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BACKGROUND AND PURPOSE
Emodin [1,3,8-trihydroxy-6-methylanthraquinone] has been reported to exhibit vascular anti-inflammatory properties.
However, the corresponding mechanisms are not well understood. The present study was designed to explore the molecular
target(s) of emodin in modifying lipopolysaccharide (LPS)-associated signal transduction pathways in endothelial cells.

EXPERIMENTAL APPROACH
Cultured primary human umbilical vein endothelial cells (HUVECs; passages 3–5) were pre-incubated with emodin
(1–50 mg·mL-1). LPS-induced expression of pro-inflammatory cytokines [interleukin (IL)-1b, IL-6] and chemokines (IL-8;
CCL2/MCP-1) were determined by reverse transcription-PCR and ELISA. Nuclear factor-kB (NF-kB) activation, inhibitor of kB
(IkB)a degradation and Toll-like receptor-4 (TLR-4) were detected by immunocytochemistry and Western blotting. Cholesterol
depletion [by methyl b-cyclodextrin (MBCD), a specific cholesterol binding agent] and cholesterol replenishment were further
used to investigate the roles of lipid rafts in activation of HUVECs.

KEY RESULTS
Emodin inhibited, concentration-dependently, the expression of LPS-induced pro-inflammatory cytokines (IL-1b, IL-6) and
chemokines (IL-8, CCL2) and, in parallel, inhibited NF-kB activation and IkBa degradation in HUVECs. However, emodin did
not inhibit the NF-kB activation and IkBa degradation induced by IL-1b. The cholesterol binding agent, MBCD, inhibited
LPS-induced NF-kB activation in passaged HUVECs [which also lack the LPS receptor, membrane CD14 (mCD14)], showing
that lipid rafts played a key role in LPS signalling in mCD14-negative HUVECs. Moreover, emodin disrupted the formation of
lipid rafts in cell membranes by depleting cholesterol.

CONCLUSIONS AND IMPLICATIONS
Lipid rafts were crucial in facilitating inflammatory responses of mCD14-negative HUVECs to LPS. Emodin disrupted lipid rafts
through depleting cholesterol and, consequently, inhibited inflammatory responses in endothelial cells.

Abbreviations
ELISA, enzyme-linked immunosorbent assay; HUVECs, human umbilical vein endothelial cells; IkB, inhibitor of NF-kB;
LPS, lipopolysaccharide; MBCD, methyl-b-cyclodextrin; mCD14, membrane CD14; MyD88, myeloid differentiation
factor 88; NF-kB, nuclear factor-kB; RT-PCR, reverse transcription-polymerase chain reaction; TLR-4, Toll-like receptor-4
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Introduction

Atherosclerosis, a multifactorial cardiovascular
disease and the leading cause of death in modern
society, involves multiple processes, including
endothelial dysfunction, inflammation, vascular
proliferation, leucocyte adhesion and transmigra-
tion. The vascular endothelium is situated on the
internal surface of all blood vessels and serves as a
physical barrier between the blood and tissues.
These cells also exhibit a number of physiological
functions, including the mediation of vascular
tone, blood flow, leucocyte trafficking, angiogen-
esis and coagulation (Wort and Evans, 1999). Acti-
vation of endothelial cell plays a particularly
important role in inflammation via production of
pro-inflammatory cytokines/chemokines, cell
adhesion molecules and nitric oxide (Kim et al.,
2006). There are few effective therapeutic options
available to treat atherosclerosis because of its
pathological complexity. The key problem in the
cardiovascular studies is the demonstration of
atherogenesis and its prevention. Among the many
biochemical and pathophysiological hallmarks,
inflammation is one of the most important
features and generally considered as the critical
target for prevention of atherosclerosis (Xia et al.,
2007).

Several medicinal herbs have been shown to
inhibit specific cellular and humoral immune
responses (Chen et al., 2005; Xia et al., 2007; Singh
et al., 2008). Emodin [1,3,8-trihydroxy-6-
methylanthraquinone], extracted from Frangula
bark, has been shown to display a wide range of
biological activities including antiviral, antimicro-
bial, anti-tumour, anti-fibrosis, elimination of reac-
tive oxygen species and anti-inflammatory (Li et al.,
2005; Huang et al., 2009). Treatment of RAW 264.7
macrophages with emodin (20 mg·mL-1) inhibited
the expression of a panel of inflammatory-
associated genes, including tumour necrosis factor-a
(TNF-a), inducible nitric oxide synthase (iNOS),
interleukin-10 (IL-10), cytosolic inhibitor of kB
(IkB)a, IkB kinase (IKK)-a and IKK-g, to different
extents, as well as the nuclear translocation of
nuclear factor-kB (NF-kB) (Li et al., 2005) In the case
of endothelial cells, very few studies have involved
emodin. Although, more than 10 years ago, there
was a report that 50 mg·mL-1 emodin inhibited TNF-
induced NF-kB activation and adhesion molecule
expression in endothelial cells (Kumar et al., 1998),
the molecular target(s) of the anti-inflammatory
actions of emodin in endothelium remain mostly
unknown.

Lipopolysaccharide (LPS), or endotoxin, is the
major component of the outer surface of Gram-

negative bacteria. LPS is a potent activator of
cells in the immune and inflammatory systems,
including macrophages, monocytes and endothe-
lial cells, and contributes to the systemic response
to bacterial infection known as septic shock
(Zhang et al., 1999). LPS-induced activation of
monocytes/macrophages is mediated through a
cell surface receptor glycoprotein, known as
membrane CD14 (mCD14). The binding of LPS to
mCD14 is enhanced by LPS-binding protein, a
plasma protein. However, passaged human
umbilical vein endothelial cells (HUVECs) do not
express mCD14 and respond to LPS only in the
presence of soluble CD14 (Lloyd and Kubes, 2006).
The vascular endothelium is a key host target of
LPS and the first tissue barrier. Endothelial cells
express the Toll-like receptor-4 (TLR-4), an innate
immune, pattern recognition receptor that is acti-
vated by LPS (Qureshi et al., 1999; Takeda and
Akira, 2005). Endothelial cell activation is depen-
dent on the assembly on the cell surface of a
multi-protein recognition complex consisting of
soluble CD14, MD-2, TLR-4 and other molecules
(Bannerman and Goldblum, 2003; Bowdish et al.,
2004). Following activation of this receptor
complex, the interaction of IL-1 receptor associate
kinase (IRAK) family members with TNF receptor
associated factor-6 (TRAF-6) results, subsequently,
in the activation of a downstream kinase cascade
involving NF-kB-inducing kinase (NIK) and IKK.
IKK-mediated phosphorylation of IkB leads to IkB
degradation, thus enabling NF-kB nuclear translo-
cation and the induction of new gene expression.
Many transcription factors are important in
orchestrating the inflammatory response (Morris
et al., 2006; Parker et al., 2007). NF-kB is an
essential transcription factor for expression of
inflammation-related proteins. The extensively
studied signal pathways induced by LPS provide
means of exploring the molecular target(s) of the
immunosuppressive and anti-inflammatory effects
of emodin.

The aim of the present investigation was to find
out whether emodin could suppress LPS-induced
pro-inflammatory responses and NF-kB activation
in HUVECs and to identify the molecular target(s) of
emodin in the TLR-4 signalling pathway. Moreover,
the effect of emodin on pro-inflammatory cytokines
and chemokines induced by LPS would also be
addressed. Our results showed that emodin inhib-
ited NF-kB dependent transcriptional activation
induced by LPS, but not that induced by IL-1b, in
mCD14-negative HUVECs. This action was due to
the inhibition of LPS-receptor complex formation
by emodin, through disrupting the structure of cell
membrane lipid rafts.
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Methods

Endothelial cell culture and cell treatment
Human umbilical vein endothelial cells along with
the culture medium were purchased from ScienCell
Research Laboratories (San Diego, CA, USA). The
culture medium was composed of basal medium,
5% fetal bovine serum, 1% endothelial cell growth
supplement and 1% penicillin/streptomycin solu-
tion. Cells were seeded in poly-L-lysine coated
75 cm2 cell culture flask (Corning, NY, USA), and
maintained in an incubator at 37°C with 95%
humidity and 5% CO2. HUVECs were subcultured
after trypsinization (0.025% trypsin, 0.5 mM EDTA,
1 mM sodium pyruvate and 10 mM HEPES) when
grew to approximately 90% confluence, and used
throughout the passages 3 to 6.

The cultured HUVECs were preincubated with
various concentrations of emodin. Briefly, emodin
stock solution was prepared by dissolving emodin in
dimethyl sulfoxide (DMSO) (Sigma, St. Louis, MO,
USA) to a concentration of 10 mg·mL-1, and was
diluted with cell culture medium to reach final con-
centrations 1–50 mg·mL-1 before experiments. Cells
seeded in different culture plates were preincubated
with 1–50 mg·mL-1 emodin for 30 min. The control
sample was treated with 0.5% DMSO in culture
medium, which is equal to the maximal DMSO con-
centration in emodin-preincubated samples. Finally,
cells were stimulated with 0.1 mg·mL-1 or 1 mg·mL-1

LPS in the presence of emodin.

Cell viability assay
Cell viability was assessed by WST-8 [2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfopheny)-2H-tetrazolium] cytotoxic assay kit
(Beyotime, Beijing, China) according to the manu-
facturer’s instructions. Briefly, HUVECs were seeded
with 5 ¥ 103 cells per well in 96 well plates. Conflu-
ent HUVECs were treated as mentioned above, and
the supernatants in each well were replaced by fresh
culture medium (100 mL per well) after cells were
exposed to LPS for 5 h, and then WST-8 solution
(10 mL) was added to each well and incubated for
1 h. The absorbance values of all the samples were
recorded by a microplate reader (Model 680, Bio-
Rad, Philadelphia, PA, USA) at 450 nm.

Total RNA isolation and RT-PCR
Total RNA was isolated from cultured HUVECs by
using TriZol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions after
the cells were stimulated with 0.1 mg·mL-1 LPS for
4 h. One microgram of total RNA obtained from
each sample was used for reverse transcription-PCR

(RT-PCR) in a 20 mL reaction mixture, and the
reverse transcription was performed at 42°C for
90 min. The reverse transcriptase was inactivated at
70°C for 5 min. The cDNA reaction mixture (3 mL)
was amplified in a 25 mL standard PCR reaction. PCR
amplification was performed on a thermal cycler by
30 cycles, each cycle consisting of 94°C for 1 min,
60°C for 1 min and 72°C for 2 min. The PCR pro-
ductions were separated by 1% agarose gel electro-
phoresis. The following sets of primers were used
in the PCR amplification. Primer sequences for
IL-1b were 5′-GGATATGGAGCAACAAGTGG-3′ and
5′-ATGTACCAGTTGGGGAACTG-3′ for the sense
and antisense primers respectively (Bowdish et al.,
2004). Primers for IL-6, IL-8, CCL2, TLR-4 and
b-actin were, for IL-6, sense, 5′-TCAATGAGGAGA
CTTG CCTG-3′ and antisense, 5′-GATGAGTTGTC
ATGTCCTGC-3′ (Chang et al., 2004); for IL-8, sense,
5′-ATG ACTTCCAAGCTGGCCGTGGCT-3′ and anti-
sense, 5′-TCTC AGCCCTCTTCAAA AACTTCTC-3′
(Li et al., 2004); for CCL2, sense, 5′-CCAATT CTCAA
ACTGAA GCTCGC-3′, and antisense, 5′-CTTAGC
TGCAGATTCTTGGGTTGTG-3′ (Lo et al., 1998); for
TLR4, sense, 5′-TGGATACGTTTCCTTATAAG-3′, and
antisense, 5′-GA AATGGAGGCACCCCTTC-3′; for
b-actin, sense, 5′-CTGGGAC GACATGGAG AAA-3′,
and antisense, 5′-AAGGAAGGCTGGAAGAGTGC-3′
(Faure et al., 2000).

ELISA assay
The cultured HUVECs were seeded in 48 well plates
and preincubated with emodin for 30 min. Super-
natants were collected after 5 h stimulation, by
0.1 mg·mL-1 LPS at 37°C, and stored at -20°C until
assay for cytokines. IL-6 and CCL2 protein levels
were determined by ELISA assay kit according to the
manufacturer’s instructions (Senxiong Biotech.
Shanghai, China). Absorbance was detected with a
microplate reader (Model 680, Bio-Rad) at 490 nm,
and the data processing was accomplished with
the software of Curve Expert 1.3 (Boster, Wuhan,
China).

Immunocytochemistry and lipid rafts staining
The treated HUVECs were washed with phosphate
buffered saline (PBS) and fixed in 4% paraformalde-
hyde for 15 min, following by washing three times
in Tris buffered saline with Triton (TBST, 20 mM Tris,
150 mM NaCl, 0.1% Triton X-100) for 5 min, and
incubating with blocking buffer (TBST with 5%
bovine serum albumin) for 2 h at room temperature.
The cells were incubated at 4°C overnight with
rabbit anti-human p65 polyclonal antibody (1:200).
After washing in TBST with gentle shaking, the cells
were stained with Cy3-labelled goat anti-rabbit IgG
(1:1000) for 2 h at room temperature, and then the
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cells were washed three times in TBST for 8 min
again. The fluorescent images were obtained using
an inverted fluorescent microscope (Nikon TE-2000,
Japan).

For labelling membrane lipid rafts with cholera
toxin subunit B (CTxB), the treated HUVECs were
fixed in 4% paraformaldehyde for 20 min at room
temperature, and incubated with Alexa Fluor 488-
conjugated CTxB (5 mg·mL-1) for 20 min. After
washing with TBST, cell nuclei were stained by 4′,6-
diamidino-2-phenylindole, dihydrochloride (DAPI).
Fluorescent images were captured by the fluorescent
microscope mentioned above.

Protein extraction and Western blotting
Total proteins were extracted from cultured HUVECs
with lysis buffer (Beyotime, Beijing, China) contain-
ing 20 mM Tris, 150 mM NaCl, 1% Triton X-100 and
several protease inhibitors. After the cells were lysed,
supernatants were collected after centrifugation
(12 000¥ g for 5 min) at 4°C. Nuclear and cytoplas-
mic proteins of HUVECs were extracted by nuclear
and cytoplasmic protein extraction kits according to
the manufacturer’s instructions (Beyotime, Beijing,
China).

Protein concentrations were determined by a
bicinchoninic acid protein assay kit (Beyotime,
Beijing, China). Equal amounts (15–30 mg) of
protein extracted from cultured cells were run on
10% SDS-PAGE, followed by electrotransferring to
polyvinylidene fluoride membranes (Millipore,
Bedford, MA, USA). The membranes were blocked
with 5% skim milk powder for 1 h, and sequentially
incubated with rabbit anti-human p65 (1:1000),
rabbit anti-human IkB (1:1000), rabbit anti-human
TLR-4 (1:600) polyclonal antibodies or mouse anti-
human b-actin monoclonal antibody. After
washing, the membranes were further probed with
horseradish peroxidase-conjugated goat anti-rabbit
IgG (1:5000) or horseradish peroxidase-conjugated
goat anti-mouse IgG (1:5000). The oxidase com-
ponents were detected by chemiluminescence
(BeyoECL Plus) (Beyotime, Beijing, China).

Cholesterol replenishment experiment
Human umbilical vein endothelial cells were treated
with culture medium alone or medium containing
emodin (20, 30 and 50 mg·mL-1), DMSO (0.5%) or
MBCD (10 mM) at 37°C for 60 min. Subsequently
the cells were washed with PBS and incubated with
medium alone or medium containing water-soluble
cholesterol (84 mg·mL-1) for 30 min. The cells were
exposed to LPS (0.1 mg·mL-1) for another 30 min. To
detect the effect of cholesterol itself on HUVECs
activation, cells were treated with cholesterol alone

for 30 min. The nuclear translocation of p65 and
expression of IkBa were analysed as mentioned
above.

Presentation of data and statistical analysis
Data are presented as mean � standard deviation
(SD). The statistical significance of differences was
tested using one-way ANOVA followed by post hoc
Bonferroni tests and P < 0.05 was considered
significant.

Materials
Lipopolysaccharide (from Escherichia coli 055:B5),
emodin (extract from Frangula bark), water-soluble
cholesterol and methyl-b-cyclodextrin (MBCD) were
obtained from Sigma (St. Louis, MO, USA). Alexa
Fluor 488-conjugated cholera toxin subunit B
(CTxB) was purchased from Invitrogen Life Tech-
nologies (Carlsbad, CA, USA). IL-1b was purchased
from R&D Systems (Minneapolis, MN, USA). Rabbit
anti-human TLR-4 polyclonal antibody and mouse
anti-human b-actin monoclonal antibody were pur-
chased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). NF-kB inhibitor BAY11-7082, DAPI, rabbit
anti-human p65 polyclonal antibody, rabbit anti-
human IkBa polyclonal antibody and Cy3-labeled
goat anti-rabbit IgG were from Beyotime Institute of
Biotechnology (Beijing, China). Peroxidase conju-
gated goat anti-mouse and goat anti-rabbit IgG were
obtained from ZSGB-BIO (Beijing, China). The drug/
molecular target nomenclature in this study follows
Alexander et al. (2009).

Results

Emodin inhibits secretion of inflammatory
cytokines, concentration-dependently
To determine whether emodin affected expressions
of inflammatory cytokines in LPS-stimulated
HUVECs, the levels of mRNA for IL-1b, IL-6, IL-8
and CCL2 were detected by RT-PCR. Our studies
showed that the expression of mRNA for IL-1b, IL-6,
IL-8 and CCL2 in LPS-stimulated HUVECs were
down-regulated by emodin in a dose-dependent
manner (Figure 1A). This effect was clearer when the
emodin concentrations exceeded 10 mg·mL-1. DMSO
(0.5%) had no influence on expression of these
inflammatory cytokines (Figure 1A). We also tested
for cytotoxicity with emodin in these concentra-
tions and found no obvious cytotoxicity towards
HUVECs (data not shown). Expression of IL-6 and
CCL2 protein was determined by ELISA after expo-
sure of HUVECs to LPS, in the absence or presence of
emodin (5–50 mg·mL-1) for 5 h. IL-6 and CCL2 pro-
teins were also dose-dependently inhibited by high
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Figure 1
Emodin inhibits lipopolysaccharide (LPS)-induced cytokine production concentration-dependently. (A) Cells were preincubated with emodin for
30 min and then treated with LPS (0.1 mg·mL-1) for 4 h. mRNA expression of cytokines (IL-1b, IL-6, IL-8 and CCL2) was detected by reverse
transcription-PCR and agarose gel electrophoresis. (B) Cells were preincubated with emodin or the NF-kB inhibitor, BAY11-7082 (40 mM) for
30 min and then treated with LPS (0.1 mg·mL-1) for 5 h. The protein expression level of IL-6 and CCL2 were detected by ELISA. Values represent
mean � SD of three replicate experiments. *P < 0.05 for emodin or NF-kB inhibitor versus dimethyl sulfoxide.
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concentrations of emodin (10–50 mg·mL-1)
(Figure 1B and C), which agreed well with the effects
on mRNA expression. DMSO (0.5%) did not affect
IL-6 and CCL2 expression. The NF-kB inhibitor
BAY11-7082 markedly inhibited IL-6 and CCL2
expression in LPS-stimulated HUVECs (Figure 1B
and C).

Emodin blocks LPS-induced NF-kB activation
and IkBa degradation
Nuclear factor-kB is a multi-subunit transcription
factor which rapidly activates the transcription of
various cytokines and chemokines (Caamano and
Hunter, 2002), playing key roles in the inflamma-
tory response. The NF-kB dimers (p65 and p50)
bound to its inhibitor, IkB, was found mainly in the
cytoplasm in unactivated cells. Upon activation, IkB
is degraded, allowing NF-kB to translocate into the
nucleus where it can regulate gene transcription.
Here, immunocytochemistry and Western blotting
were used to test whether emodin could inhibit
LPS-induced NF-kB activation in HUVECs. The
immunocytochemical data were consistent with
those from Western blotting. The results obtained
from the two methods showed that emodin mark-
edly blocked the translocation of p65 from cyto-
plasm into the nucleus in a dose-dependent manner
(Figure 2). However, the expression of total p65 was
not affected by a range of concentrations of emodin
(Figure 2B). The degradation of IkBa in HUVECs
induced by LPS was also detected and we found that
IkBa degradation was markedly inhibited by
emodin (Figure 2C).

Emodin did not inhibit IL-1b-induced NF-kB
activation and IkBa degradation
To explore the molecular target(s) of emodin action,
we firstly hypothesized that targets of emodin
action were in the cytoplasm. LPS- and IL-1b-
induced signalling pathways share many of the
same intracellular steps, from myeloid differentia-
tion factor 88 (MyD88) to NF-kB (see Figure 3A)
(Zhang et al., 1999). There are also two MyD88-
independent pathways of late-phase NF-kB and the
transcription factor IFN response factor 3 (IRF-3)
mediated by TLR-4, which modulates the expres-
sions of CXCL10 and IFN-b respectively (Figure 3A)
(Youn et al., 2005). However, the MyD88-
independent pathways are dependent on mCD14
and passaged endothelial cells do not express
mCD14 (Lloyd-Jones et al., 2008). Herein, to dis-
close the target(s) of emodin, it is reasonable to
compare the two signalling pathways induced by
LPS and IL-1b after emodin treatment. As shown in
Figure 3B, emodin did not inhibit IL-1b-induced
NF-kB activation. To further determine the effect of

emodin on the translocation of p65 from the cyto-
plasm to the nucleus, the distribution of p65 in
cytoplasm and nucleus was detected by Western
blotting (Figure 3C). This result agreed well with
that of the immunocytochemical assay, as shown in
Figure 3B. Moreover, the degradation of IkBa was
not inhibited by emodin in IL-1b-induced HUVECs
(Figure 3D).

Taking together the effects of emodin on NF-kB
activation and IkBa degradation induced by the
two stimuli, LPS and IL-1b, it was clear that emodin
did not directly act on the NF-kB dimer or other
parts of the signalling pathway that are shared by
activation of TLR-4 and the IL-1 receptor. This sug-
gested to us that emodin may act on the plasma
membrane components of the LPS signalling
pathway. In the plasma membrane, LPS-induced
signal transduction is initiated through a complex
structure comprising CD14, TLR-4, MD-2, lipid rafts
and other molecules. Our subsequent experiments
focused on different components of this membrane
complex.

Emodin did not act through affecting the
function of sCD14 or TLR-4 expression
CD14, a cell surface glycoprotein, resident in lipid
rafts in monocytes and macrophages (Szabo et al.,
2007), plays an important role in clustering of
TLR-4 in lipid rafts. Passaged endothelial cells do
not express the membrane-bound form of CD14
(mCD14), but they can utilize the soluble form of
CD14 (sCD14) which is present in serum, and has
a similar function to that of mCD14 (Walton et al.,
2003; Lloyd-Jones et al., 2008). High concentrations
(1 mg·mL-1) of LPS can induce a pro-inflammatory
response in endothelial cells, independent of
sCD14, through the TLR-4 pathway (Lloyd-Jones
et al., 2008). We found that emodin inhibited
NF-kB activation induced by 1 mg·mL-1 LPS,
showing that the inhibitory effect of emodin did
not involve sCD14 binding to TLR-4 (Figure 4A
and B).

Toll-like receptor-4 (LPS receptor) is a membrane
protein and its expression will directly affect NF-kB
activation in HUVECs exposed to LPS. Thus, emodin
could suppress LPS-induced pro-inflammatory
responses and NF-kB activation by down-regulating
TLR-4 expression. To assess this possibility, HUVECs
were stimulated by LPS in the absence and presence
of emodin (1–50 mg·mL-1) for 4 or 5 h and TLR-4
expression was detected by RT-PCR and Western
blotting. As shown in Figure 4C and D, there were
no changes in TLR-4 expression in LPS-stimulated
HUVECs, after emodin treatment, at RNA or protein
levels.
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Control 0.1 mg·mL-1 LPS

1 mg·mL-1 emodin+LPS 3 mg·mL-1 emodin+LPS 5 mg·mL-1 emodin+LPS

10 mg·mL-1 emodin+LPS 20 mg·mL-1 emodin+LPS 30 mg·mL-1 emodin+LPS 50 mg·mL-1 emodin+LPS

0.1 mg·mL-1 LPS+DMSO

Figure 2
Emodin inhibits lipopolysaccharide (LPS)-induced NF-kB activation and IkBa degradation. (A) Cells were preincubated with emodin for 30 min,
and then treated with LPS (0.1 mg·mL-1) for 30 min. Cellular distribution of the NF-kB subunit p65 in human umbilical vein endothelial cells was
detected by immunofluorescence staining. (B) and (C) Cells were preincubated with emodin for 30 min and then treated with LPS (0.1 mg·mL-1)
for 30 min. Cells were lysed with lysis buffer. The levels of p65 in total cell extract, cytosolic extract and nuclear extract (B), and IkBa degradation
(C), were detected by Western blotting.
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A

B

LPS

LBP

CD14 TLR-4 IL-1R

IL-1b

IL-1RcP

TRAM
RIP1
TRIF

TBK1

IkBa
IkBb IkBb

IkBa
NF-kB NF-kB

late phase : CXCL10

MyD88

IRAK1/4
TARF6

IRF-3

IFN b

IKK

NIK

MD-2

early phase : IL-1b, IL-6,
IL-8 and MCP-1

Control 20 ng·mL-1 IL-1b 20 ng·mL-1 IL-1b+DMSO

10 mg·mL-1 emodin+ IL-1b 20 mg·mL-1 emodin+ IL-1b 30 mg·mL-1 emodin+ IL-1b 50 mg·mL-1 emodin+ IL-1b

Figure 3
Emodin did not inhibit IL-1b-induced NF-kB activation and IkBa degradation. (A) Scheme of signalling pathways initiated by lipopolysaccharide
and IL-1b (adapted from Youn et al., 2005) with some modifications. Cells were preincubated with emodin for 30 min and then treated with IL-1b
(20 ng·mL-1) for an additional 30 min. The cellular distribution and expression of NF-kB subunit p65 in human umbilical vein endothelial cells was
detected by immunofluorescence staining (B). The levels of p65 in total cell extracts, cytosolic extracts and nuclear extracts (C), and IkBa
degradation (D), were detected by Western blotting.
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Emodin disrupts lipid rafts to inhibit
activation of HUVECs induced by LPS
Lipid rafts, which localize in the cell membrane and
internal membrane, are microdomains that contain
high concentrations of cholesterol and glycosphin-
golipids. It is well known that lipid rafts provide
platforms for the formation of receptor complexes,
their internalization and triggering of signalling
pathways, including the LPS-induced mCD14-
dependent signalling pathway, finally leading to cell
activation. However, the role of lipid rafts in the
activation of passaged endothelial cells induced by
LPS is not fully defined. To address and demonstrate
the relationship between lipid rafts and NF-kB acti-
vation induced by LPS, passaged HUVECs was pre-
treated with the cholesterol binding agent MBCD,
known to disrupt lipid rafts, for 1 h, and then the
cells were stimulated with 1 mg·mL-1 LPS in the pres-
ence of MBCD for 30 min. As shown in Figure 5A
and B, NF-kB activation in HUVECs induced by LPS
was significantly inhibited by MBCD, implying that
lipid rafts make an important contribution to LPS-
induced activation of passaged HUVECs.

GM1-ganglioside is a marker for lipid rafts. Dis-
ruption of lipid rafts would cause redistribution of
GM1-ganglioside from lipid raft to non-lipid raft
domains of cell membranes (Triantafilou et al.,
2002). Therefore, the effect of emodin on GM1 dis-
tribution would be a measure of the disruption of

lipid rafts formation. HUVECs were incubated with
emodin and LPS for 4 h and Alexa Fluor 488-
conjugated CTxB, which specifically binds GM1,
was used to label and visualize lipid rafts in
HUVECs. Using this assay, few lipid rafts were
detected in the cells treated with 10–50 mg·mL-1

emodin, showing that emodin clearly disrupted the
formation of lipid rafts (Figure 5C). One interpreta-
tion of these results is that emodin dispersed GM1-
ganglioside in lipid rafts to non-lipid raft domains of
membranes or internal membranes and, conse-
quently, few lipid rafts were visualized. However,
lower concentrations of emodin (1–5 mg·mL-1), LPS
and DMSO had no obvious effect on the formation
of lipid rafts, using this marker.

Cholesterol replenishment prevents the effect
of emodin on NF-kB activation induced
by LPS
Cholesterol is another major component of lipid
rafts (Pike, 2003) and cholesterol enrichment makes
lipid rafts more tightly packed than the surrounding
phospholipid-rich, non-raft, phase of the cell mem-
brane (Song et al., 2007). The cholesterol binding
agent, MBCD, can disrupt lipid rafts by depleting
cholesterol from lipid rafts and our results showed
that emodin disrupted lipid rafts (Figure 5). To
check if emodin and MBCD inhibited LPS-induced
HUVEC activation by the same mechanism,

Figure 3 Continued
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Control 1 mg·mL-1 LPS 1 mg·mL-1 LPS+DMSO

10 mg·mL-1 emodin
+LPS

20 mg·mL-1 emodin
+LPS

30 mg·mL-1 emodin
+LPS

50 mg·mL-1 emodin
+LPS

Figure 4
Inhibition of emodin was not through affecting the function of sCD14 and expression of Toll-like receptor-4 (TLR-4). (A) Cells were preincubated
with emodin for 30 min and then treated with lipopolysaccharide (LPS) (1 mg·mL-1) for an additional 30 min. Nuclear translocation of p65 and
the expression level of IkBa were detected by immunofluorescence staining and Western blotting (B) respectively. (C) Cells were preincubated with
emodin for 30 min and then treated with LPS (0.1 mg·mL-1) for 4 h. mRNA expression level of TLR-4 was detected by reverse transcription-PCR.
(D) Cells were preincubated with indicated concentrations of emodin for 30 min and then treated with LPS (0.1 mg·mL-1) for 5 h. TLR-4 protein
expression was analysed by Western blotting.
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cholesterol replenishment experiments were carried
out. Cells were treated with 20, 30 and 50 mg·mL-1

emodin for 60 min, followed by 30 min of choles-
terol replenishment. Cells were stimulated by LPS
(0.1 mg·mL-1) for 30 min. Immunocytochemical
assay of p65 and Western blot detection of IkBa
revealed that cholesterol replenishment abolished
the inhibitory effect of emodin. However, choles-
terol alone had no effect on NF-kB activation
(Figure 6). Moreover, cholesterol also restored NF-kB
activation in HUVECs pre-incubated with MBCD
(Figure 6).

As NF-kB regulates expression of some cytokines,
such as IL-6, we also explored whether IL-6 expres-
sion would be restored after cholesterol replenish-
ment. As shown in Figure 7, IL-6 expression was
increased after cholesterol replenishment in
HUVECs treated with emodin or MBCD. To further
confirm that emodin disrupted lipid rafts by deplet-
ing cholesterol, we next examined the lipid rafts

using Alexa Fluor 488-conjugated CTxB. Cholesterol
replenishment completely restored the destruction
of lipid rafts induced by emodin and MBCD
(Figure 8). Taken together, these results from the
cholesterol replenishment experiments indicate
that emodin disrupted the lipid rafts by depleting
cholesterol, leading to the inhibition of NF-kB acti-
vation in LPS-induced HUVECs.

Discussion

The work presented here describes two important
findings. Firstly, we provide further evidence for the
crucial role of lipid rafts in facilitating the inflam-
matory responses of mCD14-negative cells (pas-
saged HUVECs) to LPS. Secondly, we showed that
emodin disrupted lipid rafts through depleting
cholesterol from these structures, leading to the

Figure 5
Emodin disrupts lipid rafts to inhibit activation of human umbilical vein endothelial cells (HUVECs) by lipopolysaccharide (LPS). (A) Lipid rafts
contribute to HUVECs activation by LPS. Cells were preincubated with methyl-b-cyclodextrin (5, 10 and 12.5 mM) for 1 h and then treated with
LPS (1 mg·mL-1) for additional 30 min. Nuclear translocation of p65 was detected by immunofluorescence staining and IkBa was detected by
Western blotting (B). (C) Cells were preincubated with emodin for 30 min and then treated with LPS (0.1 mg·mL-1) for 4 h. The lipid rafts (green)
and nucleus (blue) were stained by Alexa Fluor 488-conjugated CTxB and DAPI respectively.
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inhibition of inflammatory responses induced by
LPS in HUVECs.

Our studies demonstrated that emodin clearly
inhibited the expression of IL-1b, IL-6, IL-8 and
CCL2 when the HUVECs were stimulated by LPS
(Figure 1). Because of the importance of this mode
of activating HUVECs, it is essential to discover the
mechanism, that is, the molecular target(s) of emo-
din’s action. We first examined the effect of emodin
on the intracellular signalling pathway from MyD88
to NF-kB activation and found that emodin inhib-
ited NF-kB activation induced by LPS (Figure 2), but
not by IL-1b (Figure 3). It is well known that these
two signalling pathways, induced by LPS or IL-1b,
share the same intracellular signalling components
(from MyD88 to NF-kB) in the MyD88-dependent

pathway (Figure 3A). Thus it was unlikely that the
site of action of emodin was on the pathway from
MyD88 to NF-kB activation. In other words, the
molecular target(s) of the anti-inflammatory action
of emodin was not within the shared stages of LPS-
and IL-1b-induced signalling pathways. Therefore,
we postulated that the molecular target(s) of
emodin anti-inflammatory action was the LPS
receptor complex and its constituent molecules. In
the later investigations, we focused on the cell mem-
brane and greater attention was paid to the possible
effects of emodin on the formation of the LPS-
receptor complex in the cell membrane.

Lipopolysaccharide (1 mg·mL-1) induced a pro-
inflammatory endothelial response, independent of
sCD14, through the TLR-4 pathway (Lloyd-Jones

Control 0.1 mg·mL-1 LPS 0.1 mg·mL-1 LPS+DMSO

1 mg·mL-1 emodin+LPS 3 mg·mL-1 emodin+LPS 5 mg·mL-1 emodin+LPS

10 mg·mL-1 emodin+LPS 20 mg·mL-1 emodin+LPS 30 mg·mL-1 emodin+LPS 50 mg·mL-1 emodin+LPS

Figure 5 Continued
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Control 0.1 mg·mL–1 LPS DMSO+0.1 mg·mL–1 LPS 20 mg·mL–1 emodin+
LPS

20 mg·mL–1 emodin+
84 mg·mL–1 cho+LPS

30 mg·mL–1 emodin+
84 mg·mL–1 cho+LPS

50 mg·mL–1 emodin+
84 mg·mL–1 cho+LPS

10 mM MBCD+LPS 10 mM MBCD+
84 mg·mL–1 cho+LPS

30 mg·mL–1 emodin+
LPS

50 mg·mL–1 emodin+
LPS

84 mg·mL–1 cho

Figure 6
Cholesterol (cho) replenishment prevents the inhibitory effect of emodin on NF-kB activation induced by lipopolysaccharide (LPS). Cells were
treated with emodin (20, 30 and 50 mg·mL-1), methyl-b-cyclodextrin (10 mM) or culture medium alone for 60 min, replaced by fresh cell culture
medium, and followed by cholesterol replenishment (84 mg·mL-1) or not for 30 min. The cells were then stimulated with 0.1 mg·mL-1 LPS for
30 min. Cells treated with cholesterol alone for 30 min served as another control. Nuclear translocation of p65 and expression of IkBa were
detected by immunofluorescence staining and Western blotting respectively.
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et al., 2008), comparable to that found in mono-
cytes, at a lower concentration of LPS (10 ng·mL-1)
(Lynn et al., 1993; Cohen et al., 1995). Our results
showed that emodin inhibited inflammatory
responses of HUVECs induced by high LPS concen-
tration (1 mg·mL-1) (Figure 4A and B), allowing us to
conclude that inhibition of pro-inflammatory
responses by emodin did not involve the function of
sCD14. Endothelial cells also express TLR-4, an
innate immune pattern recognition receptor that is
activated by LPS. We next addressed the question of
whether emodin inhibited pro-inflammatory
responses through down-regulation of TLR-4 expres-
sion. However, the expression of RNA or protein for
TLR-4 was not changed by emodin treatment over a
range of concentrations (Figure 4C and D).

We then provided evidence that emodin inhib-
ited HUVECs activation induced by LPS through
disrupting lipid rafts. MBCD is a cholesterol binding
agent, which can deplete cholesterol from the lipid
rafts, and in our experiments, we found MBCD
inhibited LPS-induced NF-kB activation (Figure 5A
and B) and that emodin could also disrupt lipid rafts
(Figure 5C). These results indicated that lipid rafts
played a key role in the activation of HUVECs by
LPS. Furthermore, our cholesterol replenishment
results confirmed that cholesterol depletion contrib-
uted to the inhibition of HUVEC activation by

emodin. After cholesterol replenishment, NF-kB
activation and IL-6 expression both increased
(Figures 6 and 7) in HUVECs treated with emodin or
MBCD. These changes are likely to be due to the
replenishment of lipid raft cholesterol (Figure 8),
because these results from cell activation and from
IL-6 expression agreed well with the restoration of
lipid rafts. Overall, our results demonstrated that
emodin could disrupt lipid rafts to inhibit endothe-
lial cell activation, by depleting cholesterol from the
lipid rafts.

It is well established that lipid rafts constitute
dynamic platforms that float in cell membranes and
are enriched in signalling molecules. One of these,
mCD14, localized in lipid rafts, participates in the
recruitment of TLR-4 to lipid rafts, and leads to
activation of CD14-positive cells induced by LPS.
But for CD14-negative cells (passaged HUVECs), the
roles of lipid rafts in LPS-induced signalling
pathway have been less clearly defined. Our studies
demonstrated that lipid rafts regulated the LPS
pathway in passaged HUVECs (Figures 5 and 6).
Other investigations have reported that heat-shock
protein 70 (HSP 70) and HSP 90, resident in lipid
rafts of monocytes and endothelial cells were also
involved in LPS-induced signal transduction, as
incubation of cells with polyclonal antibodies to
HSP 70 and 90, prior to LPS stimulation, abolished

Figure 7
IL-6 expression was increased after cholesterol replenishment in human umbilical vein endothelial cells treated with emodin and methyl-b-
cyclodextrin (MBCD). Cells were treated with emodin (30 and 50 mg·mL-1), MBCD (10 mM) or culture medium alone for 60 min, replaced by
fresh cell culture medium, and followed by cholesterol (cho) replenishment (80 mg·mL-1) or not for 60 min. The cells were then stimulated with
0.1 mg·mL-1 lipopolysaccharide for 4 h. Cells treated with cholesterol alone for 4 h served as another control. IL-6 expression was detected by ELISA.

BJPEmodin disrupts lipid rafts

British Journal of Pharmacology (2010) 161 1628–1644 1641



IL-6 secretion (Triantafilou et al., 2001a,b; 2002).
One possible explanation for the inhibitory action
of emodin is that it prevented the formation of the
LPS-receptor complex, including HSP 70, 90 and
other molecules, and thus prevented cell activation
by LPS. Our current findings may serve to show that
the integrity of lipid rafts are critical for inflamma-
tory activation of CD14-negative cells, stimulated
by LPS, as well as for the CD14-positive cells.

Lipid rafts are complex microdomains of the cell
membrane serving many functions. They play an
important role not only in receptor-mediated signal
transduction, but also in ion channel-mediated
signal transduction. Recently, it has been reported
that lipid rafts are also enriched in ion channels.
The large-conductance Ca2+-activated K+ channel,

MaxiK, appears to play an important role in the
NF-kB dependent inflammatory response of mac-
rophages to LPS as blockade of MaxiK down-
regulated cytokine expression in LPS stimulated
macrophages through inhibiting NF-kB activation,
without affecting mitogen-activated protein kinases
(Papavlassopoulos et al., 2006). MaxiK is also
expressed in HUVECs and is resident in lipid rafts
(Maguy et al., 2006; Dong et al., 2007). So, it is pos-
sible that emodin could influence ion channel func-
tions through disrupting lipid rafts, leading to
inhibition of HUVECs activation by LPS. But further
studies are needed to fully assess this possibility.

In summary, the present study has strongly sug-
gested that lipid rafts play a vital role in LPS-induced
signalling pathway in CD14-negative, passaged

Control 0.1 mg·mL-1+LPS DMSO+0.1 mg·mL-1

LPS

30 mg·mL-1emodin
+LPS

50 mg·mL-1emodin
+LPS

30 mg·mL-1emodin
+80 mg·mL-1 cho+LPS

50 mg·mL-1emodin
+80 mg·mL-1 cho+LPS

10 mM MBCD+LPS 10 mM MBCD+
80 mg·mL-1 cho +LPS

Figure 8
Lipid raft formation was restored after cholesterol replenishment in human umbilical vein endothelial cells treated with emodin and methyl-b-
cyclodextrin (MBCD). Cells were treated with emodin (30 and 50 mg·mL-1), MBCD (10 mM) or culture medium alone for 60 min, replaced by
fresh cell culture medium, and followed by cholesterol (cho) replenishment (80 mg·mL-1) or not for 60 min. The cells were then stimulated with
0.1 mg·mL-1 lipopolysaccharide for 30 min. The lipid rafts (green) and nucleus (blue) were stained by Alexa Fluor 488-conjugated CTxB and DAPI
respectively.
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HUVECs. Emodin inhibited the pro-inflammatory
activation of HUVECs through directly disrupting
lipid rafts by depleting cholesterol, and suppressed
LPS induced NF-kB activation and cytokine secre-
tion. This novel anti-inflammatory action of
emodin demonstrates that it has promising applica-
tions in the therapy of atherosclerosis or other
inflammation-related cardiovascular diseases.
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