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 Abstract
 Objectives. To assess the effects of 
electroacupuncture (EA) at the Zusanli (ST36), Guanyuan 
(CV4), Zhongwan (CV12), and Fenglong (ST40) acupoints 
on sirtuin 1 (SIRT1) and glucose transporter type 4 (GLUT4) 
expression in high-fat diet (HFD)-induced insulin-resistant 
(IR) rats.
 Methods. Wistar rats were divided into normal 
control (NC), HFD, and HFD+EA groups. NC rats were fed 
a standard chow diet and did not receive EA. After being fed 
an HFD for eight weeks, rats in the HFD+EA group received 
EA at 2 Hz five times a week for eight weeks. Rats in the 
HFD group did not receive EA.
 Results. In HFD-induced IR rats, EA inhibited 
body weight increase and water intake, which were 
observed in HFD rats. EA had no effect on fasting blood 
glucose and postprandial blood sugar levels. Intraperitoneal 
insulin tolerance testing revealed that EA enhanced insulin 
sensitivity in HFD-induced IR rats. Compared with NC rats, 
SIRT1 and GLUT4 were downregulated in the quadriceps 
femoris of HFD-fed rats but were increased after eight weeks 
of EA stimulation.
 Conclusions. EA enhanced HFD-induced insulin 
resistance by activating SIRT1 and GLUT4 in the quadriceps 
femoris. These results provide powerful evidence supporting 
the beneficial effects of EA on HFD-induced insulin 
resistance.

 Keywords: SIRT1, GLUT4, electroacupuncture, 
insulin resistance, high-fat diet.

INTRODUCTION

 Obesity and diabetes mellitus are becoming 
increasingly important medical issues. Insulin resistance 
(IR) is the most common factor in metabolic disorders 
such as hyperglycemia and hyperinsulinemia, which are 
caused by IR-related conditions such as obesity, type 2 
diabetes mellitus, metabolic syndrome, hypertension, 
polycystic ovary syndrome, and non-alcoholic fatty 
liver diseases, as well as aging (1, 2). The incidence 

of IR-related diseases is increasing worldwide and is 
likely to continue rising in the coming decades, posing 
a significant threat to human health (3). IR involves the 
impaired ability of insulin to inhibit hepatic glucose 
output and stimulate glucose uptake into muscle and 
fat (4). Therefore, reducing IR is of critical importance.
 Sirtuin 1 (SIRT1) is one of the seven homologs 
of silent information regulator 2 (Sir2) in mammals. 
Increasing evidence has suggested that SIRT1 is 
involved in regulating glucose and lipid metabolism (4-
6). Moreover, SIRT1 overexpression exerted protection 
against insulin resistance in diabetic models (7) and 
high-fat diet-induced metabolic disorders (8). SIRT1 
increases insulin sensitivity by regulating various 
transcription factors in endocrine signalling pathways, 
particularly glucose transporter 4 (GLUT4). Skeletal 
muscle is one of the most important peripheral target 
organs of insulin, and GLUT4 expression in skeletal 
muscle is extremely important for insulin sensitivity 
(9). As such, SIRT1 activation might become a novel 
target for the treatment of diseases associated with 
insulin resistance.
 An increasing number of individuals manage 
obesity and diabetes mellitus by changing their daily 
habits and lifestyles. However, these methods have not 
been well integrated and are unsuccessful at reducing 
the incidence of obesity and insulin resistance in the 
general population (10). If acupuncture could reduce 
the impaired ability of insulin to inhibit hepatic glucose 
output, stimulate glucose uptake into muscle and fat, 
and enhance insulin sensitivity, its clinical use could be 
expanded greatly.
 Experimental and clinical studies have 
demonstrated that acupuncture elicits multiple biological 
responses in obesity-related insulin resistance (2, 11, 
12). In response to acupuncture, SIRT1 is upregulated, 
protecting β-cells and regulating gluconeogenesis and 
glycolysis to maintain glucose homeostasis (6, 13, 14). 
In addition, we recently found that electroacupuncture 
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(EA) increased insulin sensitivity by activating 
SIRT1/PGC-1α in diabetic obese mice (15). Although 
acupuncture is effective for the treatment of insulin 
resistance, the mechanisms underlying its effects 
are unclear. Rodents are a valuable model of insulin 
resistance and provide important insights into the 
molecular mechanisms underlying insulin resistance 
associated with lifestyle modifications (12).
 The aim of the present study was to investigate 
whether EA ameliorates the impaired insulin sensitivity 
in high-fat diet (HFD)-fed IR rats and to evaluate the 
effects of EA on glucose metabolism by examining 
the protein expression of SIRT1 and GLUT4 in the 
quadriceps femoris.

MATERIALS AND METHODS

 Experimental animals
 Forty specific-pathogen-free Wistar rats (7 
weeks of age, 20 male and 20 female) were purchased 
from the Animal Diseases Control & Prevention Centre 
of Hubei Province, China (ADCPC, Wuhan, China). 
All animals were fed a standard chow diet for one week 
of acclimatization. The rats were housed in an air-
conditioned room in a 12:12-h light:dark cycle (lights 
on at 07:30) and allowed ad libitum access to water 
and either a standard chow diet (70.0% carbohydrate, 
20.0% protein, 10.0% fat; 380 kcal/100 g; ADCPC) or 
an HFD (38.5% carbohydrate, 15% protein, 46.5% fat; 
540 kcal/100 g; SLAC Laboratory Animal, Shanghai, 
China) for eight weeks (16). All experimental 
procedures were carried out in accordance with the 
guidelines for the care and use of Laboratory Animals 
published by National Institutes of Health of the 
United States, and approved by the Animal Care and 
Use of the Model Animal Research Institute at Wuhan 
Myhalic Biotechnology Co., Ltd. Approval number is 
HLK-20190718-01.

 Study
 At eight weeks of age, the rats were divided 
randomly (50% male and 50% female) into three 
experimental groups: standard chow diet (normal 
control, NC, n = 16), HFD (n = 12), and HFD with 
EA (HFD+EA, n = 12). All animals were allowed ad 
libitum access to water and their respective diet until 
they were evaluated at 16 weeks of age. Eight, four, 
and four rats in the NC, HFD, and HFD+EA groups, 
respectively, were subjected to a hyperinsulinemic-
euglycemic clamp at 16 weeks of age. Rats in the 
HFD+EA group were treated with EA for eight 

weeks. Body weight, food intake, water intake, fasting 
blood-glucose (FBG), and postprandial blood-glucose 
(PBG) were measured every two weeks during the EA 
stimulation period. Intraperitoneal glucose tolerance 
testing (IPGTT) and intraperitoneal insulin tolerance 
testing (IPITT) were performed at 22 and 23 weeks 
of age, respectively. The rats were sacrificed with an 
overdose of pentobarbital at the end of week 24, and 
the levels of SIRT1 and GLUT4 were measured using 
western blot and immunohistochemistry.

 Hyperinsulinemic–euglycemic clamp
 The hyperinsulinemic-euglycemic clamps 
were performed as described previously with some 
modifications (12, 17, 18). Rats were anesthetized 
with sodium pentobarbital (Somnotol; 30 mg/kg), and 
cannulated in the carotid artery for blood sampling 
(PE-50 cannula; Smiths medical) and the jugular vein 
for glucose and insulin infusions (dual PE-10 cannula 
encased in Silastic tubing; Taihua Silastic). After 4–5 
days of recovery, the rats underwent an euglycemic-
hyperinsulinemic clamp. The rats were subjected to 
fasting for 12 h, and human insulin (Humulin R, Novo 
Nordisk) was infused into the venous circulation at a 
rate of 2 mU/kg/min for 2 h. The carotid artery was 
assessed every 5 min using a blood glucose meter 
(One Touch SureStep Hospital, Lifescan, Inc, USA) 
throughout the infusion. The arterial (carotid) blood 
glucose concentration was clamped at the basal fasting 
level using a variable rate of 20% glucose infusion 
that was delivered via the jugular cannula. Whole-
body insulin sensitivity was defined using the glucose 
infusion rate (GIR) from 60–120 min of the clamp 
(GIR60-120) (19). The rats were decapitated upon 
completion of the clamp procedure.

 EA stimulation
 EA was applied at the Zusanli (ST36), 
Fenglong (ST40), Zhongwan (CV12), and Guanyuan 
(CV4) acupuncture points using 0.30 × 25 mm needles 
(Suzhou Acupuncture & Moxibustion Appliance 
Co., China). The Zusanli acupoints are located 5 mm 
below and lateral to the anterior tubercle of the tibia, 
and the Fenglong acupoints are located at the midpoint 
between the depression lateral to the patella ligament 
and the lateral malleolus of the tibiofibula. Needles 
were inserted at these points perpendicularly at 3–5 
mm. The Guanyuan acupoint is located three-fifths 
down the ventral midline connecting the umbilicus 
to the pubic tubercle; the needle at this point was 
inserted obliquely toward the xiphisternum at 3–5 mm.  
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The Zhongwan acupoint is located at the mid-point of 
the ventral midline that connects the umbilicus to the 
sternum; the needle at this point was inserted obliquely 
toward the pubic tubercle at 3–5 mm. Needles at CV4 
and ST36 on the one side, which were linked to ST36 
on the other side on the following day, were linked with 
two electrodes of a Hans acupoint nerve stimulator 
(HANS-100A, Nanjing Jisheng Medical Technology 
Co., Ltd., Nanjing, China) EA apparatus. Needles at 
CV12 and ST40 on the one side, which were linked to 
ST40 on the other side on the following day, were linked 
with the other two electrodes of the electrostimulator. 
The points were stimulated electrically with successive 
low-frequency waves of 2 Hz and an intensity of 1 mA. 
Rats in the HFD+EA group received EA stimulation 
for 10 min each day, with five stimulations performed 
every week (15, 20, 21). EA stimulation lasted for eight 
weeks. During the EA stimulation period, all animals 
were fed a standard chow diet.

 Body weight, food intake, water intake, 
fasting blood glucose, and postprandial blood sugar
 Body weight, food intake, water intake, FBG, 
and PPG were analyzed after 0, 2, 4, 6, and 8 weeks of 
EA stimulation. Briefly, body weight, food intake, and 
water intake were measured using electronic scales, and 
tail-snip FBG and PBG levels were quantified using a 
glucometer (One Touch Sure Step, Lifescan).

 Intraperitoneal glucose and insulin tolerance 
testing
 IPGTT was performed after six weeks of 
treatment. Rats were injected intraperitoneally with 
glucose (2 g glucose/kg body mass) after an overnight 
fast. Blood samples were collected for glucose level 
determination from the tail vein 0, 30, 60, 90, and 120 
min following glucose injection. IPITT were performed 
after seven weeks of EA treatment. Rats were injected 
intraperitoneally with regular human insulin (0.5 U/kg 
body mass) after an overnight fast. Blood samples were 
collected from the tail vein for glucose determination 
prior to insulin administration and after 0, 30, 60, 90, 
and 120 min.

 Western blot
 The protein expression of SIRT1 was 
analyzed in the quadriceps femoris of all experimental 
animals using western blot. Total protein lysates were 
extracted in radioimmunoprecipitation assay buffer 
containing protease inhibitors (Pierce, USA). Protein 
concentrations were determined using a bicinchoninic 

acid assay kit (Pierce). Protein lysates (40 μg) 
were separated using 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred 
to nitrocellulose membranes. The membranes were 
blocked with 5% skimmed milk at room temperature for 
30 min and then incubated with polyclonal antibodies 
against SIRT1 (1:200) or β-tubulin (1:1000, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) overnight 
at 4°C. After three washes with TBST, the blots were 
incubated with horseradish peroxidase-conjugated 
secondary antibodies (1:5000) at room temperature 
for 1 h. Protein bands were visualized using the super 
signal kit according to the manufacturer’s instructions 
(Pierce). SIRT1 immunoreactivity was normalized 
against β-tubulin. The experiment was repeated at least 
three times for each sample.

 Immunohistochemistry
 Immunohistochemical staining was performed 
to detect the expression of GLUT4 in the quadriceps 
femoris. The quadriceps femoris was removed from the 
leg of the rats and immersed in a 4% paraformaldehyde 
solution. Serial 4-μm sections of quadriceps femoris 
were incubated for 20 min with 3% hydrogen peroxide 
to quench endogenous peroxide. After several washes 
with phosphate-buffered saline (PBS), the sections 
were blocked with 10% normal goat serum in PBS for 
30 min and incubated overnight with rabbit anti-rat 
GLUT4 (1:100; Santa Cruz) at 4°C. The sections were 
then washed and incubated at room temperature with 
biotinylated goat anti-rabbit IgG (1:200; Santa Cruz, 
CA, USA) for 30 min. Nickel-intensified biotinylated 
diaminobenzidine was used to visualize the signal, and 
positive expression in the cytoplasm was assessed by 
measuring the integrated optical density (IOD) using 
Image Pro Plus 6 software (22, 23).

 Statistical analysis
 All analyses were performed using SPSS17.0 
analytical software. One-way analysis of variance 
(ANOVA) with subsequent least significant difference 
(LSD) tests were conducted to determine the 
significance of differences in multiple comparisons. 
Data are expressed as the mean ± SD, and P < 0.05 
indicates statistical significance.
 

RESULTS

 Hyperinsulinemic-euglycemic clamp
 In this study, we evaluated the effects of HFD-
induced IR by comparing rats fed standard chow (n = 
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8) and HFD (n = 8, four rats in each of the HFD and 
HFD+EA groups). The GIR was then measured during 
a hyperinsulinemic-euglycemic clamp. The mean GIR 
in the HFD-fed rats were significantly lower than that 
in the NC group (19.61 ± 1.47 vs. 26.33 ± 2.09 mg/
kg/min, respectively; P < 0.01), indicating that the IR 
model was established successfully.

 EA improved IPITT, but not IPGTT
 There were no significant differences in the 
blood glucose levels among groups according to the 
IPGTT. Compared with the NC group, the IPITT 
revealed that insulin intolerance was impaired in 
HFD-induced IR rats. However, the impaired insulin 
intolerance was ameliorated after EA intervention in 
HFD+EA rats (Fig. 1).

 EA reduced body weight gain, food intake, 
and water intake
 The body weight of HFD-fed rats was higher 
than that of standard chow diet-fed rats at 16 weeks 
of age. The HFD-fed rats weighed 100 g more than 
standard chow-fed rats after 24 weeks. Low-frequency 
EA reduced body weight significantly in HFD-fed rats 
after six weeks of treatment, and these effects became 
more significant after eight weeks of EA intervention 
(Table 1).
 HFD-fed rats showed lower food intake 
than did standard chow diet-fed rats throughout the 

experimental period. EA did not reduce the food intake 
of HFD-fed rats (Table 1).
 Water intake was higher in the HFD-fed rats 
compared with that in the standard chow diet-fed rats 
throughout the experimental period. However, EA 
reduced water intake in the HFD-fed rats significantly 
after two weeks, and the effect was maintained until 
the end of the experiment. The effect became more 
significant after eight weeks of EA intervention 
(Table 1).

 FBG and PPG levels were not affected
 As shown in Table 1, FBG and PPG were 
higher in HFD-fed rats than in the standard diet-fed 
rats at 16 weeks of age. However, the FBG and PPG 
levels show no significant difference at the end of 
the experimental period in EA-treated HFD-fed rats 
compared with those in untreated rats.

 EA upregulated SIRT1 and GLUT4 in the 
quadriceps femoris
 The effect of EA on SIRT1 expression was 
investigated because of the association between 
SIRT1 and metabolic activity and its critical role 
in insulin sensitivity. The expression of SIRT1 
decreased significantly in HFD-fed IR rats compared 
with that in NC rats. In addition, EA significantly 
upregulated SIRT1 compared with that in HFD-fed 
rats (Fig. 2).

Figure 1. Effect of EA on IPGTT and IPITT. (a) Intraperitoneal glucose tolerance test. Rats fasted overnight and were then injected 
intraperitoneally with glucose (2 g glucose/kg of body weight). Blood glucose levels were measured at the indicated times. (b) Intraperitoneal 
insulin tolerance test. Rats fasted overnight and were then injected with insulin solution (0.5 U/kg of body weight) intraperitoneally. Blood 
glucose levels were measured at the indicated time points. Each data point represents the mean ± SD of eight rats. Differences between 
means were determined using ANOVA followed by LSD’s multiple comparison test. *P < 0.05 vs. NC; #P < 0.05 vs. HFD.
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 Immunohistochemistry revealed strong 
GLUT4-positive staining in the NC group, with large, 
dark brown particles. The pigmentation particles in the 
HFD group were lighter and smaller than those in the 
NC group. The particles in the HFD+EA group were 
lighter than those in the NC groups, but darker than 
those in the HFD group (Fig. 3). The positive regions 
were quantified (Table 1), revealing that the IOD of 
the HFD group was significantly lower than that of the 
NC (P < 0.05) and the HFD+EA groups (P < 0.05). 
There was no significant difference between the NC 
and HFD+EA groups.

DISCUSSION

 Acupuncture is a therapeutic technique that 
supports the harmonization and appropriate integration 
of traditional medicine with modern medicine and 

has been recognized by both the World Health 
Organization (WHO) and the National Institutes of 
Health (13, 24). The WHO lists approximately 100 
diseases, symptoms, or conditions that are improved 
by acupuncture, including obesity and non-insulin-
dependent diabetes mellitus (25), as supported by 
several studies (11, 20, 26).
 In recent years, traditional Chinese medicine 
has turned its focus on IR. The term “insulin resistance” 
does not exist in traditional Chinese medicine, but 
its syndromes are related to hyperglycemia and 
hyperinsulinemia and involve phlegm-dampness, 
dampness-heat, and blood stasis. IR is caused by 
overeating greasy and sweet food and excessive 
drinking, which could lead to failure of the liver and 
gallbladder to maintain the normal flow of Qi, failure 
of the spleen and kidney to transport, convert, and 
distribute, and phlegm stasis. The principle of treatment 

Parameter (unit) NC (n = 8) HFD (n = 8) HFD+EA (n = 8)
Body weight (g)
0 weeks
2 weeks
4 weeks
6 weeks
8 weeks

293.88 ± 32.91
303.75 ± 49.70
310.00 ± 47.23
312.50 ± 43.87
305.88 ± 62.72

356.50 ± 65.96
363.25 ± 76.26
386.43 ± 89.68
392.59 ± 57.31
401.63 ± 91.81

352.62 ± 65.40
332.75 ± 67.28
326.62 ± 53.59
307.12 ± 42.11#
294.13 ± 53.78#

Food intake (g)
0 weeks
2 weeks
4 weeks
6 weeks
8 weeks

25.77 ± 4.87
25.97 ± 4.25
26.85 ± 2.77
25.41 ± 4.83
21.81 ± 3.64

19.46 ± 4.47**
22.27 ± 5.50
22.80 ± 4.44*
20.61 ± 3.50*
18.00 ± 2.07*

16.51 ± 2.25**
24.67 ± 2.68
20.92 ± 3.10**
19.62 ± 2.56**
18.21 ± 3.78*

Water intake (mL)
0 weeks
2 weeks
4 weeks
6 weeks
8 weeks

35.62 ± 8.24
41.62 ± 8.03
55.25 ± 8.73
29.50 ± 5.50
30.87 ± 5.76

40.75 ± 9.64
47.62 ± 8.51
66.37 ± 7.78**
36.12 ± 8.37
37.87 ± 5.66*

32.62 ± 9.30
36.12 ± 6.46##
37.62 ± 9.15##
26.75 ± 6.04#
25.12 ± 7.71##

FBG (mmol/L)
0 weeks
2 weeks
4 weeks
6 weeks
8 weeks

3.40 ± 0.95
3.17 ± 0.55
3.86 ± 0.39
3.78 ± 0.38
3.41 ± 0.27

4.57 ± 0.92**
4.71 ± 0.43**
4.73 ± 0.59**
4.01 ± 0.30
3.71 ± 0.48

4.65 ± 0.66**
3.50 ± 0.69##
4.07 ± 0.55#
3.91 ± 0.30
3.60 ± 0.52

PPG (mmol/L)
0 weeks
2 weeks
4 weeks
6 weeks
8 weeks

5.32 ± 0.66
4.48 ± 0.57
4.56 ± 0.47
4.78 ± 0.53
5.38 ± 0.43

6.31 ± 0.78**
5.22 ± 0.61*
5.27 ± 0.49*
5.47 ± 0.73*
5.64 ± 0.56

6.12 ± 0.59*
4.56 ± 0.59#
4.47 ± 0.66#
4.48 ± 0.79#
5.24 ± 0.55

IOD of GLUT4                               0.352 ± 0.018                     0.297 ± 0.011*                  0.338 ± 0.015 #

Table 1. Animal characteristics, blood analyses, and IOD

Data are expressed as the mean ± SD. Differences between means were determined using ANOVA followed by LSD multiple comparison test. *P < 0.05 vs. 
NC; **P < 0.01 vs. NC; # P < 0.05 vs. HFD; ## P < 0.01 vs. HFD. IOD: integrated optical density.
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focuses primarily on smoothing the liver to strengthen 
the spleen, reducing phlegm to eliminate dampness, 
clearing heat to remove dampness, and eliminating 
blood stasis to activate blood circulation, concurrently 
reinforcing the liver and kidney (23, 27, 28). Over 
the last 30 years, we have analyzed and evaluated the 
therapeutic effects and the mechanism of action of 
acupuncture on insulin resistance (2). We revealed that 
acupuncture enhanced insulin sensitivity significantly 
in both clinical studies (29) and animal experiments 
(11, 15, 30) .
 An HFD induces whole-body and individual 
tissue insulin resistance in rats. The current methodology 

enables the effects of high-fat feeding in individual 
muscle tissue to be compared. The “gold standard” 
for assessing insulin sensitivity is hyperinsulinemic-
euglycemic clamps, which investigate and quantify 
insulin secretion and resistance. Insulin is infused 
into the vein at a constant rate, resulting in a drop in 
blood glucose. To maintain blood glucose at a constant 
level, exogenous dextrose is infused into the venous 
circulation. Under the steady-state conditions of 
euglycemia, the glucose infusion rate equals glucose 
uptake by all tissues in the body and is indicative of 
tissue sensitivity to exogenous insulin (17, 30, 31). 
The present study indicates that the IR model was 
established successfully by feeding rats an HFD for 
eight weeks.
 Low-frequency EA (1–15 Hz) is applied 
frequently for the treatment of IR, with beneficial results 
(11) including the attenuation of sympathetic nervous 
activity, regulation of inflammation, and increase in 
insulin signaling (2). Several studies suggested that low-
intensity EA (1–3 mA) can be applied to the hindlimbs 
of rats in a conscious and comfortable state without 
causing stressful reactions (12, 32). Low-intensity EA 
(1 mA, 2 Hz) was selected for this study and was found 
to be sufficient to cause muscle contraction.
 Several studies have confirmed that 
acupuncture can ameliorate IR. A previous report using 
IPITTs (33) found that EA enhanced insulin sensitivity 
by stimulating afferent fibers. The current results 
showed that EA reduced water intake and body weight 
gain and improved IPITT to increase insulin sensitivity 
in HFD-fed IR rats.
 SIRT1 is an important member of the 
mammalian sirtuin family and is expressed widely in 
various tissues including muscle, liver, and fat. Recent 
evidence suggests that there is a close relationship 
between SIRT1 and insulin resistance (6). For example, 

Figure 2. Effect of EA on SIRT1 expression in the skeletal muscle of 
HFD-fed IR rats. SIRT1 levels were decreased significantly in HFD-
fed IR rats compared with those in the NC group. EA increased 
SIRT1 expression in HFD-fed IR rats. Total protein was obtained 
from the quadriceps muscles of IR rats and subjected to western 
blot for SIRT1. β-tubulin was used as the loading control. Data are 
presented as the mean ± SD of eight rats per group. *P < 0.05 vs. 
NC; #P < 0.01 vs. HFD.

Figure 3. Immunohistochemical analysis of GLUT4 expression in the quadriceps femoris. (a) NC, (b) HFD-induced IR rats, and (c) HFD-
induced IR rats treated with EA (×400). With reference to NC group, compared HFD+EA group with HFD group, EA increased GLUT4 
expression in the quadriceps femoris significantly.
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SIRT1 is involved in secretory processes during 
glucose metabolism. Decreased SIRTI expression or 
activity might be a cause of insulin resistance (34). 
Increasing the expression of SIRT1 in IR could directly 
increase the insulin sensitivity of adipose, muscle, 
and liver tissues, promote insulin secretion, facilitate 
glucose utilization (35), and reduce plasma glucose 
levels, thereby ameliorating insulin resistance. In the 
current study, the expression of SIRT1 was decreased 
in the quadriceps femoris of rats in the HFD group 
compared with that in the NC group, suggesting that 
SIRT1 expression was decreased in IR rats. However, 
treatment with EA for eight weeks normalized SIRT1 
levels in IR rats, which suggests that acupuncture might 
improve IR via SIRT1.
 The transmembrane transport of glucose in 
skeletal muscle cells is the key rate-limiting step during 
glucose consumption and relies mainly on GLUT4. 
GLUT4 is an important signaling molecule in multiple 
signaling pathways and has been regarded as the 
switch cell translocation pathway. We demonstrated 
previously that EA upregulated GLUT4 significantly 
in the liver of diabetic rats (36). GLUT4 expression 
is regulated by PGC-1α, which is in turn regulated by 
SIRT1 (15). Therefore, the activation of SIRT1/PGC-
1α could upregulate GLUT4 in the liver and skeletal 
muscle (37) to promote glucose transport in these 
tissues. The current results revealed that HFD induced 
GLUT4 expression in skeletal muscle, whereas EA 
increased the expression of GLUT4 significantly in the 
skeletal muscle of IR rats to improve insulin sensitivity. 
GLUT4 could then act as the downstream effector of 
the SIRT1/PGC-1α pathway.
 This report builds upon previous studies to 
demonstrate that low-frequency EA enhanced the 
insulin sensitivity of HFD-induced IR rats. HFD-
induced IR is the most suitable model of diabetes 
mellitus because of human dietary habits. More 
importantly, this study suggested a potential molecular 
mechanism whereby EA ameliorates insulin resistance 
in HFD-fed rats. EA increased the expression of SIRT1 
and GLUT4, in turn enhancing glucose metabolism 
and ameliorating insulin resistance.
 In conclusion, EA at the CV4, ST36, CV12, 
and ST40 acupoints in HFD-induced IR rats lowered 
the FBG and PPG and regulated the expression of 
SIRT1 and GLUT4. These results provide powerful 
evidence to suggest the beneficial effects of EA on 
HFD-induced insulin resistance in rats. In spite of 
the limitations of our conclusions, we will perform 
additional studies to assess the effect and mechanism 

of glucose metabolism regulation using acupuncture at 
a single acupoint, as well as SIRT1 transfection, gene 
transcription, gene knockout, and the translocation of 
GLUT4 disorders, gene transcription and its activity 
and other related aspects, to reveal the mechanism of 
action of acupuncture for the treatment of IR. 
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