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Abstract

Objectives: We investigated an influence of salt intake during gestation or lactation in salt prefe-
rence of weaning Dahl salt sensitive (Dahl S) strain. Material and Methods: Nine-week-old female
Dahl S rats, after mated with the male, were divided into 1) high-salt group fed a 4% NaCl diet
(high-salt mother) or 2) low-salt group fed a 0.3% NaCl diet (low-salt mother) during gestation or
lactation periods. Using 0.4%, 0.6% and 0.8% (w/v) saline solutions, we assessed salt preference
in their offspring after weaning. Systolic blood pressure (SBP) was determined by tail cuff method.
Results: Both the male and female offspring from low-salt mothers during gestation consumed
equal amounts of any saline solution. However, the amount of each saline solution was higher in
the offspring of low-salt mothers than those of high-salt mothers. This resulted in a significant in-
crease of salt intake in both the male and female offspring of low-salt mothers compared with those
of high-salt mothers. In contrast, both the male and female offspring from low-mothers during lacta-
tion rather preferred the lower concentration of saline solution, and this resulted in less salt in-
take in the offspring of low-salt mothers than those of high-salt mothers. Conclusions: We demon-
strated that low salt diet in pregnant mothers increased salt intake of their offspring. The offspring
of mothers fed a low salt diet during lactation had less salt than those of high-salt mothers. The in-
fluence of salt intake of mothers in their offspring varies along with the growth stage of their babies.
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1. Introduction
In Japan, more than 35 million people have suffered from hypertension and approximately 50% of them are be-
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lieved to be salt-sensitive. Since hypertension is the leading risk factor for various organ damages, in order to
prevent the onset of hypertension, salt restriction has been campaigned over decades. However, unfortunately,
the role of salt intake for health has not fully discussed depending on their life-stage.

Over several decades much effort has been made to disclose the mechanism of hypertension in human. Vari-
ous cardiovascular regulation systems, i.e. renin-angiotensin-aldosterone system, endothelium-dependent vaso-
dilators, adrenergic nervous system or gene-mediated mechanisms, have been investigated. Among them, the
theme, salt and hypertension, has been interested so much for a long time.

Interestingly, recent studies have highlighted the role of life-style of mothers during gestation in the develop-
ment of hypertension and metabolism-related diseases in adulthood. In fact, some investigators have reported
that premature babies likely increase risk of hypertension and cardiovascular diseases in adulthood [1]-[3]. More-
over, a very low birth is associated with higher indexes of insulin resistance and glucose intolerance as well as
hypertension [4] [5]. Salt intake of mothers is linked to blood pressure elevation or cardiovascular modeling in
adulthood [6]-[8]. Crystal and Bernstein reported that mother’s morning sickness and a decrease in body fluid
may responsible for infant salt preference [9]. These studies strongly suggested that the food behavior or diseases
in adulthood might be programmed during growth in mother’s uterus.

However, the knowledge is not enough about the implications of food behavior of mothers during gestation or
lactation in food preference and related diseases of their offspring. In this sense, studies on this field are very in-
teresting to understand the development of salt preference and salt-related diseases in their youth or adulthood.
If the hypothesis that salt preference is programmed during gestation or lactation of mothers is true, we may ob-
tain a new strategy to prevent elevation of blood pressure and related diseases. In the present study, we at-
tempted to reveal whether or how salt intake of mothers during gestation or lactation affects salt preference of
their offspring.

2. Materials and Methods
2.1. Design of Experiment

2.1.1. (EXP-1) Salt Preference of Baby Rats from Mothers Fed Low or High Salt Diet during Gestation
We purchased 4-week-old male and female Dahl salt-sensitive (Dahl S/lwai) rats from Sankyo Laboratories,
Inc., Tokyo, Japan. The Dahl S rats were fed a regular chow (0.75% NaCl diet) (CEL Rodent Diet CE-7, CLEA
Japan, Inc., Tokyo, Japan) and at 8 weeks old the Dahl rats were mated for 1 week. The female rats mated were
separated to each cage, and divided randomly into 2 groups as follows: 1) 4 Dahl S rats fed a low-salt (0.3%
NaCl) diet (F2Dahl-0.3%, Oriental Yeast Co., Ltd., Tokyo, Japan) (0.3% DS) and 2) 4 Dahl S rats fed a high-
salt (4% NaCl) diet (F2Dahl-4%, Oriental Yeast) (4% DS) (Figure 1). Water was available ad libitum.

Three weeks after the matching, the mothers began to produce infants. The mothers were fed the regular diet
during lactation. The weaning baby rats were put on the regular chow until and during the salt preference test.
During the salt preference test, water was changed to three different concentrations of saline solutions.

2.1.2. (EXP-2) Salt Preference of Baby Rats from Mothers Fed Low or High Salt Diet during Lactation
We investigated an influence of salt intake of mothers during lactation in the salt preference of their weaning
baby rats (Figure 1). Briefly, Dahl S rats were fed the regular chow during the mating and subsequent gestation.
Immediately after babies were born, the mothers were divided randomly into two groups: 1) 4 mothers fed the
low-salt diet and 2) 4 mothers fed the high salt diet during lactation. After weaning the baby rats were put on
the regular chow and the salt preference was determined for 4 days as described. Water was available ad libi-
tum.

2.2. Assessment of a Salt Preference

To determine the salt preference, we measured amounts of different concentrations of saline solutions consumed
during 4-day test period. The rats to be tested had free access to any concentration of saline solutions. The posi-
tion of bottles in a cage was randomly changed every day. The amounts of saline solutions consumed were
measured every day for 4 days. From the amounts of saline solutions consumed, we calculated the salt intake per
day in each rat.

We preliminarily examined salt intake of 7-week-old male Dahl S rats fed the regular chow on consecutive two
days. On Day-1 0.4% saline solution was preferred and on Day-2 there were no differences among the different
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Figure 1. Protocol of salt preference test. This graph represents design of the study on salt preference of offspring of low-
and high-salt mothers during gestation (EXP-1)) and during lactation (EXP-2)). Two weeks after weaning, the salt preference

test was done. DS, Dahl salt sensitive rats.

concentrations of saline solution (Figure 2). In the present study, we utilized 0.4%, 0.6% and 0.8% (w/v) saline
solutions for the preference test mainly because this combination seemed sensitive to detect changes of saline
solutions consumed. In addition, we attempted to minimize day-by-day variation by testing the preference for

consecutive 4 days.

2.3. Blood Pressure Determination

Systolic blood pressure was determined by the tail-cuff method according to Friedman and Freed [10].

2.4. Statistical Analysis

All statistical analyses were performed using STATISTICA software (StatSoft, Tulsa, OK). Values were ex-
pressed as means = SD. Differences were assessed by one-way factorial analysis of variance (ANOVA) fol-
lowed by post-hoc least significant difference (LSD) test. P-values less than 0.05 were considered statistically sig-

nificant.

2.5. Guidelines for Handling Rats for Experiments

We followed the guidelines for experimental animal handling, and our study was approved by the Animal Care
Committee of the Kyoritsu Women’s University. The experiment was conducted in accordance with the National

Institutes of Health (NIH) guidelines.

3. Results

3.1. (EXP-1) Salt Preference of Baby Rats from Mothers of Different Salt Intake during
Gestation

The basal data of the weaning rats before the test were shown in Table 1. In both the male and female baby rats,
the body weight was less in the offspring from low-salt mothers than those from high-salt mothers during
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Figure 2. Preliminary study to determine the concentrations of saline solutions for test. To

determine the concentrations of saline solutions to be used for salt preference test, we preli-

minarily examined amounts of saline solutions consumed per day using five 7-week-old Dahl

S rats fed the regular chow. On Day-1, the rats consumed greater amounts of 0.4% saline so-

lution than plain water. On Day-2 there was no group difference among 0.4%, 0.6% and 0.8%

saline solutions. “p < 0.05 vs plain water (0% saline solution). ns represents statistically not
significant.

Table 1. Body weight and systolic blood pressure of the baby rats.

Experiment Gender of babies Salt-intake of mothers BW (grams) SBP (mmHg)
Low-salt 103+ 3" 137+ 12
Male
High-salt 11317 143+8
Gestation .
Low-salt 100+ 4 1378
Female
High-salt 112+8 136+ 9
Male Low-salt 106 £ 10 132+5
High-salt 1017 131+9
Lactation
Female Low-salt 96 + 10 1408
High-salt 90+9 1307

The values are expressed as means + SD. “p < 0.001 vs. high-salt mothers; BW, body weight; SBP, systolic blood pressure.

gestation. In systolic blood pressure, there were no differences between the offspring from low-salt and high-salt
mothers.

The salt preference in the male Dahl S rats from low-salt and high-salt mothers during gestation was demon-
strated in Figure 3(a). The male baby rats from low-salt and high-salt mothers consumed almost equally any
concentration of saline solutions. However, the amounts of saline solutions consumed for 4 days were greater in
the male offspring of low-salt mothers than those of high-salt mothers. When we estimated the cumulative
amounts of salt intake during the 4-day test period, the salt intake was much greater in the offspring of low-salt
mothers than those of high-salt mothers (Figure 3(b)).
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Figure 3. Amounts of saline solutions in the male baby rats from low-and
high-salt mothers during gestation. Salt preference of male baby Dahl S rats
from low-salt (left 3 columns, n = 8) and high-salt mothers (right 3 columns, n
= 10) during gestation (Figure 3(a)). Open bar, 0.4% saline solution; shaded
bar, 0.6% saline solution; and solid bar, 0.8% saline solution. Cumulative salt
intake for the 4-day salt preference test was presented in Figure 3(b). “p <
0.005 vs the respective values of low-salt mothers.

Similarly, we demonstrated the salt preference in the female offspring of low-salt and high-salt mothers dur-
ing gestation (Figure 4(a)). The female baby rats from low-salt and high-salt mothers consumed almost equally
any concentration of saline solutions. However, the amounts of saline solutions consumed for 4 days were
greater in the offspring of low-salt than those of high-salt mothers. Moreover, the amounts of salt intake during
the 4-day test period were much greater in the offspring of low-salt mothers than those of high-salt mothers
(Figure 4(b)).

In the present study, the values were standardized by 100 grams of body weight. Even when we analyzed the
data expressed as per rat, however, we obtained the same results as those obtained from the standardized data.
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Figure 4. Amounts of saline solutions and salt intake in the female offspring
from low-and high-salt mothers during gestation. Salt preference of female
baby Dahl S rats from low-salt (left 3 columns, n = 6) and high-salt mothers
(right 3 columns, n = 6) during gestation (Figure 4(a)). Open bar, 0.4% saline
solution; shaded bar, 0.6% saline solution; and solid bar, 0.8% saline solution.
Cumulative salt intake for the 4-day salt preference test was presented in
Figure 4(b). "p < 0.05, “p < 0.005 vs the respective values of low-salt moth-

ers.

3.2. (EXP-2) Salt Preference of Baby Rats from Mothers of Different Salt Intake during
Lactation

The basal data of the weaning rats were shown in Table 1. In both the male and female baby rats, there were no
differences in the body weight between the offspring of low-salt and those of high-salt mothers during lactation.
Systolic blood pressure did not differ between the male and female offspring of low and high salt mothers.

The male baby rats from low-salt and high-salt mothers during lactation consumed almost equally any con-
centration of saline solutions. Interestingly, however, there were no differences in the amounts of 0.4% and 0.6%
saline solutions between the offspring of low-salt and high-salt mothers. Moreover, the babies of high-salt
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mothers during lactation consumed greater amounts of 0.8% saline solutions than the offspring of low-salt
mothers (Figure 5(a)). Thus, the amounts of salt intake were greater in the offspring of high-salt mothers than
those of low-salt mothers (Figure 5(b)).

The salt preference in the female baby rats from low and high salt mothers during lactation was demonstrated
in Figure 6(a). The female offspring of low-salt mothers preferred the lower concentrations of saline solutions
as indicated by the left three columns, and consumed less 0.6% saline solutions than the offspring of high-salt
mothers. Such a trend of salt preference caused a significant increase in salt intake in the offspring of high-salt
mothers compared with those of low-salt mothers during lactation (Figure 6(b)).
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Figure 5. Amounts of saline solutions and salt intake in the male offspring
from low-and high-salt mothers during lactation. Salt preference of male baby
Dahl S rats from low-salt (left 3 columns, n = 6) and high-salt mothers during
lactation (right 3 columns, n = 6) (Figure 5(a)). Open bar, 0.4% saline solu-
tion; shaded bar, 0.6% saline solution; and solid bar, 0.8% saline solution. Cu-
mulative salt intake for the 4-day salt preference test was presented in Figure
5(b). ™p < 0.005 vs the value of low-salt mothers.
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4. Discussion
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Figure 6. Amounts of saline solutions and salt intake in the female offspring
from low-and high-salt mothers during lactation. Salt preference of female
baby Dahl S rats from low-salt (left 3 columns, n = 6) and high-salt mothers
during lactation (right 3 columns, n = 6) (Figure 6(a)). Open bar, 0.4% saline

solution; shaded bar, 0.6% saline solution; and solid bar, 0.8% saline solution.

Cumulative salt intake for the 4-day salt preference test was presented in
Figure 6(b). “p < 0.05, “p < 0.005 vs the values in low-salt mothers. ép <
0.05 vs 0.4% saline solution of low-salt mothers.

In the present study, we clearly demonstrated that salt appetite of baby rats was influenced by salt intake of their
mothers during gestation and lactation periods. To our surprise, low salt intake in pregnant mothers was asso-
ciated with an increase of salt intake of their offspring. This was quite different from the influence of high salt
diet during lactation. In that case, the baby rats of high-salt mother consumed more salt than those from low-salt
mothers. This was seemingly in accordance with our previous data that a high salt diet immediately after wean-
ing was associated with high salt intake in subsequent weeks (unpublished data). Thus, it was suggested that the
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influence of salt intake of mothers in salt preference of their offspring differed depending on the growth stage
when they were subject to salt stress. Low salt circumstance seemed critical for intrauterine fetuses to increase
their salt appetite after birth.

It is not clear the reason why salt intake increased in the offspring of low-salt mothers during gestation. The
baby rats from low and high salt mothers consumed almost equally any concentration of saline solutions. This
suggested the increased salt intake was not due to a change of salty taste, but due to a change of salt appetite.
Saline solutions increase osmolality of circulating blood, and this would enhance behavior of water-drinking.
The baby rats of low-salt mothers conceivably have dysfunction of osmolality homeostasis. In fact, it is well
known that angiotensin Il (ATII) in the central nervous system enhances water appetite [11]-[13]. Moreover, we
have reported that angiotensinogen gene polymorphism (rs 699) is associated with changes of food behavior in
young, non-obese female subjects [14]. Based these data, alteration of RAS presumably mediates salt preference
in the baby rats from low-salt mothers during gestation. The intrauterine growth state is very critical to program
food preference responsible for metabolic alterations in adulthood. The programming seemed quite interesting;
however, we could not address its gene-mediated mechanisms at this particular time. We need to design addi-
tional studiers including investigation of various humoral factors.

In this context, some investigators from other laboratories reported the relationship between low salt intake of
mothers and metabolic diseases of their offspring in adulthood. In 1990, Crystal et al. demonstrated that morn-
ing sickness and salt-loss of mothers was associated with infant salt preference [15]-[18]. Salt preference in
adulthood might be predicted by salt-loss in infant [19]. More interestingly, salt-restriction is associated with
insulin resistance and dyslipidemia in adult Wistar rats [4] [5] [20] [21]. Our data, being in accordance with
these studies, demonstrated the importance of intrauterine circumstance in salt preference in infants after weaning.

We also demonstrated that high salt diet during lactation was associated with an increase in salt intake of their
offspring. In our preliminary study we found that Dahl S rats fed a high salt diet immediately after weaning ex-
hibited salt preference thereafter (unpublished data). The mechanism and its implications remained to be eluci-
dated. Such salt preference may be related to a change of salty taste, and this is in accordance with the hypothesis
that the taste is formed in very early growth stage.

In the present study, the baby rats were fed the regular chow for the test period. We did not determine the
amounts of diet consumed during the test period. In our previous study, however, we found that rats weighing
100 g consumed not more than 20 grams per day, suggesting that 0.6 grams for 4 days. This was much less than
the salt intake from saline solutions, and the salt intake from diets unlikely influenced the findings on the salt
preference of saline solutions in the present study.

The data obtained in the present study seemed very impressive. However, we need much care to extrapolate
this animal study to humans. We move forward to examine the relationship between salt stress of mothers and
food preference of their offspring in humans. If this is true, restriction of salt intake particularly during gestation
should be careful. On the other hand, during lactation and probably after weaning, the babies might be better re-
stricted to salt intake.

5. Conclusion

In the present study, we demonstrated that maternal low salt intake during pregnancy is associated with salt pre-
ference in weaning Dahl salt-sensitive rats. Maternal food habit and life-style is influential to determine food-
preference and subsequent hypertensive or metabolic disorders in their offspring. We need further studies to
know whether such salt preference in the offspring of low-salt pregnant mothers is related to susceptibility to
salt hypertension in Dahl salt sensitive rats.
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