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Abstract

Background/Aim—Obesity is associated with changes in adiponectin and pro-inflammatory 

adipokines. Sodium intake can affect adipokine secretion suggesting a role in cardiovascular 

dysfunction. We tested if long-term dietary sodium restriction modifies the expression of 

adiponectin and ameliorates the pro-inflammatory profile of obese, diabetic

Methods/Results—Db/db mice were randomized to high sodium (HS 1.6% Na+, n=6) or low 

sodium (LS 0.03% Na+, n=8) diet for 16 weeks and compared with lean, db/+ mice on HS diet 

(n=8). Insulin levels were 50% lower in the db/db mice on LS diet when compared with HS db/db 

(p <0.05). LS diet increased cardiac adiponectin mRNA levels in db/db mice by 5-fold when 

compared with db/db mice on HS diet and by 2-fold when compared with HS lean mice (both p < 

0.01). LS diet increased adiponectin in adipose tissue compared with db/db mice on HS diet, 

achieving levels similar to those of lean mice. MCP-1, IL-6 and TNF-α expression were reduced 

more than 50% in adipose tissue of db/db mice on LS diet when compared with HS db/db mice 
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(all p < 0.05), to levels observed in the HS lean mice. Further, LS db/db mice had significantly 

reduced circulating MCP-1 and IL-6 levels when compared with HS db/db mice (both p < 0.01).

Conclusion—In obese-diabetic mice, long-term LS diet increases adiponectin in heart and 

adipose tissue and reduces pro-inflammatory factors in adipose tissue and plasma. These additive 

mechanisms may contribute to the potential cardioprotective benefits of LS diet in obesity-related 

metabolic disorders.
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Introduction

Obesity is associated with increased prevalence of type 2 diabetes (T2DM), hypertension, 

metabolic syndrome (MetS) and cardiovascular disease (CVD). Human and rodent obesity 

are characterized by reduced adiponectin levels and elevated levels of proinflammatory 

cytokines, which both contribute to the development of associated metabolic disorders [1]. 

According to a recent-meta-analysis, lower adiponectin levels are amongst the strongest 

biochemical predictors of insulin resistance and T2DM [2]. Interestingly, adiponectin is not 

only secreted by adipocytes but also is produced by cardiomyocytes and several studies 

report a cardioprotective effect of adiponectin on hypertension, heart failure and endothelial 

dysfunction [3] [4].

Obesity-related inflammation and cardiometabolic disorders have been associated with 

increased aldosterone levels and excess mineralocorticoid receptor (MR) activation [5]. We 

showed previously that MR blockade with eplerenone increases adiponectin and reduces 

inflammatory cytokines in obese db/db mice [6]. Studies examining the adverse 

cardiovascular effects of MR demonstrate an important influence of dietary sodium intake—

a high sodium diet increases and a low sodium diet reduces MR-mediated cardiovascular 

and renal damage [7-10]. In addition, an animal model of aldosterone-induced injury 

showed that treatment with a MR antagonist or dietary sodium restriction has similar 

cardioprotective effects [9]. To date there is sparse and controversial information regarding a 

potential protective effect of low sodium diet on the obesity-related pro-inflammatory 

adipokine profile [4] [11].

The aim of the present study was to test the hypothesis that long-term dietary sodium 

restriction improves the expression of adiponectin in heart and adipose tissue, and reduces 

inflammatory cytokines of obese, diabetic db/db mice.

Methods

Animal protocol

We studied three groups of male rodents with dietary sodium intervention for 16 weeks from 

age 9 weeks until age 25 weeks. We selected lean, db/+ littermates on high sodium (HS) diet 

as a control group since high sodium intake is the most frequent diet worldwide.
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The study group design was as follows: 1) lean, non-diabetic control group db/+ mice (HS, 

1.6% NaCl, n=8); and obese, diabetic db/db mice randomized to either 2) a high sodium diet 

(HS, 1.6% NaCl, n=6), or 3) a low sodium diet (LS, 0.03% NaCl, n=8). The obese db/db 

mice (Jackson Laboratory, Bar Harbor, ME) are generated by mating male and female db/+ 

mice and thus are littermates with similar genetic backgrounds except for the number of 

mutated leptin receptors [12].

To confirm appropriate sodium intake, mice were placed in metabolic cages for 24h urinary 

sodium determination, considered the gold standard measurement [13]. Systolic blood 

pressure was measured in conscious animals by tail-cuff plethysmography at age 25 weeks 

(Blood Pressure Analyzer, Model 179, IITC Life Science). Animals were kept in a room 

lighted 12 h/day at an ambient temperature of 22 ± 1°C. At 25 weeks of age, blood samples, 

visceral adipose tissue from the retroperitoneum, and hearts were harvested. The 

Institutional Animal Care and Use Committee at Harvard University approved experimental 

procedures.

Biochemical parameters

Plasma aldosterone levels and plasma renin activity (PRA) were determined using 

radioimmunoassay techniques as previously described [14].

Plasma glucose was measured using Cobas Integra 400 chemistry analyzer (Roche 

Diagnostics, Indianapolis, IN) via a hexokinase enzymatic reaction. Plasma insulin was 

measured using the LincoPlex mouse insulin ELISA assay (LINCO Research, St. Charles, 

MO). To estimate insulin resistance, the homeostatic model assessment (HOMA) index was 

calculated. This method, despite its limitation compared to euglycemic glucose clamp, has 

been validated in rodents [15].

Plasma cytokine concentrations

Cytokine protein concentrations of interleukin (IL)-6, IL-10, monocyte chemotactic 

protein-1 (MCP-1), interferon gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α) 

were measured in four animals per group using the Cytometric Bead Array System (mouse 

inflammation CBA kit, Cat #552364, BD Biosciences, San Jose, CA). Cytokine 

concentrations were determined by flow cytometry (BD FACScan, BD biosciences). Results 

take into account the total protein concentration of the plasma and were expressed as pg/ml. 

Intra-assay variability was 2% and inter-assay variability was 5%.

Quantitative Real-Time PCR

Total mRNA was extracted from visceral adipose tissue using the RNeasy Lipid Tissue Mini 

Kit (Qiagen Sciences, Germantown, MD) and from heart tissue using the RNeasy Mini Kit 

(Qiagen Sciences). PCR amplification reactions were performed with TaqMan gene 

expression assays in duplicate using the ABI Prism 7000 Sequence Detection System 

(Applied Biosystems, Foster City, CA). MRNA levels, calculated by the ΔΔCT method, 

were normalized to 18S rRNA.
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Western blot analysis

High molecular weight (HMW) plasma adiponectin was determined using anti-adiponectin 

antibody (Chemicon, Temecula, CA) as previously described [6]. We chose HMW 

adiponectin levels as evidence supports strong inverse correlations with T2DM, coronary 

disease and CVD [16].

Analysis of heart tissue was performed using the following antibodies: MR (sc-11412, Santa 

Cruz, CA, dilution 1:1000) and AT1R (sc-1173, Santa Cruz, dilution 1:1000).

Immunohistochemical staining

Immunohistochemical staining was performed by the avidin biotin complex method 

according to the manufacturer's protocol (Vector) as previously described [17]. Adiponectin 

was detected by mouse primary antibody to adiponectin (Chemicon, Temecula, CA) and 

secondary goat anti-mouse antibody (dilution 1:200; Vector). Negative control sections were 

incubated with either secondary antibody alone or an irrelevant goat IgG (Vector).

Data Analysis

Data were analyzed using one-way ANOVA, followed by Tukey's post-hoc when comparing 

three groups or Student t-test when data was only available in two groups. To account for 

differences in the weight of the db/db animals on LS and HS, a linear regression model with 

the outcome of interest was performed using the animal groups as a categorical predictor 

and weight as a continuous covariate. Differences in means with p values ≤ 0.05 were 

considered statistically significant. All analyses were performed using SPSS 15.0 and 

GraphPad Prism 6 software. Values are expressed as mean ± standard deviation (SD).

Results

Over the 16 week study, lean db/+ mice gained less weight from baseline (8.5 g ± 0.8) when 

compared with HS db/db (19.9 g ± 1.7, p <0.01) or LS db/db mice (18.4 g ± 2.1, p <0.01). 

The characteristics at 25 weeks of lean nondiabetic db/+ mice on HS and of obese diabetic 

db/db mice on HS and LS are summarized in Table 1. As expected, db/db mice at age 25 

weeks were significantly heavier and had severe hyperglycemia. Systolic blood pressure was 

similar across all three groups. Db/db mice on LS diet had a slightly lower weight as 

compared with db/db mice on HS diet (49.1 ± 1.8 g db/db LS group vs. 51.8 ± 2.4 g db/db 

HS group, p <0.05). Low sodium intake increased both aldosterone and PRA by roughly two 

fold in db/db mice when compared with lean HS controls, as was anticipated. Also db/db 

mice in the LS group had significantly higher PRA than db/db mice in the HS group (p 

<0.01). Aldosterone levels also increased in obese mice on HS diet as compared with the 

lean controls on HS diet (p < 0.01).

2) Effects of obesity and dietary sodium restriction on insulin resistance

Insulin levels were increased in diabetic db/db mice versus nondiabetic db/+ mice, 

irrespective of diet (Table 1). Obese db/db mice on LS diet had about 50% lower insulin 

levels than those in db/db animals on HS diet and comparable insulin levels to lean control 

mice on HS (p <0.05). LS db/db mice had a mild 10% increase in glycemia compared with 
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HS db/db mice. Insulin resistance, estimated by HOMA-IR, was significantly improved in 

the db/db mice on LS (Table 1). To account for the possibility that the improvement in 

insulin levels in the LS group may be due to weight loss, we performed a linear regression 

analysis adjusted by weight and observed that insulin levels remained significantly lower in 

LS group (p <0.05) when compared with HS db/db animals. The beneficial effect of LS 

versus HS diet on HOMA-IR in db/db mice was not statistically significant when adjusting 

for weight.

3) Effect of sodium intake on AT1R and MR protein expression in db/db heart tissue

Consistent with our previous reports in nondiabetic rodent models13, db/db animals on HS 

diet as compared with db/db animals on LS diet had a roughly 2-fold increase in both AT1R 

(1.2 vs 0.6 optical density, p <0.05) and MR cardiac protein levels (0.4 vs 0.2 optical 

density, p <0.05).

4) Effects of dietary sodium restriction on adiponectin

On the HS diet, cardiac adiponectin mRNA levels were markedly decreased in the heart 

tissue of obese diabetic db/db mice when compared with lean nondiabetic db/+ mice (p 

<0.05). With dietary sodium restriction, cardiac expression of adiponectin was significantly 

increased in db/db mice as compared with db/db mice on HS (Figure 1), with and without 

adjustment for weight. Furthermore, LS diet increased cardiac adiponectin mRNA levels in 

the obese db/db mice to levels that were two-fold higher than those observed in the lean 

nondiabetic db/+ mice on HS diet (p <0.01, Figure 1) even when adjusted by weight. There 

was no detectable leptin mRNA in cardiac tissue suggesting that these samples were not 

contaminated with fat. Additionally, immunohistochemistry studies confirmed the presence 

of adiponectin protein in cardiomyocytes from db/db mice (Figure 2).

Regarding visceral adipose tissue expression, obese diabetic HS db/db mice again had 

reduced levels of adiponectin mRNA when compared with lean nondiabetic HS db/+ mice 

(p <0.01). In addition, db/db mice on LS diet had higher adiponectin mRNA levels in 

adipose tissue compared to db/db mice on HS (p <0.01), and this statistical difference 

remained even after adjusting by weight. Low sodium intake in db/db mice increased 

adipose tissue expression of adiponectin to levels observed in the lean animals (Figure 1).

Obese HS db/db mice had significantly lower levels of circulating HMW adiponectin 

compared with lean nondiabetic HS db/+ mice (p <0.05). Obese db/db mice on LS diet 

tended to have higher levels of HMW adiponectin as compared with db/db animals on HS 

diet (p= 0.06). Moreover, plasma levels of HMW adiponectin of obese LS db/db mice were 

similar to levels in the lean HS db/+ group, consistent with adiponectin expression in 

adipose tissue (Figure 1).

5) Effects of dietary sodium restriction on pro-inflammatory cytokines

The expression of several cytokines was measured in adipose tissue in the three animal 

groups. Adipose tissue expression of the chemokine MCP-1 and the pro-inflammatory 

cytokine IL-6 were both increased by roughly 5-fold in obese db/db mice on HS diet as 

compared with HS lean nondiabetic control animals (both p<0.01). Db/db mice on a LS diet 
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had significantly lower mRNA levels of MCP1 and IL-6 when compared to HS db/db mice 

(both p <0.05). Moreover, LS db/db mice had similar expression of MCP-1 and IL-6 to 

levels observed in the lean HS control group, even when adjusted by weight (Figure 3). 

Regarding TNF-α, obese db/db mice on HS diet had roughly an 8-fold increase in adipose 

tissue expression when compared with the HS lean control group (p <0.01). Also, TNF-α 

transcript expression was reduced in db/db mice on LS diet as compared to db/db mice on 

HS diet (p <0.05), and this effect remained significant when adjusted by weight differences 

between LS and HS groups. However, TNF-α mRNA in db/db LS mice were elevated when 

compared with the HS lean control group (Figure 3). In addition, mRNA levels of PAI-1 and 

the macrophage marker CD 68 expression were significantly increased in HS db/db mice 

versus HS lean mice. Visceral fat from LS obese animals tended to have lower levels of 

CD68 and PAI-1 mRNA as compared with HS obese mice, although this did not reach 

statistical significance.

Consistent with the gene expression studies in adipose tissue, plasma levels of MCP-1 and 

IL-6 were increased when comparing HS obese db/db mice to HS lean nondiabetic mice 

(both p <0.01). Additionally, obese LS db/db mice had significantly reduced plasma MCP-1 

and IL-6 levels when compared with the levels seen in obese HS db/db mice (both p ≤0.01), 

even when adjusting for weight (both p <0.01). LS in db/db mice led to a decrease in MCP-1 

to levels that were even significantly lower than those observed in the non-diabetic, lean 

nondiabetic HS db/+ mice (Figure 4). Plasma levels of IL-10, TNF-α, and interferon γ were 

similar in the three groups (Data not shown).

Discussion

The present study demonstrates that long-term reduction of sodium intake increases the 

expression of adiponectin in both heart and adipose tissue and also reduces the expression of 

pro-inflammatory factors in visceral adipose tissue of obese-diabetic mice. Also, restricting 

dietary sodium improves plasma levels of the pro-inflammatory cytokines (MCP-1, IL-6, 

TNF-α) and reduces insulin levels.

To our knowledge, this is the first report demonstrating that adiponectin expression is 

increased in heart tissue of obese rodents on a long-term low sodium diet. Adiponectin, 

secreted by cardiomyocytes, is involved in the regulation of cardiac metabolism and 

function [3], has a protective effect against ischemia-reperfusion injury through activation of 

adiponectin receptors and improves cardiomyocyte contractile function [18, 19]. Herein, we 

confirmed cardiac expression of adiponectin by RT-PCR and demonstrated cardiomyocyte-

specific adiponectin expression by immunohistochemistry 

We also observed that LS diet, compared to HS, increased adiponectin in visceral adipose 

tissue and tended to increase plasma levels of HMW adiponectin in obese mice. The 

importance of adiponectin in obesity-related disorders is highlighted by the adiponectin KO 

rodent model whose phenotype includes insulin resistance, dyslipidemia, hypertension, and 

endothelial dysfunction [20]. Moreover, adiponectin replacement therapy both lowers blood 

pressure and corrects the eNOS levels by blocking superoxide production [4].
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In regards to the effects of LS diet on inflammation, we observed that sodium restriction in 

obese mice decreased MCP-1, IL-6, and TNF-α mRNA expression in adipose tissue as well 

as decreased plasma MCP-1 and IL-6 to levels observed in the lean control group on HS. 

Furthermore, human studies have shown that central obesity correlates with plasma pro-

inflammatory markers like MCP-1, IL-6 and C reactive protein [21] [22]. With respect to 

sodium loading and insulin, our results showed that a low sodium diet decreases insulin 

levels. This finding is consistent with studies demonstrating that a HS diet increases insulin 

levels and worsens insulin-mediated glucose disposal [23] and with a recent report showing 

that HS diet increases HOMA-IR and decreases adiponectin [24]. In the current study, the 

50% reduction in insulin levels with LS diet was accompanied by an unexpected mild 10% 

increase in glycemia. The reason for this increase in glucose is unclear, but may be related to 

LS diet affecting multiple factors that regulate glucose homeostasis and warrants further 

investigation.

Interestingly, several studies have shown that high sodium intake, probably in conjunction 

with an activated MR, contributes to cardiometabolic diseases [25] Moreover, our present 

results, with a restricted sodium diet, resemble the effects of an MR antagonist observed in 

the same rodent model. We reported that eplerenone increases adiponectin expression in 

both heart and adipose tissue and decreases MCP-1 and CD 68 expression in adipose tissue 

of obese diabetic db/db mice [6]. Thus, it is possible that the protective effects of dietary 

sodium restriction are mediated, at least in part, through decreases in tissue MR levels. First, 

we confirmed a decrease in cardiac MR levels with sodium restriction in obese db/db mice, 

similar to what we have reported previously in healthy rats on LS diet [7]. Second, restricted 

sodium intake and an MR antagonist were shown to have similar cardioprotective effects in 

a rodent model of cardiovascular injury with excess aldosterone [9]. Third, nuclear or 

membrane proteins like lysine-specific demethylase (LSD1), Rac1 and AT1R can modify 

MR activity. These factors are modified by dietary sodium intake and thus could potentially 

mediate some of the effects of a restricted sodium diet on MR activity [10] [26].

Recently, the overall health benefits of reducing dietary sodium intake have been questioned 

[27]. The mechanisms involved in the discrepant results have not been elucidated, but 

changes in metabolic and inflammatory parameters could be dependent on the period of time 

and the quantity of dietary sodium restriction, the comorbidities, the genetics of the 

population studied and/or other environmental factors. A recent meta-analysis that included 

only long term studies (at least 4 weeks of intervention) showed beneficial effects of sodium 

restriction despite aldosterone levels being mildly elevated [28]. Unfavorable effects of 

dietary sodium restriction, such as insulin resistance and an increase in inflammatory 

cytokines, are observed with short term highly restricted sodium intake (< 20 mEq/day) 

resulting in a five to seven fold increase in aldosterone levels [29]. Further, a recent report 

showed a J-shaped effect regarding sodium intake and cardiovascular outcomes, suggesting 

that very low sodium restriction could increase cardiovascular mortality [30]. It should be 

noted that the obese LS group in our study had only a two fold increase in aldosterone, 

raising the possibility that a 0.03 Na% diet in mice has an effect comparable to a moderately 

sodium restricted diet in humans. Also, it is possible that dietary sodium restriction may be 

particularly beneficial in specific clinical scenarios associated with excess MR activation. 
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Human obesity is probably associated with increased MR activation secondary to higher 

aldosterone levels [5], corroborated in this study when comparing aldosterone levels of 

obese versus lean mice both on HS diet. Future studies are needed to define the beneficial 

effects of different degrees of sodium restriction in specific clinical conditions.

Our study has limitations as the results obtained from this specific rodent model may lack 

generalizability to other populations. However, this model was studied as obesity and 

diabetes are highly prevalent worldwide and our previous work showed a beneficial effect of 

an MR antagonist in this model [6]. Another potential limitation includes our relatively 

small sample size, which could lead to an inability to detect significant differences between 

groups. Further, we did not assess protein levels; however, we previously reported a very 

good correlation between transcript and protein expression in the same rodent model [6]. 

This study did not include a group of lean animals on a low sodium diet so we cannot 

generalize our results to non obese rodents. A strength of the study was the long term diet 

intervention (16 weeks), which is roughly equivalent to one fifth of the db/db's standard life 

span. In conclusion, long-term low sodium diet has beneficial effects in obese diabetic mice 

by increasing the expression of adiponectin in both heart and adipose tissue and by 

ameliorating the expression of pro-inflammatory factors in adipose tissue. Further, we 

demonstrated that a sodium restricted diet reduces both plasma pro-inflammatory cytokines 

and insulin levels, even when adjusting by weight changes. Future human studies are needed 

to ascertain whether dietary sodium restriction is of benefit in cardiac dysfunction and 

obesity-related metabolic disorders, potentially independent of changes in weight.
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Figure 1. Expression in heart, adipose tissue and plasma levels of adiponectin in studied groups
Adiponectin mRNA levels in heart, visceral adipose tissue and plasma levels of high 

molecular weight adiponectin in 25-week old lean high sodium (HS) diet db/+ mice, obese 

db/db mice treated with HS diet and obese db/db mice treated with low sodium (LS) diet. 

mRNA levels are expressed relative to 18S mRNA. Data are mean ± SD.
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Figure 2. Cardiomyocyte-specific adiponectin expression confirmed by immunohistochemistry
Expression of adiponectin (40×) in cytoplasm was detected by immunohistochemistry 

staining in db/db mouse adipose tissue (A) and cardiomyocyte of db/db mouse heart (B).
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Figure 3. Adipose tissue expression of inflammatory cytokines in db/db mice
IL-6, MCP-1 and TNF-á mRNA levels in visceral adipose tissue of 25-week old lean db/+ 

mice, obese db/db mice treated with high sodium diet and obese db/db mice treated with low 

sodium diet mRNA levels are expressed relative to 18S rRNA. Data are mean ± SD.
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Figure 4. Plasma levels of circulating inflammatory cytokines in db/db mice
Circulating levels of IL-6 and MCP-1 in plasma of 25-week old lean db/+ mice, obese db/db 

mice treated with high sodium diet and obese db/db mice treated with low sodium diet. Data 

are mean ± SD.
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Table 1
Characteristics of lean HS db/+, obese HS db/db and obese LS db/db mice at 25 weeks

Lean control High sodium diet Obese db/db High sodium diet Obese db/db Low sodium diet

n=8 n=6 n=8

Total body weight (g) 30.1 ± 2 51.8 ± 2A 49.1 ± 2 A,D

Heart weight (mg) 176 ± 33 158 ± 17 148 ± 29

Kidney weight (mg) 254 ± 24 276 ± 20 281 ± 40

Systolic blood pressure (mmHg) 126 ± 19 118 ± 7 115 ± 15

Aldosterone (ng/dl) 22 ± 5 39 ± 21 A 49 ± 9 A

Plasma Renin Activity (ng/ml/hr) 13.1 ± 6 6.7 ± 4 20.7 ± 3 B, C

Glucose (mg/dl) 138 ± 15 410 ± 42 A 460 ± 24 A,D

Insulin (uU/ml) 6.9 ± 4.1 19.4 ± 8 A 10.2 ± 2 D

HOMA-IR 2.3 ± 1 19.7 ± 9 A 11.5 ± 3 A, D

A
p<0.01,

B
p<0.05 vs. lean control;

C
p<0.01,

D
p<0.05 vs. obese db/db on HS.

Data given as mean ± SD.

HOMA-IR: homeostatic model assessment index of insulin resistance
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