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This study investigated the antioxidant and antidiabetic effects of baicalin, as well as its effects in

combination with the antidiabetic drug metformin. Three groups of streptozotocin-induced diabetic

rats were given the following treatments for 30 days: (1) 500 mg/kg metformin; (2) 120 mg/kg

baicalin; (3) 500 mg/kg metformin + 120 mg/kg baicalin. In addition, vehicle-treated diabetic and

nondiabetic controls were used in the experiment. The rats treated with baicalin and metformin +

baicalin had significantly elevated (p < 0.05) hepatic activities of superoxide dismutase, catalase,

and glutathione peroxidase compared with the vehicle- and metformin-treated groups. Plasma and

hepatic lipid peroxide concentrations of the baicalin- and baicalin + metformin-treated groups were

significantly reduced (p < 0.05). In addition, baicalin significantly reduced plasma and hepatic

triglycerides and cholesterol levels. The study thus showed that baicalin mitigated oxidative stress

as well as enhanced the antidiabetic effect of metformin by improving the antioxidant status.
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INTRODUCTION

Recent evidence suggests that oxidative stress contributes to
the pathogenesis of type 1 and type 2 diabetes and its complica-
tions (1 ). Diabetic hyperglycemia is known to cause a variety of
pathologic changes in small vessels, arteries, and peripheral
nerves resulting in hyperglycemia-induced complications (2-4).
Activation of protein kinase C isoforms, increased formation of
glucose-derived advanced glycation end (AGE)-products, and
increased glucose flux through the aldose reductase pathway have
been recently shown to be consequences of a single common
mechanism, hyperglycemia-induced mitochondrial superoxide
overproduction (5, 6). Oxidative stress initiated through these
pathways is commonly measured through biomarkers produced
through ROS activity, such as lipid peroxides. One major
complication of hyperglycemia is disorder in macro- and micro-
vascular and lipid peroxidation on LDL may play a critical role
and lipid oxidative stress marker is pertinent to assess the risk
of diabetes complications. It is a well-known and practiced theory
that mitigating oxidative stress by antioxidants may prevent
diabetic complications (7-10).

Plant flavonoids exert a wide range of biochemical and
pharmacological activities including antioxidant, vasodilatory,
anti-inflammatory, antibacterial, immune-stimulating, antialler-
gic, and antiviral effects (11-14). Our previous in vivo study on
the ethanolic extract of Scutellaria baicalensis;an herb having
abundant flavonoid compounds;showed significant antioxi-
dant and antidiabetic effects (15 ). Analysis of this herbal extract

revealed the presence of baicalin, baicalein, and wogonin as
the three major flavonoid compounds. However, baicalin
(Figure 1);a flavone glycoside (baicalein-7-glucuronide);was
the major compound found in the freeze-dried ethanolic extract
of S. baicalensis. The extract contained 29.6% of baicalin as
compared with 1.3 and 0.7% of baicalein and wogonin, respec-
tively. Thus, this study in streptozotocin (STZ)-induced diabetic
Wistar rats was carried out to highlight baicalin as the primary
bioactive compound in the freeze-dried ethanolic herbal extract of
S. baicalensis. In addition, the antioxidant and antidiabetic
activity of baicalin in STZ-induced diabetic Wistar rats has not
been investigated to date.With reference to our previous study on
S. baicalensis, the effects of the flavonoid in combination with
metformin;a commonly used oral hypoglycemic prescription
medicine;were also investigated. Metformin primarily increases
insulin-receptor site density on erythrocytes to result in increased
glucose uptake in muscles (15, 16). Although epidemiological
studies have shown a comparatively lower incidence of side effects
associated with metformin, no reduction in diabetic oxidative
stress levels has been reported. As with the previous study, it was
our aim to demonstrate whether the addition of baicalin to
metformin could potentially increase the antioxidant defenses
as well as enhance the antidiabetic effects of metformin in the rat
with experimental diabetes.

MATERIALS AND METHODS

Chemicals. Metformin and baicalin were purchased from Sigma
Chemical Co. (St Louis, MO). The purity of baicalin was verified
in-house using high-performance liquid chromatography (HPLC). All
other chemicals used were of analytical grade and purchased from either
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SigmaChemical Co. or BDHChemicals (BDHLtd., Poole, U.K.), unless
otherwise specified.

Antioxidant Activity Measurement. Chemically, the peroxyl radi-
cal scavenging activity of baicalin was analyzed using a high-throughput
oxygen radical scavenging capacity assay as described by Huang et al.
(17 ). Baicalin was reconstituted in distilled water to a concentration of
0.1 mg/mL before final analysis. The in vivo antioxidant activity was
studied using rats as approved by the IACUC (Institutional Animal Care
and Use Committee). Locally bred maleWistar rats weighing 250-300 g
each were obtained from the Laboratory Animal Center, National
University of Singapore, and housed in a room with a controlled
temperature (22 ( 3 �C) on a 12:12 light/dark cycle. Unless otherwise
specified, animals had free access to pelleted food containing the AIN-93
M Maintenance Purified Diet (Glen Forrest, WA, Australia) with tap
water ad libitum.Diabetes was induced in the rats after fasting for 18 h by
intraperitoneal injection of 65 mg/kg of body weight of streptozotocin
(STZ), which was dissolved in citrate buffer (0.01 M, pH 4.5) just before
use. The diabetic state was assessed by measuring the nonfasting serum
glucose level 5 days after the administration of STZ. Rats with a serum
glucose level above 300 mg/dL as well as polydipsia, polyuria, and
polyphagia were selected for the experiment. The diabetic rats were
divided into four groups (six rats each group) with the following
treatments: (1) M, 500 mg/kg metformin; (2) B, 120 mg/kg baicalin; (3)
MB, 500 mg/kg metformin plus 120 mg/kg baicalin; (4) DC, diabetic
control. A nondiabetic control (NDC) was also used in the experiment.
The dosage of baicalin administered to the rats was calculated with
reference to our previous in vivo study on S. baicalensis and the
percentage of baicalin contained in the freeze-dried extract of this herb
(15 ). To make a fair comparison, the dosage of metformin remained
unchanged as per our previous study as well. The respective treatments
were orally administered twice daily for 30 days. The body weight
and food and water intakes of the rats were monitored on a daily basis.
Blood was collected from the tail vein of the rats for monitoring of weekly
blood glucose levels, total cholesterol (TC), triglycerides (TG), and plasma
lipid peroxide concentrations. On the evening of day 30, the rats were
fasted overnight and euthanized the following morning by decapitation.
Blood was collected by drainage from the carotids following euthanasia
and kept in 200 μL aliquots at -80 �C until time for assay. The liver,
pancreas, and kidney of the rats were removed, sectioned into 0.5 g
aliquots, immersed in liquid nitrogen, and stored at-80 �C until time for
assay.

Catalase (CAT), Superoxide Dismutase (SOD), and Glutathione

Peroxidase (GPx). Liver samples (0.50 g) were homogenized in potas-
sium phosphate buffer (5.0 mL, 0.05Mwith 0.1 mMEDTA, pH 7.8). The
homogenate was centrifuged at 12000g for 10min at 4 �C. The supernatant
was divided into aliquots and kept at-80 �C for the enzyme assays. CAT,
SOD, and GPx activities were determined using the respective assay kits
from Cayman Chemical Co. (An arbor, MI). Protein expression was
analyzed by standard Western blot using the Laemmli SDS-PAGE for
separation of proteins. Primary antibodies for CAT, SOD, and GPx were
purchased fromSantaCruzBiotechnology Inc., (SantaCruz,CA). Primary
antibody binding was visualized by horseradish peroxidase-conjugated
secondary antibodies (Santa Cruz Biotechmology Inc.) and an enhanced
chemiluminescence (ECL) assay kit (Pierce Biotechnology, IL).

Plasma, hepatic, kidney, and pancreatic lipid peroxides were quan-
tified according to the method by Hay et al. (18 ). Details of the
methodology are described in the Supporting Information. Plasma and
pancreatic insulin concentrations were determined by enzyme-linked
immunosorbent assay (ELISA) using assay kits provided by Crystal

Chemical Inc. (Santa Monica, CA). Prior to analysis, the pancreatic
tissues (0.10 g) were disintegrated by ultrasound in 5mL of acid-alcohol
solution (75% ethanol, 1.5% 12 M HCl, and 23.5% distilled water) for
1 min at 4 �C. The homogenates were kept overnight at -20 �C and
centrifuged at 12000g for 15 min. Plasma glucose concentrations were
measured using the enzymatic glucose reagent (Thermo Electron Corp.,
Victoria, Australia) according to the glucose oxidase method. Plasma
TC and TG concentrations were measured by the colorimetric method
using diagnostic kits from Infinity (Thermo Electron Corp.). Insulin
and leptin concentrations were determined by ELISA using assay kits
purchased from Crystal Chemical Inc.

Determination of Hepatic TG, TC, and Lipase Activities.Hepatic
TG, TC, and lipase activities were measured at the end of the study. For
hepatic TG and TC analysis, the liver samples (0.50 g) were homogenized
with a Polytron homogenizer in isopropanol (10%w/v) at 4 �C for 1min.
The homogenate was centrifuged at 12000g for 15 min at 4 �C. The
supernatants were used to assess the TC and TG contents using the
reagent assay kits by Thermo Electron Corp. For assessment of hepatic
lipase activity, liver samples (0.50 g) were homogenized in ammonium
chloride solution (1.0 mL, 0.025 M) using a Polytron homogenizer at
4 �C for 1 min. The homogenate was centrifuged at 12000g for 15 min
at 4 �C. The supernatant was freeze-dried for 3 days, and the resulting
powder was reconstituted in an ammonium chloride solution (0.025 M)
to a concentration of 10 mg/mL. A MarkerGene Fluorescent Lipase
Assay kit (Eugene, OR) was used to quantify the hepatic lipase activity.

Other Biomarkers, Enzymes, and Hormones. Quantifications for
glucose-6-phosphatase (G-6-Pase) activity, hepatic glycogen content,
hepatic glycogen synthase content, and kidney 8-isoprostane F2R (iso-
prostane) content were carried out usingMarkerGene ELISA assay kits.

Statistical Analyses. Results are reported as mean( standard error
of the mean (SEM). Statistical differences among groups were calculated
by using one-way ANOVA and two-way ANOVA when applicable,
using SPSS version 12.0. Results were considered to be significant when
p values generated from post hoc comparisons were <0.05. Post hoc
comparisons were conducted with Tukey and Bonferroni tests.

RESULTS

Daily Food andWater Intakes.According to Figure 2A, groups
M, B, and MB had statistically significant decreases in the daily
water intake compared with the diabetic control ( p<0.05). The
decrease in water intake indicates the reduction of polyuria,
which is a typical characteristic of the diabetic condition.
The daily food intakes of groups M, B, and MB were statisti-
cally significantly lower compared with the diabetic control
( p<0.05) (Figure 2B), but the intakes did not reach the levels of
the nondiabetic controls at the end of the period of treatment.
The reduction in food intakemay be associated with the increase
in the plasma leptin levels, which weremeasured at the end of the
study, as shown in Figure 2C. A statistically significant increase
in the plasma leptin levels was observed in groups M, B, and
MB compared with the diabetic control ( p < 0.05).

CAT, SOD, GPx, and GST Activities. An improvement in the
antioxidant enzyme activities (compared with the diabetic con-
trol) was observed in groups B and MB ( p< 0.05) at the end of
the study (Figure 3A-C). Western blot analysis (Figure 3D,E) of
the antioxidant enzymes also indicated a statistically significant
increase inprotein expression in groupsB andMBcomparedwith
the diabetic control and groupM ( p<0.05). Itmay be concluded
that baicalin stimulated the protein expression of the antioxidant
enzymes, which in turn resulted in the increase in their activity.

Lipid Peroxide Levels in Liver, Kidney, and Pancreas. The
plasma lipid peroxides were measured on a weekly basis
(Figure 4A). A significant decrease in plasma lipid peroxide
levels was observed in groups M, B, and MB from week
2 onward, compared with the diabetic control ( p<0.05). From
week 1 onward group MB was found to have an enhanced
reduction of lipid peroxides ( p<0.05) comparedwith groupM.

Figure 1. Chemical structure of baicalin (baicalein-7-glucuronide). The
o-hydroxyl groups on the A-ring as well as the ketone group at the C4
position enable this compound to be a radical scavenger and metal
chelator.
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The lipid peroxide contents of the liver, kidney, and pancreas
were measured at the end of the study (Figure 4B-D). An
enhanced reduction in the hepatic lipid peroxide was observed
when the concentrations in groups M and MB were compared
( p < 0.05). However, this decrease was not observed with
kidney and pancreatic lipid peroxide contents in these two
groups, although there was a statistically significant reduction
in lipid peroxide contents in all of the treatment groups
compared with the diabetic control ( p < 0.05).

Plasma Glucose, Plasma, and Pancreatic Insulin Contents. The
plasma blood glucose levels were measured on a weekly basis
throughout the 30-day treatment. As shown in Figure 5A,
groups M and MB showed statistically significant reductions
of plasma glucose from week 1 onward as did group B from
week 2 onward compared with the diabetic control ( p < 0.05).
None of the groups’ plasma glucose concentrations had reached
the levels of the nondiabetic control at the end of the 30-day
treatment. The plasma insulin content of MB was significantly
higher than that of groupM ( p<0.05), indicating an enhancing
effect of the combined treatment (Figure 5B). The enhancement
was also observed in the pancreatic insulin content (Figure 5C)
compared with the diabetic control.

Plasma and Hepatic TG and TC Contents and Lipase Activity.

Plasma TG and TC levels were measured on a weekly basis.
Significant reductions in plasma TG (Figure 6A) were observed
in groups M, B, and MB compared with the diabetic control
( p < 0.05). The reductions in plasma TG in groups B and
MB were statistically significant compared with group M
( p < 0.05), indicating the hypotriglyceridemic effect of the
baicalin. A similar trend was observed in the plasma TC levels

(Figure 6B). Group M did not show a significant reduction
in hepatic TC; however, a significant reduction was observed
in groupMB compared with the diabetic control ( p<0.05). As
shown in Figure 6C,D, hepatic TC and TG contents of group
MB were also significantly increased compared with group M
( p<0.05). The results of the hepatic lipase activity are shown in
Figure 6E. Groups M, B, and MB showed significant decreases
( p<0.05) in lipase activity compared with the diabetic control.
The lipase activities in groups B and MB were significantly
reduced ( p < 0.05) compared with group M.

Glycogen Synthesis. The hepatic glycogen contents (Figure 7A)
showed statistically significant increases in groups M, B, and
MB compared with the diabetic control ( p < 0.05), which
corresponded with the glycogen synthase activities of these
treatment groups (Figure 7B). The enhanced glycogen synthase
activities may be attributed to the influence of increased hepatic
glucose-6-phosphatase (G-6-Pase) activities (Figure 7C). Groups
M, B, and MB had statistically significant increases in hepa-
tic G-6-Pase activities compared with the diabetic control
( p < 0.05). The influence of hepatic G-6-Pase would have
resulted in a reduction of glycogenolysis and a stimulation of
glycogen synthesis through glycogen synthase. Group MB had a
statistically significant increase in these enzyme activities com-
paredwith groupM ( p<0.05), indicating the enhancing effect of
baicalin on glycogen synthesis.

Other Biomarkers and Hormones. The values of the other
parameters;aspartate transaminase (AST) and alanine transa-
minase (ALT) activities, C-reactive protein (CRP), and kidney
8-isoprostane F2R (isoprostane);are shown in Table 1. Except
for CRP and isoprostane, the parameters had not improved
in the MB-treated group compared with group M as well as
the diabetic control ( p > 0.05). With regard to the AST and
ALT values, despite the variances, the AST and ALT activities
in groups DC and B were within the normal ranges of 77-157
and 24-53 U/L, respectively, which indicated that there was
unlikely to be any toxicity from the treatments or possible organ
damage due to the diabetic condition. The AST and ALT values
of groups M and MB were above the stated normal ranges.
However, histological analysis of hepatic tissues did not indicate
any typical signs of toxicity-induced tissue damage, such as
fibrosis of the hepatocytes (data not shown). In addition, typical
in vivo conditions showing toxicity-induced tissue damage
would show multiple levels of activity increases of AST and
ALT, which were not observed in this study. Thus, it may be
concluded that the increases in AST and ALT activities in
groupsM andMBwere not due to the toxicity of the treatments.

DISCUSSION

Baicalin increased the antioxidant enzyme activity by increas-
ing the expression of the proteins as observed from the Western
blot data. Reductions of plasma, hepatic, kidney, and pancreatic
lipid peroxideswere an indirect confirmationof reduced oxidative
stress levels as a result of increased antioxidant enzyme activity.
Recent studies on STZ-induced diabetic Wistar rats have shown
flavonoids to ameliorate diabetes-induced oxidative stress (19 ).
Hyperglycemia leads to the excessive production of ROS and
RNS, which in turn leads to oxidative stress products resulting in
diabetic micro- and macrovascular complications (9, 20, 21).
Increased expression of antioxidant enzymes would in turn result
in the reduction of lipid peroxide contents in the organs. Metfor-
min was observed to have efficiently reduced the hyperglycemic
status compared with the diabetic control. Thus, as shown by
previous papers, whereas metformin may not directly scavenge
free radicals, the elevations in antioxidant enzymes in group
M rats could be due to reduced generation of ROS resulting

Figure 2. Effects of metformin, baicalin, and metformin + baicalin on (A)
daily water intake, (B) daily food intake, and (C) plasma leptin content of
STZ-diabetic Wistar rats. Values are expressed as mean( standard error
of the mean (SEM). Each group includes six rats per treatment. /, p < 0.05
versus the diabetic control; †, p < 0.05 versus the metformin-treated group.
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Figure 4. Effects of metformin, baicalin, and metformin + baicalin treatments of STZ-diabetic Wistar rats on (A) weekly plasma lipid peroxide concentrations,
(B) hepatic lipid peroxide contents, (C) kidney lipid peroxide contents, and (D) pancreatic lipid peroxide contents. The lipid peroxide contents are expressed
as mean( SEM and represent the analysis of six rats per group. The organ lipid peroxide contents are given in terms of nM/mg wet weight of tissue sample.
/, p < 0.05 versus the diabetic control; †, p < 0.05 versus the metformin-treated group.

Figure 3. Effects of metformin, baicalin, and metformin + baicalin on the hepatic (A) catalase (CAT) activity, (B) superoxide disumtase (SOD) activity,
(C) glutathione peroxidase (GPx) activity, (D) quantifications of the protein expressions of CAT, SOD, and GPx in STZ-diabetic Wistar rats, and
(E) representative Western blot image of CAT, SOD, and GPx quantification. The values were measured on day 30 and are representative of 6 rats per
group. Results are expressed as mean ( SEM. /, p < 0.05 versus the diabetic control; †, p < 0.05 versus the metformin-treated group.
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indirectly from reduced hyperglycemia, thus ultimately diminish-
ing the oxidative damage (22 ).

Baicalin has anORACvalue of 365 μmol ofTrolox equivalents
(TE)/g. On a molecular basis, the radical scavenging activity of
baicalin is only 0.16 times that of Trolox, the water-soluble
vitamin E analogue. In addition, baicalin is a water-soluble
compound due to the glucuronic acid group. Therefore, it may
be suggested that the decrease of lipid peroxide values may not
necessarily be due to the lipid peroxyl radical scavenging capacity
but due to an indirect impact on stimulating antioxidant enzyme
expressions. It is possible, with reference to the structure of
baicalin, the phenolic groups of the A ring may chelate transition
metals such as copper and iron to prevent Fenton-like reaction
from occurring, thus reducing oxidative stress. Our results
illustrate the complexity of antioxidant mechanisms in vivo.
In vitro chemistry based assays speak little when it comes to
bioactivity of polyphenolic antioxidants (24 ).

The enhancement of antioxidant activity in group MB may
have been due to the two separate pathways of reducing oxidative
stress of baicalin andmetformin. As mentioned before, reduction
of plasma glucose levels bymetformin would result in a reduction
of free radical production through the respective pathways
(4-6). Production of free radicals itself has been known to hinder
the secondary and tertiary protein structures of antioxidant

enzymes (6, 9). Thus, reduction of free radical production may
have resulted in the prevention of damage to the antioxidant
enzymes, which was initiated by metformin. In addition, bai-
calin may have induced the expression of antioxidant enzymes
as explained previously. Thus, the combined effect may have
resulted in an enhancement of the antioxidant enzyme activities in
group MB.

The balance between oxidation and antioxidation (redox
status) is known to be an important factor in maintaining a
physiologically sound biological system (23 ).An imbalance in the
redox status observed in many chronic diseases further confirms
the importance of maintaining the physiological redox balance.
Although the baicalin and metformin + baicalin treatments had
increased the antioxidant activity of the rats in groups B andMB,
respectively, and the lipid peroxide concentrations had reduced
within the period of treatment, the lipid peroxide concentra-
tions in these groups were still statistically significantly higher
compared with the nondiabetic control even after 30 days of

Figure 5. Effects of metformin, baicalin, and metformin + baicalin on (A)
weekly blood glucose level, (B) weekly plasma insulin concentration, and
(C) pancreatic insulin content in STZ28 diabetic Wistar rats. Values are
expressed as mean ( SEM. Each group includes six rats per treatment.
/, p < 0.05 versus the diabetic control; †, p < 0.05 versus the metformin-
treated group.

Figure 6. Effects of metformin, baicalin, and metformin + baicalin on (A)
weekly plasma triglyceride (TG) concentrations, (B) weekly plasma total
cholesterol (TC) concentrations, (C) hepatic TG, (D) hepatic TC, and (E)
hepatic lipase activity in STZ-diabetic Wistar rats. Values are expressed as
mean ( SEM. Each group includes six rats per treatment. /, p < 0.05
versus the diabetic control; †, p < 0.05 versus the metformin-treated group.
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treatment. This observation highlights the extent of oxidative
damage induced by the hyperglycemic state and the required
direction and level of efficacy in targeting therapeutic applica-
tions for diabetes.

Isoprostanes are known to be secondary products of lipid
peroxidation; reduction in their levels would indicate a reduction
of oxidative stress levels in chronic disease states. The kidney
isoprostane contents in groups B and MB were statistically
significantly different compared with the diabetic control and
group M rats. Plasma CRP is used as an inflammatory marker
indicating susceptibility to cardiovascular complications of dia-
betes. Thus, a reduction in plasma CRP levels would indicate a

state of reduced oxidative stress leading to a reduced probability
of cardiovascular-related complications. Groups B and MB
showed reductions in plasma CRP levels as well, indicating the
potential of the combination to reduce such complications in the
diabetic state.

Metformin was observed to be more efficient in initiating a
hypoglycemic effect than baicalin. Previous studies have shown
metformin to stimulate glucose uptake in isolated rat skeletal
muscles through the stimulation ofAMP-activatedprotein kinase
(AMPK), which is also known to initiate an inhibitory effect on
glucose production by hepatocytes (25 ). Reducing the circulating
plasma glucose concentrations is one of the most important
factors of the equation in the treatment of diabetes. However,
reduction of hyperglycemia alone appears to be an insufficient
outcome of therapy, as indicated in a number of studies including
those on diabetes (26, 27). These studies have shown persisting
oxidative stress-induced endothelial dysfunction even when
glycemia is normalized. Thus, metformin (and other antihyper-
glycemic agents) when given alone is insufficient to reverse
or prevent such dysfunctions. It appears that direct interventions
to reduce oxidative stress are needed in the overall therapy
of diabetes. This highlights the importance of flavonoids such
as baicalin in the treatment of diabetes.

Baicalin reduced plasma and hepatic TG and TC contents,
which was not observed in the metformin-treated group. A recent
study has shown polyphenols to stimulate hepatocellular AMPK
activity and lipid levels, as well as hyperlipidemia and athero-
genesis in type 1 diabetic mice, which is similar in terms of
the mechanism to the course of action of metformin. Existing
evidence demonstrated that the availability of free fatty acids
(FFA) for oxidation by muscles and other tissues may lead
to impairment of carbohydrate oxidation as well as to glu-
cose intolerance as seen in obesity and obese diabetics (27 ).
In addition, FFA can stimulate hepatic gluconeogenesis and alter
pancreatic insulin release as well as pathways of glucose metabo-
lism (27 ). Therefore, the reduction of circulating TG and TC
is an important aspect of the treatment of diabetes that was not
achieved with metformin in this study. On the other hand,
baicalin produced significant reductions in hepatic TG and TC
contents. It may be hypothesized that baicalin reduces hyperlipi-
demia through the activation of hepatocellular AMPK as shown
by a recent study in type 1 diabetic mice (28 ).

Administration of STZ is known to initiate pancreatic β-cell
death, resulting in an in vivomodel for the study of type I diabetes
(29 ). However, a few studies have shown the damage by STZ
to be partial, leaving some β-cells undamaged (30 ). Thus, the
STZ-induced diabetic rat model would tend to show type 2-like
features, which also justifies the use of metformin during this
study. A significant enhancement in plasma and pancreatic
insulin levels was observed in group MB compared with group
M. The plasma insulin concentrations of the treatment groups
were still significantly lower than the concentrations of the
nondiabetic control. The enhanced levels of pancreatic insulin
in groups B andMBmay be attributed to the protective effects of

Figure 7. Effects of metformin, baicalin, and metformin + baicalin on
(A) hepatic glycogen contents, (B) hepatic glycogen synthase activity, and
(C) hepatic glucose-6-phosphatase activity in STZ-diabetic Wistar rats.
Values are expressed as mean( SEM. Each group includes six rats per
treatment. /, p < 0.05 versus the diabetic control; †, p < 0.05 versus the
metformin-treated group.

Table 1. Effects of Metformin, Baicalin, and Metformin plus Baicalin on Various Biochemical Parameters Measured in Blood Plasma after 30 Days of
Treatment (n = 6)a

biomarker nondiabetic control diabetic control metformin baicalin metformin + baicalin

CRP (ng/mL) 20.47( 6.79 73.82 ( 1.23 67.14( 3.36* 59.54( 0.62*,† 56.07( 0.43*,†

isoprostane (μg/g) 6.98( 1.33 41.87( 1.27 37.78( 6.97* 34.89( 3.86*,† 22.95( 5.63*,†

AST (U/L) 21.84( 6.88 43.67( 13.95 90.87( 57.45 23.65 ( 9.78 109.86( 36.33

ALT (U/L) 20.77 ( 4.96 41.25( 10.30 97.68( 59.88 23.97( 9.88 102.67 ( 49.37

glucagon (pg/mL) 35.06( 0.15 39.82( 1.87 34.93 ( 1.20 35.18( 0.32 35.20( 1.56

aValues were statistically significant as compared with (*) the diabetic control (p < 0.05) and (†) the metformin-treated group (p < 0.05).
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increased antioxidant enzyme activities. We are currently
investigating the effects of baicalin on genetically modified type
2 diabetic rats, and the results will be disclosed in due course.

In summary, this study has shown baicalin to be an efficient
mitigator of hyperglycemia-induced oxidative stress when used
alone or in combination with metformin. The importance of
maintaining the redox balance as well as reducing elevations in
plasma glucose levels has been recognized as an essential and
proficient method in combating diabetic macro- and microvas-
cular complications. Thus, the results of this study add strength
to the hypothesis that an increase in antioxidant activity plays
a role in the prevention of hyperglycemia-induced long-term
complications.

ABBREVIATIONS USED

8-OHdG, 8-hydroxydeoxyguanosine;AGE-products, advanced
glycation end products; ALT, alanine transaminase; AST, aspar-
tate transaminase; CAT, catalase; cAMP, cyclic adenosine mono-
phosphate; ELISA, enzyme-linked immunosorbent assay; FFA,
free fatty acids; G-6-P, glucose-6-phosphate; G-6-Pase, glucose-
6-phosphatase; GPx, glutathione peroxidase; HPLC, high-perfor-
mance liquid chromatography;ORAC, oxygen radical absorbance
capacity; PARP, poly-ADP ribose polymerase; PKC, protein
kinase-C; ROS, reactive oxygen species; RNS, reactive nitrogen
species; SOD, superoxide dismutase; STZ, streptozotocin; TC,
total cholesterol; TG, triglycerides.

Supporting Information Available: Details of methodology.

This material is available free of charge via the Internet at http://

pubs.acs.org.
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