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Abstract. A high-fat diet not only leads to obesity, but also 
leads to a predisposition towards insulin resistance (IR), which 
is characterized by hyperinsulinemia and reduced glucose toler-
ance. However, the etiology of IR remains to be fully elucidated. 
The present study investigated whether calcium-sensing receptor 
(CaSR) is involved in the development of IR in rats fed a high-fat 
diet. IR was induced in the rats by feeding with a fat emulsion via 
gavage for 2, 4, 6 or 8 weeks. Reverse transcription-quantitative 
polymerase chain reaction (RT-q-PCR) and western blot analysis 
were performed to investigate whether CaSR-associated proteins 
were affected. The gavage of fat emulsion for 8 weeks induced 
a notable decline in the insulin sensitivity index (ISI) between 
‑4.98 and ‑5.60. With 6 weeks of gavage, a significant difference 
in the ISI was observed between the IR and control groups. The 
results of the RT-qPCR and western blot analysis demonstrated 
that phosphatidylinositol 3-kinase/Akt pathway, which is a 
pathway closely associated with the CaSR signaling pathway, 
was significantly inhibited in the rats with IR. The results of the 
present study provided evidence that CaSR is associated with the 
development of IR in rats fed a high-fat diet and suggested that 
CaSR may be important in the pathogenesis of diabetes.

Introduction

The number of individuals with a high-fat diet and sedentary 
lifestyle have increased worldwide. A high-fat diet causes 

severe damage to organs and leads to serious complications (1). 
The excessive intake of calories in the diet and lack of exercise 
lead to a predisposition towards obesity (2). Obesity is a key 
risk factor for a decrease in insulin sensitivity, also referred 
to as IR (3), in which the sensitivities of organs or tissues to 
insulin are compromised and can be lost, and the uptake and 
utilization efficiency of blood glucose are decreased (4). IR 
may trigger type 2 diabetes, metabolic syndrome, uarthritis 
or cardiovascular diseases (1). However, the mechanism of 
IR remain to be fully elucidated. A previous study indicated 
that the phosphatidylinositol 3-kinase (PI3K)/Akt signaling 
pathway, particularly the activation of Akt, may be impor-
tant in the development of IR (5). However, the exact role 
of these proteins in the pathogenesis of IR remains to be 
elucidated. Calcium-sensing receptor (CaSR) is an integral 
membrane protein, which belongs to the G protein-coupled 
receptor 3 family (6). CaSR is expressed predominantly in the 
liver, but is also expressed in the muscle, placenta and brain. 
CaSR has been observed to be closely associated with the 
PI3K/Akt pathway in cardiovascular and bone systems (7,8). 
Another study reported that a CaSR antagonist inhibited Akt 
activity, while its agonist significantly enhanced the activation 
of Akt (9). Therefore, CaSR may be involved in the patho-
physiology of IR by affecting Akt. In the present study, the 
possible correlation between the expression of CaSR and the 
fat emulsion-induction of IR in rats was investigated.

Materials and methods

Fat emulsion preparation. A 100 ml fat emulsion, containing 
lard (20%; Lihongde Co., Ltd., Tianjin, China), propylthio-
uracil (1%; Sigma-Aldrich, St. Louis, MO, USA), cholesterol 
(5%), sodium glutamate (1%), fructose (5%) (Shanghai Huishi 
Biochemical Co. Ltd., Shanghai, China), sucrose (5%; Tianjin 
Basifu Chemical Co., Ltd., Tianjin China) and edible salt (6%; 
China National Salt Industry Co., Ltd., Beijing, China) in 
Tween 80 (20%; Tianjin Jin Feng Chemical Co., Ltd., Tianjin, 
China) and propylene glycol (30%; Tianjin Kemiou Chemical 
Reagent Co., Ltd., Tianjin China), was prepared by adding 
7 ml distilled water to 100 ml, as previously reported (4), and 
stored at 4˚C until used to feed the animals. The procedures 
involving the use of animals were approved by the Animal 
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Experimental Ethical Committee of Heilongjiang University 
of Chinese Medicine (Harbin, China).

Animals and rat IR model. Adult, 2-month-old male Wistar 
rats were purchased from Yisi Lab Animal Technology Co. 
(Changchun, China), and were housed individually in an 
air‑conditioned facility with a 12‑h light/dark cycle at 25±1˚C 
and 50 ± 5% humidity, and supplied with food and water 
ad libitum. A total of 40 Wistar rats were randomly divided 
into a control group (n=20) and an IR model group (n=20). 
The rats in the control group were further divided into four 
subgroups: 2 week control (n=5), 4 week control (n=5), 6 week 
control (n=5) and 8 week control (n=5). Accordingly, the rats 
in the IR model group were divided into four corresponding 
subgroups with the same durations and numbers of animals 
as the control groups. The rats in the IR model group were 
administered with a fat emulsion (10 ml/kg) via gavage every 
day for 2, 4, 6 or 8 weeks, whereas the control rats were admin-
istered with the same quantity of distilled water, at the same 
time-points. Following 12 h fasting, blood samples (1.5 ml) 
were collected from the abdominal aorta of the rats to examine 
the concentrations of insulin and blood glucose. Glucose meter 
determination (Accu-Chek; Roche, Dublin, Ireland) was used 
to measure the levels of fasting blood glucose (FBG), according 
to the manufacturer's instruction. An enzyme-linked immuno-
sorbent assay (ELISA) kit (R&D Systems, Inc., Minneapolis, 
MN, USA) was used to investigate the levels of fasting insulin 
(FINS). The rat insulin sensitivity index (ISI) was calculated 
using the following equation: ISI = ln [1 / (FBG x FINS)]. At 
the end of the experiments, the animals were sacrificed by 
cervical dislocation under 1% pentobarbital (Sigma-Aldrich) 
and liver and skeletal muscle samples were harvested from all 
animals and maintained in liquid nitrogen.

Immunofluorescence. The fresh liver and skeletal muscle 
tissues were embedded in Optimum Cutting Temperature 
compound (Thermo Fisher Scientific, Waltham, MA, USA). 
A freezing microtome (Thermo Fisher Scientific) was used 
to prepare frozen sections of skeletal muscle and liver. The 
frozen tissue sections were then fixed with cold acetone 
(Luoyang Haohua Chemical Reagent Co., Ltd., Henan, 
China) for 10 min. Following rinsing with phosphate-buffered 
saline (PBS; GE Healthcare Life Sciences, Beijing, China), 
blocking with 0.1% Triton X-100 (Solarbio, Beijing, China) 
and 10% bovine serum albumin (Thermo Fisher Scientific) 
for 30 min at room temperature, the sections were incubated 
with rabbit polyclonal CaSR antibody (1:1,000; ab137408; 
Abcam, MA) at room temperature for another 1 h. Following 
three 10 min washes with PBS, the sections were then incu-
bated with fluorescein isothiocyanate (FITC)‑labeled second 
antibody at room temperature for a further 1 h. Subsequently, 
4,6-diamidino-2-phenylindole (Solarbio) was used to label the 
cell nuclei, and the sections were then washed, mounted and 
examined using a fluorescence microscope (IX51; Olympus, 
Tokyo, Japan).

RNA isolation. The liver and skeletal muscle mRNA was 
extracted using a TRIzol kit (Invitrogen Life Technologies, 
Carlsbad, CA, USA), according to the manufacturer's instruc-
tions. Subsequently, the total mRNA from all the samples was 

quantified using an ultraviolet and visible spectrophotometer 
(BioSpec-nano; Shimadzu Corporation, Kyoto, Japan).

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). The total mRNAs from liver and 
skeletal muscle were reversely transcribed to cDNA using 
AccuPower RocketScript RT Premix (Bioneer Corporation, 
Daejeon, Korea). qPCR was then performed in duplicate 
using an AccuPower GreenStar qPCR master mix (Bioneer 
Corporation), according to the manufacturer's instructions. 
CaSR primers (forward 5'-ttctttgaacctggacgacgagt-3' and 
reverse 3'-gcgaggaaggatttgtac-5') were used for amplifying 
the fragments. qPCR was performed using a q-PCR device 
from Bio-Rad Laboratories (Hercules, CA, USA) using the 
following steps: 95˚C for 10 min, followed by 40 two‑step 
cycles of 95˚C for 15 sec and 47˚C for 1 min. β-actin (forward 
primer 5'-gtcaggtcatcactatcggcaat-3' and reverse 3'-agag-
gtctttacggatgtcaacgt-5') was used as an internal control, The 
relative expression values were calculated using the 2‑∆∆Ct 
method. The qPCR products also were visualized via agarose 
gel electrophoresis (AGE) to identify non‑specific bands.

Western blot analysis. Protein samples (50 µg) were separated 
on a 10% SDS gel (Beyotime Institute of Biotechnology, 
Jiangsu, China) and transferred onto a polyvinylidene (PVDF; 
Invitrogen Life Technologies) membrane. The nonspecific 
proteins were blocked using 5% non‑fat dry milk at 37˚C for 1 h. 
Subsequently, each PVDF membrane was incubated with the 
following primary antibodies at 4˚C for 12 h: Rabbit polyclonal 
anti-CaSR (1:1,000; ab137408; Abcam, Cambridge, MA, USA); 
rabbit polyclonal protein kinase B (1:1,000; ab106693; Abcam), 
rabbit monoclonal phosphorylated (phospho)-Akt at Ser473 
(1:1,000; ab81283; Abcam) and rabbit monoclonal  phospho-Akt 
at T308 (1:1,000; Cell Signaling Technology, Inc. Danvers, MA, 
USA). The membranes were then incubated for 2 h with the 
goat anti‑rabbit horseradish peroxidase‑conjugated affiniPure 
secondary IgG antibody (1:1,000; ab6721; Abcam) and then 
visualized using chemiluminescence (Solarbio).

Statistical analysis. The results are presented as the 
mean±standard error of the mean (SEM), and the data were 
analyzed with SPSS, version 19.0 (IBM SPSS, Armonk, NY, 
USA). The data were analyzed using Student's t-tests P<0.05 
was considered to indicate a statistically significant difference.

Results

Body weight, FBG, FINS and ISI in rats with fat emul‑
sion‑induced IR. The results demonstrated that a high-fat diet 
induced a significantly increased body weight in the rats with 
IR, and there were significant differences between the group fed 
for 6 weeks and that fed for 8 weeks (Fig. 1A). The ISI value 
decreased between -4.98 and -5.60 following 8 weeks on a high 
fat diet in the rats with IR, and there was a significant difference 
in the ISI between the group fed for 6 weeks and that fed for 
8 weeks (Fig.1B). In addition, as shown in Fig. 1C, the FBG 
values in the rats with IR were markedly higher following 4, 6 
and 8 weeks high-fat gavage-feeding compared with those in the 
control group. Following 8 weeks on the high-fat diet, the FINS 
was significantly increased in the IR group.
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Protein expression of CaSR in the liver and skeletal muscle 
of rats. To confirm the expression of CaSR in the rat liver and 
skeletal muscle, immunostaining was performed on the liver 
and skeletal muscle sections of rats in the control and IR groups 
(2 weeks). As shown in Fig. 2, the liver and skeletal muscle 
demonstrated positive staining for the expression of CaSR.

Expression of CaSR and activity of Akt in the skeletal muscle 
and liver tissues of rats with or without a high‑fat diet. The 
present study subsequently examined whether CaSR was 
regulated in response to a high-fat diet in rats. The mRNA 
expression levels of CaSR in the liver and skeletal muscles 
were downregulated in the IR group compared with the 
control group (Fig. 3). The mRNA expression of CaSR 
was significantly reduced in the IR group following 2, 4, 6 
and 8 weeks a high-fat diet. In the muscle tissues, although no 
significant difference in the mRNA expression levels of CaSR 
were observed between the two groups following 2 weeks of 

feeding, the mRNA level of CaSR was significantly reduced 
following 4, 6 and 8 weeks of feeding.

The protein expression levels of CaSR in the two groups were 
also investigated using western blot analysis (Fig. 4). A notable 
decrease in the protein expression of CaSR was observed in the 
IR group, compared with the control group. The present study 
then assessed whether there was an association between the 
protein expression of CaSR and Akt activity. As shown in Fig. 4, 
the expression levels of phospho-Akt (Ser473 and Thr308) in the 
liver and skeletal muscles were also significantly lower in the 
IR group than in the control group following 6 and 8 weeks of 
a high-fat diet.

Discussion

The aim of the present study was to understand the molecular 
mechanism responsible for high-fat diet-induced IR in a rat 
model. At present, several methods are used to establish an IR 

Figure 1. Body weights, ISI, FBG and FINS in the control and IR groups following 2, 4, 6 and 8 weeks feeding. (A) Weights of rats in the IR model group were 
greater than those in the control group. After 6 weeks, the weights of the rats in the IR model group were significantly higher than those in the control group (n=10; 
P<0.05). (B) Significant increases in ISI were observed among the control and IR groups after 6 weeks (n=10; P<0.05) and 8 weeks (n=5; P<0.01). (C) Significant 
increases in FBG were observed in the IR group after 4 weeks (n=15; P<0.05), 6 weeks (n=10; P<0.01) and 8 weeks (n=5; P<0.05) compared with their respective 
control groups. Significant increases in FINS were observed in the IR group after 8 weeks compared with the control group (n=5; P<0.01).. All data are presented 
as the mean ± standard error of the mean. *P<0.05; **P<0.01. IR, insulin resistance; ISI, insulin sensitivity index; FBG; fasting blood glucose; FINS; fasting insulin.

  A   B

  C
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model, including genetic modification and feeding a high‑fat 
diet (10). In the present study, an IR model was established 
by feeding rats with a fat emulsion via gavage, which enabled 
control of the daily diet. The rats in the control group were fed 
distilled water by gavage, in order to mimic possible damage 
to the esophagus, which may occur due to gavage feeding in 
the fat emulsion group. Using this animal model, the present 
study aimed to clarify whether CaSR was involved in the patho-
genesis of fat emulsion-induced IR. The results demonstrated 
that feeding rats fat emulsion for 6 weeks resulted in significant 

differences in the ISI, FINS, FBG and body weights between 
the control and IR groups. In addition, the high-fat diet had 
time-dependent effects on IR in the rats fed a high fat diet.

IR refers to the loss of the sensitivity of body target organs 
or tissues to insulin and the failure of insulin to promote glucose 
uptake (3). The liver and skeletal muscles are important in bodily 
glucose uptake (11) and are considered to be the major target 
tissues of insulin (12,13). A previous study reported that CaSR 
knockdown compromised receptor-induced insulin secretion 
in a genetically modified animal model (14). Therefore, CaSR 

Figure 2. Immunofluorescence images of the protein expression levels in the rat liver and skeletal muscle sections from the (A‑D) control and (E‑H) insulin 
resistant rats. Staining for (A, C, E and G) 4,6-diamidino-2-phenylindole (blue) and (B, D, F and H) calcium-sensing receptor (green) was performed. Staining 
results demonstrate that compared with the control group, the calcium‑sensing receptor protein (green) in the model group was significantly reduced.

Figure 3. Gene expression levels of calcium-sensing receptor in the (A) liver and (B) skeletal muscle in the control group (n=5) and insulin resistant group (n=5). 
All data are presented as the mean ± standard error of the mean. *P<0.05 and **P<0.01, vs. control group.

  A   B
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Figure 4. Protein expression of CaSR and phospho-Akt (Thr308 and Ser473) in the (A) liver and (B) skeletal muscle of the rats in the IR and control groups. 
CaSR and phospho-Akt (Thr308 and Ser473) in the IR model groups (n=5) following different durations of treatment (2, 4, 6 and 8 weeks) in the (C) liver 
and (D) skeletal muscle. All data are presented as the mean ± standard error of the mean. *P<0.05, **P<0.01 and ***P<0.001, vs. IR group at 2 weeks. CaSR, 
calcium-sensing receptor; IR, insulin resistance; phospho, phosphorylated.

  A   B

  C   D
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may be a potential factor in increasing glucose-induced insulin 
secretion. Homozygous genetic mutations and mitochon-
drial DNA mutations of CaSR can lead to episodes of type 2 
diabetes (15). All these previous findings suggest that the CaSR 
may be involved in IR. However, the exact role of CaSR in these 
processes remains to be fully elucidated.

In the present study, the expression levels of CaSR were 
examined in the skeletal muscle and liver tissues of rats using 
immunofluorescent staining, which provided a foundation for 
further investigation. Using RT-qPCR, marked decreases in the 
gene expression of CaSR were observed in the liver and skeletal 
muscle tissues of rats with high-fat diet-induced IR, which was 
negatively correlated with IR severity in these animals.

Several studies have demonstrated that the PI3K/Akt 
pathway is a key factor during the pathological changes of 
IR, particularly the activity of certain downstream kinases 
of Akt, including protein kinase B and Rac (5). It has been 
established that the mechanism by which growth factors and 
insulin increase Akt activity involve the phosphorylation of 
the Thr308 and Ser473 sites of Akt (5). Phosphorylation at 
these two sites is an important step for the function of Akt 
in survival and glycogenesis (16-18). Akt is also involved in 
cell cycle regulation and may be involved in the regulation of 
insulin in glucose transport (19,20). In the liver and muscles, 
insulin induces the phosphorylation of Akt at Thr308 and 
Ser473 via the activation of PDK1 (21). In the present study, 
immunofluorescence staining revealed that the protein expres-
sion of CaSR was decreased in the IR group following 2 weeks 
on a high-fat diet. The decreased expression of CaSR was 
confirmed using western blot analysis. In addition, a signifi-
cant decrease was observed in the phosphorylation of Akt in 
the IR group following 2, 4, 6 and 8 weeks of high-fat diet 
feeding. These results suggested that the PI3K/Akt pathway 
was inhibited following feeding with the high-fat diet. A 
significant reduction was also observed in the protein expres-
sion of CaSR in the IR group, with a notable increase in the 
levels of IR in these animals. These data suggested that CaSR 
may have been responsible for the development of IR in this 
high-fat animal model by inhibiting the activity of Akt in the 
PI3k/Akt pathway.

In conclusion, the present study demonstrated the expression 
of CaSR in the liver and skeletal muscles in rats. A fat emulsion 
diet caused a significant decrease in the expression of CaSR in 
the IR rat model. The data also suggested that the expression 
of CaSR was closely associated with the activity of the PI3K/
Akt pathway, which is an important signaling pathway leading 
to IR. These findings may offer a novel area of investigation of 
the underlying molecular mechanisms by which IR occurs in 
animals fed a high-fat diet.
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