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The oxidative modification of low-density lipoprotein (LDL) is thought to have a central role in the
pathogenesis of atherogenesis. Berberine, a natural constituent of plants of the genera Coptis and
Berberis, has several anti-inflammation and anticancer biological effects. However, its protective effects
on LDL oxidation and endothelial injury induced by oxLDL remain unclear. In this study, we evaluated
the antioxidative activity of berberine and how berberine rescues human umbilical vein endothelial
cells (HUVECs) from oxidized LDL (oxLDL)-mediated dysfunction. The antioxidative activity of
berberine was defined by the relative electrophoretic mobility of oxLDL, fragmentation of ApoB, and
malondialdehyde production via the Cu2+-mediated oxidation of LDL. Berberine also inhibited the
generation of ROS and the subsequent mitochondrial membrane potential collapse, chromosome
condensation, cytochrome C release, and caspase-3 activation induced by oxLDL in HUVECs. Our
results suggest that berberine may protect LDL oxidation and prevent oxLDL-induced cellular
dysfunction.
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INTRODUCTION

The oxidative modification of low-density lipoprotein (LDL)
is a major risk factor for accelerating atherogenesis (1, 2). Many
studies have demonstrated that oxidized LDL (oxLDL), pro-
duced by a variety of different techniques, shows enhanced
uptake in macrophages by scavenger receptors and can lead to
accumulation of cholesterol ester and formation of foam cells.
The accumulation of foam cells in the subendothelial space

constitutes a hallmark in atherosclerotic lesion (3, 4). The early
stages of the atherosclerotic process are initiated by the
accumulation of oxLDL and the induction of gene expression
in endothelial cells that may result in dysfunction of the
endothelium (5), leading to an alteration of the function and
structural integrity of the endothelial barrier (6). It has been
reported that oxLDL activates the cellular suicide pathway in
endothelial cells, including an increase in reactive oxygen
species (ROS) production and a reduction of mitochondrial
transmembrane potential with concomitant release of the mi-
tochondrial protein cytochrome C and, subsequently, activation
of capase-3 and poly ADP-ribose polymerase (PARP), leading
to apoptosis (7).

Berberine is a bright yellow isoquinoline alkaloid that can
be found in the roots, rhizomes, stem, and bark of a number of
important medicinal plants, such as Hydrastis canadensis, Cortex
phellodendri, and Rhizoma coptidis. The potential clinical
importance of berberine has been demonstrated by its use in
both Indian and Chinese medical systems (8). Berberine has
been found to have antibacterial, antibiotic, anti-inflammatory,
antioxidant, and immune system-stimulating properties (9, 10),
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as well as ameliorating effects on hyperlipidemia and hyperg-
lycemia. A recent report showed that berberine inhibited the
progression of diabetes induced by alloxan, and the inhibitory
effect might be associated with its hypoglycemic effect, its
modulating lipid metabolic effects, and its ability to scavenge
free radicals (11). It has been well documented that berberine
could increase hepatic low-density lipoprotein receptor (LDLR)
mRNA and protein levels through a post-transcriptional mech-
anism (12) and inhibit lipid synthesis in human hepatocytes
through the activation of AMP kinase (13). A placebo-controlled
clinical study demonstrated that oral administration of berberine
in 32 hypercholesterolemic patients at a daily dose of 1 g for 3
months reduced plasma total triglyceride by 35%, cholesterol
by 29%, and LDL cholesterol (LDL-c) by 25% without side
effects (14). In a previous study, we showed that berberine
inhibited the invasion of human lung cancer cells via decreased
production of u-PA and MMP-2 (15). In addition, the antine-
oplastic functions of berberine were suggested to be mediated
via growth inhibition through cell cycle arrest or the induction
of cellular apoptosis (16, 17).

Furthermore, berberine might decrease serum levels of
cholesterol, triglycerides, and LDL-cholesterol in hypercholes-
terolemic patients and in animals fed a high-fat diet (14, 18),
but little is known about whether berberine has a protective
effect on LDL oxidation and endothelial cells, particularly with
regard to oxLDL-induced endothelial dysfunction. In the present
study, we investigated the influence of berberine on oxidation
of LDL and ox-LDL-induced apoptosis and mitochondrial
changes of endothelial cells.

MATERIALS AND METHODS

Materials and Chemicals. Berberine chloride (3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium) was purchased from Sigma Chemi-
cal Co. (St. Louis, MO) and dissolved in dimethylsulfoxide. Ethylene-
diaminetetraacetic acid (EDTA), cupric sulfate, sodium dodecyl sulfate
(SDS), 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT), 4′,6-diamidino-2-phenylindole (DAPI), and polyacrylamide
were purchased from Sigma Chemical Co. (St. Louis, MO). M199,
fetal bovine serum (FBS), and trypsin-EDTA were obtained from
GibcoBRL (Grand Island, NY). Low serum growth supplement (LSGS)
was purchased from Cascade Biologicals (Portland, OR). A monoclonal
antibody against �-actin was purchased from Sigma (St. Louis, MO).
Mouse monoclonal antibodies against Bcl-2, Bax, and cytochrome C
and a goat polyclonal antibody against caspase-3 were purchased from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA). A rabbit polyclonal
antibody against PARP was purchased from BD Transduction Labo-
ratories (San Diego, CA). The ECL Plus detection kit was obtained
from Amersham Life Sciences, Inc. (Piscataway, NJ).

Endothelial Cell Cultures. Human umbilical vein endothelial cells
(HUVECs) were isolated from human umbilical cords with collagenase
and used at passages 2–3 (19). After dissociation, the cells were
collected and cultured on gelatin-coated culture dishes in medium 199
with low serum growth supplement, 100 IU/mL penicillin, and 0.1 mg/
mL streptomycin. Subcultures were performed with trypsin-EDTA.
Media were refreshed on every second day.

Lipoprotein Separation and Oxidation. Human plasma was
obtained from Taichung Blood Bank, and LDL was isolated using the
sequential ultracentrifugation method (20). LDL (q ) 1.019–1.210
g/mL) in KBr solution containing 30 mM EDTA was stored at 4 °C in
a sterile, dark environment and used within 3 days. Immediately before
oxidation tests, LDL was separated from EDTA and from diffusible
low molecular mass compounds by gel filtration on PD-10 gel
(Pharmacia, St-Quentin, France) in 10 mM phosphate-buffered saline
(PBS; pH 7.4). LDL was diluted with 10 mM PBS to the final
concentration of 1 mg protein/mL and incubated at 37 °C in the presence

of CuSO4 (10 µM) for 16 h followed by the removal of Cu2+ by gel
filtration (PD-10 gel) with 10 mM PBS. Protein quantification was
measured by the Bradford protein assay.

Lipid Peroxidation Assay. The malondialdehyde (MDA) production
was assessed as an indicator of lipid peroxidation according to the
procedures of Camejo et al. (21). To each tube containing 0.55 mL of
the incubated LDL was added 0.5 mL of 25% (w/v) trichloroacetic
acid (TCA) to denature protein. Then, the samples were centrifuged
(10000 rpm) at 10 °C for 30 min to remove the pellets. Thiobarbituric
acid (TBA; 1%, 0.5 mL) in 0.3% NaOH was added to the supernatant,
and the mixed reagents were allowed to react at 90–95 °C for 40 min
in the dark. After the reaction was completed, samples were analyzed
using a Hitachi F2000 spectrophotofluorimeter (excitation wavelength
at 532 nm and emission wavelength at 600 nm). The concentration of
MDA or thiobarbituric acid-reacting substance was expressed as
equivalents of 1,1,3,3-tetraethoxypropane that served as a standard.

Relative Electrophoretic Mobility (REM) Shift Assays. LDL (200
µg/mL) was pretreated with the indicated concentrations of berberine
for 2 h followed by incubation with 10 µM CuSO4 at 37 °C for 16 h.
LDL modifications were assessed by agarose electrophoresis to detect
the increase in electrophoretic mobility of the modified LDL relative
to native LDL accordingly (22). In brief, native or modified LDL (8–10
µg) was loaded into 0.6% agarose gels and electrophoresed for 40 min
at 100 V. The gel was fixed in 75% ethanol and 5% acetic acid for 15
min, stained with 1% oil red O (in 60% isopropanol) for 30 min, and
rinsed with 30% isopropanol to visualize LDL bands. The distance
migrated by each LDL band was measured and expressed as an arbitrary
REM value compared to the native LDL.

Electrophoresis of ApoB Fragmentation. After the oxidation with
or without berberine, samples were denatured with 3% SDS, 10%
glycerol, and 5% 2-mercaptoethanol at 95 °C for 5 min. SDS
polyacrylamide gel electrophoresis (7.5% SDS-PAGE, 100 V for 6 h)
was performed to detect ApoB fragmentation. The gel was subsequently
stained with Coomassie brilliant blue R250 and dried (23).

2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging As-
say. The DPPH assay was used to measure the antiradical activity of
berberine. Briefly, a 0.1 mM DPPH solution was freshly prepared by
dissolving DPPH powder in methanol. Then, 10 µL of berberine and
Trolox storage solutions were added to 990 µL of the DPPH solution
to make the indicated concentrations. The absorbance was measured
at 517 nm after 2 min of reaction at room temperature (24).

Cell Growth Assay. After treatment with oxLDL (200 µg/mL) for
16 h in the presence or absence of berberine, cells were harvested, and
the viable cell number was counted in a hemocytometer by trypan blue
exclusion.

Cell Cycle Analysis. HUVECs were pretreated with the indicated
concentrations of berberine for 2 h followed by oxLDL (200µg/mL)
for 16 h. At the end of the treatment, cells were collected after a brief
incubation with trypsin-EDTA and subjected to cell cycle analysis (25).
Briefly, 1 × 105 cells were fixed in 1 mL of 70% ethanol for 30 min
and then suspended in 1 mL of propidium iodide (PI) solution (25 µg/
mL PI, 0.1 mM EDTA, and 10 µg/mL RNase A in PBS) for 30 min in
the dark. The cell cycle distribution was then analyzed by flow
cytometry analysis using Cell-Quest software (Becton-Dickinson,
CA).

Measurement of Mitochondrial Membrane Potential. To explore
the effect of berberine on the mitochondrial membrane potential (∆Ψm),
the lipophilic cationic probe fluorochrome 5,58,6,68-tetraethylbenz-
imidazolcarbocyanine iodide (JC-1) was used. JC-1 exists either as a
green fluorescent monomer at depolarized membrane potentials or as
a red fluorescent J-aggregate at hyperpolarized membrane potentials.
JC-1 exhibits potential-dependent accumulation in mitochondria, as
indicated by the fluorescence emission shift from 530 to 590 nm. After
treatment with oxLDL (200 µg/mL) for 16 h in the presence or absence
of berberine (25, 50, 75, and 100 µM), cells (5 × 104 cells/24-well
plate) were rinsed with medium, followed by the addition of JC-1 (5
µM). After an incubation at 37 °C for 20 min, cells were examined
under a fluorescent microscope (26).

Measurement of ROS Production. ROS have been implicated in
the pathophysiology of many vascular disorders. To investigate the
effect of berberine on oxLDL-induced ROS production in HUVECs, a

10438 J. Agric. Food Chem., Vol. 55, No. 25, 2007 Hsieh et al.



fluorometric assay using 2′,7′-dichlorofluorescin diacetate (DCFH-DA)
was used as a probe for the presence of hydroxyl radical. Confluent
HUVECs were preincubated with berberine for 2 h, and oxLDL (200µg/
mL) was then added to the medium in the absence or presence of
berberine for 2 h. After the removal of media from wells, cells were
incubated with 10 µM DCFH-DA for 1 h. The cells were then
centrifuged and resuspended for immediate determination of ROS
generation by flow cytometry (Becton-Dickinson, CA) using 488 nm
for excitation and 525 nm for emission (27).

Determination of Cell Viability (MTT Assay). After the indicated
treatments, the treated HUVEC cells were incubated with 0.5 mg/mL
MTT in culture medium for an additional 4 h, and the blue formazan
crystals of viable cells were dissolved in isopropanol and then measured
spectrophotometrically at 563 nm (28).

DAPI Staining. Single-cell suspensions of treated HUVEC cells
were washed with PBS, fixed with 70% ethanol for 20 min at room
temperature, and washed again with PBS. Cells were then treated with
DAPI stain (0.6 µg/mL in PBS), incubated for 5 min, and washed again
with PBS for 5 min. Chromatin fluorescence was observed under a
UV-light microscope. Apoptotic cells were morphologically defined
by cytoplasmic and nuclear shrinkage and chromatin condensation
(28).

Western Blot Analysis. Samples of cell lysates or cytosolic fractions
were separated in a 12.5% polyacrylamide gel and transferred onto a
nitrocellulose membrane as previously described (29). The blot was
subsequently probed with �-Actin, Bax, Bcl-2, cytochrome C, caspase

3, and PARP antibodies. The immunoreactions were detected by
chemiluminescence using an an ECL Plus detection kit, and the relative
intensities of the signals were quantified by densitometry using a gel
documentation and analysis system (LAS-3000 Image Reader, Fujifilm,
Stamford, CT).

Statistical Analysis. An unpaired two-tailed Student t test was used
to assess group differences throughout this study (SigmaStat 2.0, Jandel
Scientific, San Rafael, CA).

RESULTS

Berberine Inhibited the Copper-Induced Oxidation of
LDL and ApoB Fragmentation. The chemical structure of
berberine is illustrated in Figure 1. The effects of berberine on
CuSO4-mediated oxidation of LDL were determined by REM
assay. LDL was incubated with 10 µM CuSO4 for 16 h to induce
oxidation of LDL. As shown in Figure 2A and 2B, the REM
of the control was assigned a mobility of 1.0 while chemical
oxidation shifted the REM to 4.2. Pretreatment of berberine
caused a such significant and dose-dependent reduction of
electrophoretic mobility that the REM was lowered to 2.8, 1.8,
1.5, and 1.3, respectively, after pretreatment with 25, 50, 75,
and 100 µM berberine. In addition, after the treatment with 10,
50, and 100 µM Trolox, a water-soluble analogue of vitamin E
(as a positive control), the REM was reduced to 2.5, 1.2, and
1.1, respectively. The inhibitory effects of berberine on ApoB
fragmentation were also examined by SDS-PAGE in a similar
manner (Figure 2C). The ApoB band (arrow) in native LDL
disappeared due to the fragmentation caused by the incubatation
with CuSO4 for 4 h. The presence of berberine (25, 50, 75, and
100 µM) and Trolox (10, 50, and 100 µM) significantly reversed
the copper-induced ApoB fragmentation (Figure 2C). The signal

Figure 1. Chemical structure of berberine.

Figure 2. Effect of berberine on the Cu2+-mediated shift of electrophoretic mobility and the ApoB fragmentation in LDL. (A) LDL was incubated with 10
µM CuSO4 for 16 h at 37 °C in the presence or absence of berberine or Trolox, as positive control, and applied to 0.6% agarose gels as described in
the Materials and Methods. (B) The results from the agarose gel electrophoresis were quantified and expressed in the form of relative electrophoretic
mobility (REM). The distance traveled in the agarose gel by the native LDL was assigned the arbitrary unit 1. (C) LDL (200 µg/mL) was incubated with
10 µM CuSO4 at 37 °C in the absence or presence of berberine or Trolox for 4 h and applied to 7.5% SDS-PAGE as described in the Materials and
Methods. (D) Quantification of the ApoB fragmentation assay using densitometry is presented as means ( SD of three independent experiments. The
signal intensity of the native LDL was assigned as 100% arbitrarily. #, P < 0.001 compared with control. *, P < 0.05; **, P < 0.01; and ***, P < 0.001
compared with the oxLDL-treated group.
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intensities of ApoB present in LDL samples under different
treatments were quantified and compared densitometrically
(Figure 2D).

Berberine Attenuated Copper-Induced Lipid Peroxidation

of LDL. The degree of LDL oxidation was assessed by
measuring the concentration of malondialdehyde (MDA), as a
lipid peroxidation indicator. Figure 3A shows a significant
increase in the MDA production when LDL was incubated with
10 µM CuSO4 (lane 2, Figure 3A). In contrast, berberine (25,
50, 75, and 100 µM) or Trolox (as a positive control; 10, 50,
and 100 µM) significantly reduced the MDA formation in a
dose-dependent manner, indicating that berberine exerted an
inhibitory effect on lipid peroxidation of LDL. Since berberine
exhibited a protective effect in LDL oxidation, we further
investigated the radical scavenging activity of berberine. In order
to assess the radical scavenging potential of berberine, the
reactivity toward the stable free radical DPPH was measured

at 517 nm. As shown in Figure 3B, berberine demonstrated
little or marginal activity when compared to Trolox, which
appeared to be a more effective radical scavenger.

Berberine Reduced the OxLDL-Induced Cytotoxicity on
HUVECs. The protective effect of berberine was examined by
monitoring the oxLDL-induced morphological features of
cultured HUVECs in the absence or presence of berberine under
phase-contrast microscopy. Treatment of cultured endothelial
cells with oxLDL (200 µg/mL) for 16 h led to cell shrinkage
or membrane blebbing, which were notably reduced by adding
berberine and Trolox (Figure 4A). This observation was further
supported by berberine-induced increment of cell viability
(Figure 4B) and proliferative activities (Figure 4C) in oxLDL-
treated HUVECs.

To investigate whether berberine conferred protection against
oxLDL-induced apoptosis in HUVECs, DAPI staining and flow
cytometry analysis were performed. The cells incubated with
oxLDL for 16 h showed the typical features of apoptosis, the
formation of condensed chromatin (Figure 5A), and the
accumulation of a sub-G1 population (Figure 5B), while this
effect was significantly decreased by berberine and Trolox
pretreatment. Together, these suggested that berberine protected
endothelial cells from oxLDL-induced cytotoxicity and
apoptosis.

Berberine Perturbed oxLDL-Induced ROS Generation in
HUVECs. The effects of berberine on oxLDL-mediated ROS
generation were determined by pretreating endothelial cells with
berberine (2 h) before oxLDL exposure. As shown in Figure
6, oxLDL (200µg/mL) produced approximately a 5-fold increase
in ROS generation (Figure 6B, dark trace) as compared to
the control (Figure 6A, gray trace). Pretreatment with berberine
(25, 50, and 75 µM) significantly inhibited (left shift) the
oxLDL-induced ROS formation (Figure 6C–E), while 100 µM
berberine almost completely abolished the inhibited ROS
production (Figure 6F).

Berberine Reverted OxLDL-Induced Alterations in Mi-
tochondrial Transmembrane Permeability. To test whether
inhibition of mitochondrial disruption was involved in the
antiapoptotic effect of berberine, we examined the effects of
oxLDL on mitochondrial permeability. When HUVECs were
exposed to oxLDL, the ∆Ψm of mitochondria was depolarized,
as shown by the decrease in red fluorescence and the increase
in green fluorescence. Pretreatment with berberine reduced the
change in ∆Ψm, as indicated by the repression of green
fluorescence and the restoration of red fluorescence (Figure 7).
The disruption of mitochondrial membrane function is known
to result in the release of the mitochondrial enzyme cytochrome
C into the cytosol, which can be detected by Western blot
analysis. The incubation of HUVECs with oxLDL for 16 h
induced a 3-fold increase in the release of cytochrome C into
the cytosolic fraction, compared with the case of the control
cells (Figure 8A). Notably, berberine significantly reduced the
oxLDL-induced release of cytochrome C.

Berberine Prevented the OxLDL-Induced Changes in
Apoptotic Protein Expression in HUVECs. It is recognized
that proteins of the Bcl-2 family have crucial roles in the
regulation of apoptosis by functioning as promoters (e.g., Bax)
or inhibitors (e.g., Bcl-2) of cell death, and oxLDL-induced
release of cytochrome C may lead to the activation of caspase-3
and the cleavage of PARP. The effect of berberine on the
expression of these proteins in HUVECs was determined by
Western blot analysis. Berberine reduced the oxLDL-induced
expression of Bax significantly and increased the levels of
antiapoptotic protein Bcl-2 in a dose-dependent manner (Figure

Figure 3. Effect of berberine on Cu2+-induced MDA formation of LDL
and DPPH scavenging capability. (A) LDL (200 µg/mL) was incubated
with 10 µM CuSO4 at 37 °C for 16 h in the presence or absence of
berberine or Trolox, and then MDA formation was measured as described
in the Materials and Methods. (B) The radical-scavenging activities of
berberine and Trolox were evaluated by using the DPPH radical
scavenging assay. The absorbance of the sample without adding berberine
or Trolox was assigned as 100%, and its radical scavenging rate was
assigned as 0% consequently. The quantitative data were presented as
means ( SD of three independent experiments. *, P < 0.05; **, P <
0.01; and ***, P < 0.001 compared with the oxidative LDL-treated group.
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8B). The expression levels of active caspase-3 and cleaved-
PARP were increased significantly in HUVECs treated with
oxLDL. In contrast, the activation of caspase-3 and the cleavage
of PARP by oxLDL were suppressed dose-dependently in cells
pretreated with berberine.

DISCUSSION

Earlier reports indicated that oxidation of the LDL–lipid
moiety, which leads to the generation of lipid peroxidation
products such as thiobarbituric acid-reacting substances, is
thought to represent the initial step of oxidative pathway
modification (30, 31). Large amounts of lipid peroxides ac-
companied by rearrangement of fatty acid double bonds yielded
conjugated dienes that induced cholesterol degradation. As a
consequence of the propagation reactions, fatty acid fragmenta-
tion occurs, leading to the formation of highly reactive
intermediates, such as ketones and aldehydes, which can then
form a complex with the adjacent ApoB, the major protein
within LDL, to induce fragmentation of ApoB (3, 32, 33). Since
oxLDL represents a major clinical risk factor for atherosclerosis,
reducing the formation of oxLDL is of a great importance in
the prevention of heart diseases. The present data demonstrate
that berberine partially prevents the increase in REM (Figure
2A) and MDA formation (Figure 3A) in response to the

incubation of LDL with Cu2+, indicating that it exerts an
important antioxidant effect in this system. Although the MDA
production was not completely reversed by berberine, i.e. to
the basal levels seen in the absence of Cu2+, it is likely that
oxidative stress was relieved to a sufficient degree to allow
normalization of ApoB fragmentation (Figure 2C). These data
suggest that berberine possesses a strong antioxidative ability
in inhibiting LDL oxidation.

An elevated level of serum LDL cholesterol is an essential
factor in the pathogenesis of atherogenesis (34). The endothe-
lium plays a key role in many cardiovascular diseases, and
apoptosis is emerging as a determinant process in the disease
progress (35). It has been suggested that a substantial accumula-
tion of LDL in the arterial wall, where it becomes oxLDL and
impairs endothelial function in hypercholesterolemic patients,
is a monumental event in early atherogenesis (36). LDL
undergoes oxidative modification when incubated with endot-
helial cells, macrophages, or smooth muscle cells, and oxidized
LDL is taken up rapidly by macrophages via scavenger
receptors, transforming them into foam cells, which are essential
components of fibrofatty plaques and fatty streaks. Accumulation
of foam cells in the subendothelial space is a hallmark of
atherosclerotic lesion (6, 37, 38). In the present study, berberine
displayed a significant ability in the prevention of oxidative

Figure 4. Effect of berberine on oxLDL-induced endothelial cell death. HUVECs were incubated with oxLDL (200 µg/mL) in the absence and presence
of berberine (BER; 25, 50, 75, and 100 µM) or Trolox (10, 50, and 100 µM) for 16 h. (A) Photomicrographs of the treated HUVEC cells were observed
by using phase-contrast microscopy. (B) The viability of treated HUVEC cells was detected using the MTT assay as described in the Materials and
Methods. (C) Viable cells and dead cells were counted using the Trypan blue exclusion assay. The quantitative data were presented as means ( SD
of three independent experiments. #, P < 0.001 compared with control. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 compared with the oxLDL-treated
group.
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damage to the endothelial cells in Vitro (Figures 4 and 5). This
protective effect by berberine is concomitant with a decrease
in levels of ROS (Figure 6) and the stabilization of mitochon-
drial integrity (Figure 7). Consequently, the levels of mito-
chondrial cytochrome C (Figure 8A) and cleaved apoptotic
effectors, caspase 3 and PARP (Figure 8B), were significantly
down-regulated, implying a reduced extent of apoptosis. Col-
lectively, berberine could protect endothelial cells against
oxLDL-induced apoptosis and provide an antiatherosclerotic
effect through cytochrome C-mediated pathways. In addition,
the pharmacokinetic property of oral absorption of 1.2 g of
berberine has been reported for healthy volunteers. The T (peak)
was 2.37 ( 0.04 h, and the C (max) was 394.7 ( 155.4 ng/mL
(39). The plasma concentration of berberine responding to oral

administration and intravenous injection in rat has also been
well established to show that the plasma concentration of
berberine reached 1.81 µg/mL after injection of 10 mg/kg
berberine through the femoral vein and reached 2.31 µg/mL
after oral administration of 27.6 mg/kg berberine (40, 41).
Berberine was eliminated very slowly in the rat body, and the
lowest observed adverse effect level (LOAEL) remained at 531
mg/(kg day) (42). In this study, we showed that 25 µM berberine
protected HUVEC cells from oxLDL-induced cytotoxicity.
Based on its well-known pharmacokinetics and the efficiency
level tested in Vitro, we consider that berberine would be a
suitable candidate applied to a relative in ViVo study.

Berberine, a quaternary protoberberine-type alkaloid, has a
dibenzo[a,g]quinolizidine ring system structure (Figure 1). The
previous studies assume that a polar function including a
nitrogen atom in the center as well as a dimethoxybenzo group
and a [1,3]dioxolobenzo group at both its ends would be a
pharmacophore of alkaloids (43). Similarly to phenolic anti-
oxidants, the presence of an aromatic hydroxyl group may be
responsible for the antioxidant efficiency of alkaloids (44).
However, berberine lacks an aromatic hydroxyl group in its
chemical structure and showed only a negligible activity in

Figure 5. Protective effect of berberine on oxLDL-induced endothelial
cell apoptosis. HUVECs were incubated with oxLDL in the presence and
absence of berberine (BER) or Trolox for 16 h. (A) The nuclear morphology
of the treated cells was observed by fluorescence microscopy using DAPI
stain (at a magnification of 200×). Arrows showed areas of intense
fluorescence staining with condensed nuclei. (B) The hypodiploid cell
population (sub G1 phase) of the treated HUVEC cells was analyzed by
flow cytometry using PI stain, and at last, 10000 events of total cells
were analyzed for each experimental treatment.

Figure 6. Effects of berberine on oxLDL-induced ROS production in
HUVECs. The ROS levels of (A) the HUVEC cells without treatment,
control (gray trace); (B) the HUVEC cells with treatment of 200 µg/mL
oxLDL, oxLDL (dark trace); (C) the HUVEC cells with treatment of oxLDL
and 25 µM berberine, oxLDL+BER25 (dark trace); (D) the HUVEC cells
with treatment of oxLDL and 50 µM berberine, oxLDL+BER50 (dark trace);
(E) the HUVEC cells with treatment of oxLDL and 75 µM berberine,
oxLDL+BER75 (dark trace); and (F) the HUVEC cells with treatment of
oxLDL and 100 µM berberine, oxLDL+BER100 (dark trace), were
measured by flow cytometry using DCFH staining.
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radical scavenging (Figure 3B). By using Trolox as a reference
antioxidant, berberine showed a similar effect on the prevention
of LDL oxidation (Figures 2 and 3) and oxLDL-induced
endothelial injury (Figures 4 and 5). Moreover, berberine
exhibited a strong inhibition of oxLDL-induced ROS overpro-
duction (Figure 6). It has been reported that berberine exhibited
protective effects against oxidative damage by reducing cellular
peroxynitrite (ONOO-) formation, reversing the suppression of
antioxidant enzymes (SOD, catalase, glutathione peroxidase),
inhibiting the oxidative metabolic activities of cytochrome P450,
and suppressing iNOS expression (45, 46). Other studies
indicated that berberine inhibited the expression of several
proteins, such as IL-1�, TNFR, and HIF-1R, through transcrip-
tional regulation or proteolytic degradation (47, 48). Thus, we
speculated that the protection of berberine against oxLDL-
induced endothelial dysfunction might be associated with
suppression of ROS overproduction, and this effect might be
through modulating the expression or activity of ROS generating
enzyme and ROS scavenging enzyme, as opposed to directly
scavenging ROS activity attributed to its chemical structure.
However, the exact mechanism of action by which berberine
exerts protection against oxidative stress remains to be elucidated
and requires further examination.

Our results suggest a possible mechanism linking ROS
generation, membrane damage, and induction of apoptosis to
the damage caused by oxLDL in HUVECs. Further understand-

ing of the intracellular signaling pathways modulating the
oxidative damage induced by oxLDL in the endothelial cultures
may enable us to devise potential therapeutic tools for the
prevention of atherosclerotic progression.

ABBREVIATIONS USED

LDL, low-density lipoprotein; HUVECs, human umbilical
vein endothelial cells; oxLDL, oxidized low-density lipoprotein;
DAPI, 4′,6-diamidino-2-phenylindole; REM, relative electro-
phoretic mobility; ROS, reactive oxygen species; PARP, poly
ADP-ribose polymerase.

LITERATURE CITED

(1) Galassetti, P.; Pontello, A. Dietary effects on oxidation of low-
density lipoprotein and atherogenesis. Curr. Atheroscler. Rep.
2006, 8, 523–529.

(2) Torzewski, M.; Lackner, K. J. Initiation and progression of
atherosclerosissenzymatic or oxidative modification of low-
density lipoprotein. Clin. Chem. Lab. Med. 2006, 44, 1389–1394.

(3) Witztum, J. L.; Steinberg, D. Role of oxidized low density
lipoprotein in atherogenesis. J. Clin. InVest. 1991, 88, 1785–1792.

(4) Chnari, E.; Nikitczuk, J. S.; Wang, J.; Uhrich, K. E.; Moghe, P. V.
Engineered polymeric nanoparticles for receptor-targeted blockage
of oxidized low density lipoprotein uptake and atherogenesis in
macrophages. Biomacromolecules 2006, 7, 1796–1805.

(5) Vinson, J. A.; Proch, J.; Bose, P.; Muchler, S.; Taffera, P.; Shuta,
D.; Samman, N.; Agbor, G. A. Chocolate is a powerful ex vivo
and in vivo antioxidant, an antiatherosclerotic agent in an animal
model, and a significant contributor to antioxidants in the European
and American Diets. J. Agric. Food Chem. 2006, 54, 8071–8076.

(6) Ross, R. The pathogenesis of atherosclerosis: a perspective for
the 1990s. Nature 1993, 362, 801–809.

(7) Dimmeler, S.; Haendeler, J.; Galle, J.; Zeiher, A. M. Oxidized
low-density lipoprotein induces apoptosis of human endothelial
cells by activation of CPP32-like proteases. A mechanistic clue
to the ’response to injury′ hypothesis. Circulation 1997, 95, 1760–
1763.

(8) Sack, R. B.; Froehlich, J. L. Berberine inhibits intestinal secretory
response of Vibrio cholerae and Escherichia coli enterotoxins.
Infect. Immun. 1982, 35, 471–475.

Figure 7. Effects of berberine on oxLDL-induced changes in the
mitochondrial membrane potential in endothelial cells. HUVECs were
incubated with oxLDL (200 µg/mL) in the absence and presence of
berberine (BER; 25, 50, 75, and 100 µM) for 16 h. The changes of the
mitochondrial membrane potential (∆Ψm) were assessed by using
fluorescent lipophilic cationic JC-1 dye. JC-1 is selectively accumulated
within intact mitochondria to form multimer J-aggregates emitting
fluorescence light at 590 nm (red) at a higher membrane potential, left,
and monomeric JC-1 emits light at 527 nm (green) at a low membrane
potential, right.

Figure 8. Effects of berberine on oxLDL-induced caspase-3 and PARP
activation. In the Western blot assay, cell lysates were subjected to SDS-
PAGE, with �-Actin used as an internal control. Signals of proteins were
visualized with an ECL detection system. The results were representative
of three independent experiments.

Berberine against Oxidized LDL-Induced Cytotoxicity J. Agric. Food Chem., Vol. 55, No. 25, 2007 10443



(9) Kuo, C. L.; Chi, C. W.; Liu, T. Y. The anti-inflammatory potential
of berberine in vitro and in vivo. Cancer Lett. 2004, 203, 127–
137.

(10) Nair, G. M.; Narasimhan, S.; Shiburaj, S.; Abraham, T. K.
Antibacterial effects of Coscinium fenestratum. Fitoterapia 2005,
76, 585–587.

(11) Tang, L. Q.; Wei, W.; Chen, L. M.; Liu, S. Effects of berberine
on diabetes induced by alloxan and a high-fat/high-cholesterol
diet in rats. J. Ethnopharmacol. 2006, 108, 109–115.

(12) Abidi, P.; Chen, W.; Kraemer, F. B.; Li, H.; Liu, J. The medicinal
plant goldenseal is a natural LDL-lowering agent with multiple
bioactive components and new action mechanisms. J. Lipid Res.
2006, 47, 2134–2147.

(13) Brusq, J. M.; Ancellin, N.; Grondin, P.; Guillard, R.; Martin, S.;
Saintillan, Y.; Issandou, M. Inhibition of lipid synthesis through
activation of AMP kinase: an additional mechanism for the
hypolipidemic effects of berberine. J. Lipid Res. 2006, 47, 1281–
1288.

(14) Kong, W.; Wei, J.; Abidi, P.; Lin, M.; Inaba, S.; Li, C.; Wang,
Y.; Wang, Z.; Si, S.; Pan, H.; Wang, S.; Wu, J.; Li, Z.; Liu, J.;
Jiang, J. D. Berberine is a novel cholesterol-lowering drug working
through a unique mechanism distinct from statins. Nat. Med. 2004,
10, 1344–1351.

(15) Peng, P. L.; Hsieh, Y. S.; Wang, C. J.; Hsu, J. L.; Chou, F. P.
Inhibitory effect of berberine on the invasion of human lung cancer
cells via decreased productions of urokinase-plasminogen activator
and matrix metalloproteinase-2. Toxicol. Appl. Pharmacol. 2006,
214, 8–15.

(16) Letasiova, S.; Jantova, S.; Cipak, L.; Muckova, M. Berberine-
antiproliferative activity in vitro and induction of apoptosis/
necrosis of the U937 and B16 cells. Cancer Lett. 2006, 239, 254–
262.

(17) Mantena, S. K.; Sharma, S. D.; Katiyar, S. K. Berberine inhibits
growth, induces G1 arrest and apoptosis in human epidermoid
carcinoma A431 cells by regulating Cdki-Cdk-cyclin cascade,
disruption of mitochondrial membrane potential and cleavage of
caspase 3 and PARP. Carcinogenesis 2006, 27, 2018–2027.

(18) Doggrell, S. A. Berberinesa novel approach to cholesterol
lowering. Expert. Opin. InVest. Drugs. 2005, 14, 683–685.

(19) Jaffe, E. A.; Nachman, R. L.; Becker, C. G.; Minick, C. R. Culture
of human endothelial cells derived from umbilical veins. Identi-
fication by morphologic and immunologic criteria. J. Clin. InVest.
1973, 52, 2745–2756.

(20) Havel, R. J.; Eder, H. A.; Bragdon, J. H. The distribution and
chemical composition of ultracentrifugally separated lipoproteins
in human serum. J. Clin. InVest. 1955, 34, 1345–1353.

(21) Wallin, B.; Rosengren, B.; Shertzer, H. G.; Camejo, G. Lipoprotein
oxidation and measurement of thiobarbituric acid reacting sub-
stances formation in a single microtiter plate: its use for evaluation
of antioxidants. Anal. Biochem. 1993, 208, 10–15.

(22) Miyakawa, H.; Honma, K.; Qi, M.; Kuramitsu, H. K. Interaction
of Porphyromonas gingivalis with low-density lipoproteins:
implications for a role for periodontitis in atherosclerosis. J.
Periodontal Res. 2004, 39, 1–9.

(23) Lee, M. J.; Chou, F. P.; Tseng, T. H.; Hsieh, M. H.; Lin, M. C.;
Wang, C. J. Hibiscus protocatechuic acid or esculetin can inhibit
oxidative LDL induced by either copper ion or nitric oxide donor.
J. Agric. Food Chem. 2002, 50, 2130–2136.

(24) Bao, M.; Lou, Y. Isorhamnetin prevent endothelial cell injuries
from oxidized LDL via activation of p38MAPK. Eur. J. Phar-
macol. 2006, 547, 22–30.

(25) Zi, X.; Grasso, A. W.; Kung, H. J.; Agarwal, R. A flavonoid
antioxidant, silymarin, inhibits activation of erbB1 signaling and
induces cyclin-dependent kinase inhibitors, G1 arrest, and anti-
carcinogenic effects in human prostate carcinoma DU145 cells.
Cancer Res. 1998, 58, 1920–1929.

(26) Bedner, E.; Li, X.; Gorczyca, W.; Melamed, M. R.; Darzynk-
iewicz, Z. Analysis of apoptosis by laser scanning cytometry.
Cytometry 1999, 35, 181–195.

(27) Yen, C. H.; Hsieh, C. C.; Chou, S. Y.; Lau, Y. T. 17Beta-estradiol
inhibits oxidized low density lipoprotein-induced generation of

reactive oxygen species in endothelial cells. Life Sci. 2001, 70,
403–413.

(28) Chen, P. N.; Chu, S. C.; Chiou, H. L.; Chiang, C. L.; Yang, S. F.;
Hsieh, Y. S. Cyanidin 3-glucoside and peonidin 3-glucoside inhibit
tumor cell growth and induce apoptosis in vitro and suppress
tumor growth in vivo. Nutr. Cancer 2005, 53, 232–243.

(29) Chen, P. N.; Kuo, W. H.; Chiang, C. L.; Chiou, H. L.; Hsieh,
Y. S.; Chu, S. C. Black rice anthocyanins inhibit cancer cells
invasion via repressions of MMPs and u-PA expression. Chem.
Biol. Interact. 2006, 163, 218–229.

(30) Racek, J.; Holecek, V.; Trefil, L. Indicators of oxidative stress in
cardiovascular diseases. I. Lipoperoxidation. Vnitr. Lek. 1999, 45,
367–372.

(31) Moore, K.; Roberts, L. J. 2nd Measurement of lipid peroxidation.
Free Radical Res. 1998, 28, 659–671.

(32) Jedidi, I.; Therond, P.; Zarev, S.; Cosson, C.; Couturier, M.;
Massot, C.; Jore, D.; Gardes-Albert, M.; Legrand, A.; Bonnefont-
Rousselot, D. Paradoxical protective effect of aminoguanidine
toward low-density lipoprotein oxidation: inhibition of apolipo-
protein B fragmentation without preventing its carbonylation.
Mechanism of action of aminoguanidine. Biochemistry 2003, 42,
11356–11365.

(33) Hashimoto, R.; Matsukawa, N.; Nariyama, Y.; Ogiri, Y.; Hama-
gawa, E.; Tanaka, K.; Usui, Y.; Nakano, S.; Maruyama, T.;
Kyotani, S.; Tsushima, M.; Kojo, S. Evaluation of apolipoprotein
B-100 fragmentation and cross-linkage in serum as an index of
atherosclerosis. Biochim. Biophys. Acta 2002, 1584, 123–128.

(34) Holvoet, P.; Collen, D. beta-VLDL hypercholesterolemia relative
to LDL hypercholesterolemia is associated with higher levels of
oxidized lipoproteins and a more rapid progression of coronary
atherosclerosis in rabbits. Arterioscler. Thromb. Vasc. Biol. 1997,
17, 2376–2382.

(35) Simionescu, M. Implications of early structural-functional changes
in the endothelium for vascular disease. Arterioscler. Thromb.
Vasc. Biol. 2007, 27, 266–274.

(36) Das, S.; Snehlata Das, N.; Srivastava, L. M. Role of ascorbic acid
on in vitro oxidation of low-density lipoprotein derived from
hypercholesterolemic patients. Clin. Chim. Acta 2006, 372, 202–
205.

(37) Badimon, L.; Martinez-Gonzalez, J.; Llorente-Cortes, V.; Rod-
riguez, C.; Padro, T. Cell biology and lipoproteins in atheroscle-
rosis. Curr. Mol. Med. 2006, 6, 439–456.

(38) Hessler, J. R.; Robertson, A. L., Jr.; Chisolm, G. M. 3rd LDL-
induced cytotoxicity and its inhibition by HDL in human vascular
smooth muscle and endothelial cells in culture. Atherosclerosis
1979, 32, 213–229.

(39) Zeng, X. HPLC determination of berberine in plasma of patients
with ischemic heart failure. Chromatographia 1998, 48, 589–590.

(40) Tsai, P.; Tsai, T. H. Simultaneous determination of berberine in
rat blood, liver and bile using microdialysis coupled to high-
performance liquid chromatography. J Chromatogr., A 2002, 961,
125–130.

(41) Yi, L.; Jian-Ping, G.; Xu, X.; Lixin, D. Simultaneous determination
of baicalin, rhein and berberine in rat plasma by column-switching
high-performance liquid chromatography. J. Chromatogr., B 2006,
838, 50–55.

(42) Jahnke, G. D.; Price, C. J.; Marr, M. C.; Myers, C. B.; George,
J. D. Developmental toxicity evaluation of berberine in rats and
mice. Birth Defects Res. B 2006, 77, 195–206.

(43) Hayashi, K.; Minoda, K.; Nagaoka, Y.; Hayashi, T.; Uesato, S.
Antiviral activity of berberine and related compounds against
human cytomegalovirus. Bioorg. Med. Chem. Lett. 2007, 17,
1562–1564.

(44) Rackova, L.; Majekova, M.; Kost’alova, D.; Stefek, M. Antiradical
and antioxidant activities of alkaloids isolated from Mahonia
aquifolium. Structural aspects. Bioorg. Med. Chem. 2004, 12,
4709–4715.

10444 J. Agric. Food Chem., Vol. 55, No. 25, 2007 Hsieh et al.



(45) Zhao, X.; Zhang, J. J.; Wang, X.; Bu, X. Y.; Lou, Y. Q.; Zhang,
G. L. Effect of berberine on hepatocyte proliferation, inducible
nitric oxide synthase expression, cytochrome P450 2E1 and 1A2
activities in diethylnitrosamine- and phenobarbital-treated rats.
Biomed. Pharmacother.,in press.

(46) Yokozawa, T.; Ishida, A.; Kashiwada, Y.; Cho, E. J.; Kim, H. Y.;
Ikeshiro, Y. Coptidis Rhizoma: protective effects against perox-
ynitrite-induced oxidative damage and elucidation of its active
components. J. Pharm. Pharmacol. 2004, 56, 547–556.

(47) Lin, S.; Tsai, S. C.; Lee, C. C.; Wang, B. W.; Liou, J. Y.; Shyu,
K. G. Berberine inhibits HIF-1alpha expression via enhanced
proteolysis. Mol. Pharmacol. 2004, 66, 612–619.

(48) Lee, C. H.; Chen, J. C.; Hsiang, C. Y.; Wu, S. L.; Wu, H. C.;
Ho, T. Y. Berberine suppresses inflammatory agents-induced
interleukin-1beta and tumor necrosis factor-alpha productions via
the inhibition of IkappaB degradation in human lung cells.
Pharmacol. Res. 2007, 56, 193–201.

Received for review June 25, 2007. Revised manuscript received
September 26, 2007. Accepted September 27, 2007. This study was
supported by grants of the National Science Council, Taiwan (NSC 95-
2311-B-040-002 and NSC 95-2313-B-166-009-MY2).

JF071868C

Berberine against Oxidized LDL-Induced Cytotoxicity J. Agric. Food Chem., Vol. 55, No. 25, 2007 10445


