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Abstract. Recruitment of monocytes to endothelial cells is
important during early stages of atherosclerosis development.
This process is predominantly mediated by cellular adhe-
sion molecules, including vascular cell adhesion molecule-1
(VCAM-1) and intercellular adhesion molecule-1 (ICAM-1),
which are expressed by activated endothelial cells in response
to a number of inflammatory stimuli, including oxidized
low-density lipoprotein (oxLDL). Previous studies have demon-
strated that berberine, a natural extract from Rhizoma coptidis,
prevents oxLDL-induced endothelial cellular apoptosis.
However, its effect on the adhesion of monocytes to endo-
thelial cells and the mechanism associated with this process
remains unclear. In the present study, berberine was revealed
to markedly reduce oxLDL-induced monocyte adhesion to
human umbilical vein endothelial cells. In addition, the inhibi-
tory mechanism of berberine was associated with suppression
of adhesion molecule expression, including VCAM-1 and
ICAM-1. Results indicate that berberine plays a protective role
in the early stages of atherosclerosis.

Introduction

Recruitment of inflammatory cells to the vessel wall from the
circulation and their transendothelial migration constitutes one
of the earliest cellular events in the development of atheroscle-
rotic lesions (1). Oxidized low-density lipoprotein (oxLDL),
a factor known to affect vessel wall integrity (2), contributes
to the development of atherosclerosis through a number of
mechanisms. One mechanism is the stimulation of endothelial
cell activation and the subsequent induction of expression of a
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series of adhesion molecules, including intercellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1) (3-5). These adhesion molecules predominantly
mediate adhesion of circulating mononuclear cells to the endo-
thelium and facilitate their migration into the subendothelial
space, thus contributing to the extravasation of mononuclear
cells in the vascular wall, an initial step in the development of
atherosclerosis (6,7). Moreover, cell-cell interactions between
monocytes and endothelial cells further promote the develop-
ment of atherosclerosis by increasing the production of specific
cytokines, including tumor necrosis factor o (TNF-a) and
monocyte chemotactic protein-1 (7,8). Adhesion molecules are
important in the initiation and progression of atherosclerotic
plaques and the suppression of secretion or expression of these
adhesion molecules may be of clinical significance. Moreover,
immunopharmacological inhibition of ICAM-1 and VCAM-1
has been demonstrated to inhibit the development of fatty
streaks (9).

Berberine is a botanical alkaloid isolated from medicinal
herbs, including Rhizoma coptidis (Huanglian) and Cortex
phellodendri (Huangbai) (10). It has been extensively used in
traditional Chinese medicine to treat infectious diarrhea (11).
Previous studies have reported that berberine exhibits protective
effects against cardiovascular diseases. For instance, berberine
reduces plasma cholesterol (12) and glucose levels (13)
and inhibits the expression of pro-inflammatory factors,
including TNF-a (14). Berberine has been identified to exert
antiatherogenic effects by inhibiting the expression of matrix
metallopeptidase-9 (MMP-9) and extracellular matrix metal-
loproteinase inducer (EMMPRIN) (15). In addition, berberine
has been found to inhibit generation of reactive oxygen species
and prevent oxLDL-induced endothelial cellular apoptosis (16),
demonstrating a protective effect on oxLDL-stimulated endo-
thelial cells. However, the effect of berberine on the extent
of monocyte adhesion to endothelial cells and the potential
mechanism involved in this process remains unclear.

In the present study, the effect of berberine on the
oxLDL-induced adhesion of monocytes to human umbilical
vein endothelial cells (HUVECs) was investigated. In addition,
the expression of adhesion molecules in oxLDL-stimulated
HUVECs was analyzed to clarify the mechanism by which
berberine mediates this process.
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Materials and methods

Reagents. RPMI-1640 medium, fetal bovine serum (FBS) and
penicillin/streptomycin (pen/strep, 10,000 U/ml each) were
obtained from Invitrogen Life Technologies (Carlsbad, CA,
USA). Phorbol 12-myristate 13-acetate was purchased from
Calbiochem (San Diego, CA, USA). Methyl sulfoxide (DMSO)
and berberine were acquired from Sigma-Aldrich (St. Louis,
MO, USA). oxLDL was purchased from Beijing Union
Medical Biochemistry Room (Beijing, China). Endothelial cell
medium (ECM) and human vascular endothelial growth factor
(VEGF) were purchased from ScienCell (Carlsbad, CA, USA).
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) (MTT) assay was obtained from Roche Diagnostics
(Mannheim, Germany). TRIzol reagent for RNA isolation was
purchased from Invitrogen Life Technologies. Omniscript
reverse transcriptase for first-strand cDNA synthesis was
obtained from Qiagen (Shanghai, China). Tag DNA poly-
merase was from New England Biolabs (Ipswich, MA, USA).
Green fluorescent protein (GFP) adenovirus (Ad5/F35-GFP)
was from Vector Gene Technology Company Ltd. (Beijing,
China). VCAM-1 and ICAM-1 ELISA Kits were obtained
from R&D Systems (Minneapolis, MN, USA).

Cell culture and treatments. The human acute monocytic
leukemia cell line, THP-1, was purchased from American
Type Culture Collection (Rockville, MD, USA) and cultured
in RPMI-1640 medium containing 10% FBS, 10 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES;
Sigma-Aldrich) and 1% pen/strep solution at a density of
5x10° cells/ml in a 5% CO, incubator. GFP-Ad was added
to the THP-1 cells for 24 h to obtain GFP expression.
HUVECs were purchased from ScienCell (no. 8000) and
cultured in ECM containing VEGF (3 ng/ml), 10% FBS,
10 mM HEPES and 1% pen/strep solution at a density of
1x10* cells/ml in a 5% CO, incubator. The culture was then
passaged 2-6 times. Growth medium was changed every
other day until 80% confluence was achieved. Following
this, the culture medium was replaced with ECM containing
0.4% FBS for cell starvation for 6 h. Cells were pretreated
with berberine (5, 25 and 50 M) for 2 h, followed by oxLDL
stimulation (100 pg/ml) for 6 h. Cells were then cocultured
with GFP-Ad-infected-THP-1 cells for 20 min to determine
the adhesive capacity of the monocytic to endothelial cells.
Unattached cells were removed and collected to calculate the
percentage of cells expressing GFP.

Cell viability assay using MTT. Following the indicated treat-
ments, cells were incubated with 0.5 mg/ml MTT in culture
medium for 4 h. The blue formazan crystals of viable cells
were then dissolved in DMSO and spectrophotometrically
analyzed at 570 nm.

Flow cytometry. Flow cytometry was performed according to
the manufacturer's instructions. Mean fluorescence intensity
of GFP expression in THP-1 cells cocultured with HUVECs
was analyzed on a BD FACSCalibur flow cytometer. The mean
intensity of untreated cells was considered as 100%. Changes
in GFP levels in the cells following berberine treatment were
evaluated and standardized against the untreated cells.
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Figure 1. Effects of berberine on the viability of HUVECs. Cells were treated
with various concentrations of berberine (5-100 M) and cell viability was
assessed following 24 h using the MTT assay. Cells incubated in a medium
without berberine were used as the control and considered 100% viable.
HUVECS, human umbilical vein endothelial cells; MTT, 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide.

GFP-Ad-infected THP-1 cells and endothelial cell-monocytic
cell adhesion assay. Cells were cultured in 24-well plates at
a density of 2x10° cells/ml in a 5% CO, incubator and added
to a 10 GFP-Ad (2, 4.5 or 6 ul) titer for 24 h to determine
the appropriate amount of GFP-Ad-infected THP-1 cell
virus (multiplicity of infection, MOI). The percentage of
GFP-expressing cells was then determined using flow cytom-
etry. GFP-labeled THP-1 cells (1x10°) were then added to each
HUVEC-containing well and the incubation was continued
for 20 min. Non-adherent cells were removed using two
gentle washes with phosphate-buffered saline (PBS) and the
percentage of GFP mean fluorescence intensity of the cells,
which indicates the number of bound THP-1 cells, was deter-
mined using flow cytometry.

RNA isolation and reverse transcription-polymerase chain
reaction (RT-PCR). Total RNA was extracted from
oxLDL-stimulated HUVECsSs using TRIzol reagent according
to the manufacturer's instructions. Total RNA (2 ug) was
reverse transcribed into cDNA using a random primer and the
resultant cDNA was amplified through PCR using the
following primers: human VCAM-1 (575 bp), 5'-ATGCCT
GGGAAGATGGTCGTGA-3' (sense) and 5-TGGAGCTGG
TAGACCCTCGCTG-3' (antisense); human ICAM-1 (370 bp),
5'-TGCCACCAATATGGGAAGGC-3' (sense) and 5-CCG
AGCTCAAGTGTCTAAAG-3' (antisense); and GAPDH,
(519 bp), 5-GGTGAAGGTCGGAGTCAACGG-3' (sense) and
5'-GTCATGAGTCCTTCCACGAT-3' (antisense). All gels
were detected using the Tanon-4100 digital Gis image system
(Beijing, China) and densitometric analysis was performed
using Quantity One (Bio-Rad, Hercules, CA, USA) to scan the
signals.

Cell enzyme-linked immunosorbent assay (ELISA). Adhesion
molecule expression in HUVECs was determined by cell
ELISA. HUVECs in 96-well plates were pretreated with
berberine (5, 25 and 50 gM) for 2 h and subsequently stimu-
lated for 6 h with oxLDL (100 zg/ml). HUVECs were then
washed twice with PBS and fixed with 0.025% glutaraldehyde
for 10 min. Following this, cells were incubated with 1 pg/ml
monoclonal antibody against VCAM-1 or ICAM-1 or with
1 pg/ml non-specific mouse immunoglobulin G1 (IgGl;
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Figure 2. Infection efficiency of GFP-Ad in THP-1 cells was determined via flow cytometry. The suitable concentration of GFP-Ad-infected THP-1 cells was
5 MOI and its infection efficiency was 99%. (A) Natural light and GFP fluorescence images in GFP-Ad-infected THP-1 cells. (B) Percentage of THP-1 cells
expressing GFP fluorescence as detected by flow cytometry. GFP-Ad, green fluorescence protein adenovirus; MOI, multiplicity of infection.

Sigma-Aldrich) in PBS containing 1% bovine serum albumin
(BSA) at room temperature for 1 h. The latter was selected
as the control. Following incubation, wells were washed with
PBS containing 0.05% Tween-20 and incubated with horse-
radish peroxidase-conjugated rabbit anti-mouse IgG (1:5,000
IgG:PBS/BSA) for 1 h at room temperature. Cells were again
washed three times with PBS:Tween and the bound antibodies
were detected by incubation with 3% O-phenylenediamine and
0.03% H,0, at room temperature for 30 min. Plates were read
on an ELISA microplate reader at 450 nm. The optical densi-
ties of the wells incubated with non-specific mouse IgGl were
subtracted from those of the wells incubated with monoclonal
antibodies. Each experiment was performed in triplicate.

Statistical analysis. Data are presented as the mean + SD.
Differences between treatments were determined through
one-way ANOVA (LSD, S-N-K and Dunnet) using SPSS 13.0
software. P<0.05 was considered to indicate statistically signifi-
cant results. All experiments were performed at least 3 times.

Results

Effects of berberine on cell viability. The MTT assay was
performed to evaluate the effect of berberine on the viability
of HUVECs. Fig. 1 demonstrates that a concentration of
berberine between 5 and 100 M led to no significant reduc-
tion (~0-5%) in cell viability. A berberine dose <100 yuM was
therefore considered noncytotoxic and doses between 5 and
25 uM were used in subsequent experiments.

Infection efficiency of GFP-Ad in THP-1 cells. Following
incubation of THP-1 cells with GFP-Ad, the percentage
of GFP expression in the cells was determined using flow
cytometry. Fig. 2 shows that the suitable concentration of
GFP-Ad-infected THP-1 cells was 5 MOI and its infection
efficiency was 99%.

Effects of berberine on the adhesive capacity of THP-1 cells to
HUVECs. To investigate the adhesive capacity of THP-1 cells
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Figure 3. Effect of berberine on adhesion of THP-1 cells to HUVECs.
HUVECS were pretreated with berberine for 1 h and stimulated with oxLDL
(100 pg/ml) for 6 h. The percentage of HUVEC-adhering THP-1 cells that
exhibited GFP fluorescence was determined. (A) Images of cells infected with
GFP-Ad. (B) Flow cytometry results of the percentage of cells expressing
GFP fluorescence following berberine treatment. oxLDL, oxidized low-den-
sity lipoprotein; GFP-Ad, green fluorescence protein adenovirus; HUVECsS,
human umbilical vein endothelial cells.
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Figure 4. Effects of berberine on VCAM-1 and ICAM-1 expression in oxLDL-stimulated HUVECs. Effect of berberine on (A) VCAM-1 and (B) ICAM-1
mRNA expression. (C and D) Respective densitometric measurements. (E and F) Respective ELISA results. Data are expressed as mean + S.D. Band density
of native HUVECs were defined as the control and set to 1; “P<0.01, vs. control; “P<0.05, #P<0.01, vs. <" marked group. VCAM-1, vascular cell adhesion
molecule-1; ICAM-1, intercellular adhesion molecule-1; LDL, low-density lipoprotein; oxLDL, oxidized LDL; ELISA, enzyme-linked immunosorbent assay;

HUVECSs, human umbilical vein endothelial cells

to HUVECs, HUVECs were pretreated with berberine for
2 h and then stimulated with oxLDL (100 pg/ml) for 6 h. The
number of adherent THP-1 cells expressing GFP fluorescence
was observed via flow cytometry and images were captured
using fluorescence microscopy. oxLDL-stimulated HUVECs
were identified to exhibit significantly increased GFP fluo-
rescence intensity compared with the control group without
oxLDL, indicating an enhanced adhesion of monocytes to
HUVECs. However, berberine treatment markedly lowered
the adhesive capacity of monocytes and therefore reduced the
GFP fluorescence intensity of cells (Fig. 3A). Flow cytometry
results (Fig. 3B) also demonstrated the same trend, wherein
oxLDL treatment increased the percentage of cells that
expressed GFP fluorescence compared with the control group
without oxLLDL treatment (13+£1.79 vs 47+1.26%, P<0.01).
However, berberine pretreatment inhibited oxLDL-induced
cell adhesion in a dose-dependent manner (5-50 xM, from
47+1.31 to 26+3.08%, respectively).

Effects of berberine on the oxLDL-induced expression of
VCAM-1 and ICAM-1 at the surface of HUVECs. oxLDL
stimulated HUVECs to express VCAM-1 and ICAM-1,
which led to an increase in monocyte adhesion to HUVECs.
The expression of adhesion molecules was determined to
elucidate the molecular mechanism of berberine inhibition
on the adhesive capacity of monocytes to HUVECs. Fig. 4
demonstrates that berberine significantly suppressed VCAM-1

mRNA expression and inhibited ICAM-1 mRNA expres-
sion in the oxLDL-simulated HUVECsS in a dose-dependent
manner. Furthermore, ELISA results (Fig. 4E) indicate that
berberine inhibited expression of VCAM-1 and ICAM-1 in
oxLDL-stimulated HUVECs. The inhibition rate of VCAM-1
following treatment with 5-50 yM berberine was between -4.6
and -22.3%, respectively. ICAM-1 expression following treat-
ment with 25-50 uM berberine was between -12.3 and -27.0%,
respectively. However, no significant effect was observed
following treatment with 5 M berberine.

Discussion

Recruitment of monocytes to the vessel wall is an important
phenomenon in the early stages of atherosclerosis (17). In
the current study, berberine was observed to significantly
reduce oxLDL-induced monocyte adhesion to HUVECsS in
a dose-dependent manner. The potential mechanisms under-
lying berberine suppression of the expression of adhesion
molecules, namely, VCAM-1 and ICAM-1, was also clarified.
Results indicate that berberine plays a protective role in the
early stages of the pathogenesis of atherosclerosis.

oxLDL is a critical factor for the initiation and accelera-
tion of atherosclerosis and its complications (18-20). OxLDL
leads to endothelial dysfunction, which in turn leads to the
expression of adhesion molecules (21,22) and the recruitment
of monocytes to the subendothelial space (20). The monocytes



MOLECULAR MEDICINE REPORTS 7: 461-465, 2013

then differentiate into macrophages, resulting in transforma-
tion of macrophages into foam cells, followed by expression
of a wide range of proinflammatory factors that promote the
development of atherosclerosis (17,23). As a positive feed-
back mechanism, cell-cell contact between monocytes and
endothelial cells further promotes their interaction through
upregulation of the expression of endothelial adhesion
molecules, including VCAM-1 and ICAM-1 (8), resulting in a
continual cycle of self-activation (17). Therefore, disrupting the
processes that contribute to monocyte adhesion to endothelial
cells is an attractive target for treatment of atherosclerosis. The
present study provides direct in vitro evidence that berberine
significantly attenuates VCAM-1 and ICAM-1 expression and
correspondingly reduces monocyte adhesion to oxLDL-stimu-
lated endothelial cells.

Although berberine is commonly used as an antimi-
crobial (11) and antitumor (24) agent in China and Korea,
accumulating studies have indicated that berberine is also anti-
atherogenic. For example, berberine effectively improves glucose
metabolism in animal models (25) and clinical studies (13).
Berberine reduces plasma cholesterol (12) and inhibits expres-
sion of proinflammatory factors (14,26). In addition, berberine
suppresses the expression of MMP-9 and EMMPRIN in
macrophages (15), disturbing the balance of collagen production
and degradation and leading to plaque instability (27). These
studies demonstrate that berberine exerts multiple effects on
the development of atherosclerosis by reducing the major risk
factors associated with atherosclerosis, including diabetes and
hyperlipemia and interfering with microcellular mechanisms,
i.e.,expression of EMMPRIN and proinflammatory factors. The
present study extends these observations by demonstrating that
berberine decreases expression of the two adhesion molecules
in oxLDL-elicited HUVECs. These observations indicate that
berberine exerts its protective effect at various stages of athero-
sclerosis.

In conclusion, berberine disrupts the initiating process
of atherosclerosis by attenuating adhesion of monocytes to
endothelial cells and inhibiting expression of VCAM-1 and
ICAM-1. These results provide new insights into this field of
study that are likely to be used in the identification of novel
drugs against atherosclerosis.
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