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Abstract High mobility group box-1 (HMGBI1) has
recently been implicated as a proinflammatory cytokine that
plays critical roles in endothelial dysfunction and atheroscle-
rosis. Atorvastatin, a 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase inhibitor, exerts anti-inflammatory
effects in the cardiovascular system beyond its cholesterol-
lowering property. The aim of our study was to investigate
whether atorvastatin inhibits HMGB1-induced vascular
endothelial activation, and elucidate the underlying molecular
mechanism. In this study, we found that atorvastatin, at con-
centrations ranging from 0.1 to 10 puM, effectively and in a
dose-dependent manner inhibited HMGB 1-induced endothe-
lial cells (ECs) activation. Incubation of ECs with 10 uM
atorvastatin reduced adhesion molecules (ICAM-1 and E-
selectin) expression concomitant with a significant inhibition
in HMGB/-stimulated leukocyte-endothelial adhesion. Fur-
ther experiments showed that atorvastatin markedly sup-
pressed HMGBI1-induced Toll like receptor 4 (TLR4)
expression, Nuclear factor kappaB (NF-xB) nuclear translo-
cation and DNA binding activity in ECs. Similar effects were
also observed in ECs pretreated with the TLR4- specific
inhibitor CLI-095, suggesting an important role of TLR4/NF-
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kB pathway. These findings indicate that atorvastatin attenu-
ates HMGB1-induced vascular endothelial activation. The
underlying mechanism involves, at least in part, inhibition of
TLR4/NF-xB-dependent signaling pathway, which provied
the new evidence for therapeutic application of statins to target
inflammatory processes in cardiovascular disease.
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Introduction

Endothelial injury and dysfunction is regarded as an
important initial event in atherogenesis and restenosis after
percutaneous coronary intervention [1-3]. Growing evi-
dence supports the concept that inflammation might signif-
icantly contribute to endothelial activation and subsequent
polymorphonuclear leukocytes (PMNs) adhesion to vascu-
lar endothelium [4, 5]. Hence, effective anti-inflammation
therapy may improve outcome in patients with coronary
heart disease.

High mobility group box-1 (HMGBI) is a highly con-
served nuclear DNA-binding protein that stabilizes nucleo-
somes and facilitates transcription [6, 7]. Recent studies
indicate that HMGBI1 as a potent extracellular cytokine
is involved in cellular activation and proinflammatory
response through interactions with its receptors [8, 9]. In
addition to the receptor for advanced glycation end-products
(RAGE), members of the Toll-like family of receptors
(TLRs) are also confirmed to mediate HMGBI1 signaling
[9-11]. TLR4 is the first identified TLR of mammals that
plays a critical role in the induction of inflammatory response
by recognition of endogenous molecules / ligands such as
heat shock proteins, matrix proteins and HMGB1 [10, 12,
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13]. Activation of TLR4 may lead to the Nuclear factor
kappaB (NF-xB) nuclear translocation and inflammation-
related genes expression in several cell types [14, 15].
Nevertheless, few data are available regarding the role of
TLR4 in HMGBI1 induced vascular endothelial activation.

Statins, inhibitors of 3-hydroxy-3-methylglutaryl-coen-
zyme A (HMG-CoA) reductase, are extensively used for
treatment of coronary heart disease as cholesterol-lowering
agents [16]. However, researchers have reported statins
exert beneficial cholesterol-independent vascular effects
such as plaque stabilization, anti-inflammation and endo-
thelial prevention [17-20]. Moreover, TLR4 signaling
could be regulated by statins both in vivo and in vitro. Our
previous investigation clearly demonstrated fluvastatin
pretreatment significantly suppressed myocardial ischemia-
reperfusion injury, which was associated with downregu-
lation of TLR4 activity [21]. To date, the prevention
mechanism of statins on vascular endothelial activation and
their effects on TLR4 expression in endothelial cells (ECs)
have not been fully elucidated.

In the present study, therefore, we investigated whether
the HMG-CoA reductase inhibitor, atorvastatin, has an
inhibitory effect on endothelial activation induced by
HMGBI. Furthermore, we also explored whether the sup-
pression was mainly through TLR4/NF-xkB signaling
pathway.

Materials and methods
Reagents

Atorvastatin (calcium salt) was kindly provided by Pfizer
(Ann Arbor, MI, USA). Recombinant human HMGBI1 and
red fluorescent membrane dye PKH26 were purchased from
Sigma (St. Louis, MO, USA). TLR4 inhibitor (CLI-095) was
obtained from InvivoGene (San Diego, Calif., USA). Anti-
TLR4, anti-NF-xB p65, anti-ICAM-1, anti-E-selectin, anti-
CD31 and anti-f-actin antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA).

Cell culture

Primary ECs were isolated from the thoracic aorta of male
Sprague-Dawley rats (100-150 g) as described previously,
and then cultured in endothelial basal medium (EBM)
containing 20% fetal bovine serum (FBS), ECs growth
supplements, 100 U/ml penicillin, and 100 pg/ml strepto-
mycin. Cells were incubated at 37°C in a humidified
atmosphere of 95% air and 5% CO2. The purity of ECs was
approximately 85%-90% as determined by flow cytometric
analysis with the anti-CD31 antibody. Only ECs from
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passages 2—5 were studied. All procedures and animal care
were approved by the Animal Care and Use Committee of
Wuhan University, and conformed to the Guide for the
Care and Use of Laboratory Animals by the National
Institutes of Health (NIH Publication No. 80-23).

PMN preparation and adhesion

Fresh polymorphonuclear neutrophils (PMNs) were iso-
lated from rat blood using the hetastarch exchange trans-
fusion and sedimentation technique [22, 23], and labeled
with the red fluorescent cell membrane linker PKH26 for
assessment of adherence. ECs were seeded at a density of
1 x 10 cells/well in gelatin-coated 96-well culture plates,
and grown to confluence. The EC monolayers were pre-
treated with atorvastatin or medium alone for 8 h and
stimulated with HMGB1 for 16 h prior to the adhesion
assay. After stimulation and washing, ECs were exposed to
PKH26-loaded PMNs for 30 min. Next, nonadherent
PMNs were removed by gentle washing with PBS, and the
fluorescence of the adherent cells was measured at exci-
tation of 551 nm and emission 567 nm. PMNs adherence
was calculated as the proportion of the adherent PMNs
fluorescence intensity among the total added cells. Data
was represented as the fold change in cell adhesion com-
pared to control value.

Cell viability assay

Cell viability was determined by bright field microscopy
using trypan blue dye exclusion assay. Briefly, after ECs
were treated with atorvastatin and/or HMGBI1, cells were
stained with 0.4% trypan blue dye for a few minutes and
viewed under a light microscope. Cell viability was defined
as the percentage of unstained cells relative to the total
number of cells.

RNA extraction and real-time RT-PCR

Total RNA extraction from cells was performed according
to the TRIZOL reagent protocol (Invitrogen, Carlsbad,
CA). Isolated RNA (2 pg) was converted into cDNA using
high-capacity cDNA synthesis kit (TaKaRa, Japan). Real-
time PCR was performed with a ABI Prism 7500 sequence
detection system (PE Applied Biosystems). The SYBR
Green Real-time PCR Master Mix kit (TaKaRa, Japan) was
utilized in subsequent PCR assays in accordance with the
manufacturer’s instructions. The primers used for PCR
amplification were synthesized by Sangon Gene Company
(Shanghai, China) and seen in Table 1. Semilog amplifi-
cation curves were analyzed using the pAAct comparative
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Table 1 The primers used for

real-time RT-PCR Gene Sequence I;I‘Z()edl(ltf; ) Accession NO.

TLR4 5'-AGCCATTGCTGCCAACATCA-3' 148 NM_019178
5'-GCCAGAGCTACTCAGAAAC-3’

ICAM-1 5'-CAAACGGGAGATGAATGGTA-3’ 176 NM_012967
5'-AATAGGTGTAAATGGACGCC-3'

E-selectin 5'-GTCTGCGATGCTGCCTACTTG-3’ 73 NM_138879
5'-CTGCCACAGAAAGTGCCACTAC-3’

GAPDH 5'-GACAACTTTGGCTCGTGGA-3' 133 NM_017008

5'-ATGCAGGGGTTCTGG-3'

quantification method [24], and the expression of each gene
was normalized to GAPDH.

Western blot analysis

Cells were washed with ice-cold PBS and harvested in lysis
buffer. Nuclear, cytoplasmic or total protein samples were
separated on 10% SDS-polyacrylamide gels under dena-
turing conditions, and transferred to nitrocellulose mem-
branes. The membranes were blocked with 5% non-fat dry
milk in Tris-buffer saline (TBS)-0.05% Tween. After-
wards, the blots were incubated with primary antibodies
(anti-TLR4, anti-NF-xB p65, anti-ICAM-1, anti-E-selectin
and anti-f-actin antibody, respectively) and horseradish
peroxidase-conjugated secondary antibody. Proteins were
detected by an ECL chemiluminescence detection kit
(Pierce).

Electrophoretic mobility shift assay (EMSA)

To measure NF-xB activation, ECs were collectedonice 1 h
after HMGB/1 stimulation. Nuclear extracts were prepared
using the NE-PER kit (Pierce) following the manufacturer’s
instructions. Equal amounts of nuclear extract protein (5 pg)
were incubated with 10 x binding buffer, 1 pg/pl poly
(dI-dC), and 400 fmol biotin-labelled double-stranded
NF-«xB binding consensus oligonucleotides 5'-AGTTGAG
GGGACTTTCCCAGGC-3’ (total vol 15 ul) using a
LightShift® Chemiluminescent EMSA kit (Viagene Bio-
tech, Ningbo, China). Specificity of binding was ascertained
by competition with a 50-fold excess of unlabeled consensus
oligonucleotides.

Statistical analysis

Data were expressed as mean & SD of at least four
experiments. One-way analysis of variance (ANOVA) and
Student-Newman-Keuls (SNK)-g test were performed with
SPSS 13.0 statistical analysis software. P value < 0.05 was
considered significant.

Results
Effect of atorvastatin on ECs viability

Atorvastatin had no relevant effect on ECs viability at
concentrations up to 10 uM (cell viability > 95%), except
for 88.7% with atorvastatin 100 UM for 24 h (Fig. 1A). In
addition, incubation of ECs for 16 h with HMGB1 from 50
to 1000 ng/ml did not exhibit an altered morphology or
uptake of trypan blue (Fig. 1B).
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Fig. 1 Effect of atorvastatin and HMGBI1 on cell viability. ECs were
treated with different concentrations of atorvastatin (A) or HMGB1
(B) for indicated time periods. Cell viability was determined by
trypan blue staining. All values were expressed as mean + SD of four
separate experiments. *P < 0.05 as compared with control
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Atorvastatin suppresses HMGB 1-induced ECs
activation

Upon activation of the EC monolayers with HMGBI,
PMNs adhesion to ECs was markedly increased compared
to that in the absence of activation in a static assay
(Fig. 2A). To assess whether TLR4 signaling pathway was
involved in HMGB1-mediated ECs activation, ECs were
pretreated with the TLR4-inhibitor CLI-095, for 30 min
before HMGBI1 stimulation. The data showed that CLI-095
significantly inhibited PMNs adhesion to ECs induced by
HMGBI1 (P < 0.05). Moreover, we observed that atorva-
statin dose-dependently suppressed HMGB1-induced ECs
activation. The inhibitive rate was about 50% with 10 uM
of atorvastatin pretreatment (P < 0.05, Fig. 2B).

Effect of atorvastatin on TLR4 expression in ECs
As shown in Fig. 3, untreated ECs expressed low lev-

els of TLR4 in vitro. After 4 h of HMGBI1 stimulation
(1000 ng/ml), the levels of TLR4 mRNA and protein were

>
v
(=]

4.0 4 *

3.0

2.0 1

(fold change)
*

1.0 4

Relative PMNs adhesion

0.0 -
0 50 100 500 1000

HMGB1 (ng/ml)

5.0

4.0 1

3.0

A

2.0 1

1.0

Relative PMNs adhesion
(fold change)
L=

0.0 -
HMGB1 (1000ng/ml) - + + + + +

CLI-095 (1pM) - - + i i &
Atorvastatin (uM) -

1

1

=]
-
-
-
=]

Fig. 2 Atorvastatin prevented HMGB1-induced PMNs adhesion to
ECs. (A) ECs were stimulated for 16 h with varying concentrations of
HMGBI. (B) ECs were stimulated for 16 h with HMGB1 (1000 ng/
ml) that was preincubated with CLI-095 (1 uM) or various concen-
trations of atorvastatin for indicated time periods. After different
treatment, PMNs adhesion was detected as described in Materials and
methods. Four independent experiments were done and the data were
expressed as mean + SD. *P < 0.05 compared with cells treated with
medium only; P < 0.05 compared with HMGB1 alone treatment
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Fig. 3 Effect of atorvastatin on TLR4 expression in ECs. (A) TLR4
mRNA expression was determined by Real-time PCR. (B) TLR4
protein level was measured by Western blot analysis. Original
representative Western blots are reported in the upper panel. Data
from four independent experiments were shown and expressed as
mean & SD. *P < 0.05 compared with cells treated with medium
only; P < 0.05 compared with HMGB1 alone treatment

significantly up-regulated 4.2- and 3.1-fold, respectively
(P < 0.05). Furthermore, enhanced expression of TLR4 by
HMGBI1 was reduced by 10 uM atorvastatin pretreatment
(P < 0.05). However, compared with ECs control, atorva-
statin itself did not affect TLR4 expression.

Atorvastatin inhibits HMGB 1-induced NF-xB
activation in ECs

HMGBI1 activates TLR4 signal-transduction pathways.
Therefore, in order to investigate the effect of atorvastatin on
TLR4/NF-xB signaling pathway induced by HMGBI
stimulation, NF-xB translocation and DNA binding were
both examined. A significant increase in NF-xB p65 nuclear
translocation and DNA binding activity over the control was
noted upon stimulation with HMGB1 in the absence of
atorvastatin or CLI-095 pretreatment (P < 0.05). Mean-
while, HMGB 1-mediated NF-kB activation was obviously
blunted by incubation with atorvastatin (10 pM, 8 h) or
CLI-095 (1 puM, 30 min) prior to HMGB1 stimulation for
1 h (P < 0.05, Fig. 4).
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Fig. 4 Pretreatment with atorvastatin or CLI-095 inhibited HMGB1-
induced NF-xB nuclear translocation and DNA binding in ECs. (A)
Cellular nuclear extracts were subjected to Western immunoblotting
to detect NF-xB p65 subunit nuclear translocation. (B) DNA binding

Effect of atorvastatin on the expression of adhesion
molecules in HMGB1-stimulated ECs

PMNs adhesion to ECs was mediated by several adhesion
molecules including ICAM-1 and E-selectin. In addition,
the transcription of these adhesion molecules was controled
by NF-kB activation. As shown in Fig. 5, ECs showed a
low baseline expression of ICAM-1 and E-selectin which
was markedly increased following stimulation with
HMGBI for 16 h (P < 0.05). In contrast, the induction of
these two molecules expression by HMGB1 was inhibited
by pretreatment with atorvastatin (P < 0.05). Consistent
with above results, CLI-095 could also efficiently sup-
press HMGB 1-induced upregulation of both ICAM-1 and
E-selectin (P < 0.05).

Discussion

In the present study, we have shown that atorvastatin pre-
treatment could significantly suppress HMGBI1 induced
vascular endothelial activation in vitro via regulation of
adhesion molecules (ICAM-1 and E-selectin) expression.
The effect appears to be associated with its inhibition in
TLR4 expression and NF-xB activation. These results
suggest that TLR4/NF-xB signaling pathway may be a
novel therapeutic potential of atorvastatin for HMGBI1
mediated endothelial activation.

Vascular endothelial activation contributing to athero-
genesis is triggered by multiple factors, including inflam-
mation, hypoxia and physical damage [4, 25-27]. Among
these, inflammatory response is considered to be the most
important. Emerging evidence has suggested that HMGBI1,
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activity of NF-xB was measured by EMSA. Figures show data of
mean = SD of four independent experiments. *P < 0.05 compared
with cells treated with medium only; 2p < 0.05 compared with
HMGBI alone treatment

a proinflammatory cytokine secreted from necrotic cells
and activated macrophages/monocytes could lead to the
endothelial activation after binding to the RAGE [9].
Indeed, TLR4 as an alternative cell surface receptor for
HMGBI, also plays a key role in initiating inflammatory
response. However, it remains unclear whether TLR4 is
involved in mediating HMGB1 induced vascular endothe-
lial activation. Our data clearly demonstrated that TLR4
expression, NF-xB activation and adhesion molecules
production were all significantly up-regulated in ECs after
HMGBI1 stimulation. Moreover, inhibition of TLR4 sig-
naling pathway by CLI-095 could effectively attenuate
PMNs adhesion to ECs, which indicates that HMGBI1
induced vascular endothelial activation is partly through
TLR4/NF-kB signaling pathway.

Activated TLR4 may augment its expression per se,
resulting in the enhancement of host innate immunity and
anti-stress capacity [28]. In such case, TLR4 expression is
protective in the process of endothelial dysfunction. Nev-
ertheless, over-expression of TLR4 may lead to endothelial
injury. In the present study, we found that TLR4 expression
was up-regulated more than 4-fold in ECs with HMGBI, as
compared to untreated controls. TLR4 is a well-known
stimulator of NF-xB signaling and the major adhesion
molecules (ICAM-1 and E-selectin) are the best-known
target genes of NF-«xB signaling [29-31]. Furthermore,
several studies have highlighted that activation of NF-«B,
and the subsequent expression of adhesion molecules, are
key events in the recruitment of leukocytes to stimulated
vascular endothelium in inflammation [32, 33]. Our results
reported above are very consistent with these studies.

Atorvastatin, one of the most potent statins on the mar-
ket, along with its well-established actions on lipid
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Fig. 5 Effect of atorvastatin and CLI-095 on HMGBI-stimulated
adhesion molecules production. (A) ICAM-1 and E-selectin mRNA
levels were analyzed by Real-time PCR. (B) protein levels were
measured by Western blot analysis. Shown in the upper panel are
original representative Western blots. Data were mean + SD of four
independent experiments. *P < 0.05 compared with cells treated
with medium only; 2P < 0.05 compared with HMGBI1 alone
treatment

lowering, also exerts anti-inflammation and endothelial
protection effects [18, 19, 34]. Although direct beneficial
effects of atorvastatin on endothelium have already been
reported, the mechanisms involved remain poorly under-
stood. Interestingly, the results of our study revealed that
atorvastatin pretreatment may attenuate HMGB1 induced
the endothelial-leukocyte interaction by reducing ICAM-1
and E-selectin expression. Moreover, the inhibitory action
of atorvastatin on endothelial activation post-HMGBI
induction was mainly through the TLR4/NF-kB signaling
pathway down-regulation. Another important finding of the
present investigation was that the same dose of atorvastatin
did not significantly influence surface expression of TLR4
in HMGB1-non-stimulation ECs compared with control.
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We speculate that the feedback mechanism may be crucial
for maintaining stable gene expression in normal condition.
In summary, this is the first study to show that atorva-
statin prevented HMGBI1-induced vascular endothelial
activation by specifically inhibiting the TLR4/NF-xB
pathway. These results underline the ability of atorvastatin
to protect endothelial function under pathological condi-
tions. We believe that TLR4/NF-xB signaling pathway will
become a potential therapeutic target for the treatment of
atherogenesis and other inflammatory vascular disorders.
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