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The influence of salt consumption on physiological processes, especially blood pressure (BP), metab-
olism, and cognition, remains a topical concern. While guidelines endorse reduced salt diets, there are
gaps in understanding the age-specific implications and challenges in adherence. The present study
delved into the differential effects of salt intake on young adult and aged male rats over a 12-week period,
using control, low-, and high-salt diets. Key metrics, such as BP, cognition, and general parameters, were
monitored. Our findings revealed significant age-dependent effects of salt intake on survival rates, body
weight, blood sodium, blood glucose, blood lipids, BP, heart rates, and cognition. Notably, young adult
rats did not show significant sodium level changes on a high-salt diet, whereas aged rats experienced
increased sodium levels even on a normal salt diet. Blood glucose levels decreased significantly in aged
rats on a high-salt diet but remained stable in young adults. Aged rats had the highest survival rates on
low-salt diets. Low-salt diets led to reduced BP in both age groups, more significantly in young adults.
Young adult rats displayed increased BP variability on both high- and low-salt diets, while a decrease in
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BP variability was exclusive to aged rats on a low-salt diet. There were significant differences across age
groups in short-term memory, but not in long-term memory. The study provides a nuanced understand-
ing of the age-dependent physiological effects of salt intake, suggesting the necessity of age-specific
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1 Introduction

The effect of salt intake on physiological functions is a topic of
major importance, given its role in regulating blood pressure
(BP) and potentially influencing cardiovascular diseases and
cognitive function. Several existing guidelines recommend a
low-salt diet for the entire population, suggesting that redu-
cing salt intake can lower BP and, by extension, the incidence
of cardiovascular diseases and cognitive impairments."?
Despite the availability of these comprehensive guidelines, the
global implementation of sodium reduction strategies has
been inconsistent.® Moreover, the implications of varying salt
intakes on metabolism, BP, particularly BP variability (BPV),
and both short-term and long-term memory remain inconclu-
sive across different age groups. The existing literature often
neglects to account for age-specific variations in these health
outcomes. Age is a key factor, with evidence suggesting unique
risks and benefits of BP treatments for the elderly population.*
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Regarding the impact of dietary salt on BP, older individuals
generally are more salt sensitive, and thus at higher risk for
developing hypertension.”

In addition, research of salt intake has traditionally been
focused on its impact on humans; however, it is difficult to
regulate experimentally in humans due to ethical consider-
ations. There are distinct advantages in utilizing animal
models, particularly rodents, to manipulate dietary conditions
under strict controls and monitor the effects accurately and
longitudinally, gaining invaluable insights. However, previous
studies fed animals an exceptionally high-salt diet containing
8 to 20 times as much salt than those consumed by control
animals, while the average salt intake in humans is usually
about double the World Health Organization (WHO)'s
suggested limit of 5 g per day.>®'° Therefore, rodent studies
should employ lower salt concentrations, especially as new evi-
dence emerges that the connection between salt intake and
cardiovascular issues is only relevant in countries where the
average consumption surpasses 5 g per day.>"’

Given the complex interplay between dietary salt, metab-
olism, BP, and cognitive function, this study aims to fill the
research gap by examining the age-specific impacts of salt
intake. Specifically, the research will investigate how dietary

Food Funct, 2024, 15, 689-703 | 689


http://rsc.li/food-function
http://orcid.org/0000-0003-2094-9494
http://crossmark.crossref.org/dialog/?doi=10.1039/d3fo04211a&domain=pdf&date_stamp=2024-01-17
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo04211a
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO015002

Open Access Article. Published on 06 December 2023. Downloaded on 4/20/2026 3:35:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

salt intake with clinical relevance affects metabolism, BP
levels, BPV, and cognitive function across different age groups,
and whether a low-salt diet can have beneficial effects.
Through this multi-dimensional approach, the study aims to
provide a nuanced understanding that can inform targeted
public health recommendations.

2 Materials & methods
2.1 Animals and diets

Male Sprague-Dawley (SD) rats (young adult, 3 months old;
and aged, 22-24 months old) were purchased from Slac
Laboratory Animal (Shanghai, China) and housed in standard
cages in a temperature-controlled facility with 12 h light/dark
cycle. All animal experiments were approved by the Research
Ethics Committee of Hangzhou Normal University. The animal
experimental procedures followed the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and
were conducted in adherence to ARRIVE. Rats received tap
water ad libitum and normal control (0.4% NacCl), low-salt
(0.1% NacCl), or high-salt (1% NaCl) chow (Xietong
Biotechnology Co., Hangzhou, China) for 12 weeks. Animals
were assigned randomly to the experimental groups. All
animals qualified for inclusion in the study upon successfully
completing baseline assessments but were excluded if they did
not meet the criteria during baseline training. Data were col-
lected and processed randomly. The individuals conducting
the experiment measurements were blinded to group allo-
cation. The person assessing, measuring, or quantifying the
experimental outcomes were blinded to the intervention.

2.2 Blood pressure and heart rate measurements

At baseline and then 2, 4, 8, and 12 weeks after the onset of
the diet, systolic blood pressure (SBP), diastolic blood pressure
(DBP), mean blood pressure (MBP), pulse pressure (PP, SBP
minus DBP), and heart rate (HR) were measured repeatedly
using a noninvasive pressure device ALC-NIBP (Alcott Biotech,
Shanghai, China). Measurements were obtained in conscious
rats restrained in a thermal plastic chamber as described.""
Standard deviation (SD) and coefficients of variation (CVs) (SD
x 100/mean, %) were calculated for the variability of SBP, DBP,
MBP, PP, and HR.

2.3 Behavioral tests

Cognitive functions (T-maze and novel object recognition)
were measured repeatedly at baseline, 4, 8, and 12 weeks after
the onset of the diet.

2.3.1 Apparatus. The spontaneous alternation task was
carried out in a modifiable T-maze. The maze was made of
black plastic, and the floors were 15 ¢cm wide, and the walls
were 40 cm high. The stem was 75.5 cm long and the cross
piece was 136 cm long. An open black box (100 x 100 x 40 cm,
long x wide x high) was used for the novel object recognition
test. Two distinct objects were additionally added to the novel
object recognition test. All behavioral tests were videotaped.
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2.3.2 Procedure

2.3.2.1 T-maze. Spontaneous alternation allows a free
choice of the goal arm on both the sample and choice trials.
Briefly,"” the animal was placed in the start area and allowed
to choose a goal arm. Then the animal was removed gently
and re-placed in the start area. The animal was allowed to
choose between two open goal arms. 5 trials were preformed
and a percentage per animal was calculated.

2.3.2.2 Novel object recognition. Briefly,"* animals were
handled for 3 d before the initial test during the acclimation
period. In the training trial, animals explored two identical
objects (A1 and A2) for a period of 10 min. The animals were
returned to the home cage for 1 h. In the testing trial, the
animals explored a familiar sample object (A) and a novel
object (B) for 5 min. Object exploration includes any direct
contact with the mouth, nose, or paw; it should not include
contacts that are thought to be accidental, such as bumping
the object while passing by. The training and testing trials
were videotaped for subsequent measurement and analysis of
object exploration by an individual blind to the experimental
conditions. A discrimination ratio (novel object interaction/
total interaction with both objects) was calculated.

2.4 Physiological parameters

Physiological variables including sodium (Na'), potassium
(K", sodium to potassium ratios, and glucose were measured
at the end point using an ISTAT portable clinical analyzer
(Abott, IL, USA) and EC8+ cartridge (Abott, IL, USA).

2.5 Blood lipid determination by enzyme-linked
immunosorbent assay (ELISA)

Blood lipid levels were measured using a lipid ELISA kit (Baiyi
Bio, Shanghai, China). Plasma was collected using EDTA anti-
coagulant tubes and was centrifuged for 30 minutes at 3000g at
4 °C. Briefly, standards and samples were added followed by lipid
HRP-conjugate reagent and incubated for 60 minutes at 37 °C.
Each well was aspirated and washed five times. Chromogen solu-
tions A and B were added, then gently mixed and incubated for
15 minutes at 37 °C (protected from light). A stop solution was
added and absorbance at 450 nm was measured with an auto-
mated microplate reader. Lipid concentrations were expressed as
mmol L™, All experiments were performed in triplicate.

2.6 Statistical analysis

All statistical analyses were performed using the software
Prism 9 (GraphPad). All values were expressed as mean + SEM.
Data were analyzed by one-way or two-way ANOVA with Tukey’s
post-hoc tests. Survival rate was analyzed using the Log-rank
(Mantel-Cox) test. Alpha was set at 0.05 in all analyses.

3 Results

3.1 General parameters

During the dietary experiment, it was observed that the body
weights of young adult rats uniformly exhibited a significant

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Age differences in the impact of dietary salt on the body weight in male Sprague-Dawley (SD) rats. Young adult (3 months old) and aged
(22—24 months old) male SD rats received normal control (0.4% NaCl), low-salt (0.1% NaCl), or high-salt (1% NaCl) chow for 12 weeks. Body weights
were measured bi-weekly. (A) Body weights of young adult rats; (B) body weights of aged rats; (C) final body weights of combined data from young
adult and aged rats. Green dashed line, young adult rats on 0.1% NaCl diet; blue dashed line, young adult rats on 0.4% NaCl diet; red dashed line,
young adult rats on 1% NaCl diet; green solid line, aged rats on 0.1% NaCl diet; blue solid line, aged rats on 0.4% NaCl diet; red solid line, aged rats
on 1% NaCl diet. N = 9-14 per group. The results are presented as mean + SEM. *, P < 0.05, week 6 compared to baseline; ****, P < 0.0001, week 8,
10, or 12 compared to baseline in 0.1% NaCl group; #, P < 0.05, week 6 compared to baseline; ####, P < 0.0001, week 8, 10, or 12 compared to
baseline in 0.4% NaCl group; §8&8&, P < 0.0001, week 8, 10, or 12 compared to baseline in 1% NaCl group. Statistical significance was determined

using the two-way ANOVA with Tukey's post hoc test.

increase. However, rats on a high-salt diet had comparatively
lower body weights than those on low-salt and control diets, as
indicated in Fig. 1A. In contrast, aged rats on the high-salt diet
experienced a decline in body weight, as shown in Fig. 1B.
Nevertheless, the final body weights across all age groups and
dietary conditions revealed no significant disparities, as illus-
trated in Fig. 1C. Specifically, rats in the low-salt (0.1% NacCl)
group weighed an average of 793 + 26 and 778 + 47 g (young
vs. aged), in the normal control salt (0.4% NaCl) group an
average of 765 + 21 and 757 + 21 g (young vs. aged), and in the
high-salt (1% NaCl) group an average of 751 + 23 and 754 +
25 g (young vs. aged).

Low-salt intake did not show any observable changes in
blood sodium levels between the young adult and aged rat
groups. Interestingly, both the normal control diet and the
high-salt diet significantly influenced blood sodium levels
between the two age groups, as seen in Fig. 2A. The data imply
that the ability to regulate sodium levels may be compromised
in aged rats even on a normal control salt diet.

Additionally, we found no marked differences in blood pot-
assium levels (Fig. 2B) or sodium to potassium ratios across
the groups (Fig. 2C). For blood glucose levels, aged rats on a
high-salt diet showed a significant reduction, whereas this was
not significant in young adult rats, as depicted in Fig. 2D.
When assessing combined data from both age groups, it is
evident that a high-salt diet considerably lowered blood
glucose levels in aged rats in comparison with young adult
rats, as shown in Fig. 2D. Furthermore, there was no signifi-
cant difference in plasma lipid levels among the groups
(Fig. 2E).

In terms of survival rates, all young adult rats survived
during the study period. Among the aged rats, the highest sur-

This journal is © The Royal Society of Chemistry 2024

vival rate was observed in those on the low-salt diet, as shown
in Fig. 3.

3.2 Conscious BP and HR levels and variability

In young adult rats, a low-salt diet led to significant reductions
in SBP (Fig. 4A), DBP (Fig. 5A), and MBP (Fig. 6A) when com-
pared to both a high-salt diet from the eighth week and a
normal control diet starting from the twelfth week. Conversely,
in aged rats (Fig. 4B, 5B and 6B), the low-salt diet only led to a
significant decrease in SBP (Fig. 4B), when compared to the
high-salt diet at the twelfth week.

When data from both young adult and aged rats were aggre-
gated, baseline BP levels (SBP, DBP, and MBP; Fig. 4C, 5C and
6C) were found to be higher in the aged rats, although statisti-
cal significance was achieved only in SBP levels (Fig. 4C).
Furthermore, young adult rats on a low-salt diet exhibited sig-
nificantly lower levels of SBP (Fig. 4C), DBP (Fig. 5C), and MBP
(Fig. 6C) compared to aged rats on either a normal control diet
or a high-salt diet, starting from the eighth week.

No statistical significance was noted in PP levels across any
of the groups (Fig. 7). Regarding HR (Fig. 8), aged rats dis-
played significantly lower HR at baseline when compared to
young adult rats (Fig. 8C). Moreover, young adult rats on a
normal control diet had a higher HR compared to aged rats on
all three diets at the second week and compared to aged rats
on a high-salt diet at the twelfth week (Fig. 8C).

In the context of BPV, both high-salt and low-salt diets led
to an increase in the SD and CV of SBP (Fig. 4D and G), DBP
(Fig. 5D and G), and MBP (Fig. 6D and G) in young adult rats,
relative to those on a normal control diet. However, only the
low-salt diet exhibited a statistically significant increase in
both SD and CV for SBP (Fig. 4D and G). In contrast, aged rats
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Fig. 2 Age differences in the impact of dietary salt on the blood sodium and glucose levels in male SD rats. Young adult (3 months old) and aged
(22—-24 months old) male SD rats received normal control (0.4% NaCl), low-salt (0.1% NaCl), or high-salt (1% NaCl) chow for 12 weeks. Blood
samples were collected at the end point and physiological variables including (A) sodium (Na*), (B) potassium (K*), (C) sodium to potassium ratios
and (D) glucose were measured at the end point using an iSTAT portable clinical analyzer and EC8+ cartridge, as well as (E) plasma lipids were
measured using a lipids enzyme-linked immunosorbent assay (ELISA) kit. White block, 0.1% NaCl diet; grey block, 0.4% NaCl diet; black block, 1%
NaCl diet. N = 4-10 per group. The results are presented as mean + SEM. *, P < 0.05, young adult compared to aged rats. Statistical significance was

determined using the two-way ANOVA with Tukey's post hoc test.
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Fig. 3 The impact of dietary salt on survival ratio in aged male SD rats.
Young adult (3 months old) and aged (22—-24 months old) male SD rats
received normal control (0.4% NaCl), low-salt (0.1% NaCl), or high-salt
(1% NaCl) chow for 12 weeks. All young adult rats survived during the
study period (data not shown here). Among aged rats, the highest survi-
val ratio was observed in those on the low-salt diet, although no signifi-
cance was detected. Green solid line, aged rats on 0.1% NaCl diet; blue
solid line, aged rats on 0.4% NaCl diet; red solid line, aged rats on 1%
NaCl diet. N = 13-18 per group. Data was analyzed using the Log-rank
(Mantel-Cox) test.

on a low-salt diet exhibited a decrease in SD and CV for SBP
(Fig. 4E and H), DBP (Fig. 5E and H), and MBP (Fig. 6E and
H). Notably, only the SD of MBP (Fig. 6E) reached statistical
significance in these reductions.

692 | Food Funct,, 2024, 15, 689-703

Upon integrating the data from both young adult and aged
rats, it was observed that there were pronounced differences in
CV for SBP (Fig. 4I) as well as SD and CV for MBP (Fig. 6F and
I) between the young adult rats on a low-salt diet and the aged
rats on the same diet. For PP (Fig. 7D-I) and HR (Fig. 8D-I)
variability, no statistically significant differences were dis-
cerned across the groups.

3.3 Cognitive function

The novel object recognition test (Fig. 9A-C) was utilized to
evaluate short-term memory, and a preference index—defined
as the ratio of time spent with the novel object to total inter-
action time—was computed. It was observed that, in young
adult rats (Fig. 9A) subjected to control diets, the preference
index experienced a decline at the second week before revert-
ing to the baseline level by the twelfth week. No discernible
differences were noted in young adult rats on both low-salt
and high-salt diets. Conversely, in the aged rats (Fig. 9B), the
preference index remained consistent in the high-salt diet
group but exhibited a decrease in the low-salt and control diet
groups. Upon aggregating the data from both young adult and
aged rats (Fig. 9C), pronounced disparities became apparent
between young adult rats on a high-salt diet and aged rats on a
control diet. The findings imply age differences in the influ-
ence of varying salt intakes on short-term memory.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Age differences in the impact of dietary salt on systolic blood pressure (SBP) level and variability in male SD rats. Young adult (3 months old)
and aged (22—24 months old) male SD rats received normal control (0.4% NaCl), low-salt (0.1% NaCl), or high-salt (1% NaCl) chow for 12 weeks. BP
was measured repeatedly at baseline and then 2, 4, 8, and 12 weeks after the onset of the diet. SBP of (A) young adult rats, (B) aged rats, (C) both
young adult and aged rats; SBP variability (standard deviation, SD) of (D) young adult rats, (E) aged rats, (F) both young adult and aged rats; SBP varia-
bility (coefficients of variation, CV) of (G) young adult rats, (H) aged rats, () both young adult and aged rats. Green dashed line, young adult rats on
0.1% NaCl diet; blue dashed line, young adult rats on 0.4% NaCl diet; red dashed line, young adult rats on 1% NaCl diet; green solid line, aged rats on
0.1% NaCl diet; blue solid line, aged rats on 0.4% NaCl diet; red solid line, aged rats on 1% NaCl diet. N = 8-12 per group. The results are presented
as mean + SEM. *, P < 0.05, 0.1% NaCl compared to 1% NaCl; #, P < 0.05, 0.1% NaCl compared to 0.4% NaCl. When data from both young adult and
aged rats were combined, @, P < 0.05, young + 0.1% NaCl vs. aged + 0.1% NaCl; $, P < 0.05, $$, P < 0.01, young + 0.1% NaCl vs. aged + 1% NaCl; %,
P < 0.05, young + 0.4% NaCl vs. aged + 0.1% NaCl; A, P < 0.05, young + 0.1% NaCl vs. aged + 0.4% NaCl; &, P < 0.05, young + 0.1% NaCl vs. young +
1% NaCl; A, P < 0.05, young + 0.1% NaCl vs. aged + 0.4% NaCl. Statistical significance was determined using the two-way ANOVA with Tukey's post

hoc test.

For the assessment of long-term memory and learning
capabilities, the spontaneous alternation ratio in a T-maze
(Fig. 9D-F) was measured. Despite an observed decline in
T-maze performance associated with a high-salt diet, com-
pared to both low-salt and control diets in both age groups,
these deviations were not statistically significant.

4 Discussion

The current research represents a pioneering effort in elucidat-
ing the age-related differences in the effects of salt intake on
metabolism, BP, and cognition in male rats. Notably, the study
employed a clinically pertinent high-salt dosage—approxi-

This journal is © The Royal Society of Chemistry 2024

mately twice the standard amount—to investigate its impact.
We observed age differences in the impact of varying salt diets
on survival rate, body weights, blood glucose, blood sodium,
BP levels and variability, HR, and cognition. To be more
specific, a high-salt diet did not notably impact sodium levels
in young adult rats, but even a normal salt diet significantly
elevated sodium levels in aged rats. However, no discernible
changes were identified in blood potassium levels or sodium-
to-potassium ratios across the various groups. Body weights of
young adult rats uniformly exhibited a significant increase.
However, rats on a high-salt diet had comparatively lower body
weights than those on low-salt and control diets. In contrast,
body weight declined in aged rats when subjected to a high-
salt diet, although these changes were not statistically signifi-
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Fig. 5 Age differences in the impact of dietary salt on diastolic blood pressure (DBP) level and variability in male SD rats. Young adult (3 months old)
and aged (22—-24 months old) male SD rats received normal control (0.4% NaCl), low-salt (0.1% NaCl), or high-salt (1% NaCl) chow for 12 weeks. BP
was measured repeatedly at baseline and then 2, 4, 8, and 12 weeks after the onset of the diet. DBP of (A) young adult rats, (B) aged rats, (C) both
young adult and aged rats; DBP variability (SD) of (D) young adult rats, (E) aged rats, (F) both young adult and aged rats; DBP variability (CV) of (G)
young adult rats, (H) aged rats, (l) both young adult and aged rats. Green dashed line, young adult rats on 0.1% NaCl diet; blue dashed line, young
adult rats on 0.4% NaCl diet; red dashed line, young adult rats on 1% NaCl diet; green solid line, aged rats on 0.1% NaCl diet; blue solid line, aged rats
on 0.4% NaCl diet; red solid line, aged rats on 1% NaCl diet. N = 8—12 per group. The results are presented as mean + SEM. *, P < 0.05, 0.1% NaCl
compared to 1% NaCl; #, P < 0.05, 0.1% NaCl compared to 0.4% NaCl. When data from both young adult and aged rats were combined, &&, P <
0.01, young + 0.1% NaCl vs. young + 1% NaCl; A, P < 0.05, young + 0.1% NaCl vs. aged + 0.4% NaCl; $, P < 0.05, $$, P < 0.01, young + 0.1% NaCl vs.

aged + 1% NaCl. Statistical significance was determined using the two-way ANOVA with Tukey's post hoc test.

cant. Blood glucose levels significantly decreased in aged rats
following a high-salt diet but remained stable in young adult
rats. Remarkably, survival rate was highest among aged rats on
a low-salt diet. We also found that baseline BP levels were elev-
ated in aged rats compared to their younger counterparts.
Intake of a low-salt diet led to a significant reduction in BP
levels across both age groups, with greater reduction effects in
young adult rats. Additionally, in young adult rats, both high-
salt and low-salt diets increased BPV when compared to a
normal control diet, whereas only the low-salt diet led to a
decrease in BPV among aged rats. HR at baseline and through-
out the dietary intervention was notably lower in the aged rats.
Moreover, there were significant differences across age groups
in short-term memory, but not in long-term memory.

WHO has released a rigorously substantiated technical
package, delineating the steps countries should follow to

694 | Food Funct, 2024,15, 689-703

decrease dietary sodium consumption among their popu-
lations."* However, only a limited number of nations have for-
mally enacted mandatory sodium reduction targets. A recent
review has further indicated slow progress in achieving the
WHO’s goal of a 30% global reduction in sodium intake."
Alarmingly, the majority of countries continue to report
average sodium consumption levels that significantly surpass
the WHO’s recommended limit of less than 2000 mg per day
for adults."* It is important to note that one significant chal-
lenge in creating individual-level recommendations for salt
intake is the absence of a reliable method to accurately
measure individual salt intake, and the lack of feasible inter-
ventions to effectively sustain low salt intake in free-living indi-
viduals with ethnical concerns.'® Crucially, this variability
stems not only from fluctuations in dietary salt intake but also
from large intraindividual variability in urinary excretion,

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Age differences in the impact of dietary salt on mean blood pressure (MBP) level and variability in male SD rats. Young adult (3 months old)
and aged (22—24 months old) male SD rats received normal control (0.4% NaCl), low-salt (0.1% NaCl), or high-salt (1% NaCl) chow for 12 weeks. BP
was measured repeatedly at baseline and then 2, 4, 8, and 12 weeks after the onset of the diet. MBP of (A) young adult rats, (B) aged rats, (C) both
young adult and aged rats; MBP variability (SD) of (D) young adult rats, (E) aged rats, (F) both young adult and aged rats; MBP variability (CV) of (G)
young adult rats, (H) aged rats, (I) both young adult and aged rats. Green dashed line, young adult rats on 0.1% NaCl diet; blue dashed line, young
adult rats on 0.4% NaCl diet; red dashed line, young adult rats on 1% NaCl diet; green solid line, aged rats on 0.1% NaCl diet; blue solid line, aged rats
on 0.4% NaCl diet; red solid line, aged rats on 1% NaCl diet. N = 8—-12 per group. The results are presented as mean + SEM. *, P < 0.05, **, P < 0.01,
0.1% NaCl compared to 1% NaCl; #, P < 0.05, 0.1% NaCl compared to 0.4% NaCl. When data from both young adult and aged rats were combined,
&8, P < 0.01, young + 0.1% NaCl vs. young + 1% NaCl; A, P < 0.05, young + 0.1% NaCl vs. aged + 0.4% NaCl; $, P < 0.05, $$, P < 0.01, young + 0.1%
NaCl vs. aged + 1% NaCl. Statistical significance was determined using the two-way ANOVA with Tukey's post hoc test.

likely due to physiological factors regulating sodium excretion,
even in studies where salt intake is tightly controlled."”
Moreover, it is difficult to regulate experimentally in
humans due to ethical considerations, highlighting the urgent
need for research testing the effects of salt intake under rigor-
ously controlled conditions. In this context, animal models
provide an advantageous environment for the exploration of
the effects of dietary salt intake, with strict control over other
aspects of the diet. However, when designing animal studies,
several aspects necessitate caution. The first aspect to consider
is the concentration of salt exposure in rodent studies.
Previous studies administered to animals an exceptionally
high-salt diet containing 8 to 20 times more salt compared to
what control animals consumed. Conversely, the typical salt
intake in humans ordinarily surpasses the WHO’s rec-
ommended limit of 5 grams per day by approximately

This journal is © The Royal Society of Chemistry 2024

double.>®™® Thus, it is advisable for rodent studies to utilize
lower salt concentrations to reflect more accurately the con-
ditions for humans. Furthermore, the impact of dietary salt on
metabolism, BP (particularly BPV), and cognitive function
across different age groups, remains poorly understood. In our
experimental conditions, the dietary salt and other nutrients
for the rats were strictly controlled and could be accurately
measured. In addition, our study utilized salt concentrations
to examine the age differences in its impact on metabolism,
BP levels and variability, and cognitive functions in a manner
that parallels human daily salt consumption.

It is also noteworthy to mention that salt consumption in
humans has been correlated with overall caloric intake.
Increased caloric intake may, in turn, be associated with
higher consumption of saturated fats and refined carbo-
hydrates—substances implicated in cognitive decline.'® Most
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Fig. 7 The impact of dietary salt on pulse pressure (PP) level and variability in young adult and aged male SD rats. Young adult (3 months old) and
aged (22—-24 months old) male SD rats received normal control (0.4% NaCl), low-salt (0.1% NaCl), or high-salt (1% NaCl) chow for 12 weeks. BP was
measured repeatedly at baseline and then 2, 4, 8, and 12 weeks after the onset of the diet. PP of (A) young adult rats, (B) aged rats, (C) both young
adult and aged rats; PP variability (SD) of (D) young adult rats, (E) aged rats, (F) both young adult and aged rats; PP variability (CV) of (G) young adult
rats, (H) aged rats, (I) both young adult and aged rats. Green dashed line, young adult rats on 0.1% NaCl diet; blue dashed line, young adult rats on
0.4% NaCl diet; red dashed line, young adult rats on 1% NaCl diet; green solid line, aged rats on 0.1% NaCl diet; blue solid line, aged rats on 0.4%
NaCl diet; red solid line, aged rats on 1% NaCl diet. N = 8—-12 per group. The results are presented as mean + SEM. Data was analyzed using the two-

way ANOVA with Tukey's post hoc test.

rodent studies reported no effects of salt on weight
gain,>®'®'? with a couple of exceptions noting increased®® and
decreased weight® in high-salt groups compared to controls.
For instance, Lanaspa and colleagues®® found that young mice
on a 1% NaCl solution (containing sweetener sucralose) for 30
weeks exhibited increased body weight, fat mass, and liver tri-
glycerides. In addition, a large-scale prospective study with a
follow-up duration of 52 months found that a significant
association between high salt consumption (average 8.72 +
1.93 g day™ ") and the onset of metabolic syndrome.>*

In our investigation, we noted a universal escalation in
body weight among young adult rats over the dietary interven-
tion period. However, the cohort fed a high-salt diet demon-
strated the most minimal weight gain. In contrast, aged rats
subjected to the same high-salt regimen experienced a decline
in body weight. Nevertheless, the final body weights among all
experimental groups exhibited no significant variances.
Furthermore, our study found age-dependent responses to

696 | Food Funct, 2024, 15, 689-703

high-salt intake with respect to metabolic effects. Specifically,
blood glucose levels decreased significantly in aged rats follow-
ing a high-salt diet but remained relatively stable in young
adult rats. Additionally, all young adult rats demonstrated resi-
lience to the impact of varying salt levels in their diets, experi-
encing no adverse effects on survival. Conversely, aged rats
responded differently to the dietary interventions. Specifically,
aged rats that were given a low-salt diet exhibited the most
favorable survival outcomes. These findings imply that high
salt intake may exert broader systemic impacts on aged rats,
affecting their metabolism, and their likelihood of survival.
Less disputed is the correlation between elevated potassium
concentrations with the lower rates of stroke, cardiovascular
diseases, and overall mortality.” While some propose that
sodium to potassium ratio is a better predictor of BP
thresholds than sodium or potassium alone,*” other research
has found no such association, particularly in adolescent
populations.>® For example, within the context of the Healthy

This journal is © The Royal Society of Chemistry 2024
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determined using the two-way ANOVA with Tukey's post hoc test.

Brain substudy, neither a nutrient nor their ratio was found to
be significantly associated with indices of micro- or macro-
structural brain MRI in the participants (74 + 3 years old) with
a mean sodium intake of 2677 = 1060 mg per day.>* In our
investigation, we collected blood samples at the endpoint and
employed an iSTAT blood-gas analyzer to measure blood
sodium, potassium, and their ratios. Our research showed that
blood sodium levels were significantly impacted by age. In
young adult rats, a high-salt diet did not lead to a notable rise
in blood sodium levels. However, in aged rats, even a normal
salt diet was sufficient to significantly elevate blood sodium.
This implies that sodium regulation mechanisms may be
compromised in aged rats. Furthermore, in our study, the
absence of significant variations in blood potassium levels or
sodium-to-potassium ratios across different age groups

This journal is © The Royal Society of Chemistry 2024

suggests that potassium regulation might be less sensitive to
dietary salt.

Moreover, a strong correlation has been observed between
elevated levels of BP and excessive intake of dietary salt, as
demonstrated in human studies. For example, a dose-response
analysis, which included 85 trials with sodium intake levels
ranging from 0.4 to 7.6 g per day and a follow-up duration
between 4 weeks to 36 months, revealed a nearly linear
relationship between sodium consumption and reductions in
both SBP and DBP.>® Notably, although this effect was consist-
ent regardless of initial BP levels, it was more pronounced
among participants who had elevated BP levels to begin
with.>®

In contrast, other studies indicate that while high salt
intake may lead to a short-term increase in BP levels, it does

Food Funct, 2024, 15, 689-703 | 697


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo04211a

Open Access Article. Published on 06 December 2023. Downloaded on 4/20/2026 3:35:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
- NOR 0.1%
& 04%
* 1%
g #
= 08
=] i ,%“*:;—-‘-;
s Vel T
- | s F A
£ o6 . -
o g &
c $
s 1
o 04
>
0.2
0 4 H 12
B week
1.0+ NOR ® 01%
- 04%
* 1%
0.4
o f o
@ -
D
< § o0e
o
*
024
00— - - )
0 H H 12
week
@ 0.1% NaCl+Young
4 0.4% NaCi+Young
& 1%NaChYoung
0.1% NaCl+Aged
.8 © -+ 04%NaClvAged
% @ 1%NaCioAged
£ e
Q2 8
E §
&
g ¢

View Article Online

Food & Function

2 0.1%
%1 T-maze o
* 1%
£ 804 ;
S <
3 B, Sy
€ 704 ~,
§ R o
]
3 60
§ 50
§
2
g
404
0 4 H 12
E -
901 T-maze ® 01%
& 04%
* 1%
_ 80
g
2
& 104
$
g 60
<
°
§ 504
s
2
2
& 40
0 4 H 12
Week
F %0 T-maze
® 0.1% NaCleYoung
- W 04% NaCiYoung
g0 T - 1% NaCl+Young
2 = S 0.1% NaCieAged
e - \F\"“ﬂl—"" Il\\\ 4 0.4% NaCieAged
5 77 e @ 1% NaCivAged
k] ~
E
2
°
§
2
o
40

Fig. 9 Age differences in the impact of dietary salt on memory function in male SD rats. Young adult (3 months old) and aged (22—24 months old)
male SD rats received normal control (0.4% NaCl), low-salt (0.1% NaCl), or high-salt (1% NaCl) chow for 12 weeks. The novel object recognition
(NOR, short-term memory) of (A) young adult rats, (B) aged rats, and (C) both young adult and aged rats; as well as T-maze (long-term memory) of
(D) young adult rats, € aged rats, and (F) both young adult and aged rats, were measured repeatedly at baseline and then 4, 8 and 12 weeks after the
onset of the diet. Green dashed line, young adult rats on 0.1% NaCl diet; blue dashed line, young adult rats on 0.4% NaCl diet; red dashed line,
young adult rats on 1% NaCl diet; green solid line, aged rats on 0.1% NaCl diet; blue solid line, aged rats on 0.4% NaCl diet; red solid line, aged rats
on 1% NaCl diet. N = 8—12 per group. The results are presented as mean + SEM. *, P < 0.05, **, P < 0.01, rats on 0.4% NaCl diet, week 4, week 8, or
week 12 compared to baseline; #, P < 0.05, ##, P < 0.01, rats on 0.4% NaCl diet, week 8 or week 12 compared to week 4; $, P < 0.05, young + 1%
NaCl vs. aged + 0.4% NaCl. Statistical significance was determined using the two-way ANOVA with Tukey's post hoc test.

not significantly impact long-term BP levels. In a large-scale
study involving 355134 participants at baseline and 33915
after a 9-year follow-up, an increase of 100 mmol L™" in
average urinary sodium was linked to a 3.09 mm Hg increase
in SBP at baseline, but showed no correlation after 9 years.>®
Similarly, there was no observed relationship between urinary
sodium levels and the risk of cardiovascular disease over the
same follow-up period.”® In a comprehensive meta-analysis
encompassing 36 clinical trials, a discernable correlation was
identified between reduced sodium intake and BP levels.
Specifically, the reduction in BP was more pronounced in
hypertensive participants as compared to those without hyper-
tension.”” Subsequent subgroup analyses, sorted by the dur-
ation of clinical trial follow-up, revealed nuanced findings. For
trials with a follow-up period of less than 3 months, the

698 | Food Funct, 2024, 15, 689-703

between-group difference in BP was —4.07/-1.67 mmHg (par-
ticipants with hypertension vs. without hypertension). For
trials lasting 3 to 6 months, the difference was —1.91/
1.33 mmHg. Finally, for trials with a follow-up period exceed-
ing 6 months, the difference reduced to —0.88/0.45 mmHg.>”
These results suggest the existence of potential long-term com-
pensatory mechanisms that may negate the initial benefits in
BP reduction achieved through lowering sodium intake."®

In accordance with existing research, our study revealed
that although a high-salt diet initially elevated the BP in young
adult rats, this elevation was not statistically significant and
plateaued over an extended period. Interestingly, aged rats did
not exhibit a significant BP increase with a high-salt diet.
These results suggest that the hypertensive effect of a high-salt
diet may be age dependent or possibly mitigated by other

This journal is © The Royal Society of Chemistry 2024
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factors in the long term. Furthermore, a low-salt diet led to a
statistically significant reduction in BP across different age
groups of rats. This aligns with prior research that also demon-
strated a reduction in BP levels due to decreased salt intake,
both in control diets and in specific dietary approaches like
the dietary approaches to stop hypertension (DASH) diet.>®
Additionally, upon aggregating the data for both age groups,
aged rats had higher baseline BP levels compared to young
adult rats, although only SBP differences reached statistical
significance. Furthermore, the BP-lowering effect was particu-
larly notable among young adult rats when compared to aged
rats from the eighth week onward. This observation could
suggest age-dependent physiological adaptations or differing
metabolic rates affecting salt retention and its long-term
impact on BP. PP, which tends to increase with age and can be
an indicator of arterial stiffness,”® showed no statistically sig-
nificant differences between the groups of rats. This suggests
that the salt diet variations did not have a discernible impact
on the PP across the groups. This absence of change might
indicate that dietary salt levels do not significantly influence
the components that determine PP, such as stroke volume and
arterial elasticity.”® Moreover, aged rats exhibited lower HR
compared to young adult rats at baseline. However, young
adult rats showed a more noticeable elevation in HR at specific
time points—after two weeks on a control salt diet and at the
twelfth week when compared to aged rats on a high-salt diet.
This could imply that younger subjects are more responsive to
changes in dietary salt. While these findings support general
health guidelines advocating for reduced salt intake to
manage BP, they add nuance by highlighting the variable effec-
tiveness of this intervention across age groups. This could be
an important consideration for developing age-specific dietary
guidelines or treatments for hypertension. However, it is worth
noting that the efficacy of low-salt diets in broader populations
has been subject to debate, with some limitations pointed out
in previous studies.*®

In addition, elevated BPV, both short term (24-hour) and
long term (visit-to-visit), are known to be significant determi-
nants of hypertensive organ damage and cardiovascular out-
comes, contributing to individual risk stratification.*"?>
Nonetheless, limited studies have evaluated the impact of
dietary salt intake on dynamic BP fluctuations under con-
ditions of daily living. Studies showed mixed results with a
general trend towards altered BPV after a high salt diet.*" The
main reasons for these conflicting results are due to differ-
ences in study designs, subject characteristics, observation
duration, and salt intake amount.*! For instance, Simmonds
et al. reported that high salt intake (4% NacCl, 14 to 17 days)
increased nocturnal BPV in normotensive young male rats
without affecting diurnal BP.** In a study involving 235
patients with essential hypertension, measurements of
24-hour ambulatory BP indicated that nocturnal SBP variability
(SD and CV) and DBP variability (SD) were significantly elev-
ated in the group with high urine sodium excretion.**
However, there was no significant difference for diurnal BPV.**
Another study conducted on aged hypertensive patients, which

This journal is © The Royal Society of Chemistry 2024
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showed increased 24-hour BPV at higher dietary salt intakes.?”
In contrast, Migdal et al found that ten days of high salt
intake (18 g day ') did not increase 24-hour ambulatory BPV in
twenty-one healthy young adults.’® Moreover, a separate study
observed BP readings taken every six months for three years
from 1820 participants (mean age of 43.0 + 6.1 years) with
high-normal DBP, suggesting that sodium reduction may not
effectively lower BPV.>” Additional data were sourced from two
studies: the cross-sectional Maastricht Study (with 2652 par-
ticipants, average age of 60) and a randomized crossover trial
(with 40 participants, average age of 49).>® The results revealed
that urinary sodium excretion and salt intake did not indepen-
dently correlate with 24-hour BPV.

Furthermore, research has
between salt intake and HR variability. For instance, a study
involving healthy, normotensive, middle-aged women revealed
that a high-salt diet led to an increase in SBP, a decrease in
HR, and an elevation in high-frequency HR variability, indicat-
ing enhanced cardiac vagal tone.*® In contrast, a study by
Linder et al. (2023)*° examined 20 participants (eight females;
average age 24, with a BP reading of 110/64 mmHg) who con-
sumed either salt or placebo capsules over a period of 10 days,
separated by at least two weeks. No significant effects on HRV
were observed due to high-sodium consumption. However, an
increase in the circulating inflammatory biomarker was noted,
which could potentially impact BP in young adults.
Moreover, another investigation found that a low-sodium diet
did not significantly alter HR variability in normotensive men
and women with asthma.**

Our data show that both high and low salt diets increased
BPV in young adult rats when compared to a control diet. This
suggests that salt levels, both high and low, may contribute to
BP fluctuations in younger rats, though the exact mechanisms
are unclear. Interestingly, a low-salt diet reduced BPV in aged
rats. This implies that dietary salt restriction may benefit older
rats in maintaining stable BP. Moreover, significant differences
were found in the CV of SBP variability and the SD and CV of
MBP variability between young adult rats on a low-salt diet and
aged rats on the same diet. The results suggest that salt restric-
tion could potentially be beneficial for reducing BPV in aged
rats but not in young adult rats, indicating age-dependent
responses to salt restriction. Furthermore, no significant
differences in PP or HR variability were observed across
groups, suggesting that these metrics were not influenced by
salt intake in this study. Although no citations were found
regarding the age-specific effects of salt on BP and HR varia-
bility in rats, our data do hint at age-dependent mechanisms
by which salt affects BPV, offering a foundation for future
studies.

The impact of dietary salt intake on cognitive functions in
humans was largely derived from longitudinal studies in aging
populations. Results from these investigations, however, are
varied. For instance, a three-year prospective study of 1262
adults aged between 67 and 84 revealed that reduced salt con-
sumption at baseline was linked with enhanced cognitive func-
tion, as measured by the mini-mental state examination

established a connection
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(MMSE).* 1t is noteworthy, though, that this relationship was
only present in participants with lower levels of physical
activity at baseline, and there was no correlation between salt
intake and cognitive function in more active individuals.
Conversely, two prospective studies involving older adults
found no link between dietary salt intake and cognitive
decline. These studies included a study by Nowak et al.>* invol-
ving 1194 adults with a mean age of 74 + 3, and a 6.9-year
follow-up, and another study by Haring et al.*® involving 6426
women aged between 65 and 79, with a median follow-up of
9.1 years. The latter study notably found that salt intake did
not affect the risk for cognitive impairment in hypertensive
women or with antihypertensive medication, implying a poss-
ible indirect effect of salt on cognition via vascular function
changes.*?

Cross-sectional studies have also evaluated the relationship
between salt intake and cognitive function. A study by Rush
and colleagues reported that a low salt diet was linked with
poorer performance on the MMSE and impaired executive
functioning, as assessed by the Trails-B task, in a sample of
925 adults aged 50-96.** This effect was more pronounced in
the oldest participants, aged over 80.** In contrast, two smaller
studies that estimated salt intake using biomarkers instead of
food frequency questionnaires found associations between
high salt intake and cognitive impairment as measured by the
MMSE. One study found that 24-hour urinary sodium
excretion was negatively associated with MMSE scores in 119
adults with a mean age of 54.2 + 16.1,*" and the other study
reported a negative correlation between serum sodium levels
and MMSE scores in 82 older adults with a mean age of 87 +
6.%° On the other hand, in another larger-scale study involving
989 participants aged 50 years and older, no significant corre-
lation was observed between sodium consumption and cogni-
tive impairment.*” These studies reveal a complex relationship
between dietary salt intake and cognitive function, with many
variables at play.

While the findings from human studies have been varied,
the majority of animal studies have consistently shown nega-
tive cognitive impacts from a high salt diet. For instance,
Faraco et al. found that twelve weeks of a high salt diet (4%
salt diet) induced deficits in both nonspatial and spatial
memory, which were reversible by normalization of salt intake
in young mice.> A parallel study revealed deteriorations in
place recognition memory and long-term contextual fear
memory in young male mice following seven weeks on a high
salt diet (8% NaCl compared to 0.4% in the control diet).®
Similar results were found in young male rats after consuming
a high salt diet (8% NaCl compared to 0.26% in the control
diet) for nine weeks, with detectable impairments in spatial
memory and in a contextual fear condition.” Furthermore,
Chugh et al. observed age differences in the impact of a high
salt diet (8% NaCl compared to 0.4% control diet) for four
weeks on memory function, with impairment in aged rats and
no effect in younger ones.® Nonetheless, it is important to
underscore that these animal studies implemented extremely
high levels of salt intake, ranging from 8 to 16 times higher
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than a normal salt diet, limiting the translatability of these
findings to clinical settings. Moreover, one study found that a
restriction in salt intake notably impairs the ability of Dahl S
(salt-sensitive) rats in the social transmission of food prefer-
ence and social recognition memory, however, it does not
affect their spatial learning capabilities.*® Conversely, for Dahl
R (salt-resistant) rats, the salt restriction did not interfere with
their social learning abilities but enhanced their navigation
performance significantly.*® Furthermore, sodium restriction
did not have any discernible influence on object recognition
memoty in either subgroup of rats.*®

The findings of our investigation are consistent with exten-
sive research, illustrating that the intake of dietary salt can
yield intricate impacts on cognition. Within this specific study,
a decrement in short-term memory was manifested at the
second week, subsequently reverting to the baseline level by
the twelfth week in young adult rats subjected to control diets.
It is noteworthy that variations in salt content, whether high
or low, did not exhibit any discernible influence on both short-
term and long-term memory in young adult rats. In contrast,
aged rats demonstrated a decrease in short-term memory yet
exhibited enhancement in long-term memory when subjected
to control or low-salt diets. However, the high-salt diet had no
discernible impact on short-term memory but did precipitate
impairment in long-term memory in aged rats. A synthesis of
data from both young adult and aged rats revealed pronounced
disparities in short-term memory between young adult rats on
a high-salt diet and aged rats on a control diet, yet no notable
variances were identified in long-term memory. The mecha-
nisms elucidating the age-related disparities in the effects of
diverse salt intake levels on both memory types are unclear
and necessitate further exploration.

To the best of our understanding, our research is pioneer-
ing in exploring the age differences in how varying levels of
dietary salt affect metabolism, BP and its variability, and cog-
nitive function. Our study adhered to rigorous methodological
standards, featuring randomized assignment, double-blind
procedures, and video-recorded behavioral assessments.
Nevertheless, the findings of our study should be interpreted
within the scope of its limitations. A notable limitation is the
absence of insights into the molecular mechanisms that may
explain the observed age differences in the effects of salt
intake on the relationship between metabolism, BP, and cogni-
tive function. The other limitation is that we only used male
rats instead of both sexes in this study. Future research should
aim to examine the prospective mechanisms and sex
differences.

5 Conclusions

This study marks a significant advancement in our under-
standing of the age differences in the complex interplay
between dietary salt intake, metabolism, BP, and cognitive
function. Prior research only probed individual components of
this dynamic system, leaving a comprehensive understanding

This journal is © The Royal Society of Chemistry 2024
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elusive. Our results suggest the necessity of age-specific guide-
lines and underline the importance of employing clinically
relevant salt concentrations in future studies.
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