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Abstract. Recent studies have shown that, not only in hy- 
pertensive animals but even in normotensive rats, dietary 
salt (sodium chloride) produces a dose-related increase in 
the left ventricular and renal mass. In the present study 
the effects of  the angiotensin converting enzyme inhibitor 
(ACEI) enalapril and the thiazide-type diuretic, hydro- 
chlorothiazide, on the development of the salt-induced 
left ventricular and kidney hypertrophy were examined in 
normotensive Wistar-Kyoto and Wistar rats. A high in- 
take of  sodium chloride (6°7o of the dry weight of  the 
chow to mimic the level found in many human food 
items) during eight weeks produced a marked increase in 
the mass of  the left ventricle and the kidneys in both rat 
strains with little or no effect on blood pressure. The car- 
diac hypertrophy correlated strongly with the renal hyper- 
trophy. These salt-induced changes in the heart and in the 
kidneys were completely blocked by hydrochlorothiazide, 
while enalapril was devoid of  any significant effects dur- 
ing the high-salt diet. However, during a low-salt diet 
enalapril, but not hydrochlorothiazide, effectively low- 
ered the blood pressure and decreased the left ventricular 
mass of  the normotensive rats. There was a 3- to 4-fold 
increase in the urinary excretion of  calcium during the 
high intake of  sodium chloride. Hydrochlorothiazide de- 
creased the urinary excretion of calcium even during the 
low salt diet, and it completely blocked the salt-induced 
hypercalciuria. Enalapril had no significant effect on the 
urinary calcium excretion. During the low-salt diet hydro- 
chlorothiazide increased the calcium and decreased the 
potassium concentration in the heart while enalapril in- 
creased the phosphorus concentration. 

In conclusion, a high intake of  sodium chloride pro- 
duced hypertrophy both in the heart and in the kidneys, 
even in the absence of a rise in blood pressure. Salt also 
remarkably increased the urinary calcium excretion. 
These harmful effects of  salt were blocked by the thiazide 
diuretic hydrochlorothiazide but not by the ACEI 
enalapril. However, this study does not allow to make any 

Correspondence to." E. Mervaala at the above address 

direct comparison between the effects of enalapril and 
hydrochlorothiazide. 
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hypertrophy - Renal hypertrophy - Diuretics - ACE- 
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Introduction 

Recent investigations have demonstrated the important 
role of a high intake of  salt (sodium chloride) in arterial 
hypertension (Frost et al. 1991; Law et al. 1991a, b). 
Moreover, sodium chloride is able to induce cardiac hy- 
pertrophy even without elevation in blood pressure in ex- 
perimental animals (Kihara et al. 1985; Yuan and Leenen 
1991; Mervaala et al. 1992), and may be an independent 
risk factor of  left ventricular hypertrophy also in man 
(Schmieder et al. 1988, 1990; du Cailar et al. 1989). A 
high intake of  sodium chloride also dose-dependently in- 
creases the kidney weight, both in the presence and in the 
absence of  a rise in blood pressure (Wilson et al. 1973; 
McGormick et al. 1989). 

A number of  studies have suggested that angiotensin 
converting enzyme inhibitors (ACEIs) may effectively 
prevent cardiac hypertrophy, while the effects of diuretics 
appar to be rather weak (Weaber et al. 1990; Dahl6f et al. 
1992). However, in a recent long-term study a thiazide- 
type diuretic proved to reduce left ventricular hypertro- 
phy even more effectively than other types of  antihyper- 
tensive drugs did (Neaton et al. 1993). The reason for the 
appearently divergent effects in different studies is not 
known. 

Diuretics are known to retain their antihypertensive 
effect in the presence of a high intake of sodium chloride 
(Tobian 1977; Tobian et al. 1979) while the antihyperten- 
sive effect of  ACEIs is remarkably reduced in sodium 
chloride replete states (Waeber et al. 1990, Mervaala et al. 
1994b, 1994d). It was therefore of interest to examine the 
effects of  the thiazide diuretic, hydrochlorothiazide, and 



the ACEI, enalapril, on the salt-induced cardiac hyper- 
trophy. The possible effects of  salt and the drugs on the 
renal mass were also examined in the genetically nor- 
motensive Wistar or Wistar-Kyoto rats. 

Methods 

Animals  and diets. Sixty one male Wistar rats from our breeding and 
forty male Wistar-Kyoto rats (WKY) purchased from MOllegaards 
Breeding Centre, LI. Skensved, Denmark,  were used in the experiments. 
The rats were housed four to five animals in a cage in an animal labora- 
tory (illuminated from 6 .30a .m.  to 6.30p.m.,  room temperature 
22 - 24 ° C). At the beginning of  the study the rats were divided into sub- 
groups to receive different diet and drug regimens for eight weeks (Ta- 
ble i). The high-salt diet was produced by adding 6.0 g of  sodium chlo- 
ride to 94.0g (dry weight) o f  the low-salt standard rat chow (Na + 
0.3%, K + 0.8%, Mg 2+ 0.2%, Ca 2+ 1.1%, P 0.8%, Finnewos Aqua, 
Helsinki, Finland). The rats had free access to tap water and chow dur- 
ing the follow-up time. 

Drugs. Enalapril (enalapril maleate, Merck, Sharp and Dohme 
Research Laboratories, Rahway, N.J.,  USA) was added to the chow 
(350 mg of  the maleate salt per kg of  the dry weight of  the chow) to pro- 
duce an approximate daily dose of 25 mg per kg body weight (Table 1). 
Hydrochlorothiazide (HCTZ) (Orion Oy, Espoo, Finland) was added to 
the chow (1.485 g of  HCT Z  per kg of  dry weight of  the chow) to pro- 
duce an approximate daily dose of  80 mg per kg body weight (Table 1). 

Measurement of  blood pressure. Systolic blood pressure of  the pretrain- 
ed rats was measured using a tail cuff  method  (Blood pressure recorder, 
model no. 8002e, W + W  electronics Inc., Basel, Switzerland) as de- 
scribed in details earlier (Mervaala et al. 1992). 

Urine collections and sample preparations. During the eighth week of  
the experiment the rats were housed individually in metabolic cages. 
Food intake was recorded and urine was collected over a 24-h period. 
After the eight-week experimental period, the rats were anaesthetized 
with sodium pentobarbital (65 m g / k g  i.p.), the carotid artery was can- 
nulated and blood samples were drawn into two chilled tubes on ice us- 
ing EDTA (4.5 mM) and heparin (100 units /ml)  as anticoagulants. The 
hearts were excised, great vessels, atria and the free wall of  the right ven- 
tricle were dissected and the left ventricular mass was measured. The 
left ventricular wet weight-to-body weight ratio was calculated as an in- 
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dex of  left ventricular hypertrophy. The kidneys were washed with ice- 
cold saline and weighed. The weight of  the kidneys-to-body weight ratio 
was calculated as an index of  renal hypertrophy. For determinations of 
the tissue electrolyte concentrations, the left ventricular heart  muscles 
were prepared as described in details elsewhere (Laakso et al. 1991), and 
the red blood cells following the method of  Geven et al. (1990). 

Determination of  electrolyte concentrations. The concentrations of  the 
elements sodium, potassium, phophorus,  magnes ium and calcium in 
heart, urine and red blood cells were determined by using Baird PS-4 
inductively-coupled plasma emission spectrometer (Baird Co, Bedford, 
Mass., USA) as described in details elsewhere (Laakso et al. 1991). For 
magnes ium the intra-assay imprecision was 1.5°70 and the inter-assay 
imprecision was 0.5%. The intra-assay imprecision for the other ele- 
ments was better than  3 % and the inter-assay imprecision was not  more 

: than 5 %. The mean  levels obtained for the NIST (National Institute of  
Standards, Wa., USA) 1577b reference material were with 3.5% of 
NIST certified values. The concentrations of  sodium and potassium in 
plasma were determined employing a standard ion selective electrode 
method employing a Cobas Fara II random access analyzer (E Hoff- 
man-La  Roche, Basel, Switzerland) according to the instructions of  the 
manufacturer.  The concentration of  magnes ium in plasma was deter- 
mined with a spectroscopic method using metallochromic dye, 
Camalgite ~(Sherwood Medical, St. Louis, Mo.,  USA), and the Cobas 
Fara II. The  intra-assay imprecision was 0.2% for sodium, 0.4070 for, po- 
tassium and 3.507o for magnesium,  and the inter-assay imprecision was 
0.5% for sod ium,  0.65% for potassium and 4.5% for magnesium. 

Stat&tical analysis. Statistical analysis was carried out  by one-way anal- 
ysis of  variance (ANOVA) supported by the Tukey's test. Data for multi- 
ple observations over t ime were analyzed by two-way ANOVA with re- 
peated measures for overall t reatment effect, and the Tukey's test was 
used for multiple pairwise comparisons of  treatment groups at different 
times. The area under the curve (AUC) (blood pressure versus time) of  
each individual rat in different treatment groups was also calculated 
mathematically by the methods outlined by Matthews et al. (1990). The 
AUCs were then tested by ANOVA, supported by the Tukey's test. Re- 
gression lines were calculated by the least squares method.  Differences 
between means  that  had P <  0.05 were considered significant. The data 
were analyzed using SAS statistical Software (SAS Institute Inc., Cary, 
N.C.,  USA). The results are expressed as means_+SEM. 

Ethics. The experimental designs of the above mentioned studies were 
approved by the Animal  Experimentation Committee of  the University 
of  Helsinki, Finland. 

Table 1. Experimental protocol of  normotensive Wistar-Kyoto (WKY) and Wistar rats treated either with enalapril or hydrochlorothiazide for eight 
weeks. Systolic blood pressure (BP, mmHg)  and body weight (BW, g) in the different groups at the beginning of  the experiment are given 
(mean _+ SEM) 

Low-salt diet High-salt  diet 

Experiment I: 
Enalapril t reatment  during a low-salt diet 
(8-week-old Wistar rats) 

Experiment II: 
Enalapril t reatment  during a high-salt diet 
(8-week-old Wistar rats) 

Experiment IIL" 
Hydrochlorothiazide (HCTZ) treatment  during a 
Iow-salt and a high-salt diet 
(10-week-old WKY rats) 

Control group Enalapril group 
n = 8  n = 8  
BP 120.8_+2.8 BP 119.0_+2.5 
BW 196.9_+5.3 BW 197.4_+3.3 

Control group 
n = 1 5  
BP 108.6-+2.5 
BW 192.4 -+ 3.4 

Control group 
n =10 
BP 116.5-+3.7 
BW 264.6 _+ 4.6 

HCTZ group 
n =  10 
BP 115.6-+3.7 
BW 261.7 _+ 8.8 

NaC1 group 
n =  15 
BP 108.3_+2.2 
BW 194.2_+ 3.4 

NaC1 group 
n =  10 
BP 115.8_+3.7 
BW 264.3 _+ 5.0 

NaC1 + enalapril group 
n =  15 
BP 107.0_+2.6 
BW 195.0_+4.6 

NaC1 + HCTZ group 
n =  10 
BP 116.0_+3.8 
BW 262.5 _+ 4.7 
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Fig. 1 a, b. Line plots show blood pressure of  Wistar rats during differ- 
ent diet and drug regimens, a Effect of  enalapril t reatment during a low- 
salt diet. Open circles, control group (n = 8); open squares, enalapril 
group (n = 8). Repeated analysis of  variance between-subject effects, 
P = 0 . 0 0 0 6 ;  within=subject effects, P =  0.11; t ime-group interaction, 
P <0.0001. **P<0 .01 ,  ***P <0.001. b Effect of  enalapril during a 
high-salt diet. Open circles, control group on a low-salt diet (C, n = i5); 
solid circles, high-salt group (NaC1, n = 15); solid squares, enalapril 

Treatment period (weeks) 

group on a high-salt diet (NaCI+ENA,  n = 15). Repeated analysis of  
variance between-subjects effects. P =  0.0119; within-subject effects, 
P <0.0001; t ime-group interaction, P = 0.1390. **NaCI+EN A differs 
from C and Nac1, P < 0.01. Overall during the 8-week experimental pe- 
riod, the blood pressure in the NaC1 + ENA group was lower than  in the 
control (P <0.05) and the NaC1 (P <0.01) groups. Symbols indicate 
means  with SEM 

Table 2. Dry weight-to-wet ratio and electrolyte levels of  the left ven- 
tricular heart  tissue of  Wistar rats at the end of  the study. Electrolyte 
levels are expressed as m m o l / k g  of the dry weight of  the heart  tissue. 
C, control group on a low-salt diet (n = 8); ENA,  enalapril group on 
a low-salt diet (n = 8). Means _+ SEM are given 

C E N A  T-test 
(p-value) 

23.2 +0.1 22.6 _+0.2 0.02 Dry weight-to-wet 
weight-ratio (%) 
Sodium 
Potass ium 
Magnes ium 
Phosphorus  
Calcium 

i70.2 _+5.9 174.0 _+2.9 0.57 
336.3 _+6.3 347.6 _+4.5 0.17 

37.9 _+0.2 38.6 _+0.3 0.09 
321.3 _+1.7 328.7 _+2.1 0.01 

3.37 _+ 0.08 3.37 _+ 0.07 0.94 

Results 

Blood pressure, left ventricular hypertrophy 
and renal hypertrophy 

Effects of enalapril treatment during a low-salt diet. 
Enalapril treatment lowered the blood pressure (Fig. 1 a) 
and decreased the left ventricular hypertrophy index 
(Fig. 2a). The dry weight-to-wet weight ratio of the left 
ventricular heart tissue was slightly lowered in the 
enalapril treatment group (Table 2). Enalapril treatment 
increased the renal hypertrophy index (Fig. 3 a). 

Effects of  enalapril treatment during a high-salt diet. The 
high intake of sodium chloride did not elevate the blood 
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Fig. 2 a, b. Bar graphs show left ventricular hypertrophy index expressed 
as left ventricular wet weight (LVWW) -to- body weight ratio, of  Wistar 
rats after eight weeks on the different diet and drug regimens, a Effect 
of  enalapril t reatment during a low-salt diet. C, control group (n = 8); 
ENA, enalapril group (n = 8). *P < 0.05. b Effect of  enalapril during a 
high-salt diet. C, control group on a low-salt diet (n = 15); NaC1, high- 
salt group (n = 15); N a C I + E N A ,  enalapril group on a high-salt diet 
(n = 15). Analysis of  variance P < 0.0001. ***P < 0.001. Symbols indi- 
cate means  with SEM 
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Fig. 3a,  b. Bar graphs show renal hypertrophy index expressed as kidney 
wet weight-do-body weight ratio, of  Wistar rats after eight weeks on the 
different diet and drug regimens, a Effect of  enalapril t reatment during 
a low-salt diet. C, control group (n = 8); ENA, enalapril (n = 8). 
**P<0 .01 .  b Effect of  enalapril during a high-salt diet. C, control 
group on a low-salt diet (n = 15); NaC1, high-salt group (n = 15); 
NaCI+ENA,  enalapril group on a high-salt diet (n = 15). Analysis of  
variance P < 0.0001. ***P < 0.001. Symbols indicate means  with SEM 
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Table 3. Dry weight-to-wet weight ratio and electrolyte levels of  the left ventricular heart  tissue of  Wistar rats at the end of the study. Electrolyte 
levels are expressed as m m o l / k g  of  the dry weight of  the heart  tisse. C, control group on a low-salt diet (n = 15); NaC1, high salt group (n = 15); 
NaC1 + ENA, enalapril group on a high salt diet. Means _+ SEM are given 

C NaC1 NaC1 + ENA A N O V A  Differences between groups 
at P <  0.05 

Dry weight-to-wet 22.9 _+0.3 22.8 _+0.1 22.7 _+0.2 0.62 - 
weight-ratio (%) 
Sodium 178.7 _+5.2 172.1 _+3.0 180.4 -+3.6 0.31 
Potass ium 339.9 _+2.8 341.3 _+1.5 341.0 _+1.4 0.87 - 
Magnes ium 37.5 _+0.2 37.8 -+0.2 37.8 -+0.2 0.39 
Phosphorus  318.5 _+ 1.4 321.5 -+2.2 315.2 _+ 1.2 0.04 N a C I + E N A  vs. NaC1 
Calcium 3.30 _+ 0.06 3.41 _+ 0.07 3.43 _+ 0.04 0.22 

pressure (Fig. I b). Enalapril treatment lowered the blood 
pressure significantly during the high-salt diet at four 
weeks, and overall during the 8-week experimental period 
(Fig. i b). The high intake of sodium chloride produced a 
marked left ventricular hypertrophy which was not signif- 
icantly affected by the enalapril treatment (Fig. 2b). 
There was no difference between the groups in the dry 
weight-to-wet weight ratio of the left ventricular heart tis- 
sue (Table 3). The high intake of sodium chloride pro- 
duced a marked renal hypertrophy (Fig. 3 b) which corre- 
lated strongly with the left ventricnlar hypertrophy 
(r = 0.55, P < 0.0001). Enalapril treatment did not signifi- 
cantly affect the salt-induced renal hypeflr0phy: 

Effects of HCTZ treatment during a low-salt and a hQh- 
salt diet. The blood pressure was slightly higher in the 
high-salt group and also in the HCTZ group on the low- 
salt diet than in the control group (Fig. 4). The high in- 
take of sodium chloride produced a marked left ventricu- 
lar hypertrophy which was completely blocked by the 
HCTZ treatment (Fig. 5 a). The high intake of sodium 
chloride also produced renal hypertrophy (Fig. 5 b) which 
correlated strongly with the left ventricular hypertrophy 
(r = 0.64, P<0.0001). The HCTZ treatment completely 
blocked the salt-induced renal hypertrophy (Fig. 5 b). In 
the dry weight-to-wet weight ratio of the left ventricular 
heart tissue there were no differences between the groups 
(Table 4). 

Metabolic variables and indicators 

Effects of enalapril treatment. During the eighth study 
week of the low-salt experiment there were no differences 

between the groups in the food intake (Table 5). The cal- 
culated average daily dose of enalapril was 21.8 mg/kg 
body weight. At the end of the low-salt experiment the 
enalapril-treated rats weighed less than the control rats 
(body weights: 412+12g in the control group and 
355 _+ 10 g in the enalapril group, P = 0.002). However, no 
signs of compromised well-being of the animals (e. g. in 
appearance, activity, behaviour) were observed by our ex- 
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Fig. 4. Line plots show blood pressure of  Wistar-Kyoto rats during dif- 
ferent diet and drug regimens. Open circles, control group on a low-salt 
diet (n = 10); solid circles, high-salt group (n = 10); open squares, 
hydrochlorothiazide (HCTZ) during a low-salt diet (n = 10); solid 
squares, HCTZ during a high-salt diet (n = 10). Repeated analysis of  
variance between-subjects effects, P =  0.001; within-subject effects, 
P <0.0001; t ime-group interaction, P = 0.0093. At 8 weeks the blood 
pressure in the high sodium chloride group was higher than  in the con- 
trol group (P < 0.05). Overall during the 8-week experimental period the 
blood pressure of  the NaC1 group (P < 0.05) and of  the H C T Z  group 
on a low-salt diet (P < 0.05) was higher than  in the control group. Sym- 
bols indicate means  with SEM 
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Fig. 5. Bar graphs show left ventricular hyper- 
trophy index (a), expressed as left ventricular wet 
weight (LVWW)-to-body weight ratio, and renal 
hypertrophy index (h) expressed as kidney wet 
weight-to-body weight ratio, of  WKY rats after 
eight weeks on the different diet and drug regi- 
mens. C, control group during a low-salt diet 
(n = 10); NaC1, high-salt group (n = 10); HCTZ,  
hydrochlorothiazide during a low-salt diet (n = 10); 
N a C I + H C T Z ,  HCTZ during a high-salt diet 
(n = 10). Left ventricular hypertrophy, analysis of  
variance P < 0.0001. ***P < 0.001. Renal hypertro- 
phy, analysis of  variance P <0.0001. ***P <0.001. 
Symbols indicate means  with SEM 



420 

Table 4. Dry weight-to-wet weight ratio and electrolyte levels of the left ventricular heart tissue of Wistar-Kyoto rats at the end of the study. Elec- 
trolyte levels are expressed as mmol /kg  of the dry weight of the heart tissue. C, control group on a low-salt diet (n = 10); NaC1, high-salt group 
(n = 10); HCTZ, hydrochlorothiazide group an a low-salt diet (n = 10); NaCI + HCTZ, HCTZ group on a high-salt diet. Means -+ SEM are given 

C NaC1 HCTZ NaCI+ HCTZ ANOVA Differences between groups 
at P <0 . 05  

Dry weight-to-wet 23.0 20.1 23.3 _+0.1 23.4 20.1 23.2 20.2  0.29 - 
weight-ratio (%) 
Sodium 156.5 _+3.2 159.0 _+3.3 162.9 23.8 157.5 _+4.8 0.68 - 
Potassium 319.0 _+ 4.5 321.2 2 5.4 307.6 _+ 5.6 327.6_+ 3.9 0.06 HCTZ vs. HCTZ + NaC1 
Magnesium 39.6 _+0.08 39.6 _+0.21 39.0 _+0.17 39.6 _+0.21 0.07 - 
Phosphorus 329.9 _+3.4 324.8 _+2.0 322.8 -+1.7 331.8 -+3.7 0.11 - 
Calcium 3.21 _+ 0.03 3.08 _+ 0.04 3.45 -+ 0.10 3.18 _+ 0.04 0.0003 HCTZ vs. all other groups 

TableS. Twenty-four hour food consumption, urine volume and 
urinary excretion rates of  various mineral elements of Wistar rats after 
eight weeks on a low-salt diet in the absence or in the presence of 
enalapril treatment. C, control group (n = 8); ENA, enalapril group 
(n = 8). Means _+ SEM are given 

C ENA T-test 
(P-value) 

Food intake (g/d) 17.4_+ 1.1 21.9_+ 1.8 0.053 
Urine 

Volume (ml/d) 20.5 _+ 3.6 39.5 _+ 5.3 0.01 
Sodium (retool/d) 1.7_+0.09 1.8_+0.11 0.51 
Potassium (mmol/d) 3.2 _+ 0.06 3.0 _+ 0.2 0.40 
Magnesium (gmol/d) 150 _+ 20 120 _+ 20 0.44 
Phosphorus (mmol/d) 0.56 _+ 0.08 0.23 _+ 0.05 0.003 
Calcium (gmol/d) 36 _+ 8 18 _+ 3 0.07 

perienced experimental animal laboratory staff. There 
were no differences between the groups in the heart sodi- 
um, potassium, magnesium or calcium concentrations 
(Table 2). The enalapril treatment increased the heart 
phosphorus concentration. 

During the eighth study week of the high-salt experi- 
ment there were no differences in the food intake between 
the groups (Table 6). The calculated average daily dose of 
enalapril was 24.8+0.6 mg/kg body weight during the 
high-salt diet. At the end of the high-salt experiment 
there were no significant differences between the groups 
in the body weights (368+11g in the control group, 
351 _+ 11 g in the high-salt group and 351_+9 g in the high- 
salt + enalapril group, ANOVA P = 0.40). There were no 

differences between the groups in the heart sodium, po- 
tassium, magnesium or calcium concentrations (Table 3). 

Effects of  HCTZ treatment. During the eighth study 
week there were no differences between the groups in the 
food intake (Table 7). The calculated average daily dose 
of HCTZ was 78 + 2 mg/kg body weight during the low- 
salt diet and 84+3 mg/kg body weight during the high- 
salt diet (P = 0.061). There were no significant differenc- 
es between the groups in the body weights at the end of 
the experimental period (341 +7 g in the control group, 
317+6 g in the high-salt group, 321_+7 g in the HCTZ 
group and 318_+6g in the high-salt+HCTZ group, 
ANOVA P = 0.051). HCTZ decreased the heart potas- 
sium concentration and increased the heart calcium con- 
centration during the low-salt diet (Table 4). 

Urinary excretion of  water and electrolytes 

Effects of  enalapril treatment. During the low-salt diet 
the enalapril treatment increased the urinary excretion of 
water (Table 5). There were no differences between the 
groups in the urinary excretions of sodium, potassium, 
magnesium or calcium, but the enalapril treatment de- 
creased the urinary output of phosphorus. 

The high-salt groups, both in the presence and in the 
absence of enalapril, had an increased urinary excretion 
of sodium and water (Table 6). The high-salt diet also in- 
creased the urinary excretion of magnesium, phosphorus 
and, particularly, that of calcium (Table 6). The urinary 
excretion of calcium correlated very strongly with the uri- 

Table 6. Twenty-four hour food consumption, urine volume and urinary excretion rates of various mineral elements of  Wistar rats after eight weeks 
on the different diet and drug regimens. C, control g roup  on a low-salt diet (n = 15); NaC1, high-salt group (n = 15); NaC1 + ENA, enalapril group 
on a high-salt diet. Means _+ SEM are given 

C NaC1 NaC1 + ENA ANOVA Differences between groups 
at P <0 . 05  

23.2 _+ 1.0 23. i ± 1.1 23.3 _+ 0.8 0.99 - Food intake (g/d) 
Urine 

Volume (ml/d) 23.4 _+ 3.0 
Sodium (mmol/d) 1.8 _+ 0.2 
Potassium (mmol/d) 2.9_+ 0.2 
Magnesium (gmol/d) 100_+20 
Phosphorus (mmol/d) 1.2_+0.09 
Calcium (p.mol/d) 36 _+ 6 

64.0 _+ 3.5 68.3 _+ 3.8 < 0.0001 C vs. NaC1 and NaC1 + ENA 
17.3 _+ 1.4 18.8 2 1.2 < 0.0001 C vs. NaC1 and NaCI + ENA 
3.6_+0.8 2.7_+0.2 0.41 - 
310 _+ 40 270 _+ 20 < 0.0001 C vs. NaC1 and NaC1 + ENA 
2.3 2 0.3 1.8 _+ 0.09 0.001 C vs. NaC1 
160+ 10 160_+9 <0.0001 C vs. NaC1 and N a C I + E N A  
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nary excretion of sodium (r =0.90, P<0.0001). The 
treatment with enalapril prevented the loss of phosphorus 
but not the loss of calcium or magnesium into the urine 
(Table 6). 

Effects of  HCTZ treatment. The high-salt groups, both in 
the presence and in the absence of HCTZ, had an in- 
creased urinary excretion of sodium and water (Table 7). 
The HCTZ group on the low-salt diet also had an in- 
creased excretion of water. The high intake of sodium 
chloride increased the urinary output of magnesium, 
phosphorus and, particularly, that of calcium. The uri- 
nary excretion of calcium correlated strongly with that of 
sodium (r = 0.64, P<0.0001). HCTZ decreased the uri- 
nary excretion of calcium, both during the low-salt and 
the high-salt diet. The HCTZ treatment also prevented 
the salt-induced increase in the phosphorus output. 

Electrolytes of  the red blood cells 

Effects of  enalapril treatment. During the low-salt diet 
the enalapril treatment had no effect on the sodium, po- 

tassium, magnesium or phosphorus concentrations in the 
red blood cells (data not shown). 

The high intake of sodium chloride decreased the 
magnesium and phosphorus concentrations in the red 
blood cells (Table 8). The treatment with enalapril had no 
effect on the salt-induced decrease in the magnesium con- 
centration, but it prevented the salt-induced decrease in 
the phosphorus concentration (Table 8). There were no 
differences between the groups in the sodium or potassi- 
um concentrations. 

Effects of HCTZ treatment. The salt-induced decrease in 
the magnesium concentration of the red blood cells was 
prevented by the HCTZ treatment (Table 8). During the 
low-salt diet HCTZ increased the magnesium and phos- 
phorus concentrations of the red blood cells (Table 8). 
There were no differences between the groups in the sodi- 
um or potassium concentrations of the red blood cells. 

Effects of  HCTZ treatment on plasma electrolytes. There 
were no differences between the groups in the plasma so- 
dium or potassium levels. The level of magnesium was 

Table 7. Twenty-four hour food consumption, urine volume and urinary rates of various mineral elements of Wistar-Kyoto rats after eight weeks 
on the different diet and drug regimens. C, control group on a low-salt diet (n = 10); NaC1, high-salt group (n = 10); HCTZ, hydrochlorothiazide 
group on a low-salt diet (n = 10); NaC1 + HCTZ, HCTZ group on a high-salt diet. Means_+ SEM are given 

C NaC1 HCTZ NaC1 + HCTZ ANOVA Difference between groups at P < 0.05 

18.8-+0.4 16.3_+0.7 17.1_+0.7 16.1_+0.4 0.013 - 

17.2_+1.8 50.2_+2.9 31.0_+2.5 45.6_+3.2 <0.0001 C vs. all other groups 
HCTZ vs. NaC1 and NaC1 + HCTZ 

1.0_+0.1 14.0_+1.2 1.5_+0.1 12.5_+0:9 <0.0001 C and HCTZ vs. NaC1 and N a C I + H C T Z  

2.3_+0.2 2.2-+0.2 2.3-+0.1 2.2_+0.1 0.97 - 
210_+20 370_+30 130-+30 280_+30 <0.0001 C vs. NaC1 

HCTZ vs. NaC1 and NaC1 + HCTZ 

0.75_+0.06 1.29_+0.08 0.67_+0.06 0.99_+0.05 <0.0001 NaC1 vs. all other groups HCTZ vs. 
NaC1 + HCTZ 

40_+5 130_+10 8_+1 23_+3 <0.0001 NaC1 vs. all other groups HCTZ vs. C 

Food intake (g/d) 
Urine 

Volume (ml/d)  

Sodium (mmol/d)  
Potassium (mmol/d)  
Magnesium (gmol /d)  

Phosphorus (mmol/d)  

Calcium (~tmol/d) 

Table 8. Electrolyte levels in the red blood cells at the end of the study. Values are expressed as mmol/1 red blood cells. Means _+ SEM are given. 
Experiment II: Wistar  rats. C, control group on a low-salt diet (n = 15); NaC1, high-salt group (n = 15); NaC1 + ENA, enalapril  group on a high-salt 
diet (n = 15). Experiment III: Wistar-Kyoto rats. C, control group on a low-salt diet (n = 10); NaC1, high-salt group (n = 10); HCTZ, 
hydrochlorothiazide group on a low-salt diet (n = 10); NaCI+  HCTZ, HCTZ on a high diet (n = 10) 

Experiment H 

C NaC1 NaC1 + ENA ANOVA Difference between groups at P <  0.05 

Sodium 3.8 _+ 0.3 3.7 _+ 0.3 4.1 _+ 0.4 0.76 - 
Potassium 107.4 _+ 0.9 104.2 _+ 0.7 106.1 -+ 1.1 0.07 - 
Magnesium 2.7 +_ 0.04 2.5 _+ 0.02 2.5 _+ 0.03 < 0.0001 C vs. NaC1 and NaC1 + ENA 
Phosphorus 29.6 _+ 0.3 28.0 _+ 0.3 29.2 _+ 0.3 0.004 NaC1 vs. NaC1 + ENA 

Experiment III 

C NaCI HCTZ NaC1 + HCTZ ANOVA Difference between groups at P < 0.05 

Sodium 6.5 _+ 0.9 5.4 _+ 0.6 5.4 _+ 0.4 5.8 _+ 0.5 0.61 - 
Potassium 106.9 _+ 0.9 106.3 _+ 1.1 109.3 +_ 1.7 108.8 _+ 0.9 0.21 - 
Magnesium 2.6+0.03 2.4_+0.04 2.8+_0.05 2,6_+0.03 <0.0001 NaC1 vs. C and HCTZ 

HCTZ vs. C and NaC1 + HCTZ 

Phosphorus 28.2_+0.4 27.2_+0.6 30.3_+0.6 28.6_+0.6 0.002 HCTZ vs. C and NaC1 
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Table 9. The plasma sodium, potass ium and magnes ium levels of  Wistar-Kyoto rats after eight weeks on the different diet and drug regimens. C, 
control group on a low-salt diet (n = 10); NaC1, high-salt group (n = 10); HCTZ,  hydrochlorothiazide group on a low-salt diet (n = 10); 
NaC1 + HCTZ,  H C T Z  group on a high-salt diet. Means -+ SEM are given 

C NaC1 H C T Z  NaCI+  HCTZ A N O V A  Difference between groups at P < 0 . 0 5  

P lasma 
Sodium (mmol /d)  138.3 +0 .6  i39.2 _+1.1 138.0 _+0.5 138.8 _+1.9 0.88 - 
Potass ium (mmol /d)  3.95_+0.1 3.97_+0.12 3.92_+0.06 4.06_+0.12 0.14 - 
Magnes ium (retool/d) 0.77_+0.01 0 .80+0 .02  0.80_+0.03 0.72-+0.02 0.016 N a C I + H C T Z  vs. NaC1 and HCTZ 

slightly decreased in the HCTZ-treated rats during the 
high-salt diet (Table 9). 

Discussion 

Left ventricular hypertrophy commonly develops in hy- 
pertensive animals (Lund and Tomanek 1978; Ohtaka 
1980) and man (Frohlich et al. 1992). The left ventricular 
hypertrophy has been generally attributed to the in- 
creased pressure load of the heart (Frohlich et al. 1992). 
In the present study an increased intake of salt (sodium 
chloride) produced a marked left ventricular hypertrophy 
in the Wistar rats which were completely resistant to the 
hypertensive effect of salt, characteristic of a variety of 
other rat strains (de Wardener 1990a, 1990b; Tobian 
1991). Even though the high-salt diet produced a mild 
rise of blood pressure in the Wistar-Kyoto rats, this effect 
was negligible as compared to the marked increase in the 
left ventricular hypertrophy index. Moreover, Yuan and 
Leenen (1991) reported salt-induced left ventricular hy- 
pertrophy in Wistar-Kyoto rats in the absence of any rise 
of blood pressure. The present findings are therefore in 
agreement with the previous results by ourselves (Mer- 
vaala et al. 1992) and others (Kihara et al. 1985; Friberg 
et al. 1986; Fields et al. 1991; Yuan and Leenen 1991) that 
sodium chloride is able to produce left ventricular hyper- 
trophy by pressure-independent mechanisms. Even in 
man salt may produce left ventricular hypertrophy, not 
only through the salt-induced rise in blood pressure, but 
also through pressure-independent mechanisms (Schmie- 
der et al. 1988, 1990; du Cailar et al. 1989; Martell et al. 
1991). 

In agreement with our previous study (Mervaala et al. 
1992) the dry weight-to-wet weight ratio, and the levels of 
sodium, potassium, magnesium, phosphorus and calci- 
um in the myocardium remained unchanged in the salt- 
induced left ventricular hypertrophy. These findings indi- 
cate that the increase in the left ventricular mass was not 
due to  oedema, i.e. accumulation of salt and water only 
in the cardiac tissue. Previously Kihara et al. (1985) dem- 
onstrated that, in the salt-induced left ventricular hyper- 
trophy, there was a significant increase in the non- 
collagenous protein-to-DNA ratio. The total collagen 
content was increased and the DNA concentration was 
decreased. The findings suggest hypertrophy rather than 
hyperplasia of myocardial cells, with concomitant activa- 
tion of collagen synthesis (Kihara et al. 1985). 

The salt-induced, pressure-independent left ventricu- 
lar hypertrophy appears to be mainly caused by the in- 

creased volume load, as suggested by the elevated atrial 
natriuretic peptide levels (Mervaala et al. 1992) and by the 
increased preload in echocardiographic studies 
(Schmieder et al. 1992). Salt loading may also increase 
the activity of the sympathetic nervous system, and the 
increased adrenergic tone might partly account for the 
salt-induced myorcardial hypertrophy (Meggs et al. 1988; 
Mervaala et al. 1992). However, Yuan and Leenen (1991) 
claimed that a high dietary intake of sodium chloride 
may have a dose-related trophic effect on the left ventric- 
ular mass without associated changes in central hemody- 
namics or sympathetic neuronal activity. 

The high-salt diet also produced renal hypertrophy. 
This finding is in agreement with the observations on 
normotensive and hypertensive rats (Sapirstein et al. 
1950; Vapaatalo et al. 1970; Wilson et al. !973; McGor- 
mick et al. 1989). The development of renal hypertrophy 
might be a defence mechanism against salt and volume 
load in phase of the increased intake of sodium chloride 
and water. McGormick et al. (1989) showed that a high 
intake of sodium chloride elevated the renal hypertrophy 
index, increased the protein and DNA content, and de- 
creased the protein-to-DNA ratio in Dahl salt-sensitive 
rats without any significant effect on the water content of 
the kidney. 

The increased intake of sodium chloride was associat- 
ed with a 3- to 4-fold increase in the urinary excretion of 
calcium. This finding confirms the results of previous 
studies demonstrating a rise of urinary calcium excretion 
with increasing intake of sodium chloride both in man 
and animals (Shortt and Flynn 1990; MacGregor and 
Cappuccio 1993). An important cardiovascular interac- 
tion between sodium chloride and calcium is suggested by 
the finding that calcium supplementation decreased the 
blood pressure of the salt-sensitive spontaneously hyper- 
tensive rats (Wuorela et al. 1992). The salt-induced loss of 
calcium might therefore contribute to the development of 
the pressure-independent left ventricular hypertrophy. 
Our finding also lend further support to the suggestion 
that a high intake of sodium chloride may be a risk factor 
for osteoporosis (Shortt and Flynn 1990; MacGregor and 
Cappuccio 1993). 

In addition to calcium, salt also induced a loss of 
magnesium into the urine. Even though we did not find 
any fall in the myocardial magnesium concentration, a 
net loss of magnesium from the body compartments is 
suggested by the decreased level of magnesium in the red 
blood cells. Adequate magnesium levels both in the plas- 
ma and in the myocardial cells are of crucial importance 
for the maintenance of both the functional and structural 
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integrity of the heart muscle (Seelig 1980; Karppanen 
1990). Therefore the loss of magnesium might also have 
contributed to the development of left ventricular hyper- 
trophy. Such a possibility is suggested by our recent find- 
ing that increased intakes of potassium and magnesium, 
derived from a novel salt alternative, were able to block 
the effects of the high intake of sodium chloride (Mer- 
vaala et ' al. 1992). 

In the present study hydrochlorothiazide very effec- 
tively blocked the salt-induced left ventricular hypertro- 
phy, while enalapril had no significant effect on the left 
ventricular mass during the high-salt diet. An adverse in- 
fluence of dietary sodium chloride on the cardiovascular 
effects of/?-adrenoceptor blocking drugs and angiotensin 
converting enzyme inhibitors in hypertensive animals and 
man has been previously observed (Samizadeh et al. 
1977; Erwteman et al. 1984; Stier et al. 1989; Waeber et 
al. 1990; Tsuda and Masuyama 1991; Mervaala et al. 
1994b, 1994c, 1994d). In the present study the difference 
between the effects of hydrochlorothiazide and enalapril 
on the salt-induced left ventricular hypertrophy may re- 
sult, at least in part, from the use of different normoten- 
sive rat strains in these experiments. Yuan and Leenen 
(1991) detected a difference in the myocardial effects of 
salt between 4- to 8-week-old Wistar and Wistar-Kyoto 
rats, but they reported that the effects of salt were very 
similar in Wistar and Wistar-Kyoto rats with the same age 
as in the present study. The diverse body weights of the 
treatment groups have also an influence on the absolute 
values of the left ventricular wet weight-to-body weight 
and kidney weight-to-body weight ratios. 

In spontaneously hypertensive rats enalapril (Mer- 
vaala et al. 1994b) and ramipril (Mervaala et al. 1994d) 
produced pronounced antihypertensive and cardioprotec- 
tive effects in the presence of a low intake of salt and also 
in the presence of a novel salt alternative in the diet. A 
high intake of common salt blocked the beneficial effects 
of the ACEIs in the hypertensive rats. Even in man the 
antihypertensive effect of ACEIs is markedly reduced in 
salt replete states (Waeber et al. 1990). However, in the 
present study enalapril lowered the blood pressure even 
during the high-salt diet. In fact, in the enalapril-treated 
animals with an increased intake of sodium chloride the 
blood pressure was even lower than in the control rats 
with a low intake of sodium chloride and with normal left 
ventricular mass. This finding lends strong further sup- 
port to the concept that salt is able to produce left ven- 
tricular hypertrophy by pressure-independent mecha- 
nisms. 

The lack of influence of enalapril on the development 
of left ventricular hypertrophy during the high-salt diet 
cannot be attributed to a too low dose of enalapril. Esti- 
mated from the food intake, the average daily dose of 
enalapril was approximately 25 mg per kg body weight 
which is in good accordance with the previous studies in 
which enalapril proved to be effective in the prevention of 
left ventricular hypertrophy and normalization of blood 
pressure (Adams et al. 1990; Childs et al. 1990). In agree- 
ment with a previous study enalapril effectively lowered 
the blood pressure and reduced left ventricular mass of 
normotensive rats during a low-salt diet (Mooser et al. 

1991). Furthermore, during a low-salt diet even the weight 
gain was somewhat attenuated by the enalapril treatment. 
Other groups have also found that ACEIs reduce the 
body weight gain in spontaneously hypertensive rats 
(Adams et al. 1990; Arvola et al. 1993). The explanation 
of this phenomenon remains unclear. 

There is a lot of evidence to suggest that angiotensin 
II is involved in the production of myocardial hypertro- 
phy (Pfeffer et al. 1982; Hall and Karlberg 1986; Clozel 
et al. 1989; Childs et al. 1990; Schunkert et al. 1990; Brilla 
et al. 1991; Lindpaintner and Ganten 1991). Reduction of 
myocardial tissue angiotensin II by chronic treatment 
with an ACEI has been reported (Nagano et al. 1991). 
ACE inhibition also increases the levels of bradykinin 
which appears to give protection against the development 
of cardiovascular hypertrophy (Wiemer et al. 1991). 
However, Leenen and Toal (-1989) have shown that, even 
a moderately increased intake of sodium chloride sup- 
presses the renin-angiotensin system of both normoten- 
sive and hypertensive rats. The salt-induced suppression 
of the renin-angiotensin system could thus explain, at 
least in part, the lack of effect of enalapril on the left ven- 
tricular hypertrophy during the high-salt diet. 

Diuretics are known to retain their antihypertensive 
effect in the presence of a high intake of sodium chloride 
(Tobian 1977; Tobian et al. 1979). The ability of diuretics 
to reduce the body burden of salt and plasma volume 
may explain the very good effect on the salt-induced car- 
diac hypertrophy. This explanation is supported by the 
finding that, in the present study, the diuretic also block- 
ed the salt-induced renal hypertrophy. The good an- 
tihypertensive effect of the dihydropyridine class calcium 
antagonists, even in the presence of a high intake of 
sodium chloride, may also be explained, at least in part, 
by their natriuretic effects (DiBona 1985; Mervaala et al. 
1994a). Hydrochlorothiazide prevented both the salt-in- 
duced left ventricular hypertrophy and hypercalciuria. 
Previous studies have also shown that, unlike some other 
natriuretic agents, the thiazides are able to decrease the 
renal excretion of calcium (Weiner 1990). Therefore, the 
possible involvement of the changes in calcium metabo- 
lism as mediators of the effects of salt and the thiazide 
diuretic deserves further investigation. 

Unlike enalapril, hydrochlorothiazide produced a 
slight rise in blood pressure and did not have any influ- 
ence on the left ventricular mass during the low-salt diet. 
The rise in blood pressure may have been mediated, at 
least in part, by the activation of the renin-angioten- 
sin-aldosterone system (Weiner 1990) and by the thiazide- 
induced calcium retention. Hydrochlorothiazide did not 
change the dry weight-to-wet weight ratio of the left ven- 
tricular heart tissue, but it increased the heart calcium 
and decreased the heart potassium concentrations during 
the low-salt diet. These results are in agreement with the 
findings of Neuvonen (1971) that hydrochlorothiazide 
treatment reduced the heart potassium concentration and 
tended to increase the heart calcium concentration in nor- 
motensive and spontaneously hypertensive rats. A fall in 
the heart potassium concentration in the hydrochlorothi- 
azide-treated rats was observed also by Lim et al. (1966), 
and was thought to be related to the increased frequency 
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of electrocardiographic anomalies in patients given 
thiazides and digitalis. A calcium overload in the heart 
may also predispose to cardiac arrhythmias (Fleckens- 
tein-Grun et al. 1992; Barry and Bridge 1993). Hence, the 
possible involvement of the increased heart calcium con- 
centration in the thiazide-induced cardiac arthythmias 
deserves further investigation. 

In conclusion, a high intake of sodium chloride pro- 
duces hypertrophy in the heart and in the kidneys, even 
in the absence of a rise in blood pressure. Salt also re- 
markable increases the urinary calcium excretion. These 
harmful effects of salt were blocked by the thiazide di- 
uretic hydrochlorothiazide but they were resistant to 
treatment with the ACEI enalapril. However, this study 
does not allow to make any direct comparison between 
the effects of enalapril and hydrochlorothiazide. 
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