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Abstract 19 

Excessive sodium salt (NaCl) or fat intake is associated with a variety of increased health risks. 20 

However, whether excessive NaCl intake accompanied by a high-fat diet (HFD) affects glucose 21 

metabolism has not been elucidated. In this study, C57BL/6J male mice were fed a normal chow 22 

diet (NCD), a NCD plus high-NaCl diet (NCD plus NaCl), a HFD, or a HFD plus high-NaCl 23 

diet (HFD plus NaCl) for 30 weeks. No significant differences in body weight gain, insulin 24 

sensitivity, and glucose tolerance were observed between NCD-fed and NCD plus NaCl-fed 25 

mice. In contrast, body and liver weights were decreased, but the weight of epididymal white 26 

adipose tissue was increased in HFD plus NaCl-fed compared to HFD-fed mice. HFD plus 27 

NaCl-fed mice had lower plasma glucose levels in an insulin tolerance test, and showed higher 28 

plasma glucose and lower plasma insulin levels in an intraperitoneal glucose tolerance test 29 

compared to HFD-fed mice. The β-cell area and number of islets were decreased in HFD plus 30 

NaCl-fed compared to HFD-fed mice. Increased Ki67-positive β-cells, and increased expression 31 

levels of Ki67, CyclinB1, and CyclinD1 mRNA in islets were observed in HFD-fed but not 32 

HFD plus NaCl-fed mice when compared to NCD-fed mice. Our data suggest that excessive 33 

NaCl intake accompanied by a HFD exacerbates glucose intolerance, with impairment in insulin 34 

secretion caused by the attenuation of expansion of β-cell mass in the pancreas.  35 

 36 
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Introduction 37 

Excessive sodium chloride (NaCl) intake is associated with a variety of increased health risks, 38 

including hypertension [1, 2], cardiovascular disease [3, 4], and chronic kidney disease [5]. 39 

Although the World Health Organization has proposed 5 g/day as a maximum target for daily 40 

NaCl intake [6], salt intake exceeds recommended levels in most countries [7]. Excessive intake 41 

of fat is known to be a cause of obesity [8], and is also associated with increased health risks. 42 

Recently, changes in dietary habits have increased the consumption of a Western-style diet, 43 

composed of processed foods that are high in NaCl and saturated fat. It is generally accepted 44 

that excessive consumption of NaCl and fat leads to poor health outcomes. However, a paucity 45 

of studies exists examining the effects of excess NaCl intake combined with fats.  46 

Type 2 diabetes mellitus (DM) is a serious and commonly occurring chronic disease, often 47 

accompanied by micro- and macrovascular complications. The prevalence of increasing type 2 48 

DM and its associated complications lower the quality of people’s lives and impose enormous 49 

economic and social burdens [9, 10]. In the pathogenesis of type 2 DM, impaired insulin 50 

sensitivity and insulin secretion were found to be major factors involved in the progression of 51 

diabetes. As is well known, an increase in the consumption of a high-fat diet (HFD) is 52 

associated with glucose intolerance [11]. In comparison, in rodent models, an association 53 
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between an excess consumption of NaCl and insulin sensitivity has been controversial [12-14], 54 

and the effects of NaCl consumption on insulin secretion have not been clarified [15]. 55 

In the present study, we evaluated the influence of excessive NaCl on the glucose metabolism 56 

of HFD-fed mice in order to elucidate whether excessive consumption of NaCl accompanied by 57 

fat causes impaired glucose metabolism.   58 

 59 

Materials and Methods 60 

  61 

Animals and diets 62 

Seven-week-old C57BL/6J mice were obtained from Japan SLC (Shizuoka, Japan). Mice were 63 

maintained with a 12 h light/12 h dark cycle in a temperature-controlled barrier facility, and 64 

with free access to water and food. After 1 week acclimation, mice were divided into four 65 

groups and fed a normal chow diet (NCD; CE2; CLEA Japan, Tokyo, Japan; 0.78% NaCl, 66 

24.9% protein, 4.6% fat, and 70.5% carbohydrate, n = 16), a NCD plus high salt diet (NCD plus 67 

NaCl; 4.0% NaCl, n = 16), a HFD (Test Diet 58Y1; PMI Nutrition International, Clayton, MO, 68 

USA; 0.38% NaCl, 18.3% protein, 60.9% fat, and 20.1% carbohydrate, n = 28), or a HFD plus 69 

high salt diet (HFD plus NaCl; 4.0% NaCl, n = 28) for 30 weeks. Body weight (BW) was 70 

monitored for the 30 weeks of feeding. After 30 weeks of a diet as outlined above, mice were 71 
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sacrificed and subcutaneous white adipose tissue (WAT), mesenteric WAT, epididymal WAT, 72 

liver, gastrocnemius muscle, and soleus muscle were collected. All animal procedures were 73 

approved by the Animal Care and Use Committee of Nagoya University Graduate School of 74 

Medicine and performed in accordance with the institutional guidelines that conform to 75 

National Institutes of Health animal care guidelines. Mice were sacrificed using cervical 76 

dislocation by trained individuals, and all efforts were made to minimize suffering. 77 

 78 

Energy expenditure measurements 79 

In another cohort, food intake and feed efficiency, which were calculated as grams of BW 80 

gained per grams of food consumed over a 3 day period [16], were evaluated at the age of 8 81 

weeks (n = 15–16/group). Mice at this age were acclimated to the test cage for 24 h, and energy 82 

expenditure was measured at 5-min intervals for 24 h on the second day (Model Supermex; 83 

Muromachi Kikai, Tokyo, Japan) (n = 5/group). Oxygen consumption (VO2) was measured 84 

using electrochemical and spectrophotometric sensors. Locomotor activity was measured 85 

simultaneously by infrared beam interruption (Model MK-500RQ/02; Muromachi Kikai, Tokyo, 86 

Japan) and reported as average counts per hour.   87 

 88 

Plasma biochemical analysis 89 
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Blood was collected by tail bleeding. Sera were separated by centrifugation at 6,000 × g. 90 

Serum levels of insulin were measured by enzyme-linked immunoassay (Morinaga Institute of 91 

Biochemical Science, Kanagawa, Japan). Blood glucose levels were measured with a 92 

glucometer (Glutestmint; Sanwa Kagaku Kenkyusho, Aichi, Japan). Serum total cholesterol, 93 

triglyceride and free fatty acid levels in the fasting state were measured with commercial kits 94 

(FUJIFILM Wako Pure Chemical Co., Osaka, Japan) on a Hitachi 7060 Automatic Analyzer 95 

(Hitachi High-Technologies Corporation, Tokyo, Japan).   96 

 97 

Insulin, glucose and pyruvate tolerance tests 98 

An insulin tolerance test (ITT) was performed in mice 25 weeks after the start of diet 99 

interventions [17]. An intraperitoneal glucose tolerance test (GTT), which has been widely used 100 

to examine glucose tolerance, was performed 26 weeks after diet interventions, as described 101 

previously [17]. A pyruvate tolerance test (PTT) was carried out in mice after 27 weeks’ feeding 102 

of a HFD or a HFD plus NaCl. For a PTT, mice were deprived of food for 16 h before the test, 103 

and blood was collected 0, 15, 30, 60, 90, and 120 min after the injection of pyruvate. Blood 104 

glucose was assayed in tail blood using a glucometer (Glutestmint). Additionally, the area under 105 

the curve (AUC) derived from each test was calculated. In the GTT, plasma insulin levels were 106 

measured 0 and 30 min after the injection of glucose. Measurements were taken at the onset of 107 
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the light cycle between 9 and 10 am. The insulin dose used for intraperitoneal injections was 1.0 108 

mU/g BW for mice on NCD and NCD plus NaCl, and 1.6 mU/g BW for those on HFD and 109 

HFD plus NaCl. The glucose dose used for intraperitoneal injections was 2 mg/g BW for mice 110 

on NCD and NCD plus NaCl, and 1 mg/g BW for those on HFD and HFD plus NaCl. The 111 

pyruvate dose used for intraperitoneal injections was 1.5 mg/g BW. 112 

  113 

Islet isolation 114 

Mouse pancreatic islets were isolated using a collagenase digestion method as described 115 

previously [18] with some modifications. Briefly, mice fed NCD, HFD or HFD plus NaCl for 1 116 

week were sacrificed (n = 20/NCD group, n = 13/HFD group, n = 12/HFD plus NaCl group), 117 

and the pancreas was exposed by laparotomy. The common bile duct was ligated at the ampulla 118 

of Vater and cannulated using a needle (Natsume Seisakusho, Tokyo, Japan). Thereafter, 4–5 119 

mL solution containing 2 mg/mL collagenase Ⅳ (Gibco, Waltham, MA, USA) was injected 120 

into the pancreas. The pancreas was subsequently removed, and islets were collected by 121 

centrifugation, and handpicked three times under a stereomicroscope until a population of pure 122 

islets was obtained. Approximately 100 islets per mouse were obtained.   123 

 124 

Quantitative real-time PCR 125 
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Total RNA was extracted from samples using TRIzol (Invitrogen, Waltham, MA, USA) and an 126 

RNeasy kit (Qiagen, Hilden, Germany). Complementary DNA was synthesized from 200-ng 127 

total RNA using a ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). Quantitative real-time 128 

PCR (qRT–PCR) was carried out using a Brilliant Ⅲ Ultra-Fast SYBR Green QPCR Master 129 

Mix (Agilent Technologies, Santa Clara, CA, USA), and samples were run using Stratagene 130 

Mx3000p. The relative mRNA levels of phosphoenolpyruvate carboxykinase (PEPCK) and 131 

glucose-6-phosphate (G6PC) in liver, and tumor necrosis factor (TNF), F4/80, and Cd11c in 132 

epididymal WAT, were assessed by qRT–PCR using GAPDH as an internal control. Ki67, 133 

CyclinA2, CyclinB1, Foxm1, CyclinD1, CyclinD2, Ins1 or Ins2 mRNAs in islets were assessed 134 

using β-actin as an internal control. The qRT–PCR reactions were carried out, and relative 135 

mRNA expression levels were calculated using a comparative Ct method as described 136 

previously [19]. The primer sequences are listed in S1 Table.  137 

 138 

Immunohistochemistry 139 

Pancreatic tissue samples were fixed with 4% paraformaldehyde at 4℃ and then embedded in 140 

paraffin. Serial sections of 4-µm thickness were cut off from each paraffin block at 200-µm 141 

intervals, and five sections were randomly selected per mouse and deparaffinized. The sections 142 

were incubated with guinea pig anti-insulin polyclonal antibody (1:100; ab7842; Abcam, 143 
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Cambridge, UK), or rabbit anti-Ki67 monoclonal antibody (1:100; GTX16667; GeneTex, Irvine, 144 

CA, USA) for 48 h at 4℃. The sections were then treated with Alexa Fluor 488-conjugated goat 145 

anti-guinea pig IgG secondary antibody (1:500; A11073; Invitrogen) or Alexa Fluor 146 

568-conjugated goat anti-rabbit IgG secondary antibody (1:500; A11036; Invitrogen) for 1.5 h 147 

at room temperature. The total areas of insulin-positive cells and the number of islets were 148 

analyzed, and Ki67-positive β-cells were quantitatively assessed as a percentage of the total 149 

number of β-cells. All fluorescently stained sections were examined with a BZ9000 fluorescent 150 

microscope system (Keyence, Osaka, Japan). 151 

 152 

Histological analysis 153 

Liver and epididymal WAT were fixed with 4% paraformaldehyde at 4℃, embedded in 154 

paraffin, sectioned at 4 µm and then stained with hematoxylin and eosin. Soleus muscle was 155 

frozen in liquid nitrogen-cooled isopentane and cut into 10-µm thick cross sections on a cryostat 156 

at −20°C. Sections were stained with Oil Red O (ab150678; Abcam), a marker of 157 

intramyocellular lipid content.   158 

 159 

Statistical analyses  160 
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The statistical significance of the differences between groups was analyzed by either unpaired 161 

t-tests or by one-way ANOVA with repeated measures followed by Tukey’s test using SPSS 162 

statistic 26 (IBM, Endicott, NY, USA). Results are expressed as mean ± standard error of the 163 

mean (SEM). Differences were considered statistically significant at P < 0.05. 164 

 165 

Results 166 

 167 

Body weight gain and liver weight were decreased in HFD 168 

plus NaCl-fed mice 169 

During 30 weeks of experiments, there were no unexpected deaths of mice in any group. After 170 

30 weeks of feeding, significant differences in BW (NCD = 32.9 ± 0.7 and NCD plus NaCl = 171 

32.0 ± 0.4 g) and food intake between NCD-fed and NCD plus NaCl-fed mice were not found 172 

(S1A and S1B Fig). The weights of WAT, liver, and muscle were also not significantly different 173 

between the two groups (S1C–S1H Fig). In contrast, BW was significantly lower in HFD plus 174 

NaCl-fed mice compared to that in HFD-fed mice after 30 weeks of feeding (HFD = 54.9 ± 0.5 175 

and HFD plus NaCl = 49.1 ± 0.8 g; Fig 1A). Food intake was also significantly lower in HFD 176 

plus NaCl-fed mice during 1 week of feeding (Fig 1B). Feed efficiency (ΔBW/Δfood intake) 177 

was significantly lower in HFD plus NaCl-fed mice compared to that in HFD-fed mice (Fig 1C), 178 
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but no differences between HFD-fed and HFD plus NaCl-fed mice were observed for VO2 or 179 

locomotor activity (S2A and S2B Fig). Compared to HFD-fed mice, HFD plus NaCl-fed mice 180 

showed a lower liver (Fig 1D) and higher epididymal fat pad (Fig 1E) weights. Differences 181 

were not found in mesenteric fat pad (Fig 1F), subcutaneous fat pad (Fig 1G), and muscle (Fig 182 

1H–1I) weights between these two groups. Histological analysis of liver revealed reduced liver 183 

lipid deposition in HFD plus NaCl-fed mice compared to HFD-fed mice (S3A Fig). The size of 184 

adipocytes in epididymal WAT and the expression level of TNF, F4/80, and Cd11c mRNAs did 185 

not differ between these two groups (S3B and S3C Fig). Decreased Oil Red O staining, a 186 

marker of intramyocellular lipid in the soleus muscle, was observed in HFD plus NaCl-fed mice 187 

compared to HFD-fed mice (S3D Fig). Serum total cholesterol and triglyceride levels were 188 

significantly higher in HFD-fed and HFD plus NaCl-fed mice than in NCD-fed mice (S2 Table). 189 

Compared to HFD-fed mice, however, HFD plus NaCl-fed mice had lower serum total 190 

cholesterol levels; significant differences in serum free fatty acid levels between groups were 191 

not observed (S2 Table).  192 

 193 

Fig 1. Excessive NaCl intake decreased body weight gain and liver weight under HFD 194 

conditions 195 
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(A) Body weights in mice fed a high-fat diet (HFD) or HFD plus NaCl for 30 weeks (n = 196 

28/group). (B) Food intake in mice fed a HFD or HFD plus NaCl for 1 week (n = 15–16/group). 197 

(C) Feed efficiency in mice fed a HFD or HFD plus NaCl for 3 days (n = 10–12/group). (D) 198 

Liver, (E) epididymal fat pad, (F) mesenteric fat pad, (G) subcutaneous fat pad, (H) 199 

gastrocnemius muscle and (I) soleus muscle weights in mice fed a HFD or HFD plus NaCl for 200 

30 weeks (n = 12–16/group). All values are mean ± SEM. *p < 0.05 versus mice fed a HFD.  201 

 202 

HFD plus NaCl–fed mice had higher plasma glucose levels 203 

and lower plasma insulin levels in a GTT 204 

The ITT and GTT showed no differences in blood glucose levels between NCD-fed and NCD 205 

plus NaCl-fed mice after 25 and 26 weeks of feeding, respectively (S4A and S4B Fig). However, 206 

HFD plus NaCl-fed mice had lower plasma glucose levels and AUC than HFD-fed mice in the 207 

ITT (Fig 2A). In addition, the GTT showed higher plasma glucose levels and AUC in HFD plus 208 

NaCl-fed mice than in HFD-fed mice (Fig 2B). Plasma insulin levels at 0 and 30 min after 209 

glucose injections were lower in HFD plus NaCl-fed mice compared to those in HFD-fed mice 210 

(Fig 2C). The PTT showed higher plasma glucose levels and AUC in HFD plus NaCl-fed mice 211 

than in HFD-fed mice (Fig 2D). The expression levels of PEPCK mRNA in the fasted state 212 

were higher in HFD plus NaCl-fed mice than in HFD-fed mice (Fig 2E).  213 
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 214 

Fig 2. Excessive NaCl intake resulted in glucose intolerance under HFD conditions. 215 

(A) The insulin tolerance test (ITT) and area under the curve (AUC) for mice fed a high-fat diet 216 

(HFD) or HFD plus NaCl for 25 weeks (n = 11–12/group). (B) Glucose tolerance test (GTT) 217 

and the AUC for mice fed a HFD or HFD plus NaCl for 26 weeks (n = 30–36/group). (C) 218 

Plasma insulin levels at 0 and 30 min after glucose injection during a GTT (n = 14–20/group). 219 

(D) The pyruvate tolerance test (PTT) and AUC for mice fed a HFD or HFD plus NaCl for 27 220 

weeks (n = 11–15/group). (E) The mRNA expression levels of phosphoenolpyruvate 221 

carboxykinase (PEPCK) and glucose-6-phosphate (G6PC) in the liver of mice fed a HFD or 222 

HFD plus NaCl for 30 weeks (n = 11–16/group). All values are mean ± SEM. *p < 0.05 versus 223 

mice fed a HFD.  224 

 225 

β-cell area and islet number were decreased in HFD plus 226 

NaCl-fed mice 30 weeks after diet intervention 227 

Neither the β-cell area nor the number of islets were significantly different between NCD-fed 228 

and NCD plus NaCl-fed mice (S5A–S5C Fig). In comparison, both the β-cell area and islet 229 

number were increased in HFD-fed and HFD plus NaCl-fed mice compared to NCD-fed mice. 230 

Additionally, compared to HFD-fed mice, HFD plus NaCl-fed mice showed a decrease in β-cell 231 
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area and islet number after 30 weeks of feeding (Fig 3A–C). The percentage of Ki67/insulin 232 

double-positive cells was increased in HFD-fed mice 3 days after diet intervention. In contrast, 233 

compared to HFD-fed mice, HFD plus NaCl-fed mice showed a decrease in the percentage of 234 

Ki67/insulin double-positive cells (Fig 3D). 235 

 236 

Fig 3. Excessive NaCl intake attenuated β-cell mass expansion and proliferation under 237 

HFD conditions.  238 

(A) Pancreatic sections stained with antibody to insulin (green) and DAPI (blue) in mice fed a 239 

normal chow diet (NCD), high-fat diet (HFD) or HFD plus NaCl for 30 weeks. Scale bars, 100 240 

µm. (B) Beta-cell area relative to pancreas area and (C) the number of islets relative to pancreas 241 

area in mice fed a NCD, HFD or HFD plus NaCl for 30 weeks (n = 6–11/group). (D) The 242 

percentage of Ki67-positive β-cells in mice fed a NCD, HFD, or HFD plus NaCl for 3 days (n = 243 

6–9/group). All values are mean ± SEM. *p < 0.05 versus mice fed a NCD. 
#
p < 0.05 versus 244 

mice fed a HFD. 245 

 246 

Ki67, CyclinB1, and CyclinD1 mRNA expression in islets 247 

were not increased in HFD plus NaCl-fed mice 1 week after 248 

diet intervention  249 



 15 

Compared to NCD-fed mice, the expression level of Ki67 mRNA was increased in HFD-fed 250 

mice. In contrast, no significant differences in Ki67 mRNA levels were observed between HFD 251 

plus NaCl-fed and NCD-fed mice, while HFD plus NaCl-fed mice showed lower Ki67 mRNA 252 

expression levels than HFD-fed mice (Fig 4A). HFD-fed mice showed higher mRNA 253 

expression levels of CyclinB1 and CyclinD1 compared to NCD-fed mice; however, no 254 

significant differences were observed between HFD plus NaCl-fed and NCD-fed mice (Fig 4B–255 

F). Neither Ins1 nor Ins2 mRNA expression levels related to insulin synthesis differed between 256 

HFD-fed and HFD plus NaCl-fed mice (Fig 4G and 4H).  257 

 258 

Fig 4. Excessive NaCl intake attenuated proliferative gene expression in islets under HFD 259 

conditions. 260 

The mRNA expression levels of (A) Ki67, (B) CyclinA2, (C) CyclinB1, (D) CyclinD1, (E) 261 

CyclinD2, (F) Foxm1, (G) Ins1, and (H) Ins2 in islets isolated from mice fed a normal chow 262 

diet (NCD), high-fat diet (HFD) or HFD plus NaCl for 1 week (n = 12–21/group). All values are 263 

mean ± SEM. *p < 0.05 versus mice fed a NCD. 
#
p < 0.05 versus mice fed a HFD. n.s., not 264 

significant.   265 

 266 

Discussion 267 
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In the present study, we demonstrated that HFD plus NaCl-fed mice had higher plasma 268 

glucose and lower plasma insulin levels in the GTT than HFD-fed mice, even though HFD plus 269 

NaCl-fed mice exhibited a decrease in body weight gain and an improvement in insulin 270 

sensitivity compared to HFD-fed mice. We also demonstrated that the number of pancreatic 271 

islets and the β-cell area were decreased in HFD plus NaCl-fed mice compared to HFD-fed 272 

mice. An attenuation of the HFD-induced increase in Ki67/insulin double-positive cells, Ki67, 273 

CyclinB1, and CyclinD1 mRNA expression was found in HFD plus NaCl-fed mice. Comparing 274 

NCD-fed to NCD plus NaCl-fed mice, we did not observe differences in BW gain, body 275 

composition, insulin sensitivity, glucose metabolism, β-cell area or islet number between these 276 

two groups.  277 

Consistent with previous studies [20, 21], the BW gain observed in HFD plus NaCl-fed mice 278 

was lower than that in HFD-fed mice. We also found that food intake and feed efficiency in 279 

HFD plus NaCl-fed mice were decreased compared to in HFD-fed mice; however, energy 280 

expenditure was not significantly different between these two groups. In a previous study, 281 

dietary NaCl content was found to suppress digestive efficiency and BW gain during HFD 282 

feeding [20]. It has been suggested that not only a decrease in food intake in the early phase of a 283 

diet intervention but also the suppression of digestive efficiency might lead to lower BW gain in 284 

HFD plus NaCl-fed mice. 285 
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The association between excessive NaCl consumption and insulin sensitivity has been 286 

controversial. One study using hyperinsulinemic euglycemic clamps in rats showed that excess 287 

NaCl consumption impaired insulin sensitivity; however, other studies have shown no effect on 288 

insulin sensitivity [12-14]. In our study, C57 BL/6J mice fed a HFD plus NaCl showed an 289 

improvement in insulin sensitivity. Ectopic fat deposition in non-adipose tissue, such as in the 290 

liver and soleus muscle, is strongly associated with the development of insulin resistance [22, 291 

23]. We observed the decreased accumulation of fat in the liver and soleus muscle. An 292 

improvement in insulin sensitivity observed in HFD plus NaCl-fed mice might be mediated via 293 

a decrease in fat deposition in the liver and muscle as observed in our histological analysis. Our 294 

data also showed that serum total cholesterol levels were decreased in HFD plus NaCl-fed mice 295 

compared to HFD-fed mice, which might be related to the decreased accumulation of fat in the 296 

livers of HFD plus NaCl-fed mice [24]. We showed that HFD plus NaCl-fed mice exhibited an 297 

increase in the weight of epididymal WAT compared to HFD-fed mice, while expression levels 298 

of TNF, F4/80, and Cd11c mRNAs were similar between HFD-fed and HFD plus NaCl-fed 299 

mice. A previous study also showed that HFD plus NaCl-fed mice exhibited an increase in the 300 

weight of epididymal fat pads, but had similar levels of inflammatory cytokines in white 301 

adipose tissue and serum levels of inflammatory cytokines compared to HFD-fed mice [21]. It 302 

has been reported that macrophage-related inflammation in WAT contributes to insulin 303 
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resistance [25]. From these results, an increase in the weight of epididymal fat pads in HFD plus 304 

NaCl-fed mice might not contribute to systemic insulin resistance.  305 

HFD feeding can result in obesity, insulin resistance, glucose intolerance, and fasting 306 

hyperglycemia. An expansion of β-cells is one mechanism by which obese individuals may 307 

achieve adequate insulin secretion to meet the demands imposed by insulin resistance. Previous 308 

studies have described how the β-cell mass in HFD-fed mice was significantly increased 309 

compared to that in NCD-fed mice after 1 week of a diet intervention [26, 27]. In the present 310 

study, feeding a HFD increased β-cell mass in mice compared to a NCD, while HFD plus 311 

NaCl-fed mice showed attenuated β-cell mass expansion compared to HFD-fed mice. In 312 

addition, HFD plus NaCl-fed mice showed lower plasma insulin levels than HFD-fed mice and 313 

glucose intolerance during a GTT. It is estimated that when the adaptive expansion of β-cells 314 

becomes abnormal, insufficient insulin production results in glucose intolerance. Our study 315 

suggested that excess NaCl intake accompanied by a HFD attenuated an increase in β-cell mass 316 

and resulted in a decrease in insulin secretion and glucose intolerance. Furthermore, in the 317 

present study, the feeding of a HFD plus NaCl to mice caused an increase of hepatic 318 

glucogenesis in the PTT. Insulin is a dominant suppressor of glucogenesis, and regulates hepatic 319 

glucogenesis by the suppression of PEPCK mRNA expression through the interaction of the 320 

forkhead box protein O1–peroxisome proliferator-activated receptor gamma coactivator 1α 321 
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pathway [28]. It is suggested that a decrease in plasma insulin levels might cause PEPCK 322 

mRNA expression and result in hepatic glucogenesis in HFD plus NaCl-fed mice. It is plausible 323 

that an excessive intake of NaCl accompanied by a HFD improves insulin sensitivity, while the 324 

impairment of insulin secretion results in glucose intolerance. 325 

Previous studies have shown that HFD-induced β-cell proliferation was detected after only 3 326 

days of HFD feeding, before insulin resistance occurred [29]. Our data also showed that HFD 327 

induced β-cell proliferation after only 3 days of intervention. However, in the present study, 328 

NaCl accompanied by a HFD attenuated the HFD-induced increase of Ki67/insulin double 329 

positive β-cells and HFD-induced Ki67, CyclinB1 or CyclinD1 mRNA expression in islets. 330 

CyclinB1 has a role in promoting the transition of the G2 phase of the cell cycle to mitosis [30], 331 

and in increasing the expression level of CyclinB1 mRNA as found in islets from mice fed a 332 

HFD for 1 week [26, 29, 31]. In addition, previous studies outlined how β-cell proliferation was 333 

induced by cyclinD1 overexpression and an increase of CyclinD1 mRNA expression levels in 334 

HFD-fed mice [26, 32]. Although a prior study described how high concentrations of NaCl in 335 

media induced the arrest of cell-cycle progression [33], the precise mechanism has not been 336 

identified. From our study, it is not clear how the intake of excessive NaCl impaired cell-cycle 337 

progression induced by HFD in islets, but it is possible that excessive NaCl feeding might 338 

suppress β-cell-proliferative gene expression and cell-cycle progression early in the HFD 339 
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feeding. As a result, the attenuation of an increase in β-cell mass might occur. Furthermore, 340 

insulin and factors downstream of insulin signaling have been reported to participate in β-cell 341 

proliferation [34-36]. It may be that a decrease in plasma insulin levels observed in HFD plus 342 

NaCl-fed mice compared to HFD-fed mice might also contribute to the attenuation of β-cell 343 

proliferation. The mechanism of how a HFD plus NaCl induces the attenuation of β-cell 344 

proliferation and the expansion of β-cell mass needs to be investigated in future. 345 

In conclusion, our data showed that excessive sodium chloride intake was associated with 346 

glucose intolerance under HFD conditions by attenuating HFD-induced β-cell proliferation and 347 

β-cell mass expansion with the impairment of insulin secretion. 348 
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Supporting information 473 

S1 Fig. Body weight changes and food intake in NCD-fed or NCD plus NaCl-fed mice 474 

(A) Body weight and (B) cumulative food intake in mice fed a normal chow diet (NCD) or a 475 

NCD plus NaCl for 30 weeks (n = 16/group). (C) Liver, (D) epididymal fat pad, (E) mesenteric 476 

fat pad, (F) subcutaneous fat pad, (G) gastrocnemius muscle, and (H) soleus muscle weights in 477 

mice fed a NCD or a NCD plus NaCl for 30 weeks (n = 16/group). All values are mean ± SEM.  478 
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 479 

S2 Fig. VO2 and locomotor activity of mice fed a HFD or HFD plus NaCl 480 

(A) Oxygen consumption (VO2) and (B) locomotor activity in mice fed a high-fat diet (HFD) or 481 

a HFD plus NaCl (n = 5/group). All values are mean ± SEM. 482 

 483 

S3 Fig. Liver, epididymal WAT, and muscle from mice fed a HFD or HFD plus NaCl   484 

(A) Hematoxylin and eosin staining of liver sections from mice fed a high-fat diet (HFD) or 485 

HFD plus NaCl for 30 weeks. Scale bars, 100 µm. (B) Hematoxylin and eosin staining of 486 

epididymal white adipose tissue (WAT) in mice fed a HFD or HFD plus NaCl for 30 weeks. 487 

Scale bars, 100 µm. (C) Messenger RNA expression levels of TNF, F4/80, and Cd11c in mice 488 

fed a HFD or a HFD plus NaCl for 30 weeks as assessed by quantitative real-time PCR (n = 11–489 

16/group). (D) Oil Red O staining of soleus from mice fed a HFD or HFD plus NaCl for 30 490 

weeks. Scale bars, 50 µm. All values are mean ± SEM. 491 

 492 

S4 Fig. Glucose metabolism of mice fed a NCD or NCD plus NaCl 493 

(A) An insulin tolerance test (ITT) and the area under curve (AUC) in mice fed a normal chow 494 

diet (NCD) or NCD plus NaCl for 25 weeks (n = 14–15/group). (B) A glucose tolerance test 495 
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(GTT) and AUC in mice fed a NCD or NCD plus NaCl for 26 weeks (n = 13–16/group). All 496 

values are mean ± SEM.  497 

 498 

S5 Fig. Analysis of pancreas from mice fed a NCD or NCD plus NaCl 499 

(A) Pancreatic sections stained with antibody to insulin (green) and DAPI (blue) in mice fed a 500 

normal chow diet (NCD) or NCD plus NaCl for 30 weeks. Scale bars, 100 µm. (B) Beta-cell 501 

area relative to pancreas area, and (C) the number of islets relative to pancreas area in mice fed 502 

a NCD or NCD plus NaCl for 30 weeks (n = 6/group). All values are mean ± SEM. 503 

 504 

S1 Table. Primers used for quantitative real-time PCR 505 

 506 

S2 Table. Serum total cholesterol, triglyceride, and free fatty acid levels 507 

Serum total cholesterol, triglyceride and free fatty acid levels in mice fed a normal chow diet 508 

(NCD), high-fat diet (HFD) or HFD plus NaCl (n = 8/group). All values are mean ± SEM. *p 509 

< 0.05 versus mice fed a NCD. 
#
p < 0.05 versus mice fed a HFD.  510 


