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Abstract

Low shear stress (LSS) plays a critical role in the site predilection of atherosclerosis through
activation of cellular mechanosensors, such as platelet endothelial cell adhesion molecule

1 (PECAM-1). Poly(ADP-ribose) polymerase 1 (PARP-1) is a nuclear enzyme that regulates
the expression of various inflammatory cytokines. The nuclear enzyme high mobility group
box 1 (HMGB1) can induce inflammation response by binding to toll-like receptor 4 (TLR4).
In the present study, we aimed to investigate the role and mechanism of HMGB1 in LSS in-
duced inflammation in human umbilical vein endothelial cells (HUVECs). HUVECs were
stimulated by undisturbed shear stress (USS, 1 Pa) and LSS (0.4 Pa) in our experiments.
Gene expression was inhibited by small interfering RNA (siRNA). ICAM-1 expression was
regulated by LSS in a time dependent manner. LSS can induce HMGB1 translocation from
nucleus to cytoplasm and release. Compared with the USS, LSS could increase the protein
expression of PECAM-1 and PARP-1 as well as the secretion of TNF-a and IL-13. LSS in-
duced the translocation of HMGB1 from nucleus to cytoplasm. Inhibition of HGMB1 reduced
LSS-induced inflammatory response. Inhibition of PARP-1 suppressed inflammatory re-
sponse through inhibiting TLR4 expression and HMGB1 translocation. PECAM-1 inhibition
reduced LSS-induced ICAM-1 expression, TNF-a and IL-1f secretion, and monocytes ad-
hesion. LSS can induce inflammatory response via PECAM-1/PARP-1/HMGB1 pathway.
PARP-1 plays a fundamental role in HMGB1 translocation and TLR4 expression. Inhibition
of PARP-1 may shed light on the treatment of HMGB1 involved inflammation during
atherosclerosis.
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Introduction

Atherosclerosis is a chronic inflammatory disease in the large and medium arteries. It is often
associated with various risk factors, such as age, sex, and cigarette. Inflammatory cytokines
play important roles in the development and progression of atherosclerosis.[ 1] Cellular adhe-
sion molecules, such as intercellular adhesion molecule 1 (ICAM-1), contribute to the inflam-
matory response and endothelial dysfunction.[2] They can mediate the margination, adhesion
and transendothelial migration of circulating monocytes from the blood stream to the vessel
wall.[3] They can also recruit and activate monocytes to release matrix metalloproteinases
(MMP), promote plaque rupture and initiate acute coronary syndromes.

The chronic inflammatory response localizes at specific sites of the vascular tree.[4] This
site predilection is thought to be caused by hemodynamic parameters, especially the wall shear
stress (WSS). WSS is a frictional force exerted parallel to the vessel wall.[5] It is directly propor-
tional to the velocity of blood flow, and inversely proportional to the radius of the arterial. The
value of physiological WSS ranges from 0.5 Pa to 1.2 Pa, while values below 0.5 Pa and above
1.2 Pa are considered to be low shear stress (LSS) and high shear stress (HSS), respectively.[6]
WSS can be sensed by numerous mechanosensors on the luminal surface of endothelial cells.
[7] Platelet endothelial cell adhesion molecule-1 (PECAM-1) has recently been considered to
be an important kind of mechanosensors.[8] LSS can promote the transport of pro-atherogenic
substances between the lumen and the vessel wall to induce atherosclerosis.[9] For many years,
LSS has been considered to be a prediction of plaque formation during atherosclerosis.

Poly(ADP-ribose) polymerase 1 (PARP-1), the most abundant isoform of the PARP enzyme
family, is a highly conserved DNA-binding nuclear enzyme.[10] Once activated by DNA
strand breaks, PARP-1 catalyzes NAD into nicotinamide and ADP-ribose to form long
branches of ADP-ribose polymers on itself and other nuclear chromatin-associated proteins.
[11] Excessive activation of this enzyme results in the intracellular depletion of NAD and ATP,
thus leading to cellular energy crisis, mitochondrial dysfunction and cell death.[12] PARP-1
has been shown to be associated with circulatory shock, heart failure, ischemia reperfusion in-
jury, hypertension, and diabetes.[13,14,15,16]

High mobility group box 1 (HMGB1), a member of high mobility group nuclear proteins, is
constitutively expressed in the nucleus of eukaryotic cells.[17] As a nuclear protein, HMGB1
plays intracellular and extracellular activities.[18] Inside the cells, HMGBI can regulate the nu-
cleosomal structure and stability, and the activity of transcription factors.[19,20] Outside the
cells, HMGBI is a potent endogenous alarm for innate immunity. The translocation of
HMGBI from the inside to the outside of the cells is a critical event in host defense and inflam-
mation response.[21] HMGBI can be either actively released by activated immune cells or pas-
sively released from damaged/necrotic cells.[22,23] There are several important receptors in
HMGBI signaling, including toll-like receptor (TLR) 2, TLR4 and the receptor for advanced
glycation end products (RAGE).[24,25] HMGB1 has been implicated in the pathogenesis of au-
toimmune disorders, such as systemic lupus erythematosus, autoimmune diabetes, and arthri-
tis.[26,27,28] However, its role in LSS induced inflammation has not been fully investigated.

In the present study, after human umbilical vein endothelial cells were stimulated by LSS
(0.4 Pa), we investigated the role and mechanism of HMGBI in LSS induced inflammation
response.

Materials and Methods

All experiments were performed in compliance with the Guide for the Care and Use of Labora-
tory Animals (NIH Publication No. 85-23, revised 1996) and were approved by the Ethics
Committee of Shandong University.
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Cell culture, flow system and gene inhibition

Human umbilical vein endothelial cells (HUVECs, ATCC, USA) were cultured in endothelial
cell medium (ECM, ScienCell, CA, USA) with 5% fetal bovine serum (FBS), 100 U/ml penicil-
lin, and 100 pg/ml streptomycin at 37°C. Cells up to passage 4 were used and seeded onto gela-
tin-coated slides. A parallel-plate flow system was used to impose USS (1 Pa) and LSS (0.4 Pa).
[29] The THP-1 monocytes were cultured in RPMI-1640 medium (GIBCO, CA, USA) con-
taining L-glutamine (2 mmol/L) and 10% FBS as well as the same amounts of penicillin and
streptomycin. To inhibit genes expression, cells were transfected with negative control of
siRNA (si-NC) or siRNA (GenePharma, Shanghai, China) in Optimem Medium (Invitrogen,
CA, USA) by using Lipofectamine 2000 (Invitrogen). Experiments were performed 24 hrs
after transfection.

RT-PCR

Cellular RNA was extracted by using Trizol reagent (Invitrogen). The cDNA was analyzed by
real-time RT-PCR with SYBR Green Supermix (Bio-Rad Laboratories, CA, USA). Each sam-
ple was analyzed in triplicate, and expression was normalized to B-actin. The primers for
ICAM-1 were as follows: forward, 5-TTGGAAGCCTCATCCG-3', reverse, 5-CAATGTTGC-
GAGACCC-3'; for HMGBI, forward, 5'- AAGCACCCAGATGCTTCAGT-3', reverse, 5'-
TCCGCTTTTGCCATATCT-TC-3'; for PARP-1, forward, 5-“TTGAAAAAGCCC-
TAAAGGCTCA-3, reverse, 5'- CTACTCGGTCCAAGATCGCC-3', for PECAM-1, forward,
5'-GGAAGCCAACAGCCA-TTACGG-3', reverse, 5-GAGCCTTCCGTTCTCTTGGTGA-3,
and for B-actin, forward, 5-TGGACATCCGCAAAGAC-3), reverse, 5'-GAAAGGGTG-
TAACGCAACTA-3". Amplification, detection, and data analysis were performed by the use
of the iCycler real-time PCR system (Bio-Rad Laboratories). The relative expression of genes
was obtained by the 2-AACt calculation method.

Western blot analysis

Total protein was extracted from HUVECs by use of RIPA Lysis Buffer (Beyotime, Nantong,
China). Equal amount of protein was separated on 10% SDS-PAGE and transferred onto nitro-
cellulose membrane (Millipore, MA, USA). After being blocked with 5% non-fat milk for 2 hrs
at room temperature, blots were washed with TBS-T for 3 times and incubated with the prima-
ry antibodies: rabbit monoclonal anti-B-actin (1:1000, Cell Signaling Technology, MA, USA)
and anti-HMGBI (1:1000, Abcam, MA, USA); rabbit polyclonal anti-PARP-1 (1:500, Sigma-
Aldrich, MO, USA); goat anti-TLR4 (1:500; R&D, MN, USA); mouse monoclonal anti-ICAM-
1 (1:500; Santa Cruz Biotechnology, CA, USA), and anti-PECAM-1 (1:500, Sigma) overnight at
4°C. After being washed with TBS-T, membranes were incubated with horseradish peroxidase-
conjugated secondary antibody for 2 hrs at room temperature. Bands were visualized by en-
hanced chemiluminescence (Millipore) and analyzed by use of Image-Pro Plus 6.0. Each exper-
iment was carried out for two times at least.

Immunofluorescence

After stimulation, HUVECs were fixed in 4% paraformaldehyde and permeabilized in 0.1%
Triton X-100/PBS for 5 min. After being blocked with BSA for 30 min, cells were incubated
with the primary antibodies rabbit monoclonal anti-HMGBI (1:1000, Abcam) and mouse
monoclonal anti-ICAM-1 (1:500; Santa Cruz Biotechnology) overnight at 4°C. After being
washed with TBS-T, cells were incubated with secondary antibodies (1:500; Jackson immunor-
esearch). A drop of Prolong Gold antifade reagent with DAPI (Vector Laboratories, CA, USA)
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was used to seal the coverslip. Images were acquired by laser scanning confocal microscopy
(LSM 710; Carl Zeiss, Germany). Data were analyzed by use of Image-Pro Plus 6.0.

ELISA

The cell culture supernatant was obtained by centrifugation at 1000 g for 10 min. The HMGB1
release, TNF-o and IL-1J secretion were determined by use of the ELISA kit (Uscn Life Science
Inc., Wuhan, China) according to the manufacturer’s instructions. All operations were per-
formed at room temperature. Mean absorbance for standards and samples was assessed in du-
plicate. The color reaction was detected by use of Varioskan Flash multifunction plate reader
(Thermo Scientific, Rockford, USA).

Monocyte adhesion assay

THP-1 monocytes (ATCC) were used in the adhesion assay as previously described.[30] Brief-
ly, THP-1 cells (5x10° cells/ml) were labeled with a fluorescent dye BCECF-AM (10 uM, Beyo-
time) in serum-free RPMI-1640 medium for 45 min at 37°C with frequent agitation. Following
exposure to shear stress in the presence or absence of siRNA, the HUVECs monolayers were
washed in RPMI-1640 medium before adding BCECF-AM loaded THP-1 cells. After incuba-
tion for 45 min at 37°C, unbound monocytes were removed by washing monolayers three
times with PBS, followed by fixation and mounting with a glass coverslip. Bound monocytes
were quantified by counting the cells under a fluorescent microscope.

Statistical Analysis

Data are expressed as mean+SD. Analyses were performed on SPSS version 16.0 (SPSS Inc,
Chicago, IL, USA) for Windows. Intergroup comparisons involved 2-tailed Student ¢ test or
one-way ANOV A followed by Tukey test (with equal variances assumed) or Dunnett T3 test
(with equal variances not assumed). A P<0.05 was considered to indicate

statistical significance.

Results
ICAM-1 expression was regulated by LSS in a time-dependent manner

After HUVECs were stimulated by LSS (0.4 Pa) for various times (0, 6, 12, 18, 24, 30, and 36
h), the protein and mRNA expression of ICAM-1 was determined by western blot analysis and
RT-PCR. The protein expression of ICAM-1 began to increase at 6 h, while it peaked at 12 h
and then decreased at 18 h (Fig. 1A and 1B). There was no significant difference in ICAM-1 ex-
pression between Oh and 36h stimulation. The mRNA expression of ICAM-1 showed a similar
result (Fig. 1C). Therefore, HUVECs were stimulated by low shear stress for 12 h in the
following experiments.

LSS induced HMGB1 translocation and release

As a nuclear protein, the translocation of HMGBI from inside to the outside of cells plays a
critical role in inflammation response. After HUVECs were exposed to LSS, HMGB1 expres-
sion in the culture supernatant and cells was assessed by ELISA and immunofluorescence, re-
spectively. As we expected, there was almost no HMGBI release from cells under USS, while
LSS significantly increased HMGBI concentration in the supernatant (Fig. 2A). Meanwhile,
HMGBI was mainly in nucleus under USS condition, but it translocated to the cytoplasm after
LSS stimulation (Fig. 2B).
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Fig 1. ICAM-1 expression was induced by low shear stress (LSS, 0.4 Pa). After HUVECs was stimulated by low shear stress for different times (0, 6, 12,
18, 24, 30, 36 h), ICAM-1 expression was determined by western blot analysis and RT-PCR. (A, B) Western blot analysis of ICAM-1 protein expression.
(C) Quantification of ICAM-1 mRNA expression. Values are expressed as mean + S.D. from three independent experiments. *P<0.05 vs. 0 h treatment.

doi:10.1371/journal.pone.0120586.g001

LSS increased PECAM-1 and PARP-1 expression as well as TNF-a and
IL-1B secretion

Then we detected the protein expression of PECAM-1 and PARP-1 as well as TNF-o and IL-
1B secretion. Compared with the control, LSS could significantly upregulate PECAM-1 and
PARP-1 protein expression (Fig. 2C-2E), while TNF-o and IL-1 secretion was also increased
by LSS (Fig. 2F and 2G).

HMGB1 inhibition reduced LSS-induced inflammatory response

To confirm our hypothesis that LSS induced inflammatory response via HMGB1, we used
HMGBI siRNA in the following experiments. Firstly we verified the validity of HMGB1
siRNA. The RT-PCR and western blot analysis showed that the mRNA and protein expression
of HMGBI was significantly reduced by siRNA (S1 Fig.). After HMGBI was inhibited by
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Fig 2. LSS induced HMIGB1 translocation and release and upregulated protein expression and inflammatory cytokines secretion in HUVECs. After
HUVECs were stimulated by LSS, HMGB1 content in supernatant and HMGB1 translocation were determined by ELISA and immunoflurescence,
respectively. PECAM-1 and PARP-1 protein expression were determined by western blot analysis. TNF-a and IL-1B secretion were assessed by ELISA.

(A) HMGB1 release was assessed by ELISA. (B) Immunofluorescence of HMGB1 protein expression. Nuclei were labelled with 4’,6-diamidino-2-
phenylindole (DAPI) (blue); HMGB1 was stained with rabbit anti- HMGB1 primary antibody and Alexa 488-conjugated goat anti-rabbit second antibody
(green). (C, D, E) Western blot analysis of PECAM-1 and PARP-1 protein expression. (F) TNF-a was assessed by ELISA. (G) IL-1B was assessed by ELISA.
Values are expressed as mean = S.D. *P<0.05 vs. USS.

doi:10.1371/journal.pone.0120586.g002
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siRNA, HUVECs were exposed to LSS. Compared with USS, LSS increased ICAM-1 expres-
sion, while HMGBI inhibition decreased LSS-induced ICAM-1 expression (Fig. 3A-3C).
Meanwhile, LSS could significantly increase the TNF-o. and IL-1p secretion as well as the num-
ber of adhesional THP-1 cells, while HMGBL inhibition reduced the inflammatory response
(Fig. 3D-3F). The results suggested that HMGBI1 played a critical role in LSS induced
inflammation response.

PARP-1 inhibition reduced LSS-induced inflammatory response

We then investigated the role of PARP-1 in LSS induced inflammation. Firstly we verified the
validity of PARP-1 siRNA. Compared with the control, PARP-1 protein and mRNA expression
were significantly reduced by PARP-1 siRNA, respectively (S2 Fig.). Subsequently, HUVECs
were stimulated by LSS after PARP-1 was inhibited by siRNA. Compared with the LSS group,
ICAM-1 expression was significantly reduced by PARP-1 siRNA (Fig. 4A-4C). Moreover,
PARP-1 inhibition reduced LSS-induced TNF-o and IL-1f secretion as well as THP-1 mono-
cytes adhesion (Fig. 4D-4F).

PARP-1 inhibition reduced TLR4 expression and suppressed HMGB1
translocation and release

Then we investigated the underlying mechanism. When released from cells, HMGBL1 is a
proinflammatory mediator by binding to receptors. TLR4 expression was determined by west-
ern blot analysis. Compared with the USS, LSS could increase TLR4 protein expression, while
PARP-1 inhibition reduced it (Fig. 5A and 5B). Meanwhile, PARP-1 inhibition reduced LSS-
upregulated TNF-o and IL-1p secretion (Fig. 5C and 5D). The results suggested that PARP-1
played a critical role in LSS induced TLR4 expression. Considering the important role of
HMGBI in inflammation, HMGBI release and expression were determined by ELISA and
immunofluorescence, respectively. As we expected, PARP-1 inhibition decreased LSS-induced
HMGBI release (Fig. 5E). Fig. 5F showed that PARP-1 inhibition suppressed the translocation
of HMGBI from nucleus to cytoplasm. These results suggested that PARP-1 inhibition could
suppress HMGBI translocation and release as well as TLR4 expression to alleviate LSS induced
inflammation response.

PECAM-1 inhibition reduced PARP-1 expression and inflammatory
response

How LSS was sensed by cells and induced a series of intracellular changes? We then investigat-
ed whether PECAM-1 was involved in LSS induced inflammation. PECAM-1 siRNA was ap-
plied and verified (S3 Fig.). Compared with cells under LSS, PECAM-1 inhibition reduced
PARP-1 expression and inflammatory response, including ICAM-1 protein expression, TNF-o.
and IL-1 secretion, and THP-1 cell adhesion (Fig. 6). The results suggested that PECAM-1
took part in the LSS induced inflammation response.

Discussion

In the present study, we found that LSS induced the translocation of HMGBI from the nucleus
to cytoplasm and release to the supernatant. LSS could increase PECAM-1 and PARP-1 expres-
sion. PARP-1 was required for LSS-induced HMGBI translocation and release and TLR4 ex-
pression. LSS could induce inflammatory response via PECAM-1/PARP-1/HMGBI1 pathway.
Although atherosclerosis is associated with the classic risk factors of cardiovascular disease,
it primarily affects large and medium arteries in a site-specifc manner. WSS has been proposed
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Fig 3. HMGB1 inhibition reduced LSS-induced inflammatory response. HMGB1 inhibition reduced LSS-induced inflammatory response, including

ICAM-1 mRNA and protein expression, TNF-a and IL-1B secretion and monocytes adhesion. (A, B, C) The mRNA and protein expression of ICAM-1 were

assessed by RT-PCR and western blot analysis. (D) TNF-a secretion was assessed by ELISA. (E) IL-1[3 secretion was assessed by ELISA. (F) THP-1
monocytes adhesion. Values are expressed as mean + S.D. from three separate experiments. *P<0.05 vs. USS. #P<0.05 vs. LSS; si-HMGB1: HMGB1

siRNA; si-NC: negative control of HMGB1 siRNA.
doi:10.1371/journal.pone.0120586.9003
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Fig 4. PARP-1 inhibition decreased LSS-induced inflammatory response. PARP-1 inhibition reduced LSS-induced inflammatory response.

(A, B, C) The mRNA and protein expression of ICAM-1 were analyzed by RT-PCR and immunofluorescence. Nuclei were labelled with 4’,6-diamidino-2-
phenylindole (DAPI) (blue); ICAM-1 was stained with mouse anti-ICAM-1 primary antibody and Alexa 555-conjugated goat anti-mouse second antibody
(red). (D) TNF-a secretion was assessed by ELISA. (E) IL-1B secretion was assessed by ELISA. (F) THP-1 monocytes adhesion. Values are expressed as
mean + S.D. from two separate experiments. #P<0.05 vs. LSS; si-PARP-1: PARP-1 siRNA; si-NC: negative control of PARP-1 siRNA.

doi:10.1371/journal.pone.0120586.9004
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doi:10.1371/journal.pone.0120586.9005
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Fig 6. PECAM-1 inhibition decreased PARP-1 expression and inflammatory response. After PECAM-1 was inhibited by siRNA, PARP-1 expression
and inflammatory response were determined. (A, B, C) The protein expression of PARP-1 and ICAM-1 was analyzed by western blot analysis. (D) TNF-a
secretion was assessed by ELISA. (E) IL-1B secretion was assessed by ELISA. (F) THP-1 monocytes adhesion. Values are expressed as mean = S.D. from
three separate experiments. ¥*P<0.05 vs. USS. #P<0.05 vs. LSS. si-PECAM-1: PECAM-1 siRNA,; si-NC: negative control of PECAM-1 siRNA.

doi:10.1371/journal.pone.0120586.9006
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to regulate the site-specifc predilection of atherosclerosis.[5] As a type of WSS, LSS has a pro-
atherosclerosis ability. LSS could increase oxidative stress, induce subendothelial accumulation
of low-density lipoprotein,[31] decrease eNOS expression and NO production,[32] and induce
expression of inflammatory molecules.[33] Wang has demonstrated that LSS increased inflam-
matory cytokines expression through activation of JNK and NF-«B.[29] In our experiments,
we found that ICAM-1 expression was regulated by LSS in a time dependent manner, which
verified that LSS could induce inflammation response during atherosclerosis. Then we investi-
gate the mechanism by which LSS induced the inflammatory response. We focused on the nu-
clear protein HMGBI.

HMGBI is a non-histone DNA-binding protein that acts as a cytokine when released in the
extracellular milieu.[34] Extracellular HMGBI can be considered to be a signal of tissue injury
and a mediator of inflammation.[35] High levels of HMGBI are found in inflammatory condi-
tions such as sepsis.[36] We found that LSS could induce the translocation of HMGBI from
nucleus to cytoplasm and release to supernatant, accompanied with inflammatory response.
HMGBI inhibition by siRNA decreased LSS-induced inflammation response, such as ICAM-1
expression, TNF-o and IL-1p secretion, and monocytes adhesion. These results suggested a
critical role of HMGBI in LSS induced inflammation. Then we investigated how the LSS in-
duced the translocation of HMGBI.

Poly(ADP)-ribose polymerase 1 (PARP-1) is a nuclear enzyme that transfers ADP-ribose
moieties from NAD™ to itself and other proteins.[37] A role of PARP-1 in inflammation has
been well described.[38] PARP-1 can regulate the expression of various key inflammatory
genes including inducible nitric oxide synthase, intercellular adhesion molecule-1, and vascu-
lar cell adhesion molecule-1, all of which are regulated by NF-xB.[39,40] However, the role of
PARP-1 in LSS induced inflammation has not been fully investigated. Our experiments found
that inhibition of PARP-1 reduced LSS-induced inflammatory response. Then we investigated
the underlying mechanisms. We found that PARP-1 inhibition could suppress the transloca-
tion of HMGBI1 from nucleus to cytoplasm and release to supernatant. We also found that
LSS increased TLR4 expression, while PARP-1 inhibition reduced it. Thus, HMGB1 could
regulate inflammatory response through TLR4 in a PARP-1 dependent manner. However,
the mechanism by which PARP-1 induced HMGBI1 translocation and release needs
further investigation.

How LSS was sensed by HUVECs and induced a variety of changes in cells? We then did
further research on the question. There were various mechanosensors on cells, such as
PECAM-1, integrin and caveolae. We chose PECAM-1 and inhibited it by siRNA. PECAM-1
inhibition reduced LSS-induced upregulation of PARP-1 and ICAM-1, which suggested that
PECAM-1 took part in LSS induced inflammation.

In conclusion, we found that LSS increased PECAM-1 and PARP-1 expression. LSS could
be sensed by PECAM-1 and induce inflammatory response via a PARP-1/HMGBI1 dependent
pathway. PARP-1 inhibition suppressed HMGBI translocation and release and reduced TLR4
expression. Inhibition of PARP-1 might shed light on the treatment of HMGBI involved in-
flammation during atherosclerosis.

Supporting Information

S1 Fig. HMGBI siRNA reduced its mRNA and protein expression. HMGB1 was inhibited
by siRNA, and then HMGBI expression was assessed by RT-PCR and western blot analysis;
(A) Quantification of HMGB1 mRNA expression. (B, C) The protein expression of HMGB1
was analyzed by western blot analysis. Values are expressed as mean + S.D. from three separate
experiments. *P<0.05 vs. USS; si-HMGB1: HMGBL1 siRNA; si-NC: negative control of
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HMGBI siRNA.
(TIF)

S2 Fig. PARP-1 siRNA reduced its mRNA and protein expression. After PARP-1 was inhib-
ited by siRNA, PARP-1 expression was determined by RT-PCR and western blot analysis.

(A) Quantification of PARP-1 mRNA expression. (B, C) The protein expression of PARP-1
was analyzed by western blot analysis. Values are expressed as mean + S.D. from three separate
experiments. *P<0.05 vs. USS; si-PARP-1: PARP-1 siRNA; si-NC: negative control of PARP-1
siRNA.

(TIF)

S3 Fig. PECAM-1 siRNA reduced its mRNA and protein expression. After PECAM-1 was
inhibited by siRNA, PECAM-1 expression was determined by RT-PCR and western blot analy-
sis. (A) Quantification of PECAM-1 mRNA expression. (B, C) The protein expression of
PECAM-1 was analyzed by western blot analysis. Values are expressed as mean + S.D. from
three separate experiments. *P<0.05 vs. USS; si-PECAM-1: PECAM-1 siRNA; si-NC: negative
control of PECAM-1 siRNA.

(TIF)

Acknowledgments
We would like to thank Xiao Wu from Shandong University for THP-1 cells.

Author Contributions

Conceived and designed the experiments: DW MZ. Performed the experiments: WQ SM CL.
Analyzed the data: GW JZ. Contributed reagents/materials/analysis tools: HW FZ. Wrote the
paper: YM.

References

1. RaoRM, YangL, Garcia-Cardena G, Luscinskas FW (2007) Endothelial-dependent mechanisms of
leukocyte recruitment to the vascular wall. Circ Res 101: 234-247. PMID: 17673684

2. ZhouZ,LiuY, Miao AD, Wang SQ (2005) Protocatechuic aldehyde suppresses TNF-alpha-induced
ICAM-1 and VCAM-1 expression in human umbilical vein endothelial cells. Eur J Pharmacol 513: 1-8.
PMID: 15878704

3. GalkinaE, Ley K (2007) Vascular adhesion molecules in atherosclerosis. Arterioscler Thromb Vasc
Biol 27:2292-2301. PMID: 17673705

4. Paul A. VanderLaan CARaGSG (2003) Site Specificity of Atherosclerosis Site-Selective Responses to
Atherosclerotic Modulators. Arterioscler Thromb Vasc Biol.

5. Dhawan SS, Avati Nanjundappa RP, Branch JR, Taylor WR, Quyyumi AA, Jo H, et al. (2010) shear
stress and plaque development. expert reviews.

6. Zarins CK, Giddens DP, Bharadvaj BK, Sottiurai VS, Mabon RF, Glagov S. (1983) Carotid bifurcation
atherosclerosis. Quantitative correlation of plaque localization with flow velocity profiles and wall shear
stress. Circ Res 53: 502-514. PMID: 6627609

7. Poelmann RE, Van der Heiden K, Gittenberger-de Groot A, Hierck BP (2008) Deciphering the endothe-
lial shear stress sensor. Circulation 117: 1124-1126. doi: 10.1161/CIRCULATIONAHA.107.753889
PMID: 18316496

8. TzimaE, Irani-Tehrani M, Kiosses WB, Dejana E, Schultz DA, Engelhardt B, et al. (2005) A mechano-

sensory complex that mediates the endothelial cell response to fluid shear stress. Nature 437: 426—
431. PMID: 16163360

9. Caro CG, Fitz-Gerald JM, Schroter RC (1969) Arterial wall shear and distribution of early atheroma in
man. Nature 223: 1159-1160. PMID: 5810692

10. Cohen-Armon M (2007) PARP-1 activation in the ERK signaling pathway. TRENDS in Pharmacological
Sciences.

PLOS ONE | DOI:10.1371/journal.pone.0120586 March 20, 2015 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120586.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120586.s003
http://www.ncbi.nlm.nih.gov/pubmed/17673684
http://www.ncbi.nlm.nih.gov/pubmed/15878704
http://www.ncbi.nlm.nih.gov/pubmed/17673705
http://www.ncbi.nlm.nih.gov/pubmed/6627609
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.753889
http://www.ncbi.nlm.nih.gov/pubmed/18316496
http://www.ncbi.nlm.nih.gov/pubmed/16163360
http://www.ncbi.nlm.nih.gov/pubmed/5810692

@' PLOS ‘ ONE

Low Shear Stress Induced Inflammation Response

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Jagtap P, Szabo C (2005) Poly(ADP-ribose) polymerase and the therapeutic effects of its inhibitors.
Nat Rev Drug Discov 4: 421-440. PMID: 15864271

Szabo C, Zingarelli B, O'Connor M, Salzman AL (1996) DNA strand breakage, activation of poly (ADP-
ribose) synthetase, and cellular energy depletion are involved in the cytotoxicity of macrophages and
smooth muscle cells exposed to peroxynitrite. Proc Natl Acad SciU S A 93: 1753-1758. PMID:
8700830

Pacher P, Szabo C (2007) Role of poly(ADP-ribose) polymerase 1 (PARP-1) in cardiovascular dis-
eases: the therapeutic potential of PARP inhibitors. Cardiovasc Drug Rev 25: 235-260. PMID:
17919258

Pacher P, Vaslin A, Benko R, Mabley JG, Liaudet L, Hasko G, et al. (2004) A new, potent poly(ADP-
ribose) polymerase inhibitor improves cardiac and vascular dysfunction associated with advanced
aging. J Pharmacol Exp Ther 311:485-491. PMID: 15213249

Soriano FG, Pacher P, Mabley J, Liaudet L, Szabo C (2001) Rapid reversal of the diabetic endothelial
dysfunction by pharmacological inhibition of poly(ADP-ribose) polymerase. Circ Res 89: 684—-691.
PMID: 11597991

Szabo C, Zanchi A, Komjati K, Pacher P, Krolewski AS, Quist WC, et al. (2002) Poly(ADP-Ribose) poly-
merase is activated in subjects at risk of developing type 2 diabetes and is associated with impaired
vascular reactivity. Circulation 106: 2680—-2686. PMID: 12438293

Bustin M (1999) Regulation of DNA-dependent activities by the functional motifs of the high-mobility-
group chromosomal proteins. Mol Cell Biol 19: 5237-5246. PMID: 10409715

Park JS, Arcaroli J, Yum HK, Yang H, Wang H, Yang KY, et al. (2003) Activation of gene expression in
human neutrophils by high mobility group box 1 protein. Am J Physiol Cell Physiol 284: C870-879.
PMID: 12620891

Bianchi ME, Beltrame M, Paonessa G (1989) Specific recognition of cruciform DNA by nuclear protein
HMG1. Science 243: 1056-1059. PMID: 2922595

Hill DA, Pedulla ML, Reeves R (1999) Directional binding of HMG-I(Y) on four-way junction DNA and
the molecular basis for competitive binding with HMG-1 and histone H1. Nucleic Acids Res 27:2135-
2144. PMID: 10219086

Schierbeck H, Lundback P, Palmblad K, Klevenvall L, Erlandsson-Harris H, Andersson U, et al. (2011)
Monoclonal anti-HMGB1 (high mobility group box chromosomal protein 1) antibody protection in two
experimental arthritis models. Mol Med 17: 1039-1044. doi: 10.2119/molmed.2010.00264 PMID:
21666956

Dumitriu IE, Baruah P, Valentinis B, Voll RE, Herrmann M, Nawroth PP, et al. (2005) Release of high
mobility group box 1 by dendritic cells controls T cell activation via the receptor for advanced glycation
end products. J Immunol 174:7506-7515. PMID: 15944249

Scaffidi P, Misteli T, Bianchi ME (2002) Release of chromatin protein HMGB1 by necrotic cells triggers
inflammation. Nature 418: 191-195. PMID: 12110890

Yang H, Hreggvidsdottir HS, Paimblad K, Wang H, Ochani M, Li J, et al. (2010) A critical cysteine is re-
quired for HMGB1 binding to Toll-like receptor 4 and activation of macrophage cytokine release. Proc
Natl Acad Sci U S A 107:11942—11947. doi: 10.1073/pnas.1003893107 PMID: 20547845

Hori O, Brett J, Slattery T, Cao R, Zhang J, Chen JX, et al. (1995) The receptor for advanced glycation
end products (RAGE) is a cellular binding site for amphoterin. Mediation of neurite outgrowth and co-
expression of rage and amphoterin in the developing nervous system. J Biol Chem 270: 25752-25761.
PMID: 7592757

Urbonaviciute V, Furnrohr BG, Meister S, Munoz L, Heyder P, De Marchis F, et al. (2008) Induction of
inflammatory and immune responses by HMGB1-nucleosome complexes: implications for the patho-
genesis of SLE. J Exp Med 205: 3007-3018. doi: 10.1084/jem.20081165 PMID: 19064698

Han J, Zhong J, Wei W, Wang Y, Huang Y, Yang P, et al. (2008) Extracellular high-mobility group box 1
acts as an innate immune mediator to enhance autoimmune progression and diabetes onset in NOD
mice. Diabetes 57:2118-2127. doi: 10.2337/db07-1499 PMID: 18477810

Kokkola R, Li J, Sundberg E, Aveberger AC, Palmblad K, Yang H, et al. (2003) Successful treatment of
collagen-induced arthritis in mice and rats by targeting extracellular high mobility group

box chromosomal protein 1 activity. Arthritis Rheum 48: 2052-2058. PMID: 12847700

Wang J, An FS, Zhang W, Gong L, Wei SJ, Qin WD, et al. (2011) Inhibition of c-Jun N-terminal kinase
attenuates low shear stress-induced atherogenesis in apolipoprotein E-deficient mice. Mol Med 17:
990-999. doi: 10.2119/molmed.2011.00073 PMID: 21629969

Chappell DC, Varner SE, Nerem RM, Medford RM, Alexander RW (1998) Oscillatory shear stress stim-

ulates adhesion molecule expression in cultured human endothelium. Circ Res 82: 5632-539. PMID:
9529157

PLOS ONE | DOI:10.1371/journal.pone.0120586 March 20, 2015 14/15


http://www.ncbi.nlm.nih.gov/pubmed/15864271
http://www.ncbi.nlm.nih.gov/pubmed/8700830
http://www.ncbi.nlm.nih.gov/pubmed/17919258
http://www.ncbi.nlm.nih.gov/pubmed/15213249
http://www.ncbi.nlm.nih.gov/pubmed/11597991
http://www.ncbi.nlm.nih.gov/pubmed/12438293
http://www.ncbi.nlm.nih.gov/pubmed/10409715
http://www.ncbi.nlm.nih.gov/pubmed/12620891
http://www.ncbi.nlm.nih.gov/pubmed/2922595
http://www.ncbi.nlm.nih.gov/pubmed/10219086
http://dx.doi.org/10.2119/molmed.2010.00264
http://www.ncbi.nlm.nih.gov/pubmed/21666956
http://www.ncbi.nlm.nih.gov/pubmed/15944249
http://www.ncbi.nlm.nih.gov/pubmed/12110890
http://dx.doi.org/10.1073/pnas.1003893107
http://www.ncbi.nlm.nih.gov/pubmed/20547845
http://www.ncbi.nlm.nih.gov/pubmed/7592757
http://dx.doi.org/10.1084/jem.20081165
http://www.ncbi.nlm.nih.gov/pubmed/19064698
http://dx.doi.org/10.2337/db07-1499
http://www.ncbi.nlm.nih.gov/pubmed/18477810
http://www.ncbi.nlm.nih.gov/pubmed/12847700
http://dx.doi.org/10.2119/molmed.2011.00073
http://www.ncbi.nlm.nih.gov/pubmed/21629969
http://www.ncbi.nlm.nih.gov/pubmed/9529157

@' PLOS ‘ ONE

Low Shear Stress Induced Inflammation Response

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Weinbaum S, Chien S (1993) Lipid transport aspects of atherogenesis. J Biomech Eng 115: 602—-610.
PMID: 8302048

McNally JS, Davis ME, Giddens DP, Saha A, Hwang J, Dikalov S, et al. (2003) Role of xanthine oxido-
reductase and NAD(P)H oxidase in endothelial superoxide production in response to oscillatory shear
stress. Am J Physiol Heart Circ Physiol 285: H2290-2297. PMID: 12958034

Walpola PL, Gotlieb Al, Cybulsky MI, Langille BL (1995) Expression of ICAM-1 and VCAM-1 and mono-
cyte adherence in arteries exposed to altered shear stress. Arterioscler Thromb Vasc Biol 15:2-10.
PMID: 7538423

Lotze MT, Tracey KJ (2005) High-mobility group box 1 protein (HMGB1): nuclear weapon in the im-
mune arsenal. Nat Rev Immunol 5: 331-342. PMID: 15803152

Mitola S, Belleri M, Urbinati C, Coltrini D, Sparatore B, Pedrazzi M, et al. (2006) Cutting edge: extracel-
lular high mobility group box-1 protein is a proangiogenic cytokine. J Immunol 176: 12—-15. PMID:
16365390

Karlsson S, Pettila V, Tenhunen J, Laru-Sompa R, Hynninen M, Ruokonen E, et al. (2008) HMGB1 as
a predictor of organ dysfunction and outcome in patients with severe sepsis. Intensive Care Med 34:
1046-1053. doi: 10.1007/s00134-008-1032-9 PMID: 18297269

Kim MY, Zhang T, Kraus WL (2005) Poly(ADP-ribosyl)ation by PARP-1: 'PAR-laying' NAD+ into a nu-
clear signal. Genes Dev 19: 1951-1967. PMID: 16140981

Burkle A (2001) Physiology and pathophysiology of poly(ADP-ribosyl)ation. Bioessays 23: 795-806.
PMID: 11536292

Sharp C, Warren A, Oshima T, Williams L, Li JH, Alexander JS, et al. (2001) Poly ADP ribose-polymer-
ase inhibitors prevent the upregulation of ICAM-1 and E-selectin in response to Th1 cytokine stimula-
tion. Inflammation 25: 157-163. PMID: 11403206

Hassa PO HM (2002) The functional role of poly(ADP-ribose)polymerase 1 as novel coactivator of NF-
kappaB in inflammatory disorders. Cell Mol Life Sci 59: 1534—1553. PMID: 12440774

PLOS ONE | DOI:10.1371/journal.pone.0120586 March 20, 2015 15/15


http://www.ncbi.nlm.nih.gov/pubmed/8302048
http://www.ncbi.nlm.nih.gov/pubmed/12958034
http://www.ncbi.nlm.nih.gov/pubmed/7538423
http://www.ncbi.nlm.nih.gov/pubmed/15803152
http://www.ncbi.nlm.nih.gov/pubmed/16365390
http://dx.doi.org/10.1007/s00134-008-1032-9
http://www.ncbi.nlm.nih.gov/pubmed/18297269
http://www.ncbi.nlm.nih.gov/pubmed/16140981
http://www.ncbi.nlm.nih.gov/pubmed/11536292
http://www.ncbi.nlm.nih.gov/pubmed/11403206
http://www.ncbi.nlm.nih.gov/pubmed/12440774

