Jpn. J. Pharmacol. 68, 389~ 396 (1995)

389

Antihypertensive Effects of KW-3902, an Adenosine A;-Receptor
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ABSTRACT—We determined the effects of KW-3902 (8-(noradamantan-3-yl)-1,3-dipropylxanthine), a
novel adenosine A,-receptor antagonist, on the development of hypertension in Dahl salt-sensitive (Dahl-S)
rats. KW-3902 (0.00017% w/w—-0.017% w/w), fed with the diet, prevented the development of hyperten-
sion at 2-6 weeks in response to the high (8% w/w) NaCl diet. KW-3902 increased urine volume and so-
dium excretion and attenuated cardiac hypertrophy. In another series of the experiments employing the
clearance method, KW-3902 (0.1 mg/kg, i.v.) increased urine volume, sodium excretion and lithium clear-
ance in anesthetized Dahl-S rats. These results suggest that the antihypertensive effect of KW-3902 in Dahl-S
rats is mediated via its natriuretic effect, the site of action being, at least partly, the proximal tubule. The
adenosine A;-receptor antagonist may be effective for the treatment of salt-sensitive hypertension.
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The development of hypertension results from an
interaction of environmental factors and genetic factors
(1, 2). Dahl salt-sensitive (Dahl-S) rats are genetically
predisposed to hypertension; however, the added en-
vironmental factor of excess dietary salt intake is neces-
sary for the development of hypertension (3-5). The
Dahl-S rat, thus, seems to be a useful model for human
salt-sensitive hypertension. Although the etiology for the
salt-sensitivity of Dahl-S rats is not fully elucidated, the
Dahl-S rat, as compared to the Dahl salt-resistant (Dahl-
R) rat, exhibits a reduced capacity to excrete salt, suggest-
ing that this natriuretic dysfunction might be the reason
for the salt-sensitivity (6—8). On the other hand, sodium
(Na) reabsorption at the proximal tubule is reported to be
greater in Dahl-S rats than in Dahl-R rats (9). Thus, the
Na retention in Dahl-S rats seems to, at least partly, be
due to dysfunction of the proximal tubular Na reabsorp-
tion.

KW-3902 (8-(noradamantan-3-yl)-1,3-dipropylxan-
thine) is a selective and potent adenosine A,-receptor an-
tagonist (10), which induces significant increases in urine
volume and Na excretion with little change of potassium
(K) excretion in saline-loaded rats (11). It is assumed that
the diuretic effect of KW-3902 is caused by the inhibition
of water and Na reabsorption at tubular sites, but not by
the change of renal hemodynamics (12). From the

lithium-clearance study, the main site of action for KW-
3902 has been suggested to be the proximal tubule (12).
These observations suggest a possibility that KW-3902
could improve the proximal tubular dysfunction, result-
ing in the attenuated development of salt-sensitive hyper-
tension, in Dahl-S rats. Prior to the present study,
however, the effects of KW-3902 on the development of
hypertension has not been reported.

In the present study, we investigated possible anti-
hypertensive effects of KW-3902 in Dahl-S rats, in com-
parison with those of furosemide and trichlormethiazide.
Additionally, we investigated the effects of KW-3902 on
the Na reabsorption and the lithium clearance in response
to saline-loading in anesthetized Dahl-S rats.

MATERIALS AND METHODS

Experimental animals

Male 5-week-old Dahl-S rats (Seiwa Experimental
Animals, Ltd., Fukuoka) were used to determine the
effects of drugs on the development of hypertension.
Male 8-week-old Dahl-S and Dahl-R rats were used for
the clearance study. The animals were kept at 22°C with a
12-hr light-dark cycle. They had free access to tap water
and commercial chow prior to the experiments.



390 H. Nomura et al.

Drugs used

KW-3902 was synthesized in our laboratories.
Furosemide (Furo) and trichlormethiazide (TCM) were
purchased from Tokyo Chemical Industry Co., Ltd,
(Tokyo) and Sigma Chemical Co. (St. Louis, MO, USA),
respectively. Inulin (INU) and lithium (Li) carbonate
were purchased from Wako Pure Chemical Industries,
Ltd. (Osaka). All other chemicals and solvents were used
in their analytical pure form.

Effects on the development of hypertension

Fifty-six Dahl-S rats (5 weeks) were fed a high salt diet
containing 8% (w/w) NaCl and were divided into 7
groups, each consisting of 8 rats, as follows: 1) control
group, 2) 0.000017% (w/w) KW-3902-treated group,
3) 0.00017% (w/w) KW-3902-treated group, 4) 0.0017%
(w/w) KW-3902-treated group, 5) 0.017% (w/w) KW-
3%02-treated group, 6) 0.085% (w/w) Furo-treated group
and 7) 0.017% (w/w) TCM-treated group. Eight Dahl-S
rats (5 weeks) were fed a normal diet {normal group).
Drug treatment was started at the same time as the begin-
ning of feeding with the high salt diet. KW-3902, Furo or
TCM was mixed with the diet and was given to the rats in
each group. Systolic blood pressure was determined once
every week by the tail-cuff method (Multichannel sphyg-
momanometer; Riken Kaihatsu, Tokyo). After 6 weeks, a
24-hr urine sample was collected for the analysis of uri-
nary excretion of Na. Thereafter, under anesthesia with
pentobarbital (30 mg/kg body wt., i.p.), the blood sam-
ple was drawn from the abdominal aorta. Concentrations
of Na and K in the serum and urine were determined by
flame photometry (775-A; Hitachi, Ltd., Tokyo). Con-
centrations of glutamic pyruvic transaminase (GPT), glu-
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tamic oxalacetic transaminase (GOT), triglyceride (TG),
total cholesterol (T-CHO), total protein (TP), albumin
(ALB), creatinine (CRE), uric acid (UA), urea nitrogen
(UN) and glucose (GLU) in the serum were determined by
an autoanalyzer (AU510; Olympus, Tokyo). Additional-
ly, the wet tissue weights of the heart and the kidney were
measured.

Effects on the proximal tubule

In another series of experiments, a clearance study was
performed with 10 Dahl-S rats and 5 Dahl-R rats. Under
anesthesia with urethane (1.3 g/kg body wt., i.p.), a PE-
50 polyethylene catheter was placed into the tail vein of
each rat for intravenous infusion of INU, Li and NacCl
solution. Another PE-50 catheter was placed into the
bladder through a midline supra pubic incision for urine
collection. Following the surgery, 0.9% (w/v) NaCl solu-
tion containing 3% (w/v) INU and 0.075% (w/v) Li car-
bonate was infused at a rate of 2 ml/hr/rat throughout
the study (12).

After a 30-min equilibrium period following the sur-
gery, saline containing 1% (v/v) dimethylsulfoxide and
0.01 N NaOH (the vehicle) was injected into the left
femoral vein of all rats. From each Dahl-S rat, urine was
collected for 60 min to determine the basal parameters, 50
that the rats could be divided into 2 groups as follows:
Dahl-S rats were assigned to the control group and the
KW-3902 group so that the average basal parameters were
equal in each group. Vehicle was injected into the left
femoral vein in the Dahl-R group and the Dahl-S control
group, while KW-3902 (0.1 mg/kg body wt.) was injected
in the Dahl-S KW-3902 group. Urine was again collected
for 60 min, and then a blood sample was drawn from the
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Fig. 1. Effects of KW-3902 on the development of hypertension in salt-loaded Dahl-S rats. Hypertension was induced by
feeding the rat an 8% (w/w) NaCl-containing (high salt) diet. KW-3902 was fed the high salt diet at concentrations of
0.000017% (w/w)—0.017% (w/w). S-BP: systolic blood pressure, Ow - 6w: weeks after the beginning of salt-loading, Control:
control group (fed with the high salt diet), Normal: normal group (fed with the normal diet). Values are the means+S.E. of 7
or 8 animals. *P < 0.05, °P <0.01 (Dunnett’s test), ‘P <0.05, “P < 0.001 (Student’s r-test), when compared with the control value.
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Fig. 2. Effects of furosemide (Furo) and trichlormethiazide (TCM) on the development of hypertension in salt-loaded Dahl-S
rats. Hypertension was induced by feeding the rat an 8% (w/w) NaCl-containing (high salt) diet. Furo or TCM was fed with the
high salt diet at concentrations of 0.085% (w/w) or 0.017% (w/w), respectively. S-BP: systolic blood pressure, Ow— 6w: weeks
after the beginning of salt-loading, Control; control group (fed with the high salt diet), Normal: normal group (fed with the
normal diet). Values are the means=S.E. of 7 or 8 animals. *P <0.0§, bp < 0.01, *P<0.001 (Student’s #-test), when compared

with the control value.
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Fig. 3. Effects of KW-3902 (0.000017% (w/w)}—0.017% (w/w)),
furosemide (Furo, 0.085% (w/w)) and trichlormethiazide (TCM,
0.017% (w/w)) on urine volume and urinary sodium excretion (Na
ex.) in salt-loaded Dahl-S rats. A 24-hr urine sample was collected at
6 weeks following the high salt diet. Values are the means£S.E. of
7 or $animals. *P<0.05, #P<0.01 (Dunnett’s test), **P<0.01,
**¥P<0.001 (Student’s #-test), when compared with the control
value.

Kw-3902

abdominal aorta for determination of plasma INU, Li,
Na and K concentrations.

Urine volume was determined gravimetrically. Li, Na
and K concentrations in plasma and urine were deter-
mined by flame photometry {775-A, Hitachi, Ltd.). INU
concentrations in plasma and urine were determined by
the modified Anthrone method of Davidson and Sackner
(13). Determination of INU, Li, Na and K in blood and
urine, and urinary flow rates permitted the calculation of
INU clearance (C-INU), Li clearance (C-Li), Na clearance
(C-Na) and urinary excretions of Na and K (12).

Statistical analyses

Data are presented as means=S.E. Statistical sig-
nificance was estimated by using the Dunnett’s test, fol-
lowing analysis of variance (ANOVA) or Student’s f-test
for independence,

RESULTS

Effects on the development of hypertension

Throughout the experimental period, each rat had
eaten food in the amount of about 80 g/kg/day. From
the food intake, the daily dose of drug in the 0.017%
(w/w) KW-3902-treated group was calculated to be 1.4
mg/kg/day. The increase in body weight was slightly
inhibited at the first week in the groups of rats fed the
high salt diet. In the control group and the 0.000017%
(w/w) KW-3902-treated group, the body weight scarcely
changed from 4 to 6 weeks following the high salt diet. In
contrast, the increases in body weight were similarly ob-
served in the other groups. Figures 1 and 2 illustrate the
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alterations in systolic blood pressure over the experimen-
tal period in Dahl-S rats. In the control group, blood
pressure increased from the first week following the feed-
ing with the high salt diet. Development of hypertension
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Fig. 4. Effects of KW-3902 (0.000017% (w/w)—0.017% (w/w)),
furosemide (Furo, 0.085% (w/w)) and trichlormethiazide (TCM,
0.017% (w/w)) on the body weight and the wet weights of the heart
and kidney in salt-loaded Dahl-S rats. The body weight (g) and the
wet weight (g) per 100 g body weight were determined at 6 weeks
following the high salt diet. Values are the means+S.E. of 7 or
8 animals. ‘P<0.05 (Dunnett’s test), *P<0.05, **P<0.01,
P <0.001 (Student’s f-test), when compared with the control
value.

was significantly ameliorated in the KW-3902-treated
groups, except for the 0.000017% (w/w) KW-3902-treat-
ed group, as compared with that in the control group
(Fig. 1). In the 0.085% (w/w) Furo- and 0.017% (w/w)
TCM-treated groups, the development of hypertension
was also inhibited significantly (Fig. 2).

Figures 3 to 5 show the results of various measurements
at the end of the experimental period, i.e., at 6 weeks
following the drug treatment. In the control group, urine
volume and Na excretion were higher as compared with
those in the normal group. Urine volume and Na excre-
tion were higher or tended to be higher in the KW-3902
(0.00017% (w/w)—0.017% (w/w))-, Furo- and TCM-
treated groups than those in the control group (Fig. 3).
The weight gain in the control group was attenuated as
compared with that in the normal group (Fig. 4). In the
0.017% (w/w) KW-3902-treated group, the body weight
was slightly but significantly higher than that in the con-
trol group, suggesting a slight amelioration of the sys-
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Fig. 5. Effects of KW-3902 (0.000017% (w/w)—0.017% (w/w)),
furosemide (Furo, 0.085% (w/w)) and trichlormethiazide (TCM,
0.017% (w/w)) on serum concentrations of Na (S-Na) and K (S8-K) in
salt-loaded Dahl-S rats. Blood samples were drawn at 6 weeks fol-
lowing the high salt diet. Values are the means+S.E. of 7 or 8
animals. *P < 0.05 (Dunnett’s test}, *P<0.05 (Student’s /-test), when
compared with the control value.
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Table 1. Effects of KW-3902, furosemide (Furo) and trichlormethiazide (TCM) on serum parameters in salt-loaded Dahl-S rats
GPT GOT TG T-CHO TP ALB CRE UA UN GLU
aqu/m (Iu/1n (mgsdl)  (mgsdD)  (gsdl) (g/dl) (mg/dl)  (mg/dl)  (mg/dl)  (mg/dD)

Control 30.03 85.34 150.40 152.05 6.05 2.90 0.66 1.12 51.54 126.99
+4.80 +12.28  +£53.52  +10.62 +0.17 +0.12 +0.14 +0.17 +21.93  *10.59
KW-3902 32.41 78.67 89.39 157.42 6.28 2.95 0.58 1.15 41.37 119.53
0.000017% +2.92 +4,79 +11.15  *13.03  =0.17 +0.13 +0.03 +0.25 +2.50 +12.93
K'W-3902 27.48 61.51 157.43 134.23 6.94% 3.26 0.56 0.70 35.68 145.94
0.00017% +1.55 +3.56 +26.15  +10.68  +0.08 +0.07 +0.03 +0.13 +1.92 +4.18
KW-3902 29.59 64.08 170.31 118.39 7.05% 3.43# 0.58 0.70 34.59 141.54
0.0017% +1.34 +3.44 +1729  +10.67  +0.07 +0.08 +0.04 +0.12 +1.47 +4.14
KW-3902 28.75 59.20 187.72 133.80 6.97% 3.22 0.57 0.75 35.65 131.63
0.017% +1.50 +1.70 +20.13  *11.00 +0.10 +0.11 +0.02 +0.15 +1.07 +6.09
Furo 29.80 65.39 174.09 142.39 6.95%**  3.24% 0.57 0.86 33.90 141.83
0.085% +3.20 +3.03 +13.48  *+14.42  +0.09 +0.09 +0.04 +0.12 +1.36 +5.05
TCM 26.36 67.06 114.29 116.29%  7.13%%*  3.55%%% (.49 0.74 44,04 143.96
0.017% +1.42 +1.90 +7.64 +3.31 +0.06 +0.05 +0.01 +0.12 +2.34 +6.17
Normal 22.76 63.40 209.37 103.92%%  7.29%**  3.46***  0.53* 0.64 24.44 147.10
+0.94 +3.53 +21.97  *2.40 +0.08 +0.05 +0.02 +0.14 +0.60 +9.15

GPT: glutamic pyruvic transaminase, GOT: glutamic oxalacetic transaminase, TG: triglyceride, T-CHO: total cholesterol, TP: total protein,
ALB: albumin, CRE: creatinine, UA: uric acid, UN: urea nitrogen, GLU: glucose. Serum parameters were determined at 6 weeks following the
high salt diet. Each value represents the mean=S.E. of 7 or 8 animals. #P < 0.01 (Dunnett’s test), *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s

t-test), when compared with the control value.

temic abnormality following the salt loading. Kidney and
heart weights in the control group were greater than those
in the normal group. The cardiac hypertrophy was
ameliorated by all three examined drugs. The kidney
weight in the Furo-treated group was higher, whereas
that in the TCM-treated group were lower than that in
the control group. Figure 5 shows the drug effects on
serum concentrations of Na and K. Serum Na concentra-
tions in the 0.0017% (w/w) KW-3902- and Furo-treated
groups were lower than that in the control group. In the
Furo-treated group, the serum K concentration was also
lower than that in the control group.

Table 1 shows the drug effects on serum parameters at 6
weeks following the drug treatment. In the control group,
serum concentrations of T-CHO and CRE were higher
and concentrations of TP and ALB were lower than those
in the normal group. KW-3902 and TCM tended to
ameliorate the elevation of T-CHO concentration. KW-
3902, Furo and TCM significantly attenuated the
decreases in TP and ALB concentrations. In the control
group, serum concentrations of GPT, UA and UN were
higher, although these changes were not statistically sig-
nificant. KW-3902 and Furo tended to improve the
elevated UN concentration; however, UN concentration
in the TCM-ireated group was slightly higher than that in
the other drug treatment groups.

Effects on the proximal tubule
Figure 6 illustrates the effects of KW-3902 on urine
volume and electrolyte excretions in anesthetized Dahl-S

rats. KW-3902 significantly increased urine volume and
excretions of Na and K as compared with those in the
Dahl-S control group. The increase in Na excretion was
more prominent than that in K excretion. Figure 7 illus-
trates the effects of KW-3902 on various clearance
parameters. In the Dahl-S control group, C-INU and C-
Li were lower or tended to be lower than those in the
Dahl-R group. KW-3902 significantly increased C-Li and
C-Na.

DISCUSSION

The present study demonstrated that the adenosine A;-
receptor antagonist KW-3902 attenuated the salt-induced
hypertension in Dahl-S rats, as was the case with Furo
and TCM. The antihypertensive effect of another adeno-
sine A,-receptor antagonist, FK838, has already been
reported in an abstract (14). Moreover, all the three drugs
inhibited the increase in heart weight, which was observed
in vehicle-treated Dahl-S rats. The attenuation by KW-
3902, Furo and TCM of cardiac hypertrophy seems to be
due to the antihypertensive effect of these drugs.

In the present study, KW-3902 induced diuresis and
natriuresis in Dahl-S rats. This observation is in accord-
ance with the previous one in normal rats (11, 12). Furo
and TCM also induced natriuresis in Dahl-S rats. In fact,
it is reported that one of the mechanisms for salt-induced
hypertension in Dahl-S rats is Na retention (6—8) and that
methyclothiazide, one of the thiazide diuretics, attenuat-
ed the development of hypertension (15). These observa-
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Fig. 6. Effects of KW-3902 (0.1 mg/kg, i.v.) on urine volume, ex-
cretion of sodium (Na ex.) and potassium (K ex.) in anesthetized
Dahl-R and -8 rats. Dahl-R: Dahl salt-resistant rat, Dahl-S: Dahl
salt-sensitive rat. Values are the means=S.E. of 5 animals.
*P <0.05, **P<0.01 (Student’s ¢-test), when compared with the
Dahl-S control value.

tions suggest that the antihypertensive effect of KW-3902
is due to its natriuretic effect, resulting in the attenuated
Na retention.

Na reabsorption at the proximal tubule is reported to
be greater in Dahl-S rats than in Dahl-R rats (9), indi-
cating that the Na retention in Dahl-S rats is at least
partly due to dysfunction of the proximal tubule. We have
previously demonstrated that KW-3902 at the diuretic
and natriuretic dose increases C-Li in anesthetized rats
(12), suggesting that KW-3902 produces a diuretic effect
by inhibiting the reabsorption of water and Na at the
proximal tubule. Also in this study using anesthetized
Dahl-S rats, KW-3902 significantly increased C-Li, which
tended to be depressed as compared with that in Dahl-R
rats. These results suggest that KW-3902 improved the
depressed Na excretion at the proximal tubule, resulting
in the natriuretic effect.

A variety of adenosine A,-receptor antagonists, includ-
ing KW-3902, FK453 and 1,3-dipropyl-8-cyclopentylxan-
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Control
Dahl-S
KW-3902
0.1 mglkg N n n 1
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Dahl-S
Kw-3902 *
0.1 mykg L I I 1
0 20 40 60 80

{(ml/kg/hr)

Dahl-S
Control
Dahl-S

KW-3902
0.1 mg/kg

0 2 4 6 8 10
(mlkg/hr)

Fig. 7. Effects of KW-3902 (0.1 mg/kg, i.v.) on inulin clearance
(C-INU), lithium clearance (C-Li) and sodium clearance (C-Na) in
anesthetized Dahl-R and -S rats. Dahl-R: Dahl salt-resistant rat,
Dahl-S: Dahl salt-sensitive rat. Values are the means=S.E. of 5
animals. *P < 0.05 (Student’s r-test), when compared with the Dahl-
S control.

thine, have been reported to induce diuresis and natri-
uresis (11, 12, 16, 17). Recently, Takeda et al. (18) report-
ed that the adenosine A;-receptor antagonist FK453, prob-
ably via the increased intracellular cAMP, inhibits the
Na*-3HCOQ,~ cotransporter along the proximal tubule,
suggesting that the inhibited Na"-3HCO;  cotransport
may, at least in part, account for the diuretic effect of
FK453. On the other hand, KW-3902 has been shown to
inhibit the Na-dependent phosphate uptake in proximal
tubular cells (19). These observations, as well as the fact
that KW-3902 increased C-Li, indicate that the inhibited
Na reabsorption at the proximal tubule is involved in the
diuretic effect of the adenosine A;-receptor antagonist.
Moreover, KW-3902 at the diuretic dose antagonized the
antidiuretic effect of the adenosine A,-receptor agonist,
(—)-N®-(2-phenylisopropyl) adenosine (20). Taken together,
KW-3902 seems to have inhibited, via the blockade of the



Antihypertensive Effect of KW-3902 395

adenosine A,-receptors, Na reabsorption at the proximal
tubule, leading to natriuresis and, consequently, to the
antihypertensive effect in Dahl-S rats, which are
predisposed to have a dysfunctioned proximal tubule.

It is assumed that patients with essential hypertension
can be divided into “salt-sensitive” and “non-salt-sensi-
tive” hypertensives according to the changes in blood
pressure in response to high-salt intake (21). The factors
determining salt-sensitivity or non-salt-sensitivity are
probably of genetic origin, as is the case with Dahl-S or
Dahl-R rats (3, 4). It is suggested that the environmental
factor of high salt intake interacting with the accessory
gene elevates arterial blood pressure in “salt-sensitive”
hypertension (3, 4). In the present study, KW-3902 at-
tenuated the progression of salt-induced hypertension in
Dahl-S rats. Accordingly, KW-3902, like the conven-
tional antihypertensive diuretics, seems to be useful for
the treatment of “salt-sensitive” hypertension in humans.

Long-term treatment with loop diuretics or thiazide di-
uretics frequently causes abnormalities in blood chemis-
try such as hyponatremia, hypokaremia and hypercholes-
terolemia (22). In this study, Furo, but not KW-3902 or
TCM, caused hypokaremia in Dahl-S rats at 6 weeks fol-
lowing the repeated treatment. The kidney weight was in-
creased following the treatment with Furo, suggesting a
possible nephrotoxicity of Furo in Dahl-S rats. In addi-
tion, serum UN tended to be higher in the TCM-treated
Dahl-S rats. Our previous study examining the effects of
repeated oral administration in normal rats (23) demon-
strated that Furo and TCM, but not KW-3902, decreased
serum concentrations of Na and K and increased serum
concentrations of GPT, GOT, UN and TG. These results
suggest that the side effects of KW-3902 are less common
than those of Furo and TCM in terms of abnormalities in
blood chemistry.

In summary, the present study demonstrates that the
adenosine A,-receptor antagonist KW-3902 attenuates the
salt-induced hypertension and cardiac hypertrophy in
Dahl-S rats, presumably due to the natriuretic effect of
this drug. Additionally, KW-3902 increased C-Li and C-
Na in anesthetized Dahl-S rats. These results suggest that
KW-3902 induces diuresis and natriuresis at least partly
by inhibiting Na reabsorption at the proximal tubule,
resulting in the antihypertensive effect. The adenosine A;-
receptor antagonist may be useful for the treatment of
salt-sensitive hypertension.
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