suppressed markedly in
this DOCA-salt model (Majima et al., 1991). These may be
reasons for the lack of the antihypertensive e�ect of ACE

inhibitors in DOCA-salt hypertension.

EB decreased the sodium levels in serum together with those

in the cerebrospinal ¯uids and erythrocytes (Table 3),
suggesting that EB prevented sodium retention in the body.
The increase in sodium concentration of erythrocyte was

reported to be a good marker of sodium retention (McCormic
et al., 1989), and the increase in sodium levels in cerebrospinal
¯uid after intracisternal infusion of high sodium solution

caused a continuous increase in systemic blood pressure with
the concomitant increase in the sympathetic nerve discharge.
The 24 h urine volume in rats receiving vehicle solutions or
lisinopril tended to be larger than that in rats treated with EB,

possibly because of pressure diuresis, or the increased intake of
sodium from drinking water (Table 2). The sodium levels in the
cerebrospinal ¯uid and the erythrocytes may be reduced as a

result of the lack of sodium retention. In another hypertensive
model, spontaneously hypertensive rats, we preliminary tested
the e�ect of EB. Two weeks administration of EB (15 mg kg71

day71) to spontaneously hypertensive rats (4-weeks-old)
reduced SBP from 165+3 (vehicle) to 146+3 mmHg (EB)
(n=5, P50.05). These suggested that EB may be e�ective in a

model other than DOCA-salt hypertension.
NEP has been reported to be another major kininase in rat

urine (Kuribayashi et al., 1993). BP102, a prodrug of the NEP
inhibitor thiorphan, signi®cantly inhibited the development of

hypertension (Figure 1). However, its potency was weaker than
that of the CPY-like kininase inhibitor EB in spite of using the
maximal dosage of BP102 and EB. Since the optimal pH of

NEP was around 8, and that of CPY-like kininase around 6,

Figure 2 E�ects of HOE140 on the development of deoxycorticosterone acetate-salt hypertension in rats under ebelactone B
treatment. Values are means+s.e.mean obtained. After uninephrectomy at 6 weeks of age, deoxycorticosterone acetate (5 mg kg71,
s.c.) was administered once a week. Ebelactone B (5 mg kg71) was administered orally twice a day from the ®rst day of
deoxycorticosterone acetate-salt treatment. HOE140 was continuously infused subcutaneously using a micro-osmotic pump
(5 mg kg71 day71, dissolved in physiological saline). ANOVA was used to evaluate the signi®cance of di�erences.
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the pH of the urine of rats fed normal chow (around 6) was
more suitable for CPY-like kininase to show high protease
activity. The actual contribution of CPY-like kininase to the

degradation of endogenous kinin may be greater than that of
NEP. Thus, EB may exert more complete suppression of the
development of DOCA-salt hypertension than BP102.
Although the di�erence of kinetic parameters such as

bioavailability was not tested in the present study, the diuretic
action of EB was also greater than that of BP102 (Majima et
al., 1994a; Nakajima et al., 1998).

We have previously reported that renal kallikrein secretion
from DOCA-salt treated rats was increased compared with
that from rats receiving no DOCA-salt treatment, and that the

kallikrein secretion from DOCA-salt treated animals peaked 3
weeks after the start of DOCA-salt treatment and thereafter
declined (Katori et al., 1992). It was reported that DOCA-salt

treatment caused renal injury in parallel with the development
of hypertension (Dworkin et al., 1984; Raij et al., 1989). The

reduction in kallikrein secretion in the late phase of this
hypertensive model may be a re¯ection of the damage to the
renal tubules from which the kallikrein was secreted. In the

present experiments, there was no signi®cant reduction in the
secretion of urinary kallikrein during ACE inhibitor treat-
ments, although some researchers have reported the reduction
in the urinary kallikrein secretion after ACE inhibitors

(Zacharieva et al., 1996). The reduction in high blood pressure
by EB and BP102 may prevent renal injury, because as shown
in the present study, urinary secretion of renal kallikrein

remained at a higher level in rats receiving these kininase
inhibitors (Table 2).

In conclusion, the present results indicated that EB, a

urinary CPY-like kininase inhibitor, is a promising agent in
terms of the novel concept of preventing the development of
hypertension by abolishing sodium retention through the

inhibition of kinin degradation.
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