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ABSTRACT

Toclarifythe mechanismsforthe antihypertensive action ofcalcium (Ca) supplementation, we studied the effect of dietary Ca
supplementation (4.07% Ca) for 4 weeks on mean arterial pressure (MAP) and renal hemodynamics in 6-week old spontaneously
hypertensive rat (SHR) fed on a high salt (3.15% Na) diet as compared with SHR on normal salt (0.26% Na) diet. Salt loading
acceleratedthedevelopmentofhypertension(214 ± i6vs. 158 t 2mmHg, P<0.01)associated withelevated renal vascularresistance
(RVR) (26.3 ± 2.3 vs. 17.7 t 1.1 U, P<0.01). Ca supplementation markedly suppressed the pressor effect of salt loading (158 i 4 vs.
214 ± 6 mmHg, P<0.01), but did not significantly affect MAP in salt-unloaded SHR (148 1 3 vs. 158 1 2 mmHg, n.s.). Moreover,
the elevated RVR was reversed by dietary Ca supplementation in salt-loaded SH R (17.2 ± 1.8 vs. 26.3 1 2.3 U, P<0.01), whereas
RVR was not changed by dietary Ca in salt-unloaded SHR (16.3 1 1.3 vs. 17.7 ± 1.1 U, n.s. ). As a result, there was a positive
correlation between RVRand MAP(r = 0.6590, n = 30, P<0.001). DietaryNa and/or Ca supplementation did notsignifircantlyaffect
glomerular filtration rate. In conclusion, dietary Ca supplementation attenuated the increased salt sensitivity of blood pressure,
probably through the normalization of the elevated RVR in salt-loaded SH R.

INTRODUCTION al., 1990). Salt loading increased BP in young SHR,
possible model of human essential hypertension, as-

There is a growing body of evidence indicating sociated with increased renal vascular resistance
that dietary Ca supplementation exhibits antihy- (RVR), which is intimately related to sodium (Na)
pertensive effect in humans (McCarron et al., 1982) excretion (Sato et al., 1991). Several investigators
and animals (Ayachi, 1979), but the mechanism for have demonstrated that Ca supplementation
the antihypertensive effect ofCa remains to be deter- decreased BP, associated with natriuresis in
mined. Interestingly, the antihypertensive effect of humans (Saito et at, 1991) and animals (Ayachi,
Ca is more apparent in salt-sensitive hypertensive 1979; Stern etal., 1984;Jirakulsomchok etal., 1990).
humans (Resnick et al., 1986; Saito et at, 1989) and Therefore, to clarify the participation of renal
animal models, e.g. Dahl salt-sensitive rats (Peuler hemodynamic changes in the antihypertensive effect
et al., 1987), DOCA-salt rats (DiPette et al., 1989), of Ca, the effect of dietary Ca supplementation on BP
salt-loaded spontaneously hypertensive rats (SHR) and renal hemodynamics was examined in salt-
(McCarron et al., 1985; Oparil et at, 1990) and loaded young SHR, salt-sensitive hypertensive
angiotensin Il-salt loaded rats (Ando etaL, 1991). In model (Sato et al., 1991).
contrast, dietary Ca supplementation did not affect
blood pressure (HP) in salt-unloaded hypertensive METHODS
animals (Liard, 1981; Resnick et al., 1986; Ando et
al., 1991). It is well known that the impaired renal Male SHR were purchased from Charles River
function for sodium excretion is involved in patients Japan at 5 week of age. All rats were maintained at
with salt-sensitive hypertension (Fujita et al., 1980; constant humidity (60 ± 5%), temperature (23 ± 1'C)
Ando and Fujita, 1985; Lawton et al., 1988; Fujita et and light cycle (0600-1800). Five days after arrival,
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the rats were placed on a sodium chloride and/or catheter was led to a collection beaker. For clearance
calcium carbonate containing diet for 4 weeks. All experiment, urine was collected for two 20-min peri-
the diets were made according to our specifications ods and venous samples (300 pl) were taken at the
by Oriental Yeast, Tokyo, Japan. The control group mid point of the clearance period.
(n = 8) were placed on a normal rat chow (0.26% Na Urine volume was determined gravinetrically.
and 1.17% Ca). The Ca group (n = 7) were placed on Haematocrit was measured in heparinized capillary
a 0.26% Na and 4.07% Ca diet. The Na group (n = 8) tubes. Inulin levels in serum and urine were deter-
were placed on 3.15% Na and 1.17% Ca diet. The Na mined by anthron method (Fuehr et al., 1955). PAH

+ Ca group (n = 7) were placed on a 3.15% Na and levels in serum and urine were determined by p-
4.07% Ca diet. Food and tap water were supplied ad aminobenzaldehyde method (Waugh and Beall.
libitum during the entire period of the study. 1974). Measured values were not corrected for the

After 4 weeks of each regimen, rats were extraction of PAH. Glomerular filtration rate (GFR)
anaesthetized with ether and the femoral artery and and renal plasma flow (RPF) was calculated stand-
vein were cannulated with tip-tapered PE-50 and ard formulas. Effective renal blood flow (ERBF was

PE-20 polyethylene tube, respectively. The venous calculated as RPF/(1-Ht). Renal vascular resisun
and arterial catheters were tunnelled to the back of (RVR) were calculatedas MAP/ERBF. Thevalue
the neck, filled with heparinizedsaline (50 U/ml)and GFR, ERBF and RVR mpresent the means fir
plugged with stainless steel pins. The bladder was clearance periods in each animal.
exposed through a supra pubic incision and was
connected with urinary catheter (PE-160 tube). Then Statistical analysis
the catheter was secured by suturing to adjunct Data are presented as means ± SE. Statistical
muscle, subcutaneous tissue and skin (Sato et al., analyses were performed by use of one way analysis

1991). After removal of ether, rats were placed in a of variance, followed by Tukey method for compari-
Lucite restraining chamber (Natsume, Tokyo, sons among individual means (Wallenstein et al.,
Japan), which permitted forward and backward 1980). Regression analyses were carried out by the
movement, to equilibrate for at least 90 min. After least squares method. A value of P<0.05 was con-

that, an isotonic saline containing 4% inulin and 2% sidered statistically significant.
sodium para-amino-hippurate (PAH) was infused
through the venous catheter at 24.5 for 90 min to
equilibrate before clearance periods begun. Femoral RESULTS
artery pressure was measured as mean arterial
pressure (MAP) in conscious SHR by use of a pres- Body weight was reduced by Ca supplementation
sure transducer (model TP-200T; Nihon Kohden, in either salt-loaded or unloaded SHR. (Control: 275
Tokyo, Japan) connected to thermal artery recorder 1 4 vs. Ca: 238 ± 6 g, P<0.01; Na: 261 1 5 vs. Na + Ca:

(model WS-641G; Nihon Kohden). The urinary 239 ± 4 g, P<0.01). Salt loading did not affect body
weight (Control vs. Na, NS).

As shown in Fig. 1, salt loading significantly
(P<0.01) enhanced the spontaneous increase of MAP

-- 0 in SHR. However, Ca supplementation significantly

00 N. (PC0.01) attenuated the acceleration of MAP rise in

ij. salt-loaded SHR. In contrast, MAP was not signifi-

150 cantly changed by Ca supplementation in salt-un-

loaded SHR. As the result, the slope of the salt
intake-MAP relationship function curve was steeper
in Ca-supplemented SHR than in non-Ca-supple-
mented SHR (Fig. 2).

'~50 As shown in Table 1 and Fig. 3, salt loading
significantly (P<0.01) increased RVR in SHR. Ca

o - supplementation significantly (P<0.01) attenuated
co d `*- the increment in RVR of SHR. However, RVR was

not significantly changed by Ca supplementation in
Fig. . Effect of salt loading (3.15% Na diet) and/or Ca sup- salt-unloaded SHR. There were no significant
plementation (4.07%Ca diet) on mean arterialpressure (MAP)
in young spontaneously hypertensive rats (SHR). Ca: Ca changes in urine volume, GFR, RPF, haeratocrit
supplemented SHR; Na: salt-loaded SHR: NaCa: salt-loaded and ERBF by Na and/or Ca supplementation in
SHR with Ca supplementation. SHR.
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10
DISCUSSION

8
In the present study, salt loading augmented

MAP increase associated with elevated RVR in
young SHR. Ca supplementation attenuated the ac-
celerated MAP increase in salt-loaded SHR, whereasd) 4
it did not affect MAP in salt-unloaded SHR.
Correspondingly, the elevated RVR was reversed by

2 Ca supplementation in salt-loaded SHR, but RVR
was not changed by dietary Ca in salt-unloaded

100 150 200 250 SHR. Thus, it is suggested that changes in RVR may
Mean Arterial Presure (rr ] play an important role in both increased salt sensi-

tivity of young SHR and antihypertensive effect of
Fig. 2. Effect of Ca supplementation on relationship between dietary Ca supplementation.
MAPand saltintake in young SHR. Data areplotted as mean Although Ca supplementation reduced bodyI SE for MAP ofrats in each group. Slope ofthis relationship
represents salt sensitivity of BP. Ca supplementation amel- weight in young SHR, the antihypertensive effect of
iorated the decreased slope of renal function curve of young dietary Ca may not be through body weight loss: less
SHR. weight gain induced by Ca supplementation was

observed not only in salt-loaded SHR, in which di-
etary Ca lowered MAP, but also in salt-unloaded

lo P<foIs P<O- SHR, in which it did not. In the previous reports, Ca
supplementation decreased BP without body weight

25 loss in 18-week old SHR (Ayachi, 1979). but hardly
Nts, decreased BP with apparent body weight loss in

D 6-week old SHR (Saito et at, 1989). Moreover, less
20 weight gain during high Ca diet occurred without

- reduced food intake in Dahl salt sensitive rats

5 U(Peuler et al., 1987) or in SHR (Stern et al., 1984).
-- __ Thus the antihypertensive effect of Ca supplementa-

tion in young SHR may be independent of weight
1ot loss.Coto Thsah atiNarenieeNea+Caupezen

Control C. Na No+Ca The accelerated MAP increase in salt-loaded SHR

Fig. 3. Effect of salt loading (3.15% Na diet) and/or Ca sup- was associated with the increased RVR and there

plementation (4.07% Ca diet) on renal vascular resistance was a positive correlation between RVR and MAP
(RVR) in young SHR. Ca: Ca supplemented SHR; Na: salt- (Fig. 4). This result is consistent with previous stu-
loaded SHR; Na+Ca: salt-loaded SHR with Ca supplementation, dies in humans and animals. For example, salt load-

TABLE 1

Effects of dietary Ca supplementation on renal function in conscious SHR with and without salt loading

Group Control Ca Na Na+Ca

n 8 7 8 7

Urine volume (,i lming kidney wt) 32.8±3.1 41.4t4.2 40.2t5.8 37.1±6.3
Glomerular filtration rate (mlmin-g kidney wt) 1.30t0.16 1.49±0.07 1.38i0.17 1.45±0.09
Renal plasma flow (ml/min-g kidney wt) 4.83,0.32 5.29,0.50 4.3310.36 5.430.43
Effective renal blood flow (mVmin-g kidney wt) 9.23±0.55 9.54±0.85 8.56,0.66 9.8110.99
Renal vascular resistance (units) 17.7r1.1 16.311.3 26.32.3' 17.2*1.8'

Values are means ± SE. Ca: Ca-supplemented SHR; Na: salt-loaded SHR; Na+Ca: salt-loaded SHR with Ca supplementation; U:
units of mmHg-ml-min-g kidney wt.
*P<0 01, compared with Control group."P<0.01 compared with Na group.
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250 tion has been reported to increase Na excretion (Ay-
achi, 1979; Stern et al., 1984; Jirakulsomchok et al.,
1990). Then renal Na handling may be important in
depressor effect of Ca supplementation. In the pre-

1 200 /sent study, Ca supplementation significantly
decreased RVR without changes in GFR in salt-
loaded SHR, a possible model of human hyperten-
sion (Fig. 3), which, may result in normalization of

-o the relationship between MAP and Na intake (Fig.
150 2). Similarly, in DOCA-saltrats, the increase in RVR

-* . . was selectively attenuated by dietary Ca supplemen-
tation (DiPette et al., 1989). Because RVR may be
intimately related to Na excretion (Hall et al., 1980;
Bohr and Webb, 1984), Ca supplementation may
promote Na excretion through the normalization of

increased RVR in salt-loaded young SH R.
10 15 20 25 30 35 40 The previous studies suggest that Na excretion

R Units) are mediated by the sympathetic nervous system via
both arterial vasoconstriction and alterations in

Fig. 4. Relationship between RVR and MAP in Na and/or tubular reabsorption (Schrier, 1974; Dibona, 1977;
Ca-loaded SHR. MAP was significantly correlated with RVR Pronsnitz and Dibona, 1978). The precise mecha-
in all rats (r = 0.659, n = 30, P<0.001). Hollow circles: control
rats; filled circles: Ca supplemented SHR: hollow triangles : no, bywhich Ca supplementation normaliedsalt-
salt-loaded SHR; solid triangles: salt-loaded SHR with Ca induced renal vasoconstriction, is unknown, but an-
supplementation. tihypertensive action of dietary Ca has been

reported to be linked to alteration in thesympathetic
nerve activity. High Ca diet augmented baroreceptor

ing caused an exaggerated renal vasoconstriction reflex of renal sympathetic nerve activity in Dahl-
and antinatriuretic response to standing in young salt rats (Peuler et al., 1987). The presser responses
patients with essential hypertension (Lawton et al., to electrical shock stress was attenuated by dietary
1988). In our recent study, salt-sensitive hyperten- Ca in salt-loaded SHR (Hatton et al., 1987). Dietary
sive patients had increased BP associated with Ca supplementation normalized the increased
greater increase in RVR during high sodium diet plasma norepinephrine (NE) and the altered NE
than non-salt-sensitive patients (Fujita et al., 1990). turnover in the hypothalamus in salt-loaded SHR,
In addition, the basal value of RVR was positively but did not affect in salt-unloaded SHR (Oparil etal.,
correlatedwithchangeinBPwithsatloading(Ando 1990). In our recent study, Ca supplementation
and Fujita, 1985). Similarly, salt loading caused in- decreased BP associated attenuation of the increase
creased vascular resistance in the kidney in dogs of plasma catecholamine in salt-loaded rats with
with renal mass reduction (Liard, 1981) and in rats angiotensin II administration, but did not affect in
with DOCA-salt hypertension (Yates and Hiley, salt-unloaded rats with angiotensin II (Ando et al.,
1979). Increase in RVR has been reported to enhance 1991). Because sympathetic activity affects renal
Na reabsorption in peritubular capillaries through vasculature, Ca supplementation may decrease RVR
increased plasma oncotic pressure and decreased possibly through normalization of enhanced sympa-
hydrostatic pressure (Brown et al., 1974: Hall et al., thetic nerve activity in salt-loaded SHR.
1980). Thus, changes in RVR may be intimately There are some other possible mechanisms that
related to salt sensitive hypertension through Na might account for the decreased RVR by Ca sup-
excretion. plementation. First, the directeffect of Ca on vascu-

Dietary Ca effectively prevented the accelerated lar smooth muscle cells has been proposed. Ca ion
MAP increase induced by high salt diet in SH R, but inhibited Ca influx into the cells (Hurwitz et al.,
it did not affect spontaneous development of hyper- 1982). Dietary Ca and la,25-dihydroxyvitamine D3
tension (Fig. 1). These findings are consisted with (1,25(OH)2 D3) induced high-affinity Ca binding pro-
the previous reports that antihypertensive effect of tein, which was decreased before the development of
Ca supplementation was shown exclusively in salt- high blood pressure in the cell membrane of several
loaded hypertensive humans and animals (McCar- tissues of SHR (Kowaraki et al., 1986). Ca sup-
ron et al., 1985; Resnick et al., 1986; Saito et al., plementation might exhibit the membrane-stabiliz-
1989; Oparil et al., 1990). Dietary Ca supplementa- ing effect, reversed membrane permeability and re-
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duced conductance of ions, resulting in decreased function and its changes in hypertension. Am. J. Med., 77:
vascular contractility (Bohr and Webb, 1984). Thus, 3-16.
Ca supplementation might directly dilate the vascu- Brown, J.J., Lever, A.F. and Robertson, J..S., 1974. Renal

latureofseveraltissuesofhypertension. Thecon t abnormalityofessential hypertension. Lanet, ii:320-322.
a cept Bukoski, RD., Xue, H., DeWan, P. and McCarron, D.A, 1988.

might not clearly explain specific vasodilator effect Calcitotropic hormones and vascular calcium metabolism
of Ca loading on renal vasculature because it has not in experimental hypertension. In- W. Halpern et a. (Edi-
been demonstrated that the direct vascular action of tors), Second Int. Symp. Resistance Arteries, Ithaca, New
Ca is greater in kidney than in the other organs. York, Perinatology Press, pp. 320-328.
Second, prostaglandins may be involved in the va- Dibona, G.F., 1977. Neurogenic regulation of renal tubular

sodilating effect on renal vasculature of dietary Ca. sodium reabsorption. Am. J. Physiol., 233: F73-F81.
Csoilatgefectaton renlrvaseature poduie y C. DiPette, D.J., Greilich, P.E., Kerr, N.E., Graham, G.A. and
Ca supplementation increased the production of Holland, O.B., 1989. Systemic and regional hemodynamic
prostacyclin, which may cause renal vasodilation, in effects of dietary calcium supplementation in mineraiocor-
vascular tissue in young SHR (Shuler et a] , 1988). ticoid hypertension. Hypertension, 13: 77-82.
However, Urinary 6-keto-PGF la was increased by Fuehr, J., Kaczmaeczyk, J. and Kruettgen, C.D., 1955. Eine
intrarenal Ca infusion without renal hemodynanmic einfache colorimetrishe Methode zur Inulinbestimmung
alterations (Laheraetal.,1990).Theparticipationof fuer Nieren-Clearance-Untersuchungen bei Stoff-
ptrt dins onerenal, hemodyTheatic i th e iwechselgesunden und Diabetikern. Klin. Wochshr., 33:
Prostaglandins on renal hemodynamic in the anti- 729-730.
hypertensive effect ofdietary Ca remains to be deter- Fujita, T., Henry. W.L., Barter, F.C., Lake, C.R. and Delea,
mined. Third, Ca-regulating hormone might be the C.S., 1980.Factors influencing bloodpressureinsalt-sensi-
other candidate. It has been demonstrated that par- tive patients with hypertension. Am. J. Med., 69:334-344.
athyroid hormone (PTH) (Bukoski eta)., 1988) and FujitaT.,Ando,k.andOgata,E,1990.Systemicandregional

1,25(OH) 2 Da (Baran and Milne, 1986) may have a hemodynamics in patients with salt-sensitive hyperten-
sion. Hypertension, 16: 235-244.direct effect on calcium regulation in vascular Hall, J.E., Manning, R.D. and Jackson, T.E., 1980. Renal

smooth muscle. PTH has a vasodilating effect (Pang hemodynamic and excretory disorders that cause hyper-
et al., 1982), but was decreased with Ca loading so it tension, hypotension and renal insufficiency. In: A.C. Guy-
hardly contribute to renal vasodilating effect. In con- ton (Editor), Circulatory Physiology; Arterial Pressure and
trast, 1,25(OH)2 Da, which cause vasoconstriction, Hypertension, WB Saunders Company, Philadelphia, pp.
was decreased with Ca loading (Resnick et al., 1986). 422-437.

Ti- Hatton, D.C., Huie, P.E., Muntzel, M.S., Mets, JA. and
Then, 1,25(OH) 2 D might participate in vasodilat- McCarron, DA., 1987. Stress-induced blood pressure re-
ing effect of Ca in renal vasculature, but the further sponse in SHR: effect of dietary calcium. Am. J. Physiol.,
study should be required. 252: R48-R54.

Hurwitz, L. McGuffee, L.J., Smith, P.M. and Little, SA.,
CONCLUSIONS 1982. Specific inhibition of calcium channels by calcium

ions in smooth muscle. J. Pharmacol. Exp. Ther., 220:
382-388.Dietary Ca supplementation attenuated salt-in- Jirakulsomchok, S., Mozaffari, M.S., Oparil, S. and Wyss,

duced hypertension and elevation of RVR in young J.M.. 1990. Dietary Ca2 increases natriuretic and diuretic
SHR. These findings suggests the normalization of responses to volume loading in NaCI-sensitive spon-
the elevated RVR may play an important in the taneously hypertensive rats. J. Hypertens.,8:947-951.
antihypertensive effect of Ca supplementation in Kowarski,S.,Cowen.,L.A. andSchachter, D.,1986. Decreased
salt-loaded young SHR. content of integral membrane calcium-binding protein

(IMCAL) in tissues of the spontaneously hypertensive rat.
Proc. Natil. Acad. Sci. USA, 83:1097-1100.
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