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Abstract
The amount of dietary sodium intake regulates the renin angiotensin system (RAS) and blood
pressure, both of which play critical roles in atherosclerosis. However, there are conflicting
findings regarding the effects of dietary sodium intake on atherosclerosis. This study applied a
broad range of dietary sodium concentrations to determine the concomitant effects of dietary
sodium intake on the RAS, blood pressure, and atherosclerosis in mice. Eight-week-old male low-
density lipoprotein receptor −/− mice were fed a saturated fat-enriched diet containing selected
sodium concentrations (Na 0.01%, 0.1%, or 2% w/w) for 12 weeks. Mice in these three groups
were all hypercholesterolemic, although mice fed Na 0.01% and Na 0.1% had higher plasma
cholesterol concentrations than mice fed Na 2%. Mice fed Na 0.01% had greater abundances of
renal renin mRNA than those fed Na 0.1% and 2%. Plasma renin concentrations were higher in
mice fed Na 0.01% (14.2±1.7 ng/ml/30 min) than those fed Na 0.1% or 2% (6.2±0.6 and 5.8±1.6
ng/ml per 30 min, respectively). However, systolic blood pressure at 12 weeks was higher in mice
fed Na 2% (138±3 mm Hg) than those fed Na 0.01% and 0.1% (129±3 and 128±4 mmHg,
respectively). In contrast, mice fed Na 0.01% (0.17±0.02 mm2) had larger atherosclerotic lesion
areas in aortic roots than those fed Na 2% (0.09±0.01 mm2), whereas lesion areas in mice fed Na
0.1% (0.12±0.02 mm2) were intermediate between and not significantly different from those in Na
0.01% and Na 2% groups. In conclusion, while high dietary sodium intake led to higher systolic
blood pressure, low dietary sodium intake augmented atherosclerosis in hypercholesterolemic
mice.
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1. Introduction
Dietary salt (sodium chloride) is essential for the body to maintain homeostasis of water and
sodium. It also plays an important role in the regulation of blood pressure. Although the
mechanisms are poorly understood, epidemiological studies in humans and interventional
experiments in animal models provide strong evidence that high sodium intake leads to
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increases of blood pressure [1–4]. High blood pressure is a well-recognized risk factor for
atherosclerosis. However, manipulating dietary sodium has generated conflicting results in
atherosclerosis studies using mouse models. While some studies have reported that high
dietary sodium augments atherosclerosis [4,5], two studies have imparted that low dietary
sodium increases atherosclerosis in hypercholesterolemic mice [6,7]. The discrepant
findings of these studies infer a more complex role of dietary sodium intake in the
development of atherosclerosis than a causal relationship mediated by blood pressure
changes.

In addition to regulating blood pressure, high dietary sodium suppresses the renin
angiotensin system (RAS), while restricted sodium intake activates the RAS, as well-
documented in both human and animal studies [8–10]. Activation of the RAS increases
blood pressure and contributes to the development of atherosclerosis. Direct evidence shows
that angiotensin II (AngII) infusion causes a marked increase of systolic blood pressure and
accelerates atherosclerotic formation in hypercholesterolemic mice [11,12]. Conversely,
pharmacological inhibitions and genetic disruptions of the RAS decrease blood pressure and
attenuate atherosclerosis in these animal models [13–19]. Although high blood pressure is a
critical risk factor for atherosclerosis, there is accumulating evidence that activation of the
RAS contributes to atherosclerosis through mechanisms not involving blood pressure
changes [11,13,14,16,17,20–23].

Still unknown is whether the inconsistent results from previous studies regarding dietary
sodium intake on atherosclerosis reflect differential effects of dietary sodium intake on
blood pressure and the RAS. To address this question, we randomized hypercholesterolemic
mice to one of three dietary sodium concentrations. Our hypothesis was that low dietary
sodium intake would contribute to the development of atherosclerosis via activation of the
RAS. The dietary requirements for “normal” sodium concentrations in mice are unknown. A
saturated fat-enriched diet used by many laboratories[14,21,24,25] to stimulate
hypercholesterolemia and induces atherosclerosis in mice contains 0.1% weight/weight (w/
w) of sodium (Na 0.1%). Adult mice (8 weeks old) fed this diet steadily gain body weight at
a rate of 2–3 g per week. Therefore, we used Na 0.1% as an approximation to the “normal”
dietary sodium concentration for this study. We then selected Na 2% and 0.01% as the high
and low dietary sodium concentrations, respectively. To determine the effects of dietary
sodium intake on the development of atherosclerosis, we examined atherosclerotic lesions
throughout the aortic root after 12 weeks of feeding the selected diets to low-density
lipoprotein (LDL) receptor −/− male mice.

2. Methods and materials
2.1. Mice and diet

Male LDL receptor −/− (B6.129S7-Ldlrtm1Her; Stock# 002207) mice were purchased from
The Jackson Laboratory (Bar Harbor, ME, USA) and randomized to three groups. All mice
were maintained in a barrier animal facility at the University of Kentucky and fed a normal
mouse laboratory diet containing Na 0.2% (Diet number 2918; Harlan Teklad, Madison, WI,
USA). To induce hypercholesterolemia, the diet was changed to one supplemented with
same amount of saturated fat (milk fat 21% w/w) and cholesterol (0.2% w/w) but containing
various concentrations of sodium (Na 0.01%, 0.1%, or 2% w/w; Harlan Teklad). The
duration of the selected diet feeding was 12 weeks beginning when the mice were 8 weeks
old. The study was performed with the approval of the University of Kentucky Institutional
Animal Care and Use Committee.
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2.2. Blood pressure measurements
Systolic blood pressure was measured using a non-invasive tail cuff system (Coda 6; Kent
Scientific Corp., Torrington, CT, USA). Measurements were performed for 5 consecutive
days prior to the selected diet feeding to generate a baseline blood pressure (Week 0), and at
Weeks 4, 8, and 12, respectively, during fed the selected diets [26].

2.3. Measurement of urine sodium concentrations
Twenty four-hour urine was collected after 10 weeks of the selected diet feeding using a
metabolic cage system (Model MMC100; Hatteras Instruments, Cary, NC, USA) and stored
at −80°C. Urine samples were shipped on dry ice to the University of Missouri for
measurements of urine sodium concentrations. Urine sodium excretion rates were calculated
using urine sodium concentrations and the 24-h urine volume.

2.4. Measurements of plasma cholesterol concentrations and lipoprotein distributions
Plasma cholesterol concentrations were measured using a commercial kit (Catalog number
439-17501; Wako Chemicals USA, Richmond, VA, USA). Plasma lipoprotein distributions
(five to six plasma samples from each group) were determined by size exclusion method
using a fast performance liquid chromatographic machine. Thirty-two fractions from each
plasma sample were collected and subsequently measured using the enzyme-based assay kit
for plasma cholesterol concentrations. Plasma cholesterol concentrations of very low-density
lipoprotein (VLDL-C), intermediate/low density lipoprotein (I/LDL-C), and high density
lipoprotein (HDL-C) in the three groups were analyzed using PeakFit software (SeaSolve
Software, San Jose, CA, USA). This software allowed us to analyze the chromatographic
data using an automated nonlinear peak separation function as described previously [27].

2.5. Measurements of plasma renin and aldosterone concentrations
Plasma renin concentrations were measured by radioimmunoassay (RIA). Briefly, plasma
samples (8 μl) were incubated with an excess of rat angiotensinogen in the presence of
EDTA (0.02 M) for 30 min at 37°C. AngI generated in the samples was quantified by RIA
using a commercial kit (Catalog number 1553; DiaSorin, Stillwater, MN, USA). Plasma
aldosterone concentrations were determined with a commercial kit (Catalog number
DSL-8600; Diagnostic Systems Laboratories, Webster, TX, USA) as described previously
[14].

2.6. Quantification of atherosclerotic lesions
Atherosclerotic lesions were quantified throughout the aortic root as described previously
[28,29].

2.7. Real-time polymerase chain reaction (PCR) of renin in kidneys
Total RNA was harvested from mouse kidneys using the SV Total RNA Isolation System
(Catalog number Z3100; Promega, Madison, WI, USA). Real-time PCR was performed as
described previously [30]. Abundance of renin mRNA in kidneys was calculated with
normalization to 18S rRNA using ΔΔ Ct method.

2.8. Immunostaining of macrophages
Immunostaining was performed on sections of aortic roots as described previously [31].
Macrophages in atherosclerotic lesions were detected using rat anti-mouse CD68 antibody
(Clone FA-11, Catalog number MCA1957, AbDSerotec, Raleigh, NC, USA) with
appropriate negative controls [31].
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2.9. Statistical analyses
SAS version 9.2 (SAS Institute, Cary, NC, USA) and SigmaPlot version 11 (SYSTAT
Software, San Jose, CA, USA) were used for statistical analyses. To compare the three
groups on a continuous response variable, we used one-way analysis of variance (ANOVA)
or an appropriate methodological alternative as described previously [14]. Systolic blood
pressure data were analyzed using one-way repeated measures ANOVA. The relationship
between mean atherosclerotic lesion areas and systolic blood pressure at week 12 was
analyzed using Pearson correlations and linear regression models. Data were presented as
mean±S.E.M. P<.05 was considered statistically significant.

3. Results
3.1. Characterization of study mice

As expected, urine sodium excretion rates in the study mice were positively related to
dietary sodium concentrations (Table 1). Water consumption and urine volume at a 24-h
period were greater in mice fed Na 2% than in those fed Na 0.01% or Na 0.1% (Table 1).
Although food consumption was similar, mice fed Na 2% gained less body weight (Table 1)
compared to the other two groups. In contrast to urine sodium excretion rates, plasma
aldosterone concentrations were negatively related to dietary sodium concentrations (Table
1).

Our previous study showed that plasma cholesterol concentrations were less than 100 mg/dl
in LDL receptor +/+ (C57BL/6 strain) mice fed a normal laboratory rodent diet containing
Na 0.2% (Diet number 2918; Harlan Teklad) [32]. In the present study, the saturated fat-
enriched diet feeding increased plasma cholesterol concentrations to more than 1,000 mg/dl
in the LDL receptor −/− mice from all three study groups (Table 1). Compared to mice fed
Na 2%, those fed Na 0.01% or Na 0.1% had moderately higher plasma cholesterol
concentrations. Resolution of lipoproteins through size exclusion chromatography (Fig. 1A)
followed by non linear curve fitting analysis demonstrated that plasma VLDL and I/LDL
cholesterol concentrations were higher in mice fed Na 0.01% or Na 0.1% than in those fed
Na 2% (Fig. 1B). HDL cholesterol concentrations were not significantly different among the
three study groups.

3.2. High dietary sodium eventually led to increased systolic blood pressure
Systolic blood pressure in all study groups prior to the selected dietary sodium feeding was
similar (Fig. 2). Among the three groups, only mice fed Na 2% had significantly increased
systolic blood pressure during the 12-week selected diet feeding.

The saturated fat-enriched diet feeding containing selected sodium concentrations did not
produce an overall statistically significant difference on systolic blood pressure during the
first 4 weeks among the three study groups. In addition, no significant difference was
detected between mice fed Na 0.01% and Na 0.1% during the 12 weeks.

At week 8, mice fed Na 2% had significantly higher (mean of 9 mmHg) systolic blood
pressure compared to mice fed Na 0.01%, but were not significantly different compared to
mice fed Na 0.1% (Fig. 2). Systolic blood pressures at week 12 (from low to high dietary
sodium) were 129±3, 128±4, and 138±3 mmHg, respectively. The mean difference between
mice fed Na 2% and Na 0.1% at week 12 was 10 mmHg, and between mice fed Na 2% and
Na 0.01% was 11 mmHg (Fig. 2).
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3.3. Low dietary sodium resulted in increased abundance of renal renin mRNA and plasma
renin concentrations

Renin is a sensitive parameter in determining circulating hormonal changes of the RAS.
Renal renin mRNA was more abundant in mice fed Na 0.01% than in those fed Na 2% or Na
0.1% (Fig. 3A). Consistent with the mRNA change, mice fed Na 0.01% showed higher
concentrations of plasma renin than those fed Na 2% or Na 0.1% (Fig. 3B).

3.4. Low dietary sodium concentrations augmented atherosclerotic lesions
Atherosclerotic lesion areas were measured in serial sections of aortic roots. Consistent with
our previous studies [14,21], the fat-enriched diet feeding for 12 weeks led to development
of profound atherosclerotic lesions in LDL receptor −/− mice. Mean lesion areas of aortic
roots in mice fed Na 0.01% were approximately 90% greater than in mice fed Na 2%.
Despite a sodium concentration-dependent relationship with mean lesion areas of
atherosclerosis, it did not reach a significant difference when mice fed Na 0.1% were
compared with those fed either Na 0.01% or Na 2% (Fig. 4). In addition, irrespective of the
difference of the atherosclerotic lesion areas in aortic roots between mice fed the low and the
high dietary sodium concentrations, lipid-laden macrophages were the predominant cell type
in all lesions as determined by immunostaining of CD68 (data not shown).

We also analyzed the association between systolic blood pressure and atherosclerotic lesion
size using Pearson correlations and linear regression models. No significant correlation
between systolic blood pressure and lesion size was observed.

4. Discussion
In this study, selected dietary sodium intakes displayed differential effects on systolic blood
pressure and atherosclerotic lesions. While high dietary sodium increased systolic blood
pressure, it decreased both plasma renin concentrations and atherosclerotic lesion area in
aortic roots of male LDL receptor −/− mice fed a saturated fat-enriched diet for 12 weeks.

Consistent with previous observations in humans and animal models including both normal
C57BL/6 mice and hypercholesterolemic mice [1–4], male LDL receptor −/− mice fed high
dietary sodium (Na 2%) in this study had higher systolic blood pressure than those fed either
a normal (Na 0.1%) or low (Na 0.01%) dietary sodium. However, systolic blood pressure
was similar between mice fed Na 0.1% and Na 0.01%, although dietary sodium
concentrations were 10-fold different. Notably, the changes of systolic blood pressure did
not parallel the changes of atherosclerotic lesion size in aortic roots. Despite a significant
difference of systolic blood pressure, mice fed high dietary sodium (Na 2%) had smaller
atherosclerotic lesions in aortic roots, compared to those fed low dietary sodium (Na
0.01%). In contrast, mice fed normal dietary sodium (Na 0.1%) had lower systolic blood
pressure but similar lesion size, compared to those fed high dietary sodium (Na 2%). In
addition to our findings, a previous study reported that low dietary sodium (Na 0.01%) in
both male and female apolipoprotein (apo)E −/− mice led to more augmented atherosclerotic
lesions in thoracic aorta in the absence of changes of mean arterial pressure, compared to
mice fed Na 0.25% [7]. These results implicate that dietary sodium-induced changes of
blood pressure in hypercholesterolemic mice do not directly contribute to the development
of atherosclerotic lesions. Indeed, there is a debate on the correlations of dietary sodium
intake with cardiovascular diseases in humans. A recent prospective population study has
reported that high sodium excretion modestly increases systolic blood pressure, whereas low
sodium excretion is associated with a higher mortality due to cardiovascular events [33].

In contrast to the lower systolic blood pressures, plasma renin concentrations were higher in
mice fed low dietary sodium than in those fed normal or high dietary sodium (Na 0.1% and
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Na 2%). Although the mechanisms are not yet established, these results agree with findings
reported in both humans and animal models[6,7,9,10,34]. In addition to this study, there is
other evidence of RAS activation in relation to dietary sodium intake. More specifically,
apoE −/− mice fed a normal laboratory rodent diet containing Na 0.01% had higher plasma
AngII concentrations compared to those fed Na 0.25% [7]. Our results, combined with the
evidence from the literature, imply that low dietary sodium activates the RAS in
hypercholesterolemic mice, which may contribute to the development of atherosclerosis.

The present study used a combination of selected dietary sodium concentrations and a
saturated fat-enriched diet that mimics the human “western diet” in the industrialized
countries. Male LDL receptor −/− mice fed this saturated fat-enriched diet have a
remarkable increase of plasma cholesterol concentrations that contributes to atherosclerosis
[14,21]. Consistent with the previous reports, all mice in this study were
hypercholesterolemic. However, mice fed the diet containing Na 2% had lower plasma
cholesterol concentrations than those fed the same fat-enriched diet containing either Na
0.01% or Na 0.1%. Similar findings have also been reported in both human and animal
studies [6,7,34–36]. The adverse lipid effects of low dietary sodium include elevations in
plasma total cholesterol, VLDL, and I/LDL cholesterol concentrations, as also observed in
this study. The inverse correlation between dietary sodium intake and plasma cholesterol
concentrations indicates a potentially important role of dietary sodium in the regulation of
plasma lipid metabolism. However, the mechanism by which low dietary sodium increases
plasma cholesterol concentrations has not been defined. Hypercholesterolemia and
activation of the RAS are two critical components in the development of atherosclerosis.
There is compelling evidence that hypercholesterolemia and AngII synergistically promote
the progression of atherosclerosis [11,12,37]. We have also found that hypercholesterolemia
activates the RAS, leading to augmentation of atherosclerotic lesions in mice fed a saturated
fat-enriched diet [21], although the causal relationship between the RAS and plasma
cholesterol concentrations in mice fed selected dietary sodium has not been determined.

This study also found that mice fed the high dietary sodium had less body weight gain
compared to those fed either Na 0.01% or Na 0.1%. While this has not been reported
elsewhere, a recent study found a divergent effect of dietary sodium intake on body weight
change [38]. ApoE −/− female mice fed either Na 0.03% or Na 3.2% gained more weight
compared to those fed Na 0.28%, but the mechanism was not investigated. In our study, we
did not see any difference on food consumption, although water consumption and urine
volume were increased in mice fed Na 2%. It has been reported that reduction of the RAS
leads to less body weight gain in mice [39]. While this topic is beyond the scope of the
purpose of the present study, it will be interesting to explore the mechanism by which the
amount of dietary sodium intake regulates body weight in a future study.

In conclusion, selected dietary sodium manipulation has differential effects on systolic blood
pressure regulation and the development of atherosclerosis in hypercholesterolemic mice.
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Fig. 1.
Low dietary sodium led to higher plasma VLDL and IDL/LDL cholesterol concentrations in
hypercholesterolemic mice. (A) Lipoproteins in plasma were resolved by size exclusion
chromatography and measured using an enzymatic method. Triangles represent the mean
values from 5-6 individual mice and bars represent S.E.M. (B) Plasma cholesterol
concentrations of lipoprotein fractions were calculated using a non linear curve fitting
method. Histobars represent means and bars represent S.E.M. Statistical analysis was
performed using one way ANOVA. *P<.05 for comparisons with mice fed Na 2% (n=16–
18/group).

Lu et al. Page 10

J Nutr Biochem. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
High dietary sodium increased systolic blood pressure in hypercholesterolemic mice.
Systolic blood pressure was measured using a tail-cuff system at Week 0, 4, 8, and 12 during
the selected dietary sodium feeding. Triangles represent means of weekly observations and
bars represent S.E.M. As analyzed with one way repeated measures ANOVA, mice fed Na
2%, but not mice fed either Na 0.01% or Na 0.1%, had increased systolic blood pressure
during the 12-week selected diet feeding. * and #P<.05 for comparisons with mice fed Na
0.01% and Na 0.1%, respectively (n=16-18/group).
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Fig. 3.
Low dietary sodium resulted in higher renal renin mRNA abundances and plasma renin
concentrations. (A) mRNA abundance of renal renin was quantified with real-time PCR
using ΔΔCt method (n=5/group). (B) Plasma renin concentrations were measured using
radioimmunoassay in 9-10 mice/group. Data are mean± S.E.M. Statistical analysis was
performed using one way ANOVA. * P<.01 for comparisons with mice fed Na 0.01%.
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Fig. 4.
Low dietary sodium led to greater atherosclerotic lesion areas in aortic roots. Atherosclerotic
lesion areas were measured in aortic roots. Triangles represent average lesion areas
throughout the aortic root (eight serial sections/aortic root; n=13–15/group) of each mouse.
Circles represent the means, and bars are S.E.M. Statistical analysis was performed using
one way ANOVA. There were no significant differences of mean lesion areas between mice
fed Na 0.1% and mice fed either Na 0.01% or Na 2%.
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Table 1

Characterization of male LDL receptor −/− mice fed a saturated fat-enriched diet containing selected sodium
concentrations

Sodium concentrations
in the diet (w/w)

0.01% 0.1% 2%

Number per group 18 16 18

Body weight (baseline; g) 21.4±0.7 21.5±0.6 21.5±0.7

Body weight (termination; g) 33.8±0.6 * 34.8±1.0 * 28.5±0.8

Plasma cholesterol
 concentrations (mg/dl)

1625±92 * 1612±78 * 1264±74

Plasma aldosterone
 concentrations (ng/ml)

253±24 * 150±36 *,# 53±6

Water consumption (ml/24 h) 1.9±0.1 * 2.5±0.3 * 5.1±0.2

Urine volume (ml/24 h) 0.70±0.04 * 0.87±0.11 * 2.13±0.15

Urine Na excretion rate
 (μmol/24 h)

8.8±0.7 * 29.7±3.1 *,# 770.2±93.3

Values are represented as mean±S.E.M.

*
P<.01 for comparisons to the mice fed Na 2%, and

#
P<.01 for comparisons to the mice fed Na 0.01%.
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