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Abstract The goal of the present study was to evaluate the

effect of Berberine chloride (BC) on lipid profile, oxidant

status and insulin signaling molecules in Streptozotocin

(STZ) induced diabetic rat model. Diabetes was induced in

rats by a single dose of intraperitoneal administration of

STZ (40 mg/kg b.w). Diabetic rats were treated with BC

(50 mg/kg b.w) and glibenclamide (6 mg/kg b.w) for

45 days. BC treated diabetic rats showed significant

(p\0.05) decrease in the levels of TC, TG, phospholipids,

LDL, VLDL and lipid peroxidation markers such as LOOH

and TBARS. An increase in enzymatic antioxidant (SOD,

CAT and GPx), non-enzymatic antioxidant (GSH, vitamin

C and E) and insulin signaling molecules expression, like

Insulin receptor substrate-1 (IRS-1), Protein kinase B (PKB

or Akt) and glucose transporter-4 (GLUT-4) were found to

be significantly raised in BC treated STZ induced diabetic

rats. Thus, the results of the current study demonstrated

that BC significantly reversed the abnormal levels of lipids,

oxidant status and insulin signaling molecules in the dia-

betic rat model, which may be contributed to its anti-dia-

betic and antioxidant activities.

Keywords Berberine chloride � Antioxidant � Insulin
receptor substrate and Glucose transporter

Introduction

Diabetes mellitus (DM) is a condition with a complex and

multifarious group of disorders associated with high level

of blood sugar over an extended period. It results from

shortage or lack of insulin secretion or reduced sensitivity

of the tissue to insulin [1]. Current reports reveal that

Globally 415 million people suffer from diabetes. It is

predictable to increase to 642 million people in 2040. In

India alone, 69.2 million people are suffering from dia-

betes, and this will increase to 123.5 million in 2040 [2].

Diabetes mellitus has been associated with an increased

risk of mortality and prevalence of cardiovascular disease.

Oxidative stress may occur as a consequence of abnor-

malities in glucose and lipid metabolism, which favor

hyperglycemia and dyslipidemia. These phenomena are

coupled with developing of atherosclerosis and cardiovas-

cular complications in the diabetic patients [3, 4].

In diabetic patients, hyperglycemia arises due to defects

in the body’s ability to control glucose and insulin

homoeostasis. Both the regulation of glucose uptake as

well as it’s utilization is critical for the normal maintenance

of glucose homoeostasis. Insulin plays a significant role in

controlling the rates of glucose uptake, glycogen synthesis

and glycolysis in the peripheral tissues. It is well known

that the glucose uptake is regulated by glucose transporter

(Glut-4) in the plasma membrane of cells [5].

An important organ for insulin response is skeletal

muscle. Under normal conditions, insulin when bound to its

receptor, leads to IR tyrosine kinase activation, that can

activate a cascade of various phosphorylation–
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dephosphorylation reactions, including phosphatidylinosi-

tol-3-kinase (PI3K-p85), serine/threonine kinases Akt/PKB

(e.g.Ser-473 and Thr-308 for the Akt/PKB isoform), which

lead to GLUT-4 translocation and intracellular glucose

metabolism [6, 7]. In patients with type 2 diabetes, defects

in insulin-stimulated glucose metabolism in skeletal mus-

cle have also been attributed to impaired glucose transport

[8], glycogen synthesis [9] and glycogen synthase activa-

tion [10]. These defects may result from impaired insulin

signal transduction [11]. Ameliorating insulin resistance is

an important strategy in the development of new pharma-

cological treatment for type 2 diabetes. Previously

Chandirasegaran et al. [12] reported that BC has amelio-

rating and anti-diabetic activities in STZ induced diabetic

rats. The present work was designed to evaluate the mod-

ulatory effects of BC on insulin signaling molecules in

skeletal muscles and on the levels of lipid profile and

oxidant status in STZ induced diabetic rats.

Materials and Methods

Chemicals

Berberine chloride and Streptozotocin were procured from

Sigma–Aldrich (St. Louis, MO, USA). The primary anti-

bodies IRS1, Akt and insulin, were procured from Santa-

Cruz Biotechnology, Inc., USA and GLUT-4 was pur-

chased from Abcam. All other chemicals as well as the

reagents used were of analytical grade and were purchased

from Merck, Himedia, Mumbai and India.

Experimental Animals

About 180–200 g of male albino Wistar rats were obtained

from Central Animal House, Faculty of Medicine, Rajah

Muthiah Medical College, Annamalai University. All the

rats were housed in clean polycarbonate cages under con-

stant 12 h light and dark cycle 25 ± 2 �C room tempera-

ture. Throughout the experiment, rats were feed with

standard rodent pellet food (Hindustan Lever Ltd, Mumbai,

India) and tap water provided with ad libitum. The

experiment was accepted by the Animal Ethics Committee

of Rajah Muthiah Medical College and Hospital (Reg. No

166/1999/CPCSEA, Proposal No. 1085).

Induction of Diabetes

Diabetic rat model was created by administrating a single

dose (in fasting condition) of freshly prepared solution of

STZ (40 mg/kg b.w) in a 0.1 M citrate buffer with pH 4.5

[13]. Then STZ treated rats were allowed to drink 5%

glucose water for preventing the STZ induce hypoglycemia

[13, 14]. After 72 h, blood was collected from STZ injected

rats, and the level of blood glucose was measured. Rats

with of blood glucose level above 230 mg/dl were con-

sidered for further study.

Experimental Design

In the present study, a total of 24 rats were randomly

divided into four groups (6 control and 18 diabetic rats) and

each group having six rats. Based on previous reports

Chandirasegaran et al. [15] BC was intragastrically

administered at a concentration of 50 mg/kg b.w and

glibenclamide at a concentration of 6 mg/kg b.w. Both the

drugs were suspended in distilled water. The groups are as

follows:

Group 1 Normal control rats

Group 2 STZ (40 mg/kg body weight)-induced diabetic

control rats

Group 3 Diabetic rats ? BC (50 mg/kg b.w) treated rats

Group 4 Diabetic rats ? Glibenclamide (Reference

drug) (6 mg/kg b.w) treated rats

Every day morning BC (50 mg/kg b.w) and gliben-

clamide (6 mg/kg b.w) were given to diabetic rats by

intragastric intubation for 45 days. On the 45th day, ani-

mals were sacrificed by cervical dislocation. The blood

samples were collected in two tubes, i.e. one with an

anticoagulant for separation of plasma and another without

anticoagulant for serum separation. After the separation of

plasma, the buffy coat enriched in white cells was

detached, and the residual erythrocytes were washed three

times with physiological saline and made up to a known

volume. A specific volume of erythrocyte was lysed with

hypotonic phosphate buffer at pH 7.4. The hemolysate was

separated by centrifugation at 2500 rpm for 10 min, and

the supernatant was used for the estimation of enzymatic

antioxidants. Skeletal muscle was harvested for western

blot analysis.

Biochemical Analysis

The lipid profile parameters such as total cholesterol [16],

HDL cholesterol [17] and triglycerides [18] were estimated

respectively. The level of serum LDL cholesterol and

VLDL cholesterol were estimated [19]. Phospholipid was

determined by the method of Zilversmit and Davis [20].

TBARS and LOOH in the plasma were measured by the

method of Ohkawa [21]. SOD was evaluated by the method

of Kakkar [22]. CAT was measured by the method given

by Sinha [23]. GPx was evaluated by the method given by

Rotruck [24]. GSH was assessed by the method of Ellman

[25]. Vitamin C and E were evaluated by Omaye et al. [26]

and Baker et al. [27] respectively.
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Western Blotting Analysis

The total protein from tissues were extracted by homoge-

nizing tissues with 1 ml of a buffer containing 10 mM

HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM

EGTA, 1 mM DTT, 0.5 mM PMSF, and 10 ll protease
inhibitor cocktail. The lysate was then centrifuged at

80009g for 2 min at 4 �C, the supernatant was removed,

and aliquots were frozen at -80 �C. The total protein

concentration of the supernatant was determined by the

method of Lowry et al. [28]. SDS-PAGE was performed

using equivalent protein extracts (50 lg) from each sam-

ple. The resolved proteins obtained were then elec-

trophoretically transferred to poly vinylidene difluoride

membranes. The blots were incubated in 1 9 PBS con-

taining 5% non-fat dry milk for 2 h to block nonspecific

binding sites. The blots were further incubated with 1:200

dilution of primary antibodies overnight at 4 �C. After

washing, the blots were transferred and incubated with

1:1000 dilution of horseradish peroxidase-conjugated sec-

ondary antibody for 45 min at room temperature. After

continuous washes with high and low salt buffers, the

immunoreactive proteins were visualized using enhanced

chemiluminescence detection reagents (Sigma-Aldrich).

Densitometry was performed on IISP flat bed scanner and

quantitated with Total Lab 1.11 software.

Statistical Analysis

All the data were analyzed by one-way analysis of variance

(ANOVA) followed by Tukey multiple comparison tests by

using a commercially available statistics software package

(IBM SPSS Statistics for Windows, version 15). Results

were presented as mean ± SD of six rats in each group.

The value of p\ 0.05 was considered as statistically

significant.

Results

Lipid Profile in Control and Treated Rats

The diabetic control rats depicted a rise in the levels of

TC, TG, phospholipids, LDL and VLDL, whereas a

decline in HDL level was observed when compared with

normal control rats. Oral treatments of diabetic animals

with BC and glibenclamide significantly restored the

abnormal levels of TC, TG, phospholipids, LDL, VLDL

and HDL when compared with diabetic control rats. The

result of BC was also found to be similar in effectiveness

and was comparable with glibenclamide treatment

(Table 1).

Glycogen Level in Muscle Tissues of Control

and Treated Rats

Figure 1 shows the level of muscle glycogen in normal and

diabetic animals. The level of muscle glycogen was

reduced in diabetic control rats when compared to normal

control rats. Treatment of BC significantly improved the

muscle glycogen levels in diabetic rats when compared to

diabetic control rats.

Lipid Peroxidation Markers in Control and Treated

Rats

Figure 2 displays the level of TBARS and LOOH in con-

trol and experimental rats. There was a significant eleva-

tion in the level of TBARS and LOOH in the plasma of

diabetic control rats when compared with normal control

rats. The oral treatment of BC and glibenclamide were

successful in bringing these abnormal levels of TBARS and

LOOH back to near normal in diabetic rats.

Enzymatic Antioxidants in Control and Treated

Rats

The enzymatic antioxidant such as SOD, CAT and GPx

activity of control and experimental rats are represented in

Fig. 3. There was a significant reduction of SOD, CAT and

GPx activity in erythrocytes of diabetic control rats as

compared with normal control rats. Continuous treatments

of BC or glibenclamide had significantly improved the

activities of SOD, CAT and GPx in erythrocytes of diabetic

rats.

Non-enzymatic Antioxidants in Control and Treated

Rats

Figure 4 shows the level of non-enzymatic antioxidants

such as GSH, vitamin C and E in plasma of control and

experimental rats. In diabetic control rats, the level of

GSH, vitamin C and vitamin E were significantly declined

as compared with normal control animals. However, BC or

glibenclamide treatment had significantly enhanced the

level of GSH, vitamin C and E in plasma of diabetic rats as

compared with diabetic control rats.

Western Blot Analysis of IRS 1, Akt and GLUT 4

in Skeletal Muscle of Control and Treated Rats

Figure 5 illustrates the protein expression study of IRS1,

Akt and GLUT-4 in the skeletal muscle of control and

experimental rats. The level of IRS1, Akt and GLUT-4

were significantly declined in diabetic control rats. Oral

treatment of BC significantly reverted the diminished
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levels of IRS1, Akt and GLUT-4 in the skeletal muscle of

diabetic rats.

Discussion

The majority of insulin-mediated glucose disposal is found

in skeletal muscles. Insulin resistance and impaired insulin

secretion are attributed to impaired insulin signaling

pathway [29, 30]. Therefore, in this study, we have

investigated whether BC administration improves impaired

insulin signaling pathway in muscles of STZ induced dia-

betic rats. In this study, STZ was selected for induction of

diabetes, as the cytotoxic action of STZ mainly destroys b-
cells of the pancreas without affecting other cells by pro-

Fig. 1 Glycogen level in muscle tissues of control and treated rats:

diabetic control rats were compared with normal control rats; BC

treated diabetic rats were compared with diabetic control rats. All the

data were expressed as the mean ± SD for 6 rats. The results with

different superscripts (a, b, c) in each experimental groups are

significantly different at p\ 0.05 (NC normal control; DC diabetic

control; D diabetic; BC berberine chloride; GC Glibenclamide)

Fig. 2 Lipid peroxidation

markers in control and treated

rats: diabetic control rats were

compared with normal control

rats; BC treated diabetic rats

were compared with diabetic

control rats. All the data were

expressed as the mean ± SD for

6 rats. The results with different

superscripts (a, b, c) in each

experimental groups are

significantly different at

p\0.05 (NC normal control;

DC diabetic control; D diabetic;

BC berberine chloride; GC

glibenclamide)

Table 1 Lipid profile in control and treated rats: diabetic control rats

were compared with normal control rats; BC treated diabetic rats were

compared with diabetic control rats. All the data were expressed as

the mean ± SD for 6 rats. The results with different superscripts (a, b,

c) in each experimental groups are significantly different at p\0.05

Groups/parameters TG (mg/dl) TC (mg/dl) HDL (mg/dl) LDL (mg/dl) VLDL (mg/dl) Phospholipids (mg/dl)

Normal control 52.24 ± 3.98a 80.14 ± 6.10a 46.10 ± 3.51a 23.60 ± 1.80a 10.44 ± 0.80a 90.23 ± 6.87a

Diabetic control 126.42 ± 9.68b 162.24 ± 12.42b 26.64 ± 2.04b 110.38 ± 8.45b 25.29 ± 1.94b 183.18 ± 14.02b

D ? BC (50 mg/kg bw) 79.57 ± 6.06c 114.44 ± 8.71c 36.23 ± 2.76c 62.44 ± 4.75c 15.80 ± 1.20c 120.08 ± 9.14c

D ? GC (6 mg/kg bw) 66.05 ± 5.06d 98.67 ± 7.55d 42.84 ± 3.28a 41.69 ± 3.19d 13.22 ± 1.01d 109.65 ± 8.39a

D diabetic; BC berberine chloride; GC glibenclamide
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ducing a high level of ROS and carbonium ion (CH3?),

leading to DNA breaks by alkylation DNA bases and

oxidative damage [31]. The dose of 40 mg/kg b.w. of STZ

can induce incomplete destruction of b-cells of pancreas,

which is considered as a type 2 diabetic rat model [13, 14].

In our previous study, we observed that treatment of BC

significantly reduced blood glucose and improved the

plasma insulin. These observations may be due to enhanced

insulin secretion in existing b-cells of the pancreas in BC

treated diabetic rats [32].

In diabetes condition, hypertriglyceridemia, as well as

hypercholesteremia, are the common factors involved in the

development of atherosclerosis and coronary heart disease.

These conditions occur because of lack of insulin secretion,

which activates the lipase enzyme, hydrolyzes triglyceride

(TG) and release the fatty acid and glycerol into the circu-

lating blood. The level of the triglyceride was found to be

increased in the STZ induced diabetic rats. This may be due

to decreased level of insulin, causing a failure to activate

lipoprotein lipase, and thus leading to hypertriglyceridemia

[33]. STZ induced diabetes is often associatedwith abnormal

lipidmetabolism, which is also ametabolic disorder found in

diabetic conditions [34]. We observed augmented levels of

TG, and TC in the serum of STZ treated diabetic control.

Several previous studies have stated that LDL is the ‘‘bad

lipid’’, and its oxidation can result in increased release of

LDL in the arterial walls, resulting in atherosclerotic plaque

lesions formation [35, 36].We observed an increase in serum

LDL and VLDL cholesterol fractions along with a decrease

in the HDL level in diabetic rats. An increase in the LDL and

VLDL cholesterol levels leads to a fall in the HDL level.

Treatment with BC and GC helped in restoring the abnormal

levels of lipids in diabetic rats. Due to lack of insulin or its

action, it leads to inactivation of the lipoprotein lipase in the

liver, which is responsible for the change of free fatty acids

into phospholipids and cholesterol that is finally released into

the blood, resulting in elevated levels of serumphospholipids

[37]. The diabetic rats showed a significantly increased level

of phospholipids, whereas there was a significant reduction

of phospholipids in the serum of BC treated diabetic rats,

which may be due to enhanced insulin secretion from the

existing b-cells of the pancreas in diabetic rats. Thus, BC

could be a potential candidate in preventing the formation of

diabetes associated complications like atherosclerosis and

coronary heart disease.

Fig. 3 Enzymatic antioxidants

in control and treated rats:

diabetic control rats were

compared with normal control

rats; BC treated diabetic rats

were compared with diabetic

control rats. All the data were

expressed as the mean ± SD for

6 rats. The results with different

superscripts (a, b, c) in each

experimental groups are

significantly different at

p\ 0.05. (NC normal control;

DC diabetic control; D diabetic;

BC berberine chloride; GC

glibenclamide)
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Glycogen is the primary form of intracellular glucose

storage and is a branched polymer of glucose residues

produced by the enzyme glycogen synthase [38]. Its

quantity varies in different tissues and is a directly influ-

enced by insulin activity, as insulin supports intracellular

glycogen deposition by stimulating glycogen synthase and

inhibiting glycogen phosphorylase [39]. Muscle glycogen

content was significantly reduced in STZ induced diabetic

rats. This may be due to the increased glycogen phospho-

rylase activity in diabetes. Continuous oral administration

of BC to diabetic rats improved the glycogen content in

liver and muscles, indicating the possible role of BC in the

modulation of the glycogen metabolism.

Prolong period of hyperglycemia generates a huge

number of ROS which induces oxidative stress. The

increase free radicals produced may react with polyunsat-

urated fatty acids in cell membranes, leading to lipid per-

oxidation, and in turn result in elevated free radicals

production [40]. LPO is a marker of induced oxidative

stress in tissues. TBARS and LOOH are standard lipid

peroxidative markers, which are elevated in experimental

diabetic rats [41]. In this study, we found that diabetic

control rats possess increased levels of TBARS and LOOH

in plasma. This result indicated elevated levels of oxidative

stress in diabetic control rats. Continuous treatment of BC

significantly declined the increased levels of TBARS and

LOOH in diabetic rats, which may be attributed to its anti-

peroxidative activity.

Antioxidant enzymes such SOD, CAT and GPx are

involved in blocking the free radical process. SOD is the

most important scavenging enzyme, which is involved in

eliminating free radicals and defends from free oxygen

radicals by catalyzing the removal of superoxide radical.

This process leads to the prevention of damage to the cell

membrane and biological structures [42]. CAT is an

antioxidant enzyme which is present in the tissues. It plays

a vital role in the decomposition of the hydrogen peroxide

molecule, and it prevents the tissues from the reactive

Fig. 4 Non-enzymatic

antioxidants in control and

treated rats: diabetic control rats

were compared with normal

control rats; BC treated diabetic

rats were compared with

diabetic control rats. All the

data were expressed as the

mean ± SD for 6 rats. The

results with different

superscripts (a, b, c) in each

experimental groups are

significantly different at

p\0.05 (NC normal control;

DC diabetic control; D diabetic;

BC berberine chloride; GC

Glibenclamide)
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hydroxyl radicals [43]. GPx is an enzyme that destroys the

peroxides, and it plays a vital role to provide an antioxidant

defenses to an organism and also involved in the elimina-

tion of hydrogen peroxide [44]. In diabetes, antioxidant

enzymes SOD, CAT and GPx are inactivated due to high

blood glucose, by glycating of these proteins, consequently

leads to the oxidative stress, which in turn causes lipid

peroxidation. Previously Zhou et al. [45] demonstrated BC

improves the levels of CAT, SOD and GPx in diabetic rats.

Thus, the near normal levels of CAT, SOD and GPx

activities strongly indicate the efficacy of BC in attenuating

the oxidative stress in diabetic rats.

A low level of non-enzymatic antioxidants has been

reported in diabetics, which are required to inhibit the

peroxidation of lipids in the cell membrane [46]. Among

these antioxidants, GSH protects the cell from toxification

by scavenging ROS [47]. It has been reported that elevated

utilization of GSH in the diabetic cell is one of the reasons

for decreased level of GSH in diabetics [48]. According to

Sadi et al. [49] and Chen et al. [50] Vitamin C protects all

lipids from undergoing oxidation, helps to regenerate

vitamin E from its oxidized state and to diminish the count

of apoptotic cells. According to Punithavathi et al. [51]

vitamin E reduces the chain reactions, which are associated

with lipid peroxidation. Several reports have indicated that

the reductions in the levels of non-enzymatic antioxidants

are associated with STZ induced diabetic rats [52, 53]. In

our studies, BC administration expressed near normal

levels of GSH, vitamin C and E, indicating BC’s potential

to restore the antioxidant reserves in diabetic animals.

Insulin action is a mediated by binding of insulin to the

insulin receptor in target tissues. Consequently, IRS gets

activated by the insulin receptor and then excited and

phosphorylated the signal molecule PI3K and Akt. Both

PI3K and Akt can modulate the downstream protein

GLUT-4 [54, 55].

The IRS is a member of the ligand-activated receptor of

tyrosine kinase family, which is a transmembrane signaling

protein with several isoforms. The isoforms IRS 1 and IRS

2 are mainly involved in metabolic regulation. IRS-1 is

responsible for glucose metabolism and GLUT-4 translo-

cation [56]. A decreased cellular level of IRS1 is associated

with insulin resistance and insufficient insulin secretion

[57]. In diabetic control rats showed remarkably declined

levels of IRS1 protein, which indicates insulin resistance

found in diabetic rats. The levels of IRS 1 notably

improved in BC treated groups, which may be due to BC

enhanced insulin sensitivity.

PKB or Akt is a serine/threonine-specific protein kinase

that plays a key role in multiple cellular processes, which is

activated by PI3K. The pathway of PKB activation is a

process that involves membrane translocation as well as

phosphorylation. The activation of this enzyme may stim-

ulate glucose transport by triggering translocation of

GLUT-4 from the cytosol towards the plasma membrane of

the cell [58]. GLUT-4 present in the skeletal, adipose tissue

and cardiac muscles plays a critical role in the regulation of

glucose homoeostasis through the translocation and acti-

vation triggered by insulin [59]. Intracellular GLUT-4

translocates to the plasma membrane and facilitates glu-

cose uptake stimulated by insulin. Under the diabetic

condition, PKB and GLUT-4 expression and translocation

are reduced due to the impairment of insulin signaling.

These alterations lead to a decrease in the consumption of

glucose in adipose tissue and skeletal muscles [59–61]. In

this study, Akt and GLUT-4 protein expressions were

found to be increased in BC administrated rats compared to

diabetic rats. The up-regulation of both Akt and GLUT-4

confirmed increased glucose utilization and thus, help

ameliorate the condition of insulin resistance as reported

earlier by Nobyuki et al. [62]. Thus, from the above results,

it can be concluded that BC enhanced the level of glucose

utilization in skeletal muscles by increasing expression of

Akt and GLUT-4, improving insulin sensitivity, and thus,

also helped ameliorate the abnormal levels of lipids and

antioxidant status, and restored near normal insulin levels

in diabetic rats.

Fig. 5 Western blot analysis of IRS 1, Akt and GLUT 4 in skeletal

muscle of control and treated rats: Diabetic control rats were

compared with normal control rats; BC treated diabetic rats were

compared with diabetic control rats. a Representative immunoblot

analysis. Protein samples (50 lg/lane) resolved on SDS-PAGE was

probed with corresponding antibodies. b-Actin was used as loading

control. b Densitometric analysis. The mean protein expression from

control lysates for five determinations was designated as 100% in the

graph. Mean ± SD of six determinants is represented in graph for

each group. §Significantly different from untreated control (p\ 0.05)

, *Significantly different from diabetic (D) animals (p\ 0.05)

(D diabetic; BC berberine chloride; GC Glibenclamide)
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Conclusion

From this study, it can be concluded that BC can control

hyperglycemia, improve the antioxidant status, regulate the

abnormal lipid levels and enhances the insulin sensitivity in

experimentally induced diabetic rats. Hence, BC can be a

potential drug candidate for the treatment of DM. Further

studies in BC would prove helpful in better understanding

of its antidiabetic properties and long term effects, which

would prove beneficial in preparing potent antidiabetic

drugs.
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