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Low-grade pro-inflammatory state and leptin resistance are 

important underlying mechanisms that contribute to obesity-

associated hypertension. We tested the hypothesis that 

Astragaloside IV (As IV), known to counteract obesity and 

hypertension, could prevent obesity-associated hypertension 

by inhibiting pro-inflammatory reaction and leptin resistance. 

High-fat diet (HFD) induced obese rats were randomly as-

signed to three groups: the HFD control group (HF con 

group), As IV group, and the As IV + α-bungaratoxin (α-BGT) 

group (As IV+α-BGT group). As IV (20 mg·Kg
-1

·d
-1

) was ad-

ministrated to rats for 6 weeks via daily oral gavage. Body 

weight and blood pressure were continuously measured, and 

NE levels in the plasma and renal cortex was evaluated to 

reflect the sympathetic activity. The expressions of leptin re-

ceptor (LepRb) mRNA, phosphorylated signal transducer and 

activator of transcription-3 (p-STAT3), phosphorylated phos-

phatidylinositol 3-kinase (p-PI3K), suppressor of cytokine sig-

naling 3 (SOCS3) mRNA, and protein-tyrosine phosphatase 

1B (PTP1B) mRNA, pro-opiomelanocortin (POMC) mRNA and 

neuropeptide Y (NPY) mRNA were measured by Western blot 

or qRT-PCR to evaluate the hypothalamic leptin sensitivity. 

Additionally, we measured the protein or mRNA levels of 

α7nAChR, inhibitor of nuclear factor κB kinase subunit β/ 

nuclear factor κB (IKKβ/NF-KB) and pro-inflammatory cyto-

kines (IL-1β and TNF-α) in hypothalamus and adipose tissue to  

reflect the anti-inflammatory effects of As IV through up-

regulating expression of α7nAChR. We found that As IV pre-

vented body weight gain and adipose accumulation, and also 

improved metabolic disorders in HFD rats. Furthermore, As IV 

decreased BP and HR, as well as NE levels in blood and renal 

tissue. In the hypothalamus, As IV alleviated leptin resistance 

as evidenced by the increased p-STAT3, LepRb mRNA and 

POMC mRNA, and decreased p-PI3K, SOCS3 mRNA, and 

PTP1B mRNA. The effects of As IV on leptin sensitivity were 

related in part to the up-regulated α7nAchR and suppressed 

IKKβ/NF-KB signaling and pro-inflammatory cytokines in the 

hypothalamus and adipose tissue, since co-administration of 

α7nAChR selective antagonist α-BGT could weaken the im-

proved effect of As IV on central leptin resistance. Our study 

suggested that As IV could efficiently prevent obesity-

associated hypertension through inhibiting inflammatory 

reaction and improving leptin resistance; furthermore, these 

effects of As IV was partly related to the increased α7nAchR 

expression. 
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INTRODUCTION 
 

Excess weight gain and visceral adipose deposition are close-

ly related to the increased prevalence of hypertension, which 

perhaps accounts for 65–75% of the risk of human essential 

hypertension (Hall et al., 2015). Although weight loss is 

generally recommended as the first guideline for treating 

obesity-associated hypertension, evidence indicates that 

obese patients are unable to sustain sufficient long-term 

weight loss, and there are few available weight-loss drugs 

that can safely produce adequate long-term weight loss 

(Mark, 2008). Within this context, the current therapeutic 

approaches focus directly on anti-hypertensive therapy. Un-

fortunately, obesity-associated hypertension is often resistant 

to several classes of anti-hypertensive drugs (Chobanian, 

2009). Furthermore, despite the use of β-blockers to treat 

hypertension through the inhibition of sympathetic excita-

tion, metabolic complications caused by β-blockers cannot 

be ignored (Jordan et al., 2005). Against this background, a 

novel drug is needed to better manage obesity-associated 

hypertension. 

Several lines of inquiry have suggested that excessive nu-

trients presented in the hypothalamus cause metabolic syn-

drome-related hypothalamic inflammation (Cai and Liu, 2011). 

At the onset of obesity, hypothalamic inflammation (as a 

causal factor) precedes the onset of overt obesity and occurs 

much earlier than inflammation, or metabolic disorders in 

peripheral tissues (Valdearcos et al., 2015). With the devel-

opment of obesity, pro-inflammatory cytokines produced in 

the peripheral tissue can feed back to the brain, which rein-

force and maintain the hypothalamic inflammation (Win-

klewski et al., 2015). Chronic inflammatory reaction mediat-

ed by IKKβ/NF-KB pathway in the mediobasal hypothalamus, 

the exact primary brain site of sensing nutrition and regulat-

ing metabolism, is a primary pathogenic link between obesi-

ty and hypertension (Purkayastha et al., 2011). The active 

IKKβ/NF-KB signaling and increased pro-inflammatory cyto-

kines in the hypothalamus up-regulate expression of the 

suppressor of cytokine signaling 3 (SOCS3) and protein-

tyrosine phosphatase 1B (PTP1B). As the negative regulators 

of leptin signaling, both SOCS3 and PTP1B induce central 

leptin resistance by disrupting the phosphorylation of the 

janus kinase 2/signal transducer and activator of transcrip-

tion 3 (JAK2/STAT3) (de Git and Adan, 2015; Mark, 2013; 

Wang et al., 2012). In this condition, leptin fails to effectively 

regulate energy homeostasis, while maintaining its effects 

on stimulating the cardiovascular/renal sympathetic nerve 

system (SNS), leading to sympathetically mediated hyperten-

sion (Mark, 2013). Conversely, inhibiting the IKKβ/NF-KB 

pathway within the mediobasal hypothalamus improves 

leptin resistance, and prevents the occurrence of obesity and 

hypertension in the face of dietary challenge (Purkayastha et 

al., 2011; Zhang et al., 2008). Therefore, hypothalamic lep-

tin resistance is mainly attributed to the direct action of hy-

pothalamic inflammation and indirect action of peripheral 

inflammation. Restoring hypothalamic leptin signaling sensi-

tivity by suppressing the central and peripheral inflammation 

reaction holds two converging benefits in combating both 

obesity and obesity-associated hypertension. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic diagram illustrating an important signaling 

pathway of As IV on preventing obesity-associated hypertension. 

Chronic obesogenic condition resulted in activation of IKKβ/NF-

kB pathway and production of pro-inflammatory cytokines in 

peripheral adipose tissue. These pro-inflammatory cytokines can 

feed back to the brain through passing through the blood-brain 

barrier, leading to hypothalamic IKKβ/NF-kB activation and 

chronic inflammatory reaction. Chronic hypothalamic IKKβ/NF-

kB activation resulted in selective leptin resistance by up-

regulating the production of SOCS3 and PTP1B, which cause 

sympathetic-mediated hypertension. In addition, hypothalamic 

IKKβ/NF-kB activation might directly cause sympathetic over-

excitation. Accordingly, we hypothesized that As IV could pre-

vent obesity-associated hypertension by inhibiting IKKβ/NF-kB-

mediated inflammatory reaction and preventing leptin resistance, 

and these results of As IV is partly related to the up-regulated 

α7nAChR expression. 

 

 

 

Over the past decade, an intriguing phenomenon has been 

found where chronic smokers had lower body weights than 

non-smokers (Filozof et al., 2004; Martinez de Morentin et 

al., 2012). Furthermore, this study revealed that chronic 

cigarette smoking seemed to decrease blood pressure (BP) 

(Hughes et al., 1993). These interesting results may be partly 

attributed to nicotine, the main component of cigarettes 

(Hur et al., 2010). Recently, studies performed by Tracey 

(2009) have shown that nicotine suppresses the activation 

of the IKKβ/NF-KB signaling transduction pathway, and 

thereby reduces the production of pro-inflammatory cyto-

kines by binding to the α7 nicotinic acetylcholine receptor 

(α7nAChR) in immune cells; later named as the cholinergic 

anti-inflammatory pathway. In the hypothalamic neurons 

and peripheral adipose tissue, abundant α7nAChR have 

been found (Huang et al., 2011). Moreover, studies have 

demonstrated that nicotine- induced α7nAChR activation 

significantly alleviates peripheral inflammation via blocking 
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the IKKβ/NF-KB pathway, contributing to the improved lep-

tin resistance and metabolic dysfunction in obese rats (Wang 

et al., 2011). Nevertheless, due to the adverse effects of 

nicotine, it is not a suitable drug to use to alleviate metabolic 

inflammation; therefore, other alternatives to activate 

α7nAChR should be exploited. 

Astragali Radix has been used to treat degenerative dis-

eases in central neural system such as ischemia-induced 

brain damage in China for thousands of years. Currently, it is 

believed to have health-promoting properties and is fre-

quently used as a fluid supply in coffee, tea substitutes and 

food in places such as Europe, the Middle East, Asia and 

USA (Movafeghi et al., 2010). Astragaloside IV (As IV), one 

of the major bioactive compounds extracted from Astragali 
Radix, has been indicated to pass through the blood-brain 

barrier and be detected in brain parenchyma (Chen, 2006; 

Wu et al., 2016). Studies have discovered that peripheral 

adminstration of As IV exerts an anti-inflammatory effect 

through strongly inhibiting the production of pro-

inflammatory cytokines and activation of IKKβ/NF-KB path-

way in central neural system (Li et al., 2012; Sun et al., 2016). 

Furthermore, recent studies have found that As IV improved 

metabolic disorders through enhancing hypothalamic leptin 

sensitivity in obese rats (Wu et al., 2016), and prevent 

hypertension by protecting endothelium-dependent vaso-

relaxation through the nitric oxide-cGMP-related pathway in 

fructose-fed rats (Zhang et al., 2011). However, little is 

known about this compound in the improvement of hyper-

tension in obesity. In our study, we hypothesized that As IV 

could prevent the development of hypertension in high-fat 

diet (HFD)-induced obesity by improving inflammatory reac-

tion and leptin resistance, which is partly related to the up-

regulated α7nAChR expression (Fig. 1). Our results indicate 

the potential application of As IV as a new pharmacological 

agent in the prevention of obesity-associated hypertension. 

 

MATERIALS AND METHODS 
 

Animal care and treatment 
Male Wistar rats (8 weeks old, average body weight of 250 

± 20 g) were purchased from Shandong Lukang Animal 

Center (Certification: SCXK Lu 20130001). All animals 

were housed in a temperature-controlled room (22 ± 2℃) 

with a 12:12 h light-dark cycle, and allowed free access to 

food and water ad libitum. After the adaptation week, 

animals were distributed into the normal fat diet group (NF 

con group, 7 rats) and the high-fat diet (25 rats). The nor-

mal fat food contained protein (20.25%), fat (7.25%), 

and carbohydrate (62%), and the high-fat food was com-

posed of protein (22%), fat (27%), and carbohydrate 

(41%). After 16 weeks of a high-fat diet, rats with a 25% 

higher body weight than rats in the NF control group were 

considered as obese. These obese rats were then randomly 

assigned to three groups: the HFD control group (HF con 

group), As IV group, and the As IV + α-bungaratoxin (α-

BGT) group (As IV+α-BGT group). Both the As IV group 

and As IV+α-BGT group received treatment with As IV (20 

mg·Kg
-1

·d
-1

, Cat No. SA8640, Solarbio). As IV was sus-

pended in 1% carboxymethyl cellulose solution as a vehicle, 

and was given to rats through daily oral gavage from week 

17 and continued for 6 weeks (Yang et al., 2013). Mean-

while, rats in the NF con group were given 1 ml of carbox-

ymethyl cellulose. Furthermore, rats in the As IV+α-BGT 

group were continually treated with a daily intraperitoneal 

injection of the α7nAChR selective antagonist α-BGT (1 

ug·Kg
-1

·d
-1

, Cat No. ab120542, Sigma) for 6 weeks (Li et al., 

2012), and saline of an equal volume was administrated as 

a vehicle to the other three groups. All procedures were 

approved by the Faculty of Medicine and Health Sciences 

Ethics Committee for Animal Research of Affiliated Hospi-

tal of Shandong University of Traditional Chinese Medicine. 

Every effort was made to minimize pain to the animals. 

 

Physiological measurements 
The daily average food intake was recorded, as was BP, 

heart rate (HR) and body weight from 7:00 am to 12:00 am, 

Wednesday to Friday every week. A tail cuff coupled to a 

photoelectric sensor was used to measure systolic BP (SBP), 

diastolic BP (DSP) and HR. Rats were put into the ALC-HTP 

system (ALCBIO, China), and then onto a 37℃ delta phase 

heat pad to dilate the tail artery. Prior to measuring BP using 

the ALC-HTP system, all rats experienced adaptive training. 

When the rat was put in the ALC-HTP system, the tail cuff 

photo sensor was placed over the tail, and then a stable 15 

min BP and pulse interval records without artifacts, or large 

sudden BP changes of each animal were used in the analysis. 

All rats were measured three times during the three days to 

obtain an average value. 

 

Glucose tolerance test 
For the glucose tolerance tests (GTT) at the end of the ex-

periment, all rats were fasted overnight and injected intra-

peritoneally with glucose (0.5 g·Kg
-1

). Blood samples were 

taken from the tail vein, and glucose concentration was de-

termined using a glucometer (Freestyle, Abbott Diabetes 

Care, USA) at 0, 30, 60 and 120 min after glucose injection. 

 

Collection of mediobasal hypothalamus and adipose 
tissue 
After 22 weeks, rats were anesthetized with sodium pento-

barbital (40 mg/Kg, i. p.) and sacrificed for tissue collection. 

Blood was acquired from the abdominal aorta for further 

analysis. Blood levels of triglyceride (TG), total cholesterol 

(TC) and glucose were determined using an AU 5400 auto-

mated analyzer (Olympus, Japan). 

A craniotomy was performed where the brain was re-

moved and incubated in cold-Hank’s solution for 3 min. 

The mediobasal hypothalamus, which contains the arcuate 

nucleus and ventromedial nucleus, was dissected as previ-

ously described in reference (Castellano et al., 2014). In 

brief, the mediobasal hypothalamus was dissected by two 

lateral cuts along the hypothalamic sulci, one posterior cut 

along the rostral border of the mammillary bodies, and one 

anterior cut immediately behind the optic chiasm. The 

thickness of each fragment was approximately 1-2 mm 

(White et al., 2009). After collection, the tissues were fro-

zen in liquid nitrogen and stored at -85℃ until RNA or pro-

tein extraction. 
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The epididymal fat, retroperitoneal fat and perirenal fat 

were removed and weighed as a total fat weight. The ratio 

of fat weight to body weight was evaluated as the adiposity 

index. Epididymal fat was refrigerated at -85℃ for further 

assay. 

 

Histological analysis and morphometry 
Epididymal fat was fixed in 10% buffered formalin for 24 h 

and then embedded in paraffin. Tissue sections (5 μm) were 

cut and stained with hematoxylin and eosin (HE) and pho-

tographed at 100 x magnification. Using the image analysis 

software ZEN 1.01.0 (Carl Zeiss Microscopy GmbH, German), 

two fields per section and three sections per fat mass were 

analyzed to quantify the area and number of adipocytes. 

 

Enzyme-linked immunosorbent assay (ELISA) 
Plasma levels of leptin and insulin were determined with 

Elisa kits: leptin (Assay Biotech, Cat No. 10638R) and insulin 

(Crystal Chem, Cat No. 90010). The homeostasis model 

assessment (HOMA) of insulin sensitivity was calculated us-

ing the following formula: fasting glucose (mmol/L) x fasting 

insulin (μU/ml)/22.5 (Mathews et al., 2002). The contents of 

NE in the plasma and tissue homogenizer of the renal cortex, 

and levels of IL-1β and TNF-α in the epididymal adipose and 

blood were measured using the corresponding Elisa kits: 

norepinephrine (NE) (Assay Biotech, Cat No.10171R and 

Corporate R&D, Packaging Cat No. 10391RT), IL-1β (Abcam, 

Cat No. ab100767) and TNF-α (Abcam, Cat No. ab46070). 

 

Real-time reverse transcription PCR（RT-PCR）analysis 
Total RNA of mediobasal hypothalamic tissue samples and 

epididymal adipose tissue sample were extracted using the 

Trizol Reagent (Invitrogen, USA, Cat No. 15596-028) within 

1 h. RNA content was assessed, and purity was determined  

 

 

 

Table 1. Primer sequences for RT-PCR 

LepRb  Forward: GAGAGGCTGCTGAAATCGTC 

  Reverse: GACTCCTGAGCCATCCAGTC 

SOCS3   Forward: CTTTACCACCGACGGAACCT 

  Reverse: GAACTCCCGAATGGG TCCAG 

PTP1B  
 Forward: TTTCCACT ACACCACCTGGC 

Reverse: CACTGATCCTGCACTGACGA 

POMC  Forward: CATAGACGTGTGGAGCTGGTG 

  Reverse: TCAAGGGCTGTTCATCTCCG 

NPY   Forward: CTGACCCTCGCTCTATCCCT 

  Reverse: TGATGTAGTGTCGCAGAGCG 

α7nAchR   Forward: TCCCTCCAG GCATATTCAAG 

  Reverse: CCAGTGACCAC CCTCCATAG 

IKKβ  Forward: GGGACCCCGAGTTTTCATGT 

  Reverse: TCCTGTCGGCATTGCTTGAT 

NF-KB   Forward: ACTCTTACTCG CCTCCTTCT 

  Reverse: GTCTTCTTTCACCTCTGTGC 

GAPDH  Forward: GGAAAGCTGTGGCGTGAT 

  Reverse: AAGGTGGAAGAATGGGAGTT 

as per A260/A280 ratios. A Prime Script RT reagent kit with 

gDNA Eraser was used (Takara BioInc, Japan, Lot No. 

RR047A) for reverse transcription of the first-strand com-

plementary DNA as per the manufacturer’s instructions. Pri-

mers used are listed in Table 1. SOCS3, PTP1B, leptin recep-

tor (LepRb), pro-opiomelanocortin (POMC) and neuropep-

tide (NPY) in the hypothalamic tissue and α7nAchR, IKKβ, 

NF-KB in the adipose tissue were determined. RT-qPCR was 

performed using the LightCycler 480 II RT-PCR system 

(Roche). The mRNA levels were normalized to GAPDH, 

which served as the internal control. The level of expression 

for each gene was calculated by the comparative threshold 

cycle value (Ct) method, using the formula 2-△△Ct (Where △△Ct=△Ct sample-△Ct reference) (Cheng et al., 2008). Eve-

ry sample was performed in triplicate to confirm amplifica-

tion specificity. 

 

Western blot analysis 
For protein extraction, the frozen tissues were homogenized 

in a RIPA lysis buffer (Cat No. P0013B, Beyotime). The ho-

mogenate was incubated for 30 min at 4℃ and centrifuged 

at 15000 g for 15 min at 4℃. The protein concentration of 

the supernatant was determined using a BCA Protein Assay 

Kit (Beyotime, China, Cat No. P0012S). Samples of 30 μg 

were run on 10% SDS-PAGE. The proteins were electro-

transferred to PVDF membranes. The PVDF membranes 

were incubated with the primary antibody, and then incu-

bated with corresponding secondary antibodies. The follow-

ing antibodies were used: phosphorylated STAT3 (p-STAT3) 

(Cat No. ab76315, Abcam, 1:150000), phosphorylated 

phosphatidylinositol 3-kinase (p-PI3K) (Cat No. ab182651, 

Abcam, 1:500), α7nAchR (Cat No. ab10096, Abcam, 1:500), 

phosphorylated IKKβ (p-IKKβ) (Cat No. ab59195, Abcam, 

1:1000), NF-KB p65 (Cat No. 1075-1-ap, Proteomes, 1:500), 

TNF-α (Cat No. ab6617, Abcam, 1:150), IL-6 (Cat No. sc-

1265, Santa Cruz Biotechnology, 1:500) and β-actin (Cat No. 

ab6276, Abcam, 1:5000). The corresponding secondary 

antibody including Peroxidase-Conjugated Affinipure Goat 

Anti-Rabbit IgG (Cat No. ZB2305, Zsbio, 1:5000) and Perox-

idase-Conjugated Affinipure Goat Anti-Mouse IgG (Cat No. 

ZB2301, Zsbio, 1:5000) were used. The bands correspond-

ing to the proteins of interest were scanned and band densi-

ty was analyzed by the FluorChem Q 3.4. (ProteinSimple, 

USA). All quantitative analyses were normalized to β-actin. 

 

Statistical analysis 
Data were analyzed using the SPSS 22 statistical package 

(SPSS, USA). The normality of data distribution was evaluat-

ed using the Shapiro-Wilk test. Skewed distribution data 

were transformed by calculating their natural logarithm to 

approximate normal distribution. Paired-Samples Student’s 

tests were used to analyze differences before and after 

treatment in the same group, and one-way analysis of vari-

ance (ANOVA) followed by Dunnett’s test or the Student-

Newman-Keuls (SNK) test were used to analyze the differ-

ences between the groups. A value of P < 0.05 was regard-

ed as statistically significant, and values of P < 0.10 were 

considered as a trend. Values were expressed as mean ± 

SEM. 
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RESULTS 
 

As IV prevented body weight gain and fat deposition and 
improved metabolic parameters in HFD rats 
After 16 weeks, the average body weight of rats in the HF 

con group was significantly higher than those in the NF con 

group (Fig. 2A, P < 0.01). In contrast, the As IV treatment 

significantly reduced body weight and daily average food 

intake compared with the HF con group (Fig. 2B) in weeks 

4-6 (P < 0.01, P < 0.05). Moreover, these As IV effects were 

diminished when co-administrated with α-BGT. 

Next, to determine the effects of As IV on metabolic pa-

rameters, we measured glucose tolerance, HOMA-IR, and TC 

and TG levels to assess the effects of As IV on metabolism 

disorders (Figs. 2C-2F). Blood glucose levels at 30-, 60- and 

120-min time points, HOMA-IR and blood levels of TC and 

TG in the HF con group were higher when compared with 

the NF con group (P < 0.01). Chronic As IV treatment im-

proved glucose intolerance and HOMA-IR, and decreased TC 

and TG levels when compared with the HF con group (P < 

0.01, P < 0.05, respectively). However, the co-administration 

of α-BGT reduced the effects of As IV, as evidenced by the 

increased blood glucose levels at 30-, 60- and 120-min time 

points and HOMA-IR when compared with As IV-treated 

rats (P < 0.01, P < 0.05, respectively). 

Consistent with the elevated body weight, the HFD in-

creased visceral fat accumulation and the ratio of fat weight 

to body weight when compared with the NF con group (P < 

0.01, Figs. 2G and 2H). As IV treatment significantly reversed 

the increased visceral fat deposition and ratio between the 

fat weight and body weight in rats on the HFD, while the 

effects of As IV were minimized by α-BGT (Figs. 2G, 2H, and 

2K, P < 0.01). Additionally, HE staining of epididymal fat 

showed that rats in the As IV group possessed a smaller adi-

pocyte size than the rats in the HF con group and As IV+α-

BGT group (Fig. 2I, P < 0.01). 

 

 

 

A                              D                  I 
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Fig. 2. As IV prevented weight gain and adipose accumulation and improved metabolic parameters in high-fat fed rats. Compared with 

the HF con group and As IV+α-BGT group, As IV treatment (20 mg·Kg
-1
·d

-1
) (A) decreased body weight; (B) and daily average food 

intake in weeks 4–6; (C) improved glucose intolerance; (D) HOMA-IR; and (E, F) decreased levels of TG and TC (n = 5–7/group. In addi-

tion, As IV treatment reduced fat accumulation (G, K) in visceral tissue; and (H) decreased fat weight/ body weight in high-fat fed rats (n 

= 5–7/group). (I) As IV-treated rats possessed a smaller adipocyte size compared with the As IV group and As IV+α-BGT group (Scale bar, 

100 μm). Data were presented as mean ± SEM. + p < 0.05, ++ p < 0.01 compared with NF con group; * p < 0.05, ** p < 0.01 com-

pared with HF con group; # p < 0.05, ## p < 0.01 compared with the As IV group. 
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As IV prevented sympathetic-mediated hypertension in 
HFD rats 
After 16 weeks of a HFD, both BP and HR were significantly 

higher in the HF con group when compared with the normal 

fat diet rats throughout the 6-week recording period (P < 

0.01, P < 0.05, respectively; Figs. 3A-3C). As expected, As IV 

gradually decreased SBP, DBP and HR in the As IV group 

compared to the HF con and As IV+α-BGT groups (P < 0.01, 

P < 0.05, respectively). At the end of the observation period, 

the SBP of rats in the HF con group increased by 4.3% (P < 

0.05, Figs. 3D and 3E). In contrast, the values of SBP and 

DBP in the As IV group decreased by 14.5% (P < 0.01) and 

5.7% (P < 0.05) than pre-treatment, respectively. To evalu-

ate the peripheral sympathetic activity, we measured the 

contents of NE in the blood and renal tissue. As shown in 

Figs. 3F and 3G the HFD increased the contents of NE in 

both blood and renal tissue, while treatment with As IV re-

duced the contents of NE when compared with the HF con 

and As IV+α-BGT groups (P < 0.01, P < 0.05, respectively). 

 
As IV regulated hypothalamic leptin signaling and gene 
expression of appetite associated peptides 
In obese individuals, central leptin resistance results in ele-

vated sympathetic excitation (da Silva et al., 2013; Matsu-

mura et al., 2000; Mark et al., 1999). In our study, we ob-

served the effects of As IV treatment on hypothalamic leptin 

resistance. When compared with the NF con group, rats in 

the HF con group displayed a significantly elevated serum 

leptin level and decreased LepRb mRAN expression (80.2% 

and -65.9%, respectively; P < 0.01, Figs. 4D and 4E). Mean-

while, expressions of leptin signaling molecular p-STAT3 

decreased by -67.1%, while p-PI3K, SOCS3 mRNA and 

PTP1B mRNA increased by 128.8%, 216.7% and 215.7%, 

respectively (P < 0.01, Figs. 4A, 4B, 4C, 4F, and 4G). This 

indicates that leptin resistance occurred in the HF con group. 

As IV treatment reversed the leptin resistance reflected by 

the increased p-STAT3 (110.9%, P < 0.05) and LepRb mRNA 

(118.2%, P < 0.01), and reduced serum leptin level (-

28.3%, P < 0.01); and expressions of p-PI3K, SOCS3 mRNA, 

and PTP1B mRNA (-38.5%, -60.6%, -61.4% respectively, P 

< 0.01) when compared with the HF con group. However, the 

effects of As IV on leptin resistance were diminished when 

co-administrated with α-BGT (P < 0.05). 

Leptin regulates expressions of appetite-associated pep-

tides including pro-opiomelanocortin (POMC) and neuro-

peptide Y (NPY) by activating the JAK2/STAT3 pathway. In 

 

 

 

A                                            D                      F 
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E                      G 
 
 
 
 
C 

 
 
 
 
 
 
 
 
Fig. 3. As IV decreased BP and reduced NE levels in blood and renal tissue. Compared with the HF con group and the As IV+α-BGT group, 

chronic administration of As IV significantly decreased (A, D) SBP, (B, E) DBP, and (C) HR during the 6-week observation period (n = 

7/group); meanwhile, (F) the NE levels in the blood, and (G) and renal tissue also decreased (n = 5–7/group). Data were presented as 

mean ± SEM. + p < 0.05, ++ p <0.01 compared with the NF con group; * p < 0.05, ** p < 0.01 compared with HF con group; # p < 

0.05, ## p <0.01 compared with the As IV group. 
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Fig. 4. As IV reversed mediobasal hypothalamic leptin resistance and regulated the gene expressions of appetite associated peptides. 

Chronic administration of As IV increased expression of (A, C) p-STAT3 and (E) LepRb mRNA; (D) decreased serum leptin level; and (B, 

C) hypothalamic expressions of p-PI3K; (F) SOCS3 mRNA; and (G) PTP1B mRNA in the high-fat fed rats (n = 5/group). Additionally, As 

IV treatment significantly increased the (H) mediobasal hypothalamic POMC mRNA expression compared with both the HF con group 

and the As IV+α-BGT group, and had no impact on the expression of (I) NPY mRNA (n = 5/group). Data were presented as mean ± 

SEM. 

 

 

 

our study, the POMC mRNA levels were significantly in-

creased in As IV-treated rats when compared with both the 

HF con group and the As IV+α-BGT group (P < 0.01, Fig. 4H). 

The NPY mRNA levels were not statistically altered by As IV 

treatment (Fig. 4I). 

 

As IV activated the α7nAChR and suppressed 
inflammatory reaction in hypothalamus 
To determine the mechanism by which As IV treatment po-

tentially rescued leptin signaling in the hypothalamus, we 

assessed the impacts of As IV on local inflammation associ-

ated with leptin signaling disruption and the activity of the 

cholinergic anti-inflammatory pathway. Our results showed 

that HFD decreased the hypothalamic protein (-59.6%, P < 

0.01, Figs. 5A and 5B) and mRNA expressions of α7nAChR 

(-65%, P < 0.01, Fig. 5C), while elevated mRNA and protein 

expression of p-IKKβ (129% and 60.2%, P < 0.01) and NF-

KB (213% and 86.2%，P < 0.01), and levels of IL-1β and 

TNF-α (51.9% and 119.4%, respectively, P < 0.05, Fig. 5D–

5F) compared with the rats with the normal diet. Further-

more, chronic As IV treatment increased protein (106.5%, P 

< 0.01) and mRNA (129%, P < 0.05) expression of 

α7nAChR and inhibited the protein and mRNA expressions 

of p-IKKβ and NF-KB (P < 0.05, P < 0.01). Similarly, admin-

istration of As IV decreased the contents of IL-1β and TNF-α 

(-29.6% and -38.2% respectively, P < 0.01). However, the 

effects of As IV were weakened by the α7nAChR blocker α-

BGT, which showed the mRNA and protein levels of 

α7nAChR decreased, while IKKβ mRNA, NF-KB mRNA, p-

IKKβ, NF-KB, IL-1β and TNF-α increased when compared 

with the As IV group (P < 0.01, P < 0.05, respectively). These 

results indicated that As IV could inhibit the hypothalamic 

inflammatory reaction by up-regulating expression of 

α7nAChR. 

 

As IV attenuated inflammatory reaction by activating 
α7nAChR in adipose tissue 
We also examined whether As IV could attenuate peripheral 
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Fig. 5. As IV up-regulated mediobasal hypothalamic α7nAChR expression and suppressed IKKβ/NF-B pathway and expressions of pro-

inflammatory cytokines. Compared with the HF con group and the As IV+α-BGT group, chronic As IV treatment up-regulated the (A-C) 

protein and mRNA expression of α7nAChR and reduced expressions of p-IKKβ and NF-kB, and decreased (D-F) contents of IL-1β and 

TNF-α in the mediobasal hypothalamic tissue (n = 5/group). Data were presented as mean ± SEM. 
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Fig. 6. As IV up-regulated expression of α7nAChR in adipose tissue and suppressed peripheral inflammatory reaction. Compared with the 

HF con and As IV+α-BGT groups, As IV treatment up-regulated the (A) α7nAChR mRNA expression; and (B) suppressed mRNA expres-

sion of p-IKKβ and (C) NF-kB in adipose tissue of HFD rats, contributing to (D, F) decreased levels of IL-1β; and (E, G) TNF-α in blood and 

adipose tissue (n = 5/group). Data were presented as mean ± SEM. 
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inflammation by activating the α7nAChR pathway in HFD-

induced obese rats. Consistent with the results of the hypo-

thalamus, the expression of α7nAChR mRNA in the HF con 

group was reduced by 70% in comparison to the NF con 

group (P < 0.01, Fig. 6A), while p-IKKβ mRNA and NF-KB 

mRNA increased (283% and 123% respectively, P < 0.01, 

Figs. 6B and 6C). Additionally, the levels of IL-1β and TNF-α 

in blood and adipose tissue increased (P < 0.01, Figs. 6D-6G). 

As IV treatment increased α7nAChR mRNA expression and 

decreased expression of p-IKKβ and NF-KB, as well as IL-1β 

and TNF-α when compared with the HF con and As IV+α-

BGT groups (P < 0.01, P < 0.05, respectively). 

 

DISCUSSION AND CONCLUSIONS 
 

It has been clearly demonstrated that obesity-associated 

hypertension is closely related to central and peripheral in-

flammation (Cai, 2013; 2009); however, effective pharma-

cological methods to mitigate obesity-associated inflamma-

tion are yet to be found. Most recently, several studies have 

demonstrated that some natural bioactive compounds such 

as As IV, proanthocyanidins and ginsenoside Rb 1 were po-

tential therapeutic drugs for obesity and obesity-associated 

inflammation (Ibars et al., 2016; Wu et al., 2014; 2016; Yu 

et al., 2013). Based on these studies, we determined wheth-

er chronic administration of As IV (20 mg·Kg
-1

·d
-1

) as a natu-

ral bioactive compound could reverse obesity-associated 

hypertension. In our study, our results indicated that chronic 

treatment with As IV could suppress the central and periph-

eral inflammation reaction and improve leptin resistance, 

and thereby prevent the development of obesity-associated 

hypertension. These effects of As IV were partly related to 

the increased α7nAChR expression in the hypothalamus and 

adipose tissue. 

Our study demonstrated that As IV treatment reduced 

obesity and improved glucose and lipid metabolism parame-

ters, which were consistent with results reported by Wu et al. 

(2016). However, all these effects were diminished when 

simultaneously administered with the α7nAchR antagonist 

α-BGT, indicating that these favorable effects of As IV were 

related to the activation of α7nAchR. 

Substantial evidence points to leptin resistance as a key link 

between obesity, sympathetic overdrive, and obesity-

associated hypertension (Kusminski and Scherer, 2015). 

Generally, leptin binds to its receptor LepR in neuronal popu-

lations to activate the JAK2/STAT3 signaling pathway, and 

thereby suppresses appetite by stimulating the transcription 

of the anorectic neuropeptide POMC and inhibiting the 

transcription of the orexigenic NPY/agouti gene-related pro-

tein (AgRP) (Sainz et al., 2015). Simultaneously, leptin-

induced POMC peptides (α,β, and γ melanocyte-stimulating 

hormones) act on melanocortin 4-receptor neurons, increas-

ing sympathetic nerve outflow (Enriori et al., 2011). Unfor-

tunately, in obesity, excessive leptin fails to effectively regu-

late appetite and energy expenditure, while maintaining its 

positive effects on stimulating sympathetic excitation, result-

ing in elevated HR and BP (Mark, 2013). Until now, despite 

the precise mechanisms being not completely understood, 

reduced LepRs expression and disrupted intracellular leptin 

transduction signaling in hypothalamic neurons has been 

recognized as the crucial underlying mechanisms that con-

tribute to leptin resistance (Jung and Kim, 2013). Studies 

have recognized that different leptin signal transductions 

produce differential regulation of sympathetic metabolic 

versus sympathetic cardiovascular/renal function (Kusminski 

and Scherer, 2015). The STAT3 signaling is involved in sym-

pathetically mediated metabolic activity while it does not 

influence renal sympathetic activity (Harlan et al., 2013). 

Reduction of leptin-induced STAT3 phosphorylation in the 

hypothalamic neurons has been considered as a leading 

marker for cellular leptin signal attenuations in HFD-induced 

obese rats (Levin et al., 2004). In contrast to STAT3 signaling, 

the activated PI3K signaling pathway in hypothalamic neu-

rons is crucial for leptin-induced renal sympathetic activity 

and elevated BP, while playing a minor role in mediating the 

effects of leptin on energy balance (do Carmo et al., 2014; 

Rahmouni et al., 2003). Accordingly, in obesity, the sup-

pressed STAT3 signal transduction and elevated PI3K signal 

transduction in hypothalamic neurons is one of the most 

important mechanisms of hypothalamic leptin resistance, 

leading to both metabolic dysfunction and sympathetically 

mediated hypertension. In our study, HFD-induced obesity 

increased serum levels of leptin while decreased hypotha-

lamic LepRb mRNA expression; meanwhile, expressions of p-

STAT3 decreased while p-PI3K relatively increased in hypo-

thalamus tissue, indicating leptin resistance occurred in the 

obese rats. Consistently, these rats had relatively higher BP 

and HR, as well as increased contents of NE in blood and 

renal tissue. Remarkably, chronic As IV treatment improved 

the leptin signaling pathway, as evidenced by the up-

regulated expressions of LepR and p-STAT3, and down-

regulated p-PI3K expression in the hypothalamic neurons. 

These results were consistent with a previous study, which 

reported that As IV improved central leptin sensitivity in 

obese mice by up-regulating the expression of hypothalamic 

LepR mRNA and p-STAT3 (Wu et al., 2016). 

Leptin signaling promotes the expression of anorexigenic 

POMC and inhibits orexigenic NPY/AgRP expression by acti-

vating the JAK2/PI3K pathway, and then inhibits food intake. 

Leptin-induced activation of POMC-melanocortin system 

(Leptin activates the JAK2/STAT3 pathway, promoting the 

production of POMC peptides, which activate the melano-

cortin receptor and mediate peripheral sympathetic outflow) 

is the main pathological mechanism of obesity-associated 

hypertension (Greenfield et al., 2009; Humphreys et al., 

2011). Surprisingly, we found that POMC mRNA expression 

in the obesity-induced hypertension rats decreased, while 

treatment with As IV elevated the expression of POMC 

without an increase in BP. This phenomenon caused by As IV 

seems contrary to the previous conclusions reached in Refer-

ence (Simonds et al., 2014). These contradictory results may 

be explained by studies performed by Enriori et al. (2011), 

which showed that leptin’s effect on BP was independent of 

the POMC-melanocortin circuits as the POMC neurons be-

come unresponsive to leptin in obesity. 

Chronic obesgenic condition resulted in activation of 

IKKβ/NF-KB pathway in peripheral adipose tissue and hypo-

thalamus, which is one of the most important underlying 
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mechanisms that lead to leptin resistance (Cai, 2013). In our 

study, we found that HFD-induced obesity increased the 

expressions of p-IKKβ, NF-KB and proinflammatory factors in 

both the hypothalamus and adipose tissue, which resulted in 

the overexpression of SOCS3 and PTP1B in the hypothala-

mus. According to the definition of cholinergic anti-

inflammatory pathway, the stimulated α7nAchR could inhib-

it inflammation reaction by suppressing activation of 

IKKβ/NF-KB pathway in central and peripheral tissue (Tracey, 

2009). Thus, we deduced that up-regulating or activating 

α7nAchR in central and peripheral tissue could be an effec-

tive way to block leptin resistance by inhibiting inflammatory 

reaction. Our results demonstrated this hypothesis, and it 

indicated that HFD-induced obesity decreased the expression 

of α7nAchR in both hypothalamic and adipose tissue, while 

chronic oral administration of As IV could up-regulate 

α7nAchR expression and inhibit the activation of IKKβ/NF-KB 

pathway in both hypothalamic and adipose tissue. The di-

minished hypothalamic inflammation prevents development 

of hypothalamic leptin resistance by decreasing generation 

of SOCS3 and PTP1B. Additionally, previous study has 

shown that in the development of obesity-associated hyper-

tension, the activated hypothalamic IKKβ/NF-KB pathway 

could lead to central sympahthetic excitation through several 

direct or indirect pathways (Rahmouni et al., 2011), and 

leptin resistance mediated by activation of IKKβ/NF-KB 

pathway might be one of these pathways. Therefore, as 

shown in Fig. 1, inhibiting the hypothalamic activation of 

IKKβ/NF-KB pathway by targeting α7nAchR is the key path-

way that preventing the development of obesity-associated 

hypertension, and we thought that these is the key mecha-

nism of As IV on preventing obesity-associated hypertension. 

Although the molecular mechanism of this phenomenon 

has not been explored in the present study, we deduced it 

might be relate to the modulation of cholinergic nervous 

system. 

There were limitations in our study. Firstly, we did not per-

form central injection of As IV to demonstrate the direct 

action of As IV in hypothalamic. However, according to our 

results, we could not exclude the central anti-inflammatory 

effect of As IV. It has been reported that As IV is able to pass 

through blood-brain barrier in rodents when administrated 

peripherally (Wu et al., 2016). In the models of ische-

mia/reperfusion or anesthetics induced brain injury, it has 

demonstrated that peripheral administration of As IV could 

inhibit activation of IKKβ/NF-kB pathway (Li et al., 2012; Sun 

et al., 2016), which is the crucial and direct molecular mech-

anism that contributes to obesity-induced hypertension 

(Rahmouni et al., 2011). Additionally, study has demon-

strated peripheral administration of As IV could enhance 

hypothalamic expression of leptin receptors in HFD-induced 

obese rats, and in vitro, As IV could directly activate leptin 

receptors/STAT3 signaling transduction in neuronal cell line 

SH-SY5Y (Wu et al., 2016). All these data might supports 

the hypothesis that As IV possesses a central action to com-

bat hypothalamic inflammation and leptin resistance. Sec-

ondly, our study implicated the involvement of α7nAchR, it 

did not excluded the effects of As IV on alternative pathways 

which perhaps coupled or acting in parallel to α7nAchR. 

Thirdly, in addition to leptin resistance and systemic inflam-

matory reaction, studies have reported that there are many 

mechanisms that contribute to the pathophysiology of obe-

sity-associated hypertension, such as activation of renin-

angiotensin-aldosterone system, endothelial and vascular 

dysfunction, sodium retension, glomerular hyperfiltration 

and central leptin-melanocortin axis dysfunction (DeMarco 

et al., 2014; Hall et al., 2015). Until now, whether As IV 

could prevent obesity-associated hypertension by acting on 

these mechanisms has not been explored. In the present 

study, our results only showed that As IV could prevent obe-

sity-associated hypertension by inhibiting inflammatory reac-

tion and improving leptin resistance, and we did not explore 

the impacts of As IV on the other pathways. Our future 

study will illustrate these problems. 

In our present study, we have demonstrated that chronic 

As IV treatment could decrease obesity-associated hyperten-

sion by improving low-grade inflammatory reaction and 

leptin resistance, which is partly attributed to the up-

regulated expression of α7nAchR in hypothalamus and adi-

pose tissue. Our study provides a novel role for As IV as an 

anti-hypertensive agent in obesity-associated hypertension. 
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