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Abstract
Objective: To investigate the anorexigenic and anti-obesity effectiveness of electroacupunc-
ture (EA) on high-fat-diet-induced (HFDI) obese rats with insulin resistance (IR) and to reveal 
the possible mechanisms of EA affecting SIRT1 (silent mating type information regulation 2 
homolog 1) in the central nervous system (CNS). Methods: We divided 60 rats into 6 groups. 
All interventions, including EA and intracerebroventricular administration, were performed 
after 8 weeks of model establishment. We tested obesity phenotypes like body weight (BW) 
gain; food intake; and IR levels including glucose infusion rate, intraperitoneal insulin toler-
ance test (IPITT), and intraperitoneal glucose tolerance test (IPGTT) during treatment. We de-
tected protein expression and microscopic locations in hypothalamic SIRT1, the transcription 
factor FOXO1 (forkhead box protein O1), acetylated FOXO1 (Ac-FOXO1), pro-opiomelanocor-
tin (POMC), and neuropeptide Y (NPY) via Western blotting and immunofluorescence, and 
monitored gene expression by real-time polymerase chain reaction. Results: Like the SIRT1 
agonist, EA suppressed BW gain and IR levels in obese rats, but this was only partially blocked 
by the SIRT1 antagonist. EA could upregulate protein expression of hypothalamic SIRT1 and 
downregulate the acetylation level of FOXO1 in the hypothalamic arcuate nucleus (ARC), 
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which decreased gene expression of NPY and increased that of POMC. The agonist tar- 
geted the hypothalamic SIRT1 gene, unlike EA, which targeted posttranscriptional regulation. 
Conclusion: EA could improve obesity in HFDI rats with IR via its anorectic effect. This effect 
targeted posttranscriptional regulation of the SIRT1 gene, which induced upregulation of ARC 
FOXO1 deacetylation and mediated the gene expression of POMC and NPY.

© 2020 The Author(s)
Published by S. Karger AG, Basel

Introduction

Overweight and obesity are defined as abnormal or excessive fat accumulation that may 
impair health, which is measured by body mass index (BMI) [1]. According to GBD (Global 
Burden of Disease) 2015 Obesity Collaborator data published by the World Health Organi-
zation (WHO), in 2015 more than 1.9 billion adults (defined as 18 years and older) were over-
weight (BMI ≥25); of these, 603.7 million were obese (BMI ≥30), as were 107.7 million 
children [2]. If these trends continue, by 2025 global obesity prevalence will reach 18% in 
men and surpass 21% in women, while severe obesity will surpass 6% in men and 9% in 
women [3]. Obesity is one of the most serious risk factors in the development of type 2 
diabetes mellitus, cardiovascular diseases, and even some types of cancer and other adverse 
pathological conditions [4]. Insulin resistance (IR) is the key pathological process linking 
obesity and type 2 diabetes mellitus, modulated by abnormal adipose-tissue deposits that 
induce secretion of nonesterified fatty acids, glycerol, hormones such as leptin and adipo-
nectin, and proinflammatory cytokines [5]. A 7% reduction in body weight (BW) can lower 
the risk of diabetes by 58% [6].

Existing anti-obesity pharmacology has been limited by side effects, including depression, 
suicidal thoughts [7], cardiovascular complications, and stroke [8, 9]. In addition to drugs and 
bariatric surgery, caloric restriction [10] and physical activity [11] have proven effective in 
treating obesity and related IR. Controversially, exercise without caloric restriction does not 
produce weight loss [12], which indicates that restriction of food intake is the basis of weight 
management.

Acupuncture, a traditional eastern medical therapy with a long history, is one of the most 
popular complementary and alternative therapies in western countries, with increasingly 
potent evidence that it can treat obesity [13]. A systematic review indicates that acupuncture 
is effective in the treatment of obesity [14], as well as its related IR [15]. In addition, nutri-
tional satisfaction and anorexia are the most pronounced proprioceptions after treatment 
with acupuncture [16], but the inherent mechanisms of these phenomena have not been 
revealed and therefore need more investigation.

The hypothalamus is the center of food intake modulation and energy metabolism [17]. The 
arcuate nucleus (ARC) is located in the base of the hypothalamus and adjoins the third ventricle, 
which can sense changes in nutrition via the peripheral circulation. Pro-opiomelanocortin 
(POMC) and neuropeptide Y (NPY) neurons, the primary sensors and mediators in the ARC, have 
opposite functions in the regulation of appetite [18]. Sirtuin1 or SIRT1 (silent mating type infor-
mation regulation 2 homolog 1), a deacetylase which is involved in lifespan extension induced 
by caloric restriction [19], has recently been found to play a prominent role in obesity and related 
IR [20]. The expression of hypothalamic SIRT1 was increased on feeding, and this induction is 
abrogated in diet-induced obese mice [21]. Overexpression of SIRT1 in POMC neurons stimu-
lated energy expenditure, whereas overexpression in agouti-related protein (AgRP) neurons 
suppressed food intake [22]. FOXO1 (forkhead box protein O1), one of the deacetylated substrates 
of SIRT1 [23], is expressed in metabolic tissue such as hepatic, skeletomuscular, adipose, and 
hypothalamic tissue [24, 25], which can regulate AgRP expression in ARC [21].
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EA has been proven effective in restricting caloric intake and improving obesity via POMC 
and NPY regulation [26, 27]. The underlying mechanism of acupuncture has yet to be clearly 
established, especially its effects on the central regulation of food intake. Our previous study 
showed that EA can improve insulin sensitivity in obese diabetic mice by activating SIRT1 in 
skeletal muscle [28]. Based on this, we designed the present study to figure out the EA-induced 
specific regulation of the SIRT1/FOXO1 signaling pathway and related peptides in the hypo-
thalamic ARC.

Materials and Methods

Animal Models and Allocation
All animal procedures were performed according to the Declaration of Helsinki (European 

Union guidelines on the use of animals in scientific experiments) and Animal Research: 
Reporting of In Vivo Experiments (ARRIVE) guidelines [29].

We studied 90 male Wistar rats (8 weeks old and weighing 205–255 g) from the Hubei 
Research Center of Laboratory Animals (No. 42000600013006). All rats were placed in an 
environment controlled for temperature (22 ± 2  ° C) and humidity (50 ± 10%) with a 12-h 
light/12-h dark cycle in the Experimental Animal Center of Hubei University of Chinese 
Medicine, and food and water was provided ad libitum for the duration of the study. After a 
1-week adaptation to the facility, we randomly selected 15 rats and fed them a standard rodent 
diet (3.8 kcal/g BW; 10% fat, 70% carbohydrates, and 20% protein). We fed the other 75 rats 
a high-fat diet (5.5 kcal/g BW; 46.5% fat, 38.5% carbohydrates, and 15% protein) [30].

We weighed all rats after feeding them for 8 weeks. The standard for inclusion in our 
obese rat model was a 20% increase in weight compared to rats fed a standard rodent diet. We 
used a hyperinsulinemic-euglycemic clamp to assess insulin sensitivity in both groups after 8 
weeks. We included diet-induced obesity-prone (DIO-P) rats which met the inclusion standard 
of being 20% heavier than rats fed the standard rodent diet in our study while excluding diet-
induced obesity-resistant (DIO-R) rats. Eventually, for our normal group, we randomly selected 
10 rats from the 15 that had been fed a standard rodent diet (normal group, NG; n = 10). Then 
we randomly selected 50 of the 61 DIO-P rats and divided them into a model group (MG; n = 
10), an EA group (EA; n = 10), a sham operation group (SO; n = 10), an agonist group (AG; n = 
10), and an EA-plus-antagonist group (EA + AN; n = 10). We randomly selected 3 obese rats in 
each obese rat group for the hyperinsulinemic-euglycemic clamp test in the process of allo-
cation. The results showed that all 3 obese rats randomly selected had IR.

Animal Interventions
EA Methods
Before EA treatment, we fixed rats using an instrument made specifically for this exper-

iment to keep them calm. We applied EA at the acupoints of Zusanli (ST36), Guanyuan (CV4), 
Zhongwan (CV12), and Fenglong (ST40) using 0.30 × 25 mm needles (Global, China). We 
based the acupoint locations on our measurements of body length according to existing stan-
dards [31] as described previously [28, 32, 33] (Fig. 1A; online suppl. 2; for all online suppl. 
material, see www.karger.com/doi/10.1159/000503752).

We linked CV4 and CV12 with 2 electrodes of a Han’s acupoint nerve stimulator (HANS 
LH202H, China), while we linked ST36 and ST40 with 2 other electrodes. We switched the 
acupoints to a contralateral leg every other day. We electrically stimulated the acupoints with 
successive waves of 2 Hz, adjusting intensity to produce local muscle contractions that varied 
from 0.5 to 1 mA [28]. Rats in the EA and EA + AN groups received EA treatment for 10 min 
every other day. The other groups, which did not receive EA, were fixed at the same time.
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Intracerebroventricular Administration in the Third Ventricle
We fixed rats in the SO, AG, and EA + AN groups in a stereotaxic apparatus (RWD Life 

Science and Technology, China) and anesthetized them with isoflurane. In accordance with 
the 6th edition of The Rat Brain in Stereotaxic Coordinates [34], we chose a point within the 
dorsal third ventricle (D3V, AP: –1.56 mm, ML: 0 mm, DV: 3.8 mm). We obtained 5-mm 
paraffin sections and performed Nissl staining to confirm the precise locations of the cannulae 
(Fig. 1B).

In order to investigate whether ventricular cannulation will affect the role of EA in 
improving obesity, one group that received intracerebroventricular administration of arti-
ficial cerebrospinal fluid (ASCF) plus EA treatment (EA + ASCF) was compared to the EA + AN 
group. The results showed that rats in the EA + ASCF group did not differ in Lee’s index and 
food intake from the EA group, while both groups (EA + ASCF group and EA group) were 
significantly different from the EA + AN group (Fig. 1C). These results suggested that cannu-
lation did not affect the EA in improving obesity and food intake.

Rats in the SO, AG, and EA + AN groups were fed separately and given 1 week after the 
operation to adapt to the cannulae. At the same time of treatment in the EA group, we intra-
cerebroventricularly injected rats in the SO group with ASCF, rats in the AG group with the 
SIRT1 agonist SRT1720 (1 μg/μL, 2 μL; Selleck, US) [35], and rats in the EA + AN group with 
the SIRT1 antagonist EX-527 (1 μg/μL, 5 μL; Selleck) before EA treatment (Fig. 1D) [36]. 

Parameter Detection
Body Mass, Lee Index, Food Intake, Fasting, and Postprandial Blood Glucose and 
Serum Insulin
We obtained body mass, nasoanal length, and food intake measurements 0, 2, 4, 6, and 8 

weeks after commencement of EA treatment. Mathematically, we expressed the Lee index as 
follows [37]:

3 1 000body weight g ,
nasoanal length cm

´( )
( )

. 

Fasting blood glucose (FBG) levels were measured by the tail snipping method at 8: 00 
a.m. after 8 h of fasting and postprandial blood glucose (PBG) at 8: 00 a.m. after rats had access 
to food ad libitum for a whole night using a glucose testing machine (OneTouch, US). After the 
8-week intervention, we anesthetized the rats with 10% chloral hydrate, collected serum 
from their hearts, and determined insulin levels using a commercial ELISA kit (H203; Nanjing 
Jiancheng Bioengineering Institute, China).

Insulin Sensitivity
We performed an intraperitoneal insulin tolerance test (IPITT) and intraperitoneal glucose 

tolerance test (IPGTT) on all rats after 6 weeks of intervention. For the IPITT, after 8 h of fasting, 
we injected rats intraperitoneally with 1 unit/kg insulin solution; we collected blood samples 
after tail snipping to determine insulin levels prior to and 30, 60, 90, and 120 min after insulin 
administration. For the IPGTT, after 12 h of fasting, all rats received an intraperitoneal injection 
of 50% glucose (2 g/kg), and blood samples were again collected to determine glucose levels 
before and 30, 60, 90, and 120 min after insulin administration. Then, we calculated the area 
under the curve (AUC) of each group using the approximate trapezoidal method [38]:
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To assess IR levels, we randomly selected 3 rats from each group and performed caudal-
artery and -vein hyperinsulinemic-euglycemic clamp on them before and after treatment for 
7 weeks and calculated mean glucose infusion rate (GIR) based on GIR from 60–120 min 
(online suppl. 2). 

Fig. 1. A Acupoint locations. B Intracerebroventricular administration. C Evaluation of the influence of 
 ventricular catheterization. D Animal allocation (* p < 0.05 vs. EA, # p < 0.05 vs. EA + ASCF).
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Western Blotting
All rats were anesthetized and sacrificed by cervical dislocation after 8 weeks of treatment. 

We froze the hypothalami in liquid nitrogen after stripping them from the rat brains and 
stored them at –80  ° C. Hypothalamus tissue was detected applying a standard Western 
blotting (WB) protocol. The primary antibody concentrations were as follows: SIRT1  
(1: 8,000, ab110304; Abcam, UK), FOXO1 (1: 2,000, ab52857; Abcam), Ac-FOXO1 (1: 200, 
D-19; Santa Cruz Technology, USA), POMC (1: 200, FL-267; Santa Cruz Technology), and NPY 
(1: 1,000, D7Y5A; Cell Signaling Technology, USA). Images were obtained using a ChemiDoc 
XRS+ System (Bio-Rad Laboratories, USA). We used the housekeeping protein β-actin  
(1: 5,000; Proteintech, Manchester, UK) for normalization. We performed WB in triplicate  
for all target proteins. Protein expression was calculated based on the target protein and 
β-actin ratios of optical density (OD), which we analyzed using Gel-Pro Analyzer software, 
version 4.0 (Polaroid Corporation, USA).

Double-Labeled Immunofluorescence Staining
We performed double-labeled immunofluorescence (IF) staining of SIRT1/FOXO1, 

SIRT1/Ac-FOXO1, FOXO1/POMC, and Ac-FOXO1/NPY to investigate protein interaction in 
the hypothalamic ARC. Rat brain paraffin sections in the coronal plane were processed with 
standard antigen retrieval and incubated with primary antibody SIRT1 (1: 2,000, mouse, 
ab110304; Abcam), FOXO1 (1: 200, rabbit, ab39670; Abcam), and Ac-FOXO1 (1: 200, rabbit, 
D-19; Santa Cruz Technology). Then, we exposed the sections to secondary antibodies (SIRT1 
and FOXO1 were labeled with cyanine 3 [CY3] at 1: 50, Ac-FOXO1 with fluorescein isothio-
cyanate [FITC] for 1: 50). After blocking in goat or donkey serum a second time, sections were 
incubated with the secondary primary antibody, including FOXO1, Ac-FOXO1, POMC (all  
1: 200, chicken, ab14064; Abcam), and NPY (1: 500, sheep, ab6173; Abcam). We then exposed 
the sections to secondary antibodies (FOXO1 and FOXO1 were labeled with FITC at 1: 50, 
POMC with Fluor-488 at 1: 1,000, and NPY with Fluor-555 at 1: 1,000). We stained nuclei with 
4′,6-diamidino-2-phenylindole (DAPI) and acquired images using an Olympus BX53 digital 
fluorescence microscope (Olympus Corporation, Japan). Specificity of all antibodies was 
verified using a negative control. We replaced the primary antibodies with PBS or serum from 
the same source as the primary antibody. In addition, all the antibodies were validated in 
published studies.

Real-Time Polymerase Chain Reaction
We isolated total RNA of rat hypothalami stored at –80  ° C with an AZfresh total RNA 

extraction kit (Azanno Biotech, Gothenburg, Sweden) and determined RNA concentrations at 
an absorbance ratio of 260/280 nm. We then reverse transcribed an aliquot (1 μg) of extracted 
RNA into first-strain complementary DNA (cDNA) using a ReverTra Ace qPCR RT kit (FSQ-
101; Toyobo). We quantified gene expression of SIRT1, FOXO1, Ac-FOXO1, POMC, and NPY by 
using a SYBR Green real-time PCR Master Mix Plus (QPK-212; Toyobo) and standard protocol. 

Table 1. Real-time PCR primer sequences

Gene Forward Reverse

SIRT1 5′-TGCCATCATGAAGCCAGAGA-3′ 5′-CATCGCAGTCTCCAAGAAGC-3′
FOXO1 5′-CAGCAAATCAAGTTATGGAGGAT-3′ 5′-CTGGCATGACTGAGTTAGGG-3′
POMC 5′-ATAGACGTGTGGAGCTGGTG-3′ 5′-GGGGATTTTCAGTCAAGGGC-3′
NPY 5′-AACAAACGAATGGGGCTGTG-3′ 5′-GTGTCTCAGGGCTGGATCTC-3′
β-Actin 5′-CACGATGGAGGGGCCGGACTCATC-3′ 5′-TAAAGACCTCTATGCCAACACAGT-3′
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Measurements were conducted in triplicate under standard reaction conditions, and normal-
ization was ensured to β-actin. We obtained primaries from Tsing Ke Biology Technology 
Company (Wuhan, China). All temperature circulation and gene amplification were processed 
in a CFX96 Touch real-time PCR detection system (Bio-Rad). All RT-PCR assays and primer 
sequences are shown in Table 1.

Statistical Analysis
We repeated WB of the hypothalami in each group 3 times and included the OD of each 

target protein in our statistical analysis. For IF, we randomly selected 5 sections from each 
group for analysis. We calculated the positive cells in the ARC at ×400 magnification and 
determined relative protein expression by the ratio of positive cells (OD value of the fluores-
cence exceeds 50% of the background) to total cells (count by calculating DAPI-stained 
nuclei). The difference in gene expression was demonstrated by the relative gene expression 
compared to the normal group, which we calculated using CFX Manager Software, version 3.0 
(Bio-Rad Laboratories).

Analysis was performed by blinded biostatisticians using SPSS software version 20.0 
(IBM SPSS Statistics, USA). We used repeated-measure analysis of variance (ANOVA) to 
compare body mass, Lee index, food intake, FBG, and PBG at different time points (0, 2, 4, 6, 
and 8 weeks) within each group to show improvements in obesity and energy metabolism 
effected by treatments. Post hoc multiple comparisons with the Turkey method were 
conducted if there were differences in any group. In addition, we used one-way ANOVA to 
compare the differences in body mass, Lee index, food intake, FBG, PBG, and AUC of IPGTT/
IPITT between groups at different time points. We then analyzed changes in these measure-
ments plus serum insulin, GIR, OD of protein bands, percentage of positive cells in IF, and 
relative gene expression among the 6 groups by one-way ANOVA. To assess differences 
between 2 groups, we conducted post hoc multiple comparisons with the Turkey method if 
there were differences among all 6 groups. Values of p < 0.05 were considered statistically 
significant, and tests were 2-sided.

Results

EA Improved Obesity and Increased Insulin Sensitivity but the SIRT1 Antagonist Could 
Partially Suppress this Effect
EA Suppressed Body Mass Gain and Food Intake but the SIRT1 Antagonist Partially 
Inhibited These Effects
Before and after 8 weeks of treatment, body mass in the NG group was significantly lower 

than in the other 5 groups. Body mass in the MG and SO groups showed the most significant 
increase, while it slowed in rats that received EA (p = 0.0028). Rats in the EA + AN group, which 
received both EA and SIRT1 antagonist, did not gain significantly more weight than those in the 
EA group (p = 0.66), while body mass in the AG group did not show significant growth during the 
8 weeks of treatment (Fig. 2A). Before treatment, the Lee index was significantly lower in the NG 
group than in the other groups that were fed a high-fat diet. After the course of the 8-week 
treatment, the Lee index was increased in the MG and SO groups versus before treatment (p < 
0.05), while it was not different in the EA and AG groups. The Lee index was lower in the EA and 
AG groups than in the MG and SO groups, while the SIRT1 antagonist suppressed the EA effect 
on the Lee index (p = 0.011) (Fig. 2B). Food intake in the high-fat diet-induced (HFDI) obese rats 
was significantly higher than in the NG rats. During the course of the 8-week treatment, there 
was no significant change in the food intake of the NG and MG groups. The food intake of EA rats 
was lower than that of MG rats after 4 weeks of treatment (p = 0.0099), while the SIRT1 antag-
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Fig. 2. Alterations in body mass (A), Lee index (B), food intake (C), FBG/PGB (D), insulin sensitivity (E), 
 IPGTT (F), GIR (H), and IPITT (G). * p < 0.05, ** p < 0.01, vs. NG; # p < 0.05, ## p < 0.01, vs. MG; Δ p < 0.05,  
ΔΔ p < 0.01, vs. EA. NG, normal group; MG, model group; EA, electroacupuncture group; SO, sham operation 
group; EA + AN, EA-plus-antagonist group; AG, agonist group; AUC, area under the curve.
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onist partially inhibited these effects after 8 weeks of treatment (p = 0.0404). However, the rats 
in the EA, AG, and EA + AN groups, which were cannulated, showed a significant decrease in food 
intake after surgery (0 weeks) but recovered after 2 weeks. At the end of treatment, the AG group 
had the lowest food intake, which was even lower than that of the NG group, while there were 
no significant differences between the NG and EA groups (Fig. 2C).

EA Could Improve PBG and Serum Insulin Levels with No Effect on FBG, but the SIRT1 
Antagonist Could Still Partially Suppress This Effect
After they were fed a high-fat diet, the PBG of rats rose to a certain degree but remained 

within the normal range. During the course of the 8-week treatment, PBG did not show a 
statistically significant difference in any group. After 6 weeks of treatment, PBG was lower in 
the EA and AG groups than in the MG group until the end of treatment at 8 weeks (p < 0.05). 
There was no significant difference in the degree of PBG decline among the EA, AG, and EA + 
AN groups after 8 weeks of treatment (Fig. 2D). Compared with the NG group, the MG and SO 
groups showed a phenotype of hyperinsulinemia, which EA and the SIRT1 agonist were able 
to reverse to some extent. Consistent with the effects on BW and food intake, the SIRT1 antag-
onist still attenuated the antihyperinsulinemic effect of EA (Fig. 2E).

EA Can Improve Insulin Sensitivity in HFDI Obese Rats – An Effect That Was Also 
Attenuated by the SIRT1 Antagonist
We performed IPGTT and IPITT to investigate the effectiveness of EA in improving IR and 

the possible mechanism thereof. EA and the SIRT1 agonist resulted in lower blood glucose 
levels in the NG group 30 min after IPGTT, which were statistically different from those of the 
MG group (p < 0.05). Blood glucose levels were not significantly different 60 min after injection 
(p > 0.05) in the study groups (Fig. 2F). The AUC of IPGTT did not show significant differences 
in any of the 6 groups (p < 0.05). As depicted in Figure 2G of IPITT, blood glucose levels 
showed a transient and smaller decline in the MG and SO groups than those in the EA, AG, and 
EA + AN groups, which increased 60 min after intraperitoneal injection. During the course of 
treatment, rats in the EA, AG, and EA + AN groups showed a sharper and greater decline in 
blood glucose levels than did those in the MG and SO groups. The IPITT AUC of the EA, EA + 
AN, and AG groups was significantly lower than that of the MG and SO groups, in which the 
SIRT1 antagonist did not significantly inhibit the effect of EA (Fig. 2G). We used a hyperinsu-
linemic-euglycemic clamp to evaluate insulin sensitivity precisely and reliably. Before 
treatment, GIR in the NG group was significantly higher than that in HFDI obese rats, which 
indicated that the latter demonstrated IR. After 7 weeks of treatment, EA and the SIRT1 
agonist significantly increased the GIR of obese rats with IR, while the SIRT1 antagonist was 
able to partially attenuate the effect of EA (Fig. 2H).

EA Upregulated Protein Expression of SIRT1, Downregulated Acetylation of FOXO1, and 
Mediated the Downstream Appetite-Related Neuropeptide, an Effect That the SIRT1 
Antagonist also Suppressed
After feeding the MG and SO rats a high-fat diet, protein expression of hypothalamic SIRT1 

was suppressed in these rats and upregulated after treatment with EA or intracerebroven-
tricular administration of SRT1720. Rats that received EA plus EX-527 injections showed a lower 
expression of hypothalamic SIRT1 than rats that received EA alone. Protein expression of hypo-
thalamic FOXO1 showed the same tendency with SIRT1, which was highly expressed in the EA 
and AG groups and less so in the MG and SO groups. Administration of EX-527 could suppress 
the effect of EA on hypothalamic FOXO1 activation. In contrast, hypothalamic Ac-FOXO1 showed 
low expression in rats fed a normal diet and was highly expressed in HFDI obese rats, indicating 
high deacetylation activity in the NG group. Ac-FOXO1 was downregulated after administration 
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of EA and the SIRT1 agonist, indicating upregulation of suppressed deacetylation activity. The 
effectiveness of EA was consistently attenuated when EA was combined with EX-527. In each 
group, hypothalamic POMC expression was consistent with SIRT1 and FOXO1 expression, while 
hypothalamic NPY expression was similar to Ac-FOXO1 expression (Fig. 3A–F).

Fig. 3. A–J Protein expression and relative mRNA levels of SIRT1, FOXO1, Ac-FOXO1, POMC, and NPY in the 
hypothalamus. * p < 0.05, ** p < 0.01, vs. NG; # p < 0.05, ## p < 0.01, vs. MG; Δ p < 0.05, ΔΔ p < 0.01, vs. EA. SIRT1, 
silent mating type information regulation 2 homolog 1; FOXO1, forkhead box protein O1; Ac-FOXO1, acety-
lated FOXO1; NPY, neuropeptide Y.
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Modulation of EA Activates the Deacetylation of SIRT1 Located at Hypothalamic ARC
As shown in Figure 4A and online supplementary Figure 1, SIRT1 and FOXO1 were both 

expressed throughout the entire hypothalamus and more aggregated in the ARC. SIRT1 and 
FOXO1 showed far more expression in the hypothalamic ARC of rats fed a normal diet than in 
those fed a high-fat diet. After treatment with EA or SRT1720, both SIRT1 and FOXO1 were 
upregulated in the hypothalamic ARC. However, EX-527 partially attenuated the EA-mediated 
upgrading effect of SIRT1 and FOXO1. High-fat-diet-mediated SIRT1 inhibition resulted in 
upregulation of AC-FOXO1 expression in the ARC. After 8 weeks of treatment, the low level of 
deacetylation in the ARC was activated by EA or SRT1720, while EX-527 attenuated the deacet-
ylation effect of EA in the EA + AN group. As summarized in Figure 4B and online supplementary 
Figure 2, deacetylation activation was most pronounced in the NG and AG groups, second-
highest in the EA group, lower in the EA + AN group, and lowest in the MG and SO groups.

As shown in Figure 4C and online supplementary Figure 3, upgrading of FOXO1 in the 
hypothalamic ARC mediated the high expression of POMC, which has the function of 
suppressing food intake. In contrast, HFDI low expression of FOXO1 was associated with 
downregulation of POMC in the hypothalamic ARC. EA- and SRT1720-mediated FOXO1 acti-
vation induced upregulation of POMC in the ARC, while EX-527 suppressed the EA-induced 
effect. In contrast, HFDI hyperacetylation of FOXO1 mediated upregulation of NPY, which is 
expressed throughout the hypothalamus. The deacetylation of the EA- and SRT1720-induced 
low level of Ac-FOXO1 mediated NPY downregulation in the hypothalamus, an effect of EA 
also attenuated by EX-527 (Fig. 4D; online suppl. Fig. 4).

EA Mediated Gene Expression of POMC and NPY but Not That of SIRT1 or FOXO1
The goal of investigating the gene expression of SIRT1 and mediated downstream mole-

cules was to determine the subcellular localization of EA. As shown in Figure 3G, gene 
expression of SIRT1 in rats fed a normal diet was significantly higher than that in rats fed a 
high-fat diet. However, SRT1720 was found to upregulate gene expression of SIRT1 in obese 
and IR rats, but EA did not, which was consistent with the MG group. Furthermore, EA plus 
EX-527 significantly downregulated gene expression of SIRT1, indicating that this suppression 
effect was produced by the SIRT1 antagonist. As shown in Figure 3H, I, the hypothalami of 
rats fed a normal diet showed high expression of FOXO1 and low expression of Ac-FOXO1, 
while those of rats fed a high-fat diet showed the opposite. Interestingly, neither EA nor 
SRT1720 could upregulate the low deacetylation level of FOXO1 gene expression. Rats fed a 
normal diet showed high gene expression of POMC and low gene expression of NPY, while 
those fed a high-fat diet showed the opposite phenotype. Rats treated with EA or SRT1720 
showed upregulation of POMC gene expression and downregulation of NPY gene expression. 
EX-527 could also suppress the effect of EA, which was consistent with protein expression 
(Fig. 3J). All gene expression results suggested that EA and SRT1720 activated SIRT1 and 
related deacetylation via a different mechanism. SRT1720 targeted regulation of SIRT1 gene 
expression, while EA targeted activation of posttranscriptional SIRT1.

Discussion

HFDI obesity is always accompanied by an increase in insulin secretion and induction of 
IR [5]. Adipocytes and suppressed insulin receptor substrate tyrosine phosphorylation in the 
liver and skeletal muscle both produce nonesterified fatty acids and induce IR [39]. In this 
study, HFDI obese rats showed a marked increase in IR as determined by the clamp method.

POMC and NPY are appetite-related neuropeptides located in the hypothalamic ARC with 
opposite functions. POMC-positive neurons secrete α-melanocyte-stimulating hormone and 
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Fig. 4. Double-labeled immunofluorescence of SIRT1/FOXO1 (A), SIRT1/Ac-FOXO1 (B), FOXO1/POMC (C), 
and Ac-FOXO1/NPY (D) in hypothalamic ARC (* p < 0.05, ** p < 0.01, vs. NG; # p < 0.05, ## p < 0.01, vs. MG;  
Δ p < 0.05, ΔΔ p < 0.01, vs. EA). SIRT1, silent mating type information regulation 2 homolog 1; FOXO1, forkhead 
box protein O1; Ac-FOXO1, acetylated FOXO1; NPY, neuropeptide Y; ARC, arcuate nucleus.
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restrain appetite by binding to melanocortin 3/4 receptor in the paraventricular nucleus 
[40]. NPY, which is secreted from NPY-positive neurons, performs an orexigenic function by 
binding to NPY Y1 and Y5 receptors in the lateral hypothalamic area [41]. Leptin in the 
peripheral cycle can directly penetrate the third ventricle and bind to the leptin receptor 
located on the POMC/cocaine- and amphetamine-regulated transcript and NPY/AgRP 
neuronal-cell membranes in the hypothalamic ARC, which regulate food intake and energy 
homeostasis [42]. In obesity and IR, there is an incontrollable negative feedback loop in the 
hypothalamus, which causes hyperleptinemia, hyperinsulinemia, and appetite hyperactivity 
[43].

FOXO1, which is highly expressed in the hypothalamus, can negatively regulate the tran-
scription of POMC via direct binding to its promoter or inhibitor signal transducer and acti-
vator of transcription 3. In addition, FOXO1 overexpression stimulates transcription of orex-
igenic NPY/AgRP through the phosphatidylinositol 3-kinase/protein kinase B (Akt) signaling 
pathway [25]. Furthermore, the deacetylation level of FOXO1 in the hypothalamus was shown 
to determine the transcription of downstream orexin-related genes; acetylated FOXO1 
promoted the transcription of NPY and AgRP [44], while deacetylated FOXO1 upregulated 
gene expression of POMC [45].

SIRT1, which is expressed in several insulin-sensitive organs, including the liver as well 
as adipose tissue and skeletal muscle, is involved in the body’s energy metabolism [20]. 
Several studies have demonstrated enhanced SIRT1 content in metabolically relevant hypo-
thalamic nuclei in mice subjected to caloric restriction [46]. SIRT1 expression has been 
suppressed in both obese rodents and humans [47, 48], and active hypothalamic SIRT1 was 
demonstrated to improve IR in obese rats [49]. In recent studies, the deacetylation activity of 
SIRT1 has been shown to play a vital role in regulating food intake and energy metabolism 
[50]. The anorexigenic and anti-obesity function of POMC neurons is required for normal 
autonomic adaptations of SIRT1 deacetylase [51]. More importantly, FOXO1 is the key deacet-
ylation substrate for SIRT1, which links modulation between downstream appetite-related 
peptides (NPY and POMC) and SIRT1 [52].

In the present study, we designed 6 groups to investigate the possible mechanisms by 
which EA improves obesity and IR by suppressing appetite. Standard-diet-induced normal 
rats were placed into the NG group as controls, while HFDI obese and IR rats were set up as 
models. We established groups receiving EA plus intracerebroventricular injection of EX-527 
to investigate whether the SIRT1 antagonist could specifically attenuate the activity of EA. We 
established intracerebroventricular administration of the agonist SRT1720 alone as the 
positive control for EA in order to investigate the differences between the mechanisms under-
lying these two processes.

EA, characterized by sustained stimulation and by the stability and controllability of its 
parameters, has been applied extensively in research and clinical practice. Without electrical 
stimulation, it is hard to perform a standardized stimulus in acupuncture which may also be 
effective. In our study, weight loss after EA stimulation is likely not stress related, as this was 
partially reversed by central SIRT1 inhibition. Its effectiveness is frequency dependent: 2 Hz 
of EA selectively activated the ventral and bottom thalami, while 100 Hz activated the dorsal 
thalamus [53]. Recently, low-frequency EA has been proven to regulate the hypothalamic-
pituitary-adrenal axis, which was widely applied in the treatment of endocrine diseases [54]. 
The hypothalamic ARC was more sensitive to low-frequency EA than to high-frequency EA 
[55]. In our previous study, 2-Hz EA could activate the SIRT1/PGC-1 α pathway to regulate 
gene expression and enhance mitochondrial activity [28]. Collectively, we selected 2-Hz EA 
as a frequency for this study. In the theory of traditional Chinese medicine, obesity is asso-
ciated with a spleen afflicted with sputum dampness, and combined application of ST36,  
CV4, and CV20 were shown to be effective in alleviating obesity [56].
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Intracerebroventricular cannulation is an effective way to administer drugs and detect 
levels of substances throughout the central nervous system (CNS). Compared with direct 
injection by a microinjector, injection after intracerebroventricular cannulation is charac-
terized by its delayable operation and sustainable intervention, and is therefore widely 
applied in central administration. The depth of cannulation intended to directly activate the 
ARC has previously been reported as 8.5 mm beneath the surface of the skull in rats [57]. In 
our study, the insertion point of the cannula targeted the dorsal third ventricle of the hypo-
thalamus, which is 3.8 mm beneath the surface of the skull [34]. The insertion of the cannula 
to this depth not only ensured that drugs could reach the third ventricle but also prevented 
damage to the hypothalamic nucleus.

Increasing evidence has suggested that EA is effective in improving obesity and related 
IR via an anorexigenic function. In accordance with these studies, the present study has 
demonstrated that 8 weeks of EA treatment suppressed food intake and BW gain in obese and 
IR rats. Although the PBG increase in obese rats was still within the normal range, it also 
decreased after EA intervention with no FBG changes. EA also ameliorated obesity-induced 
hyperinsulinemia, indicating that its effect on regulating PBG may be insulin dependent. The 
change in IPGTT after intervention was less significant than that in IPITT, suggesting that 
insulin is more sensitive to EA than glucose. This result may be attributed to intact pancreatic 
function in obese rats. In addition, the hyperinsulinemic-euglycemic clamp, the authoritative 
method for assessing insulin sensitivity, indicated that HFDI obese rats had significantly 
lower glucose consumption in insulin target organs. EA significantly increased whole-body 
glucose uptake, perhaps through its anorexigenic effect or by activation of the autonomic 
nervous system [58]. Central administration of the SIRT1 antagonist partially inhibited the 
effectiveness of EA in suppressing appetite, retarding BW gain, and improving insulin sensi-
tivity, suggesting that activation of SIRT1 in the CNS is one of the mechanisms by which EA 
exerts its function. The incompleteness with which the SIRT1 agonist blocked the EA effects 
demonstrated that EA had multiple targets. The specificity of the EA effects on SIRT1 activity 
is verified by the fact that central administration of the SIRT1 agonist had the same biological 
effects. By contrast, EA was less effective and sensitive in suppressing appetite and improving 
IR in obese rats than were agonists, which play a more direct role in the hypothalamus. 
Overall, specific activation of hypothalamic SIRT1 is one of the underlying mechanisms by 
which EA improves obesity and regulates metabolic homeostasis.

We performed WB to investigate the mechanism of protein regulation in the hypo-
thalamus. EA could significantly upregulate the low expression of hypothalamic SIRT1 in 
HFDI rats. Consequently, the high expression of SIRT1-mediated deacetylation activity 
changed the protein acetylation level of FOXO1, which ultimately upregulated protein 
expression of POMC and downregulated that of NPY. Consistent with our assessments of food 
intake, obesity level, and insulin sensitivity, the SIRT1 antagonist attenuated EA-induced 
upregulation of SIRT1 expression, as expected. Meanwhile, rats to which the SIRT1 agonist 
was centrally administered demonstrated higher SIRT1 expression, in accordance with its 
high sensitivity and efficiency in improving obesity and IR.

Due to the insufficient protein location and correlation of WB, we conducted double-
labeled IF to investigate the nuclear and neuronal positions regulated by EA. In the hypotha-
lamic ARC, EA upregulated the low SIRT1 expression induced by a high-fat diet, an effect 
which was also blocked by the SIRT1 antagonist. EA and the SIRT1 agonist had identical 
effects on the ARC. Consistent with previous studies [43, 44, 50], the SIRT1 protein expression 
level regulated the acetylation level of FOXO1, while deacetylated FOXO1 regulated that of the 
POMC gene, and acetylated FOXO1 regulated that of the NPY gene. Overall, one of the meso-
scopic protein locations of EA in regulating food intake and obesity was targeted on the hypo-
thalamic ARC.
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Intriguingly, the results of gene expression in the SIRT1/FOXO1 pathway demonstrated 
the different mechanisms of EA and the SIRT1 agonist. Considering the different levels of 
sensitivity in suppressing food intake and improving IR, the SIRT1 agonist could directly 
upregulate gene expression of SIRT1 and promote protein synthesis in the ARC. By contrast, 
EA targeted posttranscriptional regulation of the SIRT1 gene, which did not affect gene 
expression. Neither EA nor the SIRT1 agonist changed the gene expression level of FOXO1, 
indicating that SIRT1 regulated only the acetylation level of FOXO1 and did not affect its 
protein synthesis.

Based on previous investigations [28], the present study demonstrated that EA could 
suppress weight gain and food intake, and improve insulin sensitivity in HFDI obese rats. 
This study also aimed to determine the potential molecular mechanism in the CNS by which 
EA causes anorexia and ameliorates IR. EA increased SIRT1 protein expression and 
upgraded the deacetylation activity in ARC, which downregulated the acetylation level of 
FOXO1. Thus, deacetylated FOXO1 increased gene expression of POMC and suppressed that 
of NPY, which induced anorexigenic and anti-obesity effects. This mechanism of EA is 
different from that of the SIRT1 agonist but can achieve similar biological effects. In our 
previous clinical study, EA was found to be able to activate the vagus nerve [59]. The role 
of the vagus nerve in transmitting satiety signals from the periphery to the CNS has been 
well established [60]. Whether EA participates in the vagus nerve-mediated anorectic effect 
and thus affects the expression of SIRT1 and downstream peptide in the ARC deserves 
further study.

This study has its share of limitations. Stabilization of Sirt1 protein upon refeeding was 
induced by decreasing ubiquitination and proteasomal degradation [21]. We did not defi-
nitely confirm the mechanism by which EA is involved in this progress. Furthermore, appetite 
regulation is based on a complex neural network between afferent nerves and the CNS. The 
neural circuits in the vagus nerve and hypothalamus that may regulate POMC and NPY 
neurons were found to merit further study. 

Fig. 5. Mechanisms by which EA 
affects in the network between 
the nuclei of the CNS and so regu-
lates food intake. SIRT1, silent 
mating type information regula-
tion 2 homolog 1; FOXO1, fork-
head box protein O1; Ac-FOXO1, 
acetylated FOXO1; NPY, neuro-
peptide Y; α-MSH, α-melanocyte-
stimulating hormone; AgRP, 
agouti-related protein; MC4R, 
melanocortin receptor 4; TRH, 
thyrotropin-releasing hormone; 
CRH, corticotropin releasing hor-
mone; ORX, orexin; MCH, melanin 
concentrating hormone; PVN, 
paraventricular nucleus; LHA, lat-
eral hypothalamic area; ARC, ar-
cuate nucleus.
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Conclusion

This study suggested a central mechanism by which EA suppresses food intake, improving 
obesity and IR. Specifically, it promoted protein expression of hypothalamic SIRT1 and mediated 
the deacetylation level of hypothalamic FOXO1, which could upregulate the gene expression of 
POMC and downregulate that of NPY. This is one important mechanism by which EA exerted an 
anorexic effect and increases insulin sensitivity. In addition, one of the mesoscopic targets of EA 
was located in the hypothalamic ARC. Figure 5 illustrates how EA is involved in the network of 
appetite-related neurons between the nuclei of the CNS and thus regulates food intake. Our study 
introduced EA as an effective and safe activator of SIRT1, which provided evidence for the appli-
cation of EA in clinical practice in the treatment of obesity and related IR.
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