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Purpose: Activation of the hypothalamus-pituitary-adrenal (HPA) axis pathway is closely

related to insulin resistance (IR), glucose, and lipid metabolism disorders in type 2 diabetes

mellitus (T2DM). Berberine (BBR) has effect on regulating disorder of glucose and lipid

metabolism in T2DM. In fact, activation of the HPA axis pathway is closely related to IR,

glucose, and lipid metabolism disorders in T2DM. Here, we investigated whether the

therapeutic effect of BBR on T2DM rats is acted through the HPA axis pathway.

Methods: In this research, we investigated the effects of BBR on the HPA-axis pathway-

related indicators and expression of skeletal muscle glucose transporter 4 (GLUT4) in the

high-fat diet and streptozotocin-induced T2DM rats, and identify its possible mechanism of

improving IR in T2DM.

Results: BBR significantly reduced fasting blood glucose, total cholesterol, and low-density

lipoprotein cholesterol in model rats. It also improved the abnormalities of the high-density

lipoprotein cholesterol, the insulin resistance index, the insulin sensitivity index, glucagon,

and insulin levels. BBR decreased levels of hypothalamic Orexin-A, the OX2R receptor, the

corticotropin-releasing hormone, the pituitary and the plasma adrenocorticotropic hormone,

as well as serum and urine corticosterone. At the same time, BBR increased mRNA and

protein expressions of GLUT4 in skeletal muscles of model rats as well.

Conclusion: Those results suggested that BBR can exert inhibition on the HPA-axis and

increased skeletal muscle expression of GLUT4 proteins, which may be one of the important

mechanisms in BBR to improve IR and regulating glucose and lipid metabolism in T2DM

rats.
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Introduction
Type 2 Diabetes Mellitus (T2DM) is one slowly progressing metabolic disease

characterized by elevated blood glucose, and the incidence has kept on rising.1

Insulin resistance (IR) is an important to base of the pathogenesis of T2DM.2 IR

leads to the disturbance in the lipid and glucose metabolism, the mechanism of IR is

very complicated,3 one the mechanism of IR is closely related to the disorder of the

hypothalamus-pituitary-adrenal (HPA)-axis.

It was reported that the activity of the HPA-axis is increased in patients with

T2DM. Inhibiting the activity of the HPA-axis can improve IR.4,5 The HPA-axis is

regulated by hypothalamic Orexin-A, which stimulates releasing of corticotropin-

releasing hormone (CRH) by activating OX2R receptor in the lateral hypothalamic
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region.6 CRH stimulates adrenocorticotropic hormone

(ACTH) of pituitary releasing which promotes glucocorti-

coid (GC) producing and secreting. GC has a wide range

of functions in the body and plays a key role in regulating

glycolipid metabolism and IR,7 which is the most impor-

tant factor of hyperglycemia, dyslipidemia, and

hypertension.8 GC can decrease the insulin sensitivity of

peripheral tissues and inhibit the translocation of glucose

transporter 4 (GLUT4),9 which is the important carriers to

transport glucose in mammals, present in insulin-sensitive

peripheral tissues, mainly skeletal muscles. Glucose does

not pass through the cell membrane freely, which needs

the assistance of GLUT4, stimulating by insulin signal,

GLUT4 translocates to the cell membrane and promotes

glucose entry into the cell.10,11 When the HPA-axis is in

disorder, which affects the translocation of GLUT4 in

muscle tissue, reduces the uptake and utilization of glu-

cose, which will directly lead to the occurrence and devel-

opment of T2DM.12,13

Berberine (BBR) is a quaternary ammonium isoquino-

line alkaloid, which is found in plants such as the family

Berberidaceae, Papaveraceae, Ranunculaceae, Rutaceae,

and Menispermaceae. BBR is the primary active ingredi-

ent of Chinese medicine Coptis chinensis and Scutellaria

baicalensis. Accumulated studies have shown that BBR

has a therapeutic effect on T2DM,14 which paly an impor-

tant role in regulating glucose as well as lipid metabolism

disorders and improving IR.15–19 However, whether it is

working through the HPA-axis pathway is yet to be

determined.

In this study, we investigated the effects of BBR on the

HPA-axis pathway-related indicators and the expression of

GLUT4 proteins of skeletal muscle in T2DM rats induced

by high-fat and low-dose streptozotocin (STZ), and iden-

tified the possible action mechanism of improving IR

of BBR.

Materials and methods
Reagents
BBR was provided by Weikeqi Biological Technology

Co., Ltd. (Sichuan, China). Metformin (MET), carboxy-

methyl cellulose sodium (CMC-Na), and STZ were pur-

chased from Sigma-Aldrich (California, USA). BestarTM

qPCR RT kit and Bestar SYBY Green qPCR Master mix

were purchased from DBI (Ludwigshafen, Germany). All

test assay kits and the CORT, ACTH, CRH, Orenxin A,

and OX2R enzyme-linked immunosorbent assay (ELISA)

kits were supplied by NanJing JianCheng Bioengineering

Institute (Nanjing, China). The full wavelength enzyme

marker was provided by Thermo Fisher Scientific Co.,

Ltd. (USA). The anti-GLUT4 antibody was obtained

from Abcam (Cambridge, UK). The Anti-GAPDH rabbit

polyclonal antibody and the high sensitivity chemilumi-

nescence detection kit and BCA protein assay kit were

purchased from Kangwei Century Biology Co., Ltd.

(Beijing, China). Goat anti-Rabbit IgG was provided by

Lianke Bio Company (Hangzhou, China). The BBR was

dissolved with 0.5% CMC-Na.20 The MET was dissolved

with water.

Animals
Male Sprague–Dawley rats (130–150 g) were provided by

the Experimental Animal Center of Guangzhou University

of Chinese Medicine (Guangdong, China). All animals

were housed at a room 23±1°C and 55±5% relative humid-

ity with a 12 hrs light/12 hrs dark cycle. All experiments

were approved by the Institutional Animal Care and Use

Committee of Guangzhou University of Chinese

Medicine. (License No: SCXK 2013-0034) The animal

welfare followed in this study was guideline for ethical

review of animal welfare in the People’s Republic of

China.

Induction of T2DM and drug

administration
In this study, T2DM rats models were replicated by means

of the high-fat diet (HFD) plus low-dose STZ injections as

reported in the literature.21,22 MET is considered to be the

first-line drug for the treatment of T2DM,23 and the hypo-

glycemic effect of BBR is similar to that of MET.24

Therefore, MET is selected as a positive control drug.

After one week of adaptation, the rats were randomly

divided into the general diet (GD, n=9) and the HFD

(n=36) groups. They were fed with normal and HFDs,

respectively. The HFD comprised sucrose 20%, lard

15%, cholesterol 1.2%, sodium cholate 0.2%, casein

10%, calcium hydrogen phosphate 0.6%, stone powder

0.4%, premix 0.4%, and basic feed 52.2%. After 4

weeks, all rats were fasted for 14 hrs. The HFD group

was intraperitoneally injected with 35 mg/kg STZ dis-

solved in the citrate buffer (pH 4.3–4.4). Three days

later, rats with fasting blood glucose (FBG) levels of

11.1–33.3 mmol/L were randomly split into three groups:

the T2DM control group, the BBR treatment group, and
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the MET treatment group. The normal control (NC) group

was the GD group that was intraperitoneally injected with

an appropriate amount of the citrate buffer without STZ.

Rats in the NC and T2DM control groups were orally

administered with the 0.5% CMC-Na solution (50 mg/

kg). Rats in the BBR treatment group were given BBR

(200 mg/kg),25 and the ones in the MET treatment group

were given MET (200 mg/kg).26 All rats were treated once

a day for 4 weeks.

Biochemical analysis
At the end of the experiment, fresh arterial blood samples

were collected by the use of vacuum blood collection

tubes and centrifuged at 3500 rpm for 10 mins to obtain

serum samples. The levels of FBG, fasting serum insulin

(FINS), TC, high-density lipoprotein cholesterol (HDL-C),

and low-density lipoprotein cholesterol (LDL-C) in serum

were determined by test assay kits. Insulin sensitivity

index (ISI) and insulin resistance index (IRI) were calcu-

lated in line with the formulas: ISI = −Ln (FBG × FINS),

and IRI = (FINS × FBG/22.5).

Pancreatic histology analysis
After blood samples were taken, pancreatic tissue was

isolated and the expression of insulin and glucagon of

pancreatic tissue was detected by immunofluorescence

double labeling. Pancreatic tissue sections (4 μm) were

blocked with 4% paraformaldehyde for 10 mins and

heated with the EDTA antigen recovery buffer for 23

mins. When the sections were cooled to room temperature

and blocked with BSA for 30 mins, the immune fluores-

cent primary antibody glucagon (1:300) and insulin

(1:600) were incubated overnight at 4°C. CY3-labeled

and FITC-labeled goat anti-rabbit fluorescent secondary

antibodies were added dropwise and incubated for 50

mins at room temperature, and the DAPI stain was added

dropwise and incubated at room temperature for 10 mins

in the dark. Three pancreas sections of each group were

placed under a fluorescence microscope (Nikon, Japan)

and imaged (400×): the DAPI UV excitation wavelength

was 330–380 nm and the emission wavelength was 420

nm, with blue light being emitted; the FITC excitation

wavelength was 465–495 nm and the emission wavelength

was 555 nm, with green light being emitted; the CY3

excitation wavelength was 510–560 nm and the emission

wavelength was 590 nm, with red light being emitted. The

insulin and glucagon fluorescent intensities of the images

were measured and the relative expression levels were

calculated by Image J software.

Measurement of urine corticosterone

(CORT), serum CORT, and plasma ACTH
After 4 weeks of oral drug treatment, all rats were

fasted overnight and then placed in metabolic cages to

gather fresh urine samples. The rats were then anesthe-

tized. The fresh arterial blood samples were collected

using the vacuum and EDTA-containing blood collec-

tion tubes, which were centrifuged at 3500 rpm for 10

mins to obtain correspondently serum and plasma. The

levels of CORT in urine, CORT in serum, and ACTH in

plasma were determined by ELISA with full wavelength

enzyme marker according to the corresponding instruc-

tions of ELISA kits.

Measurement of hypothalamus CRH,

Orexin A, OX2R, and pituitary ACTH
After blood samples were taken, rat hypothalamus and pitui-

tary tissues were collected and homogenized with homogeni-

zer (IKA Company, Germany). After homogenization, the

supernatant of the hypothalamus and pituitary tissues was

collected in accordance with the procedure offered by the

ELISA kits manufacturer. Total protein concentration in the

supernatants was separately determined by BCA protein assay

kit. The CRH, Orexin A, OX2R concentration of the hypotha-

lamus , and ACTH concentration of the pituitary in the super-

natants were detected by relevant ELISA kits. The CRH,

Orexin A, OX2R, and ACTH expression levels were the

ratio of their respective protein concentration to the total

protein concentration.

Determination of the skeletal muscle

tissue GLUT4 mRNA expression
Skeletal muscle tissue of rats was isolated. We extracted

Total RNA from the tissue via using the TRIzol reagent.

Total RNA samples were quantified spectrophotometri-

cally at 260 and 280 nm, with the OD260/OD280 ratio

ranging from 1.8 to 2.0. The mRNA was transcribed into

cDNA on the grounds of instructions of the BesterTM

qPCR RT kit. We performed the polymerase chain reaction

(PCR) with the ABI 7500 real-time PCR device (New

York, USA) by reference to the protocol of Bester SYBR

Green qPCR Master mix. The cycling conditions were as

follows: 95°C, 120 s and 45 cycles of 95°C & 10 s, 60°C

& 34 s, and 72°C & 30 s. Primers of GLUT4 were AGG
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CCGGGACACTATACCC (forward) and ACTTTCTGTG

GGGCGTTGAT (reverse). Primers of GAPDH were TGG

ATTTGGACGCATTGGTC (forward) and TTTGCACTG

GTACGTGTTGAT (reverse). The relative transcript levels

were quantified by the 2−ΔΔCt value method, and the result

was exhibited as the percentage of mRNA of normal.

Determination of the skeletal muscle

tissue GLUT4 protein expression
The skeletal muscle samples were homogenized in the appro-

priate amount of protease and phosphatase inhibitor, and cen-

trifuged at 12,000 rpm for 10 mins under the temperature of 4°

C, with their supernatants being collected. Protein concentra-

tion in the supernatantswas scaled byutilizing theBCAprotein

assay kit, and then supernatant concentration was diluted to 50

μg/μL. Protein samples to be tested were heated at 100°C for 5

mins after the 4× Loading buffer was added. Fifty micrograms

of the protein samples in each group was separated by 8%

SDS-PAGE gel electrophoresis at 80 V for 30 mins, and then

transferred onto the polyvinylidene difluoride (PVDF) mem-

brane at 300 mA for 70 mins. After transferring, the PVDF

membrane was blocked with 5% BSA at indoor temperature

for 2 hrs, followed by incubation with the primary antibody

anti-GLUT4 (1:1000) and anti-GAPDH (1:1000) at the tem-

perature of 4°C overnight. The secondary antibody was then

added into the samples at room temperature for 2 hrs, and the

samples were visualized by Tanno 5200 automatic chemilumi-

nescence image analyzer (Tianneng Technology Co., Ltd.

Shanghai, China). The images were analyzed and the relative

expression levels were calculated by Image J software.

Statistical analysis
Data were expressed as the mean ± standard error of the

mean (SEM) and analyzed by the Statistical Package for the
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Social Science version 20.0 (SPSS 20.0). We analyzed

remarkable differences of multiple groups by utilizing

one-way analysis of variance). P<0.05 was considered to

be statistically significant.

Results
Effects of BBR on blood glucose, insulin,

and blood lipids in T2DM rats
As shown in Figure 1, the levels of FBG, FINS, IRI, TC,

and LDL-C in T2DM control rats were apparently higher

than those in the NC group, and the levels of ISI and

HDL-C were significantly diminished. BBR markedly

decreased the levels of FBG, FINS, IRI, TC, and LDL-C,

and increased the levels of ISI and HDL-C when com-

pared with the T2DM control group.

Effects of BBR on insulin and glucagon of

pancreas expression in T2DM rats
Insulin and glucagon secreted by islets in the pancreas were

detected by immunofluorescence double labeling. In Figure 2,

the nuclei stained by DAPI were blue under ultraviolet excita-

tion, the expression of glucagon was fluorescein-labeled red,

and the insulin was green. Insulin and glucagon secretions in

T2DM control rats were increased when compared with the
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Figure 2 The fluorescent immunogram (A) , the expression of insulin (B) and glucagon (C) of pancreasl tissues on T2DM rats between different study groups. Data were
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NC group. However, BBR did decrease insulin levels when

compared with the T2DM control group. Although BBR low-

ered glucagon levels, there was no significant difference com-

pared with the T2DM control group.

Effects of BBR on urine CORT, serum

CORT, and plasma ACTH in T2DM rats
As indicated in Figure 3, urine CORT, serum CORT, and

plasma ACTH in T2DM control rats were significantly higher

than those in the NC group. BBR significantly reduced the

CORT levels in urine and serum when compared with the

T2DM control group. In the meanwhile, BBR markedly

reduced the plasma ACTH level.

Effects of BBR on hypothalamic Orexin-A,

OX2R, CRH, and pituitary ACTH in

T2DM rats
As shown in Figure 4, the levels of the hypothalamus

Orexin-A, OX2R, CRH, and pituitary ACTH in T2DM

control rats were significantly higher than those in the

NC group. Compared with the T2DM control group,

the BBR treatment group significantly reduced the

hypothalamus Orexin-A, OX2R, and the CRH protein

content. ACTH levels in the pituitary also decreased

dramatically.

Effect of BBR on skeletal muscle GLUT4

mRNA and protein expression in T2DM

rats
GLUT4 mRNA and protein expression were detected in

skeletal muscle tissue. The expression of GLUT4 mRNA

and protein on skeletal muscles was decreased in T2DM

control rats compared to the NC group. BBR remarkably

upregulated GLUT4 mRNA and protein expression when

compared with the T2DM control group as shown in

Figure 5. However, there was no statistical difference in

skeletal muscle GLUT4 mRNA levels in the BBR group

compared to the NC group.
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Discussion
T2DM is the intricate metabolic disorder. As its main patho-

genesis, IR is associated with hyperglycemia, dyslipidemia,

and effects on insulin sensitivity.2,27 In this study, the T2DM

model of rats was induced by HFD plus low-dose STZ

injection. The results showed that FBG, FINS, IRI, TC, and

LDL-C levels were significantly increased in model rats; the

levels of ISI and HDL-C were apparently reduced; glucagon

and insulin secretion of the islet were increased. They sug-

gested that the T2DM model was successfully replicated

(Figures 1 and 2). After the intervention of BBR, the abnorm-

alities of the above indicators were significantly improved.

The results confirmed that BBR can improve the glucose and

lipid metabolism disorder and IR of T2DM.

Studies indicated that the HPA-axis was hyperactive in

people with IR, which was characterized by hypothalamic

Orexin A activation of the OX2R receptor releasing CRH,6

pituitary stimulation by CRH, adrenal gland stimulation by

ACTH, and increased secretion of CORT. And the nega-

tive feedback effect of CORT on the HPA-axis was

weakened.28,29 CORT was the main effect hormone of

the HPA-axis,30 which can increase the risk of hypergly-

cemia and hyperlipidemia to cause IR.4,5,31 In this experi-

mental study, the model animals exhibited HPA-axis

hyperactivity, which was consistent with the existing find-

ings. Compared with the T2DM control group, BBR sig-

nificantly inhibited HPA-axis hyperactivity and excessive

secretion of CORT (Figures 3 and 4). Those results sug-

gested that BBR could improve the glucose and lipid

metabolism disorder and IR of T2DM, which was closely

related to its inhibition of the HPA-axis pathway.

GC can reduce the uptake and utilization of peripheral

glucose by inhibition of GLUT4 translocation and activity on

skeletal muscle.32,33 Damage of GLUT4 translocation and

activity can affect insulin-stimulated glucose uptake, bring-

ing about IR and hyperglycemia.34,35 The better expression

and translocation of GLUT4 are beneficial for the improve-

ment of IR in T2DM.36 In this experimental study, BBR can

increase the expression of GLUT4 mRNA and protein on

skeletal muscle of T2DM rats based on inhibition of the

HPA-axis pathway (Figure 5), thereby improving IR.

Conclusion
In summary, this study demonstrates that BBR is effica-

cious in improving IR in T2DM rats. BBR inhibits HPA-

axis hyperactivity in model rats and enhances the GLUT4

gene and protein expression on skeletal muscle. It is

preliminarily clarified that BBR inhibition of the HPA-

axis pathway is one of the vital mechanisms to improve

IR and regulate glucose and lipid metabolism disorder. It

provides important information for BBR to improve the

neuroendocrine regulation mechanism of IR in T2DM,

which deserves further investigation.
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