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Abstract

Hypoglycemic effects of berberine (BBR) have been reported in several studies in cell and animal models. However, the mechanisms of
action are not fully understood. The present study was therefore aimed at determining the effect and underlying mechanisms of action of BBR
on diabetes in a high-fat diet— and streptozotocin-induced diabetic rat model. Ninety male Sprague-Dawley rats, 150 to 170 g, were housed
individually in cages. Two groups (n = 12 each) were fed the AIN-93G diet (normal control) and the same diet modified to contain 33% fat
and 2% cholesterol (high-fat control), respectively. The third group (n = 66) was fed the high-fat diet and injected intraperitoneally 2 weeks
later with 35 mg/kg body weight of streptozotocin in citrate buffer (pH 4.5). The rats in both control groups were injected with the vehicle.
After 12 days, rats with semifasting (5 hours) blood glucose levels between 14 and 25 mmol/L were divided into 4 groups (n = 12 each) and
treated with 0 (diabetic control), 50, 100, and 150 mg/kg/d of BBR for 6 weeks while continuing on the high-fat diet. Hypoglycemic effects
of BBR were consistently demonstrated by semifasting and fasting blood glucose levels, and insulin-sensitizing effects were seen during oral
glucose tolerance testing. Berberine also reduced food intake while having no effect on body weight in diabetic rats. No effect of BBR was
observed on plasma levels of insulin, adipokines (leptin and adiponectin), or inflammatory cytokines (tumor necrosis factor—o and C-reactive
protein). Berberine did not affect the state of oxidative stress as assessed by the activity of superoxide dismutase and the concentrations of
malondialdehyde and reduced and oxidized glutathione in the liver. These findings demonstrated the hypoglycemic and insulin-sensitizing

capabilities of BBR, with the underlying mechanisms awaiting further investigation.
Crown Copyright © 2011 Published by Elsevier Inc. All rights reserved.

1. Introduction

Type 2 diabetes mellitus (T2DM) prevalence has been
increasing rapidly over the last decade and is now considered
a worldwide epidemic. Although several drugs are available
for the treatment of diabetes, adverse effects and drug
resistance are of great concern. As an alternative, a greater
number of people are seeking natural products or dietary
interventions to prevent or treat diabetes. Several studies
have shown beneficial effects of the plant alkaloid berberine
(BBR) on diabetes. Except for its effect on insulin secretion,
the antidiabetic effect of BBR has been linked to the
inhibition of oxidative stress and chronic inflammation, and
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the regulation of lipid metabolism [1-3]. It is reported that
BBR is capable of suppressing oxidative stress by increasing
the activity of antioxidant enzymes such as superoxide
dismutase (SOD) and blocking malondialdehyde (MDA)
formation [4,5], as well as attenuating glutathione (GSH)
depletion [6]. Berberine has also been shown to have anti-
inflammatory effects in animal models of acute and chronic
inflammation [7]. Tumor necrosis factor—o (TNF-o) is an
important proinflammatory cytokine produced mainly in
macrophages, and it has been shown that BBR inhibits
TNF-a gene expression in these cells [§].

The adipokines are signaling proteins involved in the
regulation of energy and glucose metabolism [9,10]. Leptin
regulates appetite and energy metabolism [10], and elevated
levels in the blood indicate an increased risk for leptin
resistance and T2DM development in middle-aged adults
[11]. Adiponectin is involved in the regulation of glucose
utilization and fatty acid catabolism [12], and decreased
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blood levels are associated with insulin resistance [12,13].
Recent in vitro studies using 3T3-L1 adipocytes showed a
significant reduction of leptin and increase of adiponectin
after BBR treatment [14,15].

Impaired blood lipid levels are also characteristic of
subjects with insulin resistance and T2DM [16], especially
elevated circulating free fatty acids (FFAs) [17]. It is reported
that FFAs are inversely related to pancreatic B-cell response
to glucose [18], and elevated blood FFAs contribute to the
development of insulin resistance and T2DM [19]. In a
human study, it was found that a progressive increase in
plasma FFAs caused a dose-dependent inhibition of insulin-
stimulated glucose uptake and utilization [20]. Berberine
reduces FFA levels in rats with impaired glucose tolerance
[21], and a recent in vitro study showed that BBR can reverse
FFA-induced insulin resistance in adipocytes [22].

Type 2 diabetes mellitus is a complicated metabolic
disease characterized by impairment of both insulin secretion
and insulin sensitivity [2]. Although the antidiabetic effects
of BBR have been reported in a few studies [2,3,23-25],
more evidence is needed to support its insulinotropic and
insulin-sensitizing capabilities. In addition, the mechanisms
remain largely uncertain [23], and data on the effect of BBR
on insulin secretion, chronic inflammation, and circulating
levels of FFA and adipokines are very limited, especially
from in vivo studies. Therefore, the aim of the present study
was to examine the insulinotropic, insulin-sensitizing, and
hypoglycemic effects of BBR in a high-fat diet— and low-
dose streptozotocin (STZ)—induced diabetes rat model. The
effects of BBR on the plasma concentration of adipokines,
inflammatory cytokines, liver biomarkers of oxidative stress,
and blood lipids, particularly FFA, were also investigated.

2. Materials and methods
2.1. Animals and diets

Ninety male Sprague-Dawley rats (Charles River Labo-
ratories, Montréal, Québec, Canada), 150 to 170 g, were
housed individually in cages in a temperature-controlled
room with a 12-hour light:dark cycle. After 1 week of
acclimation with free access to regular rodent chow and
water, the rats were randomly divided into 3 groups. Group 1
(n = 12, normal control [NC]) was fed a casein-cornstarch-
sucrose—based semisynthetic AIN-93G diet containing 5%
fat (beef tallow:sunflower oil mix [96:4, wt/wt]). Groups 2
(n =12, high-fat control [HFC]) and 3 (n = 66) were both fed
the AIN-93G diet modified to contain 33% fat and 2%
cholesterol. After 2 weeks of high-fat diet feeding, group 3
was injected (intraperitoneally) with STZ (Sigma Chemicals,
Oakville, Ontario, Canada) dissolved in citrate buffer (pH
4.5) at a dose of 35 mg/kg body weight and tested for
semifasting (5 hours) blood glucose levels 3 and 12 days post-
injection. The control animals were injected with the citrate
buffer vehicle. Rats in group 3 with semifasting blood
glucose levels between 14 and 25 mmol/L were randomly

divided into 4 groups (n =12 each) and continued on the high-
fat diet. One group was used as a high-fat diabetic control
(HFDC), and the other 3 were orally gavaged with BBR
chloride (98% pure, Sigma Chemicals) dissolved in 0.5%
carboxymethyl cellulose at doses of 50, 100, and 150 mg/kg
body weight per day and designated as BBR50, BBR100, and
BBRI150, respectively. Rats in the NC, HFC, and HFDC
groups were gavaged with 0.5% carboxymethyl cellulose.
Body weights and food intake were recorded weekly and
daily, respectively. Fasting blood glucose and oral glucose
tolerance tests (OGTTs) were performed as described below.

At the end of the study, animals were fasted overnight and
anesthetized with isoflurane (Pharmaceutical Partners of
Canada Inc.). Blood samples obtained from the abdominal
aorta were collected into EDTA tubes and placed on ice. After
centrifugation, plasma was collected and stored at —80°C.
Liver samples were obtained, immediately frozen in liquid
nitrogen, and stored at —80°C. The animal use and
experimental protocols were approved by the Joint Animal
Care and Research Ethics Committee of the National
Research Council Canada—Institute for Nutrisciences and
Health and the University of Prince Edward Island. The study
was conducted in accordance with the guidelines of the
Canadian Council on Animal Care.

2.2. Fasting blood glucose measurements and OGTT

Throughout the 6-week treatment period, semifasting
(5 hours) blood glucose was measured weekly on lateral tail
vein blood samples using an ACCU-Check glucose meter
(Roche Diagnostics, Toronto, Ontario, Canada). Oral
glucose tolerance testing was also performed during the
last week of treatment using a standardized method [16].
After a 12-hour fasting, the animals were orally gavaged
with 2 g/kg body weight of glucose dissolved in water (40%,
wt/vol). Blood glucose levels were measured at 0, 15, 30, 60,
and 120 minutes with the glucose meter.

2.3. Plasma insulin, leptin, and adiponectin measurements

Plasma insulin, leptin, and adiponectin levels were
quantified in duplicate using commercial enzyme-linked
immunosorbent assay kits purchased from Crystal Chem
(Downer’s Grove, IL). Each assay was performed following
the kit instructions. Standards at a series of concentrations
were run in parallel with the samples. The insulin, leptin, and
adiponectin concentrations in the samples were calculated in
reference to the corresponding standard curves and
expressed as nanograms per milliliter.

2.4. Measurement of liver markers of oxidative stress

Liver MDA, GSH, and GSSG (glutathione disulfide)
concentrations and SOD activity were measured in duplicate
using commercial kits purchased from Cayman Chemical
(Ann Arbor, MI). Liver tissue was homogenized in 250 uL
radioimmunoprecipitation buffer containing protease inhibitor
and centrifuged at 1600g for 10 minutes at 4°C. The
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Table 1

Comparison of average food intake among treatment groups

Group Wk 1 Wk 2 Wk 3 Wk 4 Wk 5 Wk 6

NC 20.09 + 0.71% 18.76 + 0.52* 20.59 + 0.53% 19.09 + 0.62* 21.80 + 1.27° 20.62 + 0.76
HFC 14.69 + 0.54° 14.04 +0.51° 14.61 + 0.54° 14.26 + 0.50° 15.27 +0.56° 15.86 + 0.86°
HFDC 17.88 + 0.56° 16.65 + 0.57° 17.06 + 0.71% 16.81 + 0.52° 18.15 + 0.58° 17.18 £ 0.59°
BBR50 17.42 + 0.98° 17.06 + 0.76" 17.09 + 0.86° 15.40 + 0.90> 16.66 + 0.73% 14.99 +0.91°
BBR100 15.26 +0.55° 16.80 + 1.23% 15.53 + 0.74° 14.23 + 0.58° 15.39 +0.72° 15.05 + 0.66°
BBR150 15.71 + 0.68* 15.88 + 0.80% 17.14 £ 0.76° 15.87 £ 0.75° 16.51 + 0.74%° 16.64 = 0.70°

Data are presented as means + SEM (in grams per day; n = 12 for each group). For each week, values bearing different superscript letters are different (P <.05).

supernatant was collected and measured for SOD activity and
MDA concentration according to the kit instructions. The SOD
activity and MDA concentrations were calculated in reference
to the corresponding standard curves and expressed as units
per gram and micromoles per gram of liver tissue, respectively.

For the liver GSH and GSSG analyses, homogenized
tissue was centrifuged at 10 000g for 15 minutes at 4°C, and
the supernatant was removed and stored on ice. Protein was
removed using metaphosphoric acid (5 g metaphosphoric
acid in 50 mL dH,0) and 4 mol/L triethanolamine (531 uL
triethanolamine in 469 ul. dH,0) reagents. The deprotei-
nated supernatant was then used to measure the GSH
concentrations by following the kit instructions. For the liver
GSSG analysis, liver GSH was first derivatized with 1 mol/L
2-vinylpyridine (108 uL 2-vinylpyridine in 892 uL ethanol).
The assay was then performed as per GSH. In reference to
the standard curves, the concentrations of GSH and GSSG
were calculated and expressed as micromoles per gram of
liver tissue.

2.5. Measurement of plasma inflammatory cytokines

Plasma TNF-o was quantified in duplicate using a
commercial enzyme-linked immunosorbent assay kit pur-
chased from Pierce Endogen (Rockford, IL). To the anti—
TNF-a antibody-coated 96-well plate, 50 uL of samples or
standards was added, followed by a 1-hour incubation at
room temperature. After 3 washes with the wash buffer, 50
uL of a biotinylated antibody reagent was introduced, and
the plate was incubated for 1 hour at room temperature. A
second wash cycle was performed, followed by addition of
100 uL of substrate 3,3’,5,5-tetramethylbenzidine and a 30-
minute incubation in a dark room. The reaction was then
terminated by adding 100 uL of stop solution, and

absorbances were read at 450 nm. Plasma TNF-o concentra-
tions were calculated in reference to the standard curve and
expressed as picograms per milliliter.

2.6. Statistical analysis

All rats were able to complete the study, and data analyses
were performed by 1-way analysis of variance (ANOVA)
using SAS 9.1 (SAS Institute, Cary, NC). Except for body
weight and food intake, all values were logarithmically
transformed. Differences between treatment means were
determined by pairwise comparisons using the least squares
means test, with P < .05 indicating statistical significance.
Results are presented as means + SEM.

3. Results

3.1. Berberine lowered food intake with no effect on
body weight

Rats fed the high-fat diet had reduced food intake
compared with rats fed the normal diet (Table 1).
Streptozotocin-induced diabetic rats had increased food
intake at weeks 1 and 5 compared with the high-fat control
rats. After BBR treatment with the 100-mg/kg/d dose, food
intake was lowered (P <.05) and significantly different from
the diabetic control at weeks 1, 4, and 5. Berberine treatment
with the 50- and 150-mg/kg/d doses did not alter food intake
significantly in diabetic rats.

The high-fat diet increased body weight compared with
the normal control diet throughout the treatment period
(Table 2). Diabetic rats had lower (P < .05) body weights
than the high-fat control and normal control rats during the
entire study. Berberine treatment did not significantly

Table 2

Comparison of average body weight among treatment groups

Group Wk 0 Wk 1 Wk 2 Wk 3 Wk 4 Wk 5 Wk 6

NC 304.7 £ 5.8%¢ 322.8 £ 6.0° 336.8 £ 6.2° 354.6 £ 5.9° 366.2 + 6.8° 365.2 +£6.1° 379.0 = 6.8°
HFC 326.2 £7.5° 347.8 + 8.6° 365.9 £ 8.8° 384.6+9.9° 404.0 £ 10.8° 409.2 +12.2° 4247+ 133°
HFDC 284.0 + 8.9° 302.1 + 8.8° 309.3 +10.3¢ 317.2+£12.3¢ 322.8 + 14.4° 330.5 + 15.6° 338.8 +17.3¢
BBR50 269.8 + 9.9 300.5 +5.9° 307.3 £ 6.9° 317.3 +8.6° 322.8 £ 10.6° 326.5+ 11.4° 329.4 + 14.8°
BBR100 288.3 + 7.8° 302.1 +8.3¢ 3129 £9.9° 326.0 £ 9.5° 3345+ 11.7° 335.6 = 13.0°¢ 342.3 £ 14.2%
BBR150 292.5 + 8.0° 301.2 +£5.4° 306.8 + 8.4° 316.8 +£9.0° 3241 £11.3° 3245+ 11.7° 336.6 £ 16.3°

Data are presented as means = SEM (in grams; n = 12 for each group). For each week, values bearing different superscript letters are different (P < .05).
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improve body weights during the first 5 weeks of treatment.
At week 6, animals administered BBR at 100 mg/kg/d had
increased body weights that became similar to the normal
control rats, yet remained lower (P < .05) than the high-fat
control rats.

3.2. Berberine showed hypoglycemic effects in diabetic rats

The effect of BBR on glucose control was assessed by
semifasting blood glucose values, which were measured
weekly after a S-hour fasting period. As shown in Fig. 1,
BBR treatment at both the 50- and 100-mg/kg/d doses was
able to lower (P < .05) semifasting blood glucose levels at
week 6. This trend, although deemed to be significant at
marginal levels, was also noted consistently at all other time
points (P = .05, .09, .05, .06, and .07 at weeks 1, 2, 3, 4, and
5, respectively) in response to the 100-mg/kg/d dose. The
100-mg/kg/d dose tended to show a consistently stronger
hypoglycemic effect than the 50-mg/kg/d dose, but the
differences between these 2 doses did not reach statistical
significance. The 150-mg/kg/d dose did not, however, show
a significant effect on semifasting blood glucose levels.

In line with the semifasting blood glucose results, rats
treated with the 100-mg/kg/d dose showed significantly
decreased (P < .05) overnight-fasting blood glucose levels
compared with the diabetic control (Fig. 2). The 50- and 150-
mg/kg/d doses did not, however, show a significant
improvement in blood glucose levels.

3.3. Berberine showed insulin-sensitizing effects in
diabetic rats

To determine the insulin-sensitizing capability of BBR,
OGTT was performed during the last week of treatment.
Compared with the diabetic control, the 100-mg/kg/d dose
group showed a significant improvement in oral glucose
tolerance (Fig. 3). Rats in this group had lower (P < .05)
blood glucose levels at time points 0, 15, and 120 minutes
and marginally decreased blood glucose levels 30 minutes

Blood glucose (mmol/L)

Time post treatment (wk)

EINC B HFDC HBBR100
BHFC B BBRS0 B BBR150

Fig. 1. Effect of BBR treatment on semifasting (5 hours) blood glucose
levels in rats. Data were analyzed by 1-way ANOVA with least squares
mean post hoc testing to indicate differences among the groups. Values were
presented as means = SEM (n = 12 for each group). Means with different
superscript letters are different (P < .05).

25 1

Blood glucose (mmol/L)

NC HFC

HFDC BBR50 BBR100 BBR150

Treatment

Fig. 2. Effect of BBR on fasting (12 hours) blood glucose levels in diabetic
rats. Data were analyzed by 1-way ANOVA with least squares mean post
hoc testing to indicate differences among the groups. Values were presented
as means + SEM (n = 12 for each group). Means with different superscript
letters are different (P < .05).

post—oral glucose loading (P = .06). The 150-mg/kg/d dose
group had lower (P < .05) blood glucose levels than the
diabetic controls at time points 0, 15, and 30 minutes and
also lower blood glucose levels 60 minutes post—oral
glucose loading at a marginal significance level (P = .06).
The 50-mg/kg/d dose did not show any significant effects on
oral glucose tolerance.

3.4. Effect of BBR on plasma levels of
inflammatory biomarkers

The analysis of plasma levels of the inflammatory
markers revealed that TNF-a was significantly increased in
response to the high-fat diet feeding and further elevated
with the induction of diabetes (Table 3). After BBR
treatment, plasma TNF-a levels decreased to levels that
were similar to those in the high-fat control, although the

30 7
257 —=— NC
g
E 20 o -4 HFC
E
© —— HFDC
g 15 A
% - BBR50
°
o .
o 10 —e— BBR100
o
5 —— BBR150
0 T T T T 1

0 15 30 60 120

Time post oral glucose loading (min)

Fig. 3. Effect of BBR on OGTT blood glucose levels in diabetic rats. Data
were analyzed by 1-way ANOVA with least squares mean post hoc testing
to indicate differences among the groups. Values were presented as means +
SEM (n = 12 for each group). Means with different superscript letters are
different. P < .05, different from the HFDC group; ***P < .0001, lower
than the HFDC and the 3 treatment groups.
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Table 3

Comparison of plasma TNF-o levels among the treatment groups

Group TNF-o

NC 0.285 +0.147%

HFC 6.297 + 1.298°

HFDC 11.824 +1.628°

BBR50 11.726 + 2.404"
BBR100 9.749 + 2.347%
BBRI150 8.065 + 1.702"

Data are presented as means + SEM (in picograms per milliliter; n = 12 for
each group). Values bearing different superscript letters are different (P <.05).

effect was not significantly different from the diabetic
control (P = .15). Similar effects were seen in plasma levels
of C-reactive protein (data not shown).

3.5. Effect of BBR on plasma lipids and free fatty acids

The analysis of plasma lipids including total cholesterol
and triglycerides showed a significant increase in response
to the high-fat diet (data not shown). With diabetes
development, total cholesterol was further elevated in all 3
BBR treatment groups, but not to a significantly different
level. Triglyceride levels were unchanged in response to
diabetes development. Plasma FFA levels were unchanged
in response to the high-fat diet, but increased with
diabetes development (data not shown). A marginally
significant (P = .08) decrease in FFA levels was observed
in response to the 50-mg/kg/d dose but not to the 100- or
150-mg/kg/d dose doses.

3.6. Berberine had no effect on plasma insulin, leptin, or
adiponectin levels in diabetic rats

The high-fat diet increased leptin and decreased
adiponectin levels while showing no effect on plasma
insulin levels compared with the normal control (Table 4).
In comparison to the high-fat control, rats with diabetes
showed significantly decreased (P < .05) plasma insulin
and leptin levels, whereas plasma adiponectin levels were
unaffected. Berberine treatment at all 3 doses showed
insignificant effects on plasma insulin, leptin, and adipo-
nectin levels.

Table 4
Comparison of plasma insulin, leptin, and adiponectin levels among the
treatment groups

Group Insulin Leptin Adiponectin

NC 420+ 1.47° 1.071 + 0.135° 11 639.5 + 948.1°
HFC 5.16 = 0.86° 2.226 + 0.269° 9166.0 + 673.5°
HFDC 1.28 +0.43° 0.779 + 0.090° 7862.3 + 687.0°
BBR50 1.39 + 0.34° 1.110 + 0.139° 8107.3 + 517.5°
BBR100 132 +0.29° 0.881 + 0.085° 8135.7 + 634.1°
BBR150 1.51 £0.28° 0.965 + 0.182° 92282 + 626.1°

Data are presented as means + SEM (in nanograms per milliliter; n = 12 for
each group). For each parameter, values bearing different superscript letters
are different (P < .05).

3.7. Berberine did not affect oxidative stress biomarkers in
diabetic rats

Oxidative stress status was assessed by measuring the liver
concentrations of MDA, GSH, and GSSG and SOD activity.
The high-fat diet decreased both GSH and GSSG concentra-
tions with no significant effect on the ratio of GSH to GSSG,
MDA levels, or SOD activity (Table 5). Neither diabetes nor
BBR treatment significantly affected the concentrations or
activity of these oxidative stress biomarkers.

4. Discussion

In the present study, the effects of BBR on diabetes were
assessed using a high-fat diet— and STZ-induced diabetic rat
model. The effect of BBR on insulin secretion, insulin
sensitivity, and blood glucose levels were investigated, as
well as food intake and body weight, the adipokines leptin
and adiponectin, and parameters relating to oxidative stress
and inflammation. The results showed significant hypogly-
cemic BBR effects at week 6, along with marginally
significant hypoglycemic effects at all other time points, as
evidenced by semifasting blood glucose levels. The
hypoglycemic effects of BBR were further supported by
the overnight-fasting blood glucose levels measured after
6 weeks of treatment. The observed hypoglycemic effects of
BBR are supported by the results of previous in vitro [26,27]
and in vivo [21,28] studies. Berberine treatment also
improved insulin sensitivity as evidenced by the OGTT
results, in line with a previous study [16]. However, the
magnitudes of fasting blood glucose and oral glucose
tolerance improvements were smaller than previously
reported [5,16]. In agreement with improved blood glucose
and oral glucose tolerance, food intake in diabetic rats was
gradually decreased after BBR treatment, became similar
with the normal high-fat control after 3 weeks, and was
sustained thereafter. As diabetes generally causes increases
of food intake, reductions of food intake after BBR
treatments are indicative of improvement of diabetic
conditions [29].

The plasma insulin levels observed in the present study
revealed no significant BBR effects on insulin secretion in
the high-fat diet— and STZ-induced diabetic rats during the
6-week treatment period. It is well known that injection of a
high dose of STZ (>45 mg/kg) significantly damages the
ability of pancreatic S-cells to synthesize and secrete insulin
in rats [30]. Consequently, these animals develop impaired
insulin response to food ingestion and glucose loading, and
accordingly, impaired glucose uptake/utilization capabilities
[16,31], mimicking human type 1 diabetes mellitus.
Recently, multiadministration of low doses of STZ was
used to induce moderate impairment of insulin secretion,
more characteristic of later-stage T2DM [15]. In the present
study, a single low dose of STZ (35 mg/kg) was used to
induce diabetes in rats that were also fed a high-fat diet for
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Table 5

Comparison of liver concentrations of MDA, GSH, GSSG, GSH:GSSG, and SOD activity among the treatment groups

Group MDA GSH GSSG GSH:GSSG SOD

NC 0.132 + 0.008* 223 +0.20* 0.20 + 0.025% 13.78 +2.43% 27 124.7 + 3322.5%
HFC 0.128 + 0.014* 1.63 +0.21° 0.14 +0.018° 11.50 = 1.372 17 117.3 + 1716.2°
HFDC 0.119 + 0.009° 1.47 +0.14° 0.15 £ 0.017%° 11.28 + 1.49° 22 905.3 + 3377.1%°
BBR50 0.108 + 0.007° 1.46 £ 0.15° 0.14 +0.013% 11.24 £ 1.31° 17 148.9 + 1705.9°
BBR100 0.127 + 0.014° 1.43 +£0.21° 0.16 +0.019% 11.37 +2.72° 20 491.2 + 2593.6%
BBR150 0.129 + 0.017* 1.62 £0.17° 0.15 +0.018% 1126 = 1.172 24 025.9 + 2202.5°

Data are presented as means = SEM (in micromoles per gram of liver tissue [MDA, GSH, GSSG, and GSH:GSSG] and units per gram of liver tissue [SOD]; n =
12 for each group). For each parameter, values bearing different superscript letters are different (P < .05).

2 weeks before the STZ injection. Although STZ-induced
diabetes significantly decreased plasma insulin levels, BBR
treatment did not lead to any improvements. Because STZ
induces diabetes by damaging f-cells, the results of the
present study suggest that BBR is unable to help the pancreas
to recover p-cell function or regenerate f-cells in rats
experiencing low-dose STZ-induced diabetes under the
current experimental conditions. The effect of BBR on
insulin secretion is controversial. Despite studies supporting
the insulinotropic capabilities of BBR [3,28], our study did
not show any insulinotropic effect in accordance with a
recent study in rats [32]. By contrast, an in vitro study
showed reductions of insulin secretion in pancreatic -cells
after BBR treatment [33]. The reason for these discrepancies
is unclear and may be due to the different experimental
conditions and research models used, including cell models
[33,34], islets models [35], and animal models [15,21,31].

It is well known that adipokines play an important role in
energy and glucose metabolism [9,10], and that their
circulating levels are associated with obesity and diabetes
[13]. Blood leptin levels are increased by obesity and
decreased by diabetes [11]. Obesity, insulin resistance, and
diabetes are all linked to reduced levels of adiponectin [13].
In line with these studies, the present study demonstrated that
high-fat diet feeding induces significant increases in leptin
and decreases in adiponectin and that, by contrast, diabetes
reduces blood leptin levels in rats, in agreement with a
previous study [11]. Interestingly, diabetes did not change
plasma adiponectin levels. Moreover, treatment of diabetic
rats with BBR did not result in significant alterations in
either leptin or adiponectin levels, indicating that leptin nor
adiponectin were involved in the improvement of insulin
sensitivity by BBR supplementation. A recent study showed
that BBR increased adiponectin in 3T3-L1 adipocytes [36],
and another indicated that BBR reduced leptin in the same
cells [14]. However, there are no data available relating to the
effect of BBR on plasma/serum levels of these 2 adipokines
in animals.

In general, high-fat feeding or obesity results in elevated
oxidative stress, which is further increased with the
development of diabetes [1]. In accordance with these
studies, the high-fat feeding in the present study caused
reductions of SOD and GSH, indicating that oxidative stress
was increased by high-fat consumption. However, the single

low-dose STZ—induced diabetes did not significantly affect
the levels of these oxidative stress biomarkers including
MDA, GSSG, or the GSH to GSSG ratio. The insignificant
BBR effects on these oxidative stress biomarkers may also
be due to the use of a different animal model in the present
study compared with others [1,37], in which oxidative stress
was increased in diabetic rats and reduced after BBR
treatment. On the other hand, results of our study suggest that
the improved blood glucose and oral glucose tolerance by
BBR may be independent from oxidative stress.

The insignificant effect of BBR on the aforementioned
parameters may suggest that BBR improves glucose control
through other mechanisms, such as anti-inflammation and
reduction of FFA, leading to improved insulin sensitivity. It
is reported that in insulin-resistant states of obesity and
T2DM, the plasma concentration of TNF-o is increased
[38-40]. In the present study, the high-fat feeding resulted in
a significant elevation in plasma levels of the inflammatory
biomarkers TNF-o and C-reactive protein, and diabetes
resulted in further elevation. Berberine treatment at the doses
of 100 and 150 mg/kg/d tended to reduce plasma levels of
TNF-o. Several studies have demonstrated that elevated
plasma FFA levels are related to the development of insulin
resistance and T2DM [18,19]. We observed in STZ-induced
diabetic rats that BBR supplementation appeared to decrease
plasma FFA levels. As BBR did not show significant effects
on insulin secretion or oxidative stress, the improved ability
of BBR to control blood glucose might be related to its anti-
inflammatory and FFA-lowering effects. Although not tested
in the current study, the effect of BBR on blood glucose
levels and oral glucose tolerance might also be attributed to
other mechanisms related to insulin action/sensitivity, such
as dipeptidyl peptidase—IV inhibition [41], enhanced action
of glucagon-like peptide—1 [26], and increased glucose
metabolism through induction of glycolysis [42]. It is also
possible that BBR improved insulin sensitivity by up-
regulating insulin receptor expression [43-45].

In conclusion, the present study has demonstrated the
antidiabetic hypoglycemic and insulin-sensitizing effects of
BBR in a rat model of STZ-induced diabetes, however, the
magnitudes were smaller than those reported by others.
Berberine supplementation reversed the increase of food
intake in diabetic rats, with no effect on body weight. The
mechanism of action of BBR on diabetes may be attributed
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in part to its anti-inflammatory and FFA-lowering effects, as
well as other mechanisms, which await further investigation.
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