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Endothelial cell interactions with transitional matrix proteins, such as fibronectin, occur early during
atherogenesis and regulate shear stress-induced endothelial cell activation. Multiple endothelial cell
integrins bind transitional matrix proteins, including a5b1, avb3, and avb5. However, the role these
integrins play in mediating shear stress-induced endothelial cell activation remains unclear. Therefore,
we sought to elucidate which integrin heterodimers mediate shear stress-induced endothelial cell
activation and early atherogenesis. We now show that inhibiting avb3 integrins (S247, siRNA), but not
a5b1 or avb5, blunts shear stress-induced proinflammatory signaling (NF-kB, p21-activated kinase)
and gene expression (ICAM1, VCAM1). Importantly, inhibiting avb3 did not affect cytokine-induced
proinflammatory responses or inhibit all shear stress-induced signaling, because Akt, endothelial
nitric oxide synthase, and extracellular regulated kinase activation remained intact. Furthermore,
inhibiting av integrins (S247), but not a5 (ATN-161), in atherosclerosis-prone apolipoprotein E
knockout mice significantly reduced vascular remodeling after acute induction of disturbed flow. S247
treatment similarly reduced early diet-induced atherosclerotic plaque formation associated with both
diminished inflammation (expression of vascular cell adhesion molecule 1, plaque macrophage content)
and reduced smooth muscle incorporation. Inducible, endothelial cell-specific av integrin deletion
similarly blunted inflammation in models of disturbed flow and diet-induced atherogenesis but did not
affect smooth muscle incorporation. Our studies identify avb3 as the primary integrin heterodimer
mediating shear stress-induced proinflammatory responses and as a key contributor to early atherogenic
inflammation. (Am J Pathol 2015, 185: 2575e2589; http://dx.doi.org/10.1016/j.ajpath.2015.05.013)
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Although traditional risk factors for atherosclerosis, such as
hypercholesterolemia and hyperglycemia, are systemic
throughout the circulation, atherosclerotic plaques form at
discrete areas of the vasculature where vessel geometry
results in altered hemodynamics.1,2 Endothelial cells
respond to the frictional force generated by these flow pat-
terns, termed shear stress, and convert them into intracel-
lular biochemical signals that critically modulate endothelial
cell function. In straight regions of arteries, shear stress
generated by unidirectional, laminar flow promotes nitric
oxide production and limits endothelial cell activation,
consistent with the absence of atherosclerosis in these
areas.1,2 In contrast, shear stress generated by disturbed flow
patterns, such as those observed at sites of vessel branch
points, bifurcations, and curvatures, results in endothelial
stigative Pathology.
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cell activation with enhanced proinflammatory gene expres-
sion [intercellular adhesion molecule-1 (ICAM1), vascular cell
adhesion molecule-1 (VCAM1)] and permeability.1,2

In addition to flow patterns, cell matrix interactions can also
affect local endothelial cell activation. Endothelial cells typi-
cally reside on basement membrane proteins (ie, collagen IV
and laminin), which resist endothelial cell activation and
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promote a quiescent phenotype.3e5 However, during early
atherogenesis, the subendothelial matrix transitions into a
fibronectin and fibrinogen-rich matrix.4,6 Cell culture models
suggest that transitional matrix proteins enhance the endothelial
proinflammatory response to multiple atherogenic risk factors,
including both shear stress and oxidized low-density lipoprotein
(oxLDL).4,7 Transitional matrix proteins enhance shear
stress-induced endothelial cell activation by promoting p21-
activated kinase 2 (PAK2) signaling, which activates the tran-
scription NF-kB to drive proinflammatory gene expression (ie,
ICAM1 and VCAM1).5,8 Limiting fibronectin deposition, either
genetically or through peptide inhibitors, blunts endothelial
proinflammatory signaling (PAK2, NF-kB) and gene expres-
sion both in models of acute disturbed flow-induced vascular
inflammation (partial carotid ligation) and models of diet-
induced spontaneous atherosclerosis.7,9,10

The integrin family of matrix receptors consists of 18 a and 8
b subunits that assemble into 24 different integrin heterodimers
with distinct matrix-binding affinities and signaling proper-
ties.11 Fluid shear stress activates multiple endothelial cell
integrins, including the collagen-binding integrin a2b1 and the
transitional matrix-binding integrins a5b1 and avb3.12 Block-
ing the ligation of these transitional matrix-binding integrins by
using fibronectin antibodies that mask the main integrin-
binding sites significantly inhibits shear stress-induced proin-
flammatory responses.3,4,13 However, the specific role of these
transitional matrix-binding integrins in shear stress-induced
endothelial cell activation remains undefined. Both a5b1 and
avb3 show enhanced expression in the endothelial layer over-
lying the atherosclerotic plaque,7,14 and both a5b1 and avb3
are implicated in endothelial NF-kB activation in other sys-
tems.7,15 Therefore, we sought to elucidate which integrin
heterodimer regulates shear stress-induced endothelial cell
activation and early atherogenesis.

Materials and Methods

Endothelial Cell Culture Flow Apparatus and
Transfections

Human aortic endothelial cells [HAECs; purchased from
Lonza (Baltimore, MD) at passage 3] were cultured in
MCDB-131 that contained 10% fetal bovine serum, 60 mg/mL
heparin, 24 mg/mL bovine brain extract, 10 U/mL penicillin,
and 100 mg/mL streptomycin (GIBCO, Carlsbad, CA).
HAECs were used between passages 6 through 10. To
perform in vitro shear stress experiments, glass slides were
coated with 10 mg/mL fibronectin with or without 10 mg/mL
vitronectin overnight and blocked with 0.2% bovine serum
albumen. HAECs were then plated onto the slides in low
serum media (0.5% to 1% fetal bovine serum) and subjected to
either laminar flow (12 dynes/cm2) or oscillatory flow (�0.5
dynes/cm2 superimposed with 1 dyne/cm2) by using parallel-
plate flow apparatus with the environment maintained at
37�C and 5% CO2 as previously described.8 HAECs at 70%
confluence were transfected with siRNA oligos to a5, av, b3,
2576
or b5 (SMARTpool; Dharmacon, Lafayette, CO) by using
Lipofectamine 2000 for 2.5 hours on two consecutive days.

Immunoblotting

Cell lysis and immunoblotting were performed as previously
described.4 Lysates separated by SDS-PAGE were transferred
to polyvinylidene difluoride membranes, and membranes were
blocked in 5% nonfat dry milk before addition of primary an-
tibodies. Antibodies include rabbit antiephospho-Akt Thr473,
rabbit antiephospho-endothelial nitric oxide synthase (eNOS)
Ser1177, rabbit antiephospho-eNOS Thr495, rabbit antie
phospho-extracellular regulated kinase (ERK1/2), rabbit
antiephospho-focal adhesion kinase (FAK) Tyr397, rabbit
antieglyceraldehyde-3-phosphate dehydrogenase, rabbit
antieICAM-1, rabbit anti-integrin av, rabbit anti-integrin
b3, rabbit anti-integrin b5, rabbit antiephosphoeNF-kB
(p65 subunit, Ser536), rabbit antieNF-kB (p65), rabbit
anti-PAK2 (Cell Signaling Technology Inc., Danvers,
MA), goat anti-Akt, rabbit anti-ERK1/2, rabbit anti-FAK,
rabbit anti-integrin a5, rabbit antieVCAM-1 (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA), rabbit antie
phospho-eNOS Ser633 (Millipore Corporation, Billerica,
MA), mouse anti-eNOS (Becton Dickinson, Franklin
Lakes, NJ), and rabbit antiephospho-PAK (Ser141; Invitrogen,
Carlsbad, CA). Densitometry was performed with ImageJ
software version 1.45s (NIH, Bethesda, MD; http://imagej.nih.
gov/ij).

Immunocytochemistry

Endothelial cellswerefixed in formaldehyde, permeabilized, and
stained for the NF-kB p65 subunit (dilution 1:200; Santa Cruz
Biotechnology, Inc.). Staining was visualized with Alexa-
conjugated secondary antibodies on a TiU epifluorescence mi-
croscope (Nikon,Melville, NY), and imageswere collectedwith
the CoolSNAP120 ES2 camera (Photometrics, Tucson, AZ).
Cells were scored as positive or negative for nuclear NF-kB
stainingwith100cellscountedperconditionforeachexperiment.

qPCR

mRNA isolated from tissues and cultured endothelial cells
was extracted with TRIzol (Life Technologies, Inc., Carls-
bad, CA). cDNA was synthesized with the iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA). Quantitative real-time
PCR (qPCR) was performed with a Bio-Rad iCycler with the
use of SYBR Green Master mix (Bio-Rad). Primers were
designed with the online Primer3 software (http://biotools.
umassmed.edu/bioapps/primer3_www.cgi) and then vali-
dated by sequencing the PCR products (Table 1). Results
were expressed as fold change by using the 2DDCT method.

Animals and Tissue Harvest

The Louisiana State University Health Sciences Center-
Shreveport Animal Care and Use Committee approved all
ajp.amjpathol.org - The American Journal of Pathology
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Table 1 Quantitative Real-Time PCR Primers

Gene Forward primer Reverse primer

Human
GAPDH 50-GAAGGTGAAGGTCGGAGTC-30 50-GAAGATGGTGATGGGATTTC-30

B2M 50-AGCATTCGGGCCGAGATGTCT-30 50-CTGCTGGATGACGTGAGTAAACCT�30

ITGA1 50-GCCAACCCAAAAACAGAAC-30 50-CACAAGCCAGAAATCCTCCA-30

ITGA2 50-GGATTTGTTTGGCTGACTGG-30 50-TGAAGGAGTGGGAACTTTGG-30

ITGA3 50-CTTCAAACGGAACCAGAGGA-30 50-ATGCCAGACTCACCCATCAC-30

ITGA4 50-TCCAGAGCCAAATCCAAGAG-30 50-GCCAGCCTTCCACATAACAT-30

ITGA5 50-TAGTGCCTCCCTCACCATCT-30 50-TACCCCTCCCTTCTGCTTCT-30

ITGA6 50-GATAAACTGCGTCCCATTCC-30 50-TCGTCTCCACATCCCTCTTT-30

ITGA7 50-CCTTTGATGGTGATGGGAAA-30 50-CAGCAGGTCAGGGTATTGGT-30

ITGA8 50-GATGGTGGTGTGTGACCTTG-30 50-TGCTGTCTGGATTGTCCTTG-30

ITGA9 50-AAGGCATCGGCAAGGTTTAT-30 50-AGGGCTCCATTTCCTCTGTT-30

ITGA10 50-GCTCAGATGGGACAAGAAGC-30 50-CCAGTGTTGGCTATGGAACC-30

ITGA11 50-GAAGGGTGGAAGGAAAGGAG-30 50-GGGTCACTGGCGATGTATTT-30

ITGAV 50-TGGTCTTCGTTTCAGTGTGC-30 50-TCTCCTTGTGCTCCCAGTTT-30

ITGB1 50-CTGATTGGCTGGAGGAATGT-30 50-TTTCTGGACAAGGTGAGCAA-30

ITGB2 50-GGTCATCTGGAAGGCTCTGA-30 50-CACCAAGTGCTCCTAACTCTCA-30

ITGB3 50-CCTCCTGTCCCTCATCCATA-30 50-TCCATCCTGGCACTTATTCC-30

ITGB4 50-GGAGTGTGTCCGTGTGGATA-30 50-GGTGGTGTCAATCTGGGTCT-30

ITGB5 50-CAGGTTACATCGGGGACAAC-30 50-ACGCAATCTCTCTTGGTGCT-30

ITGB6 50-ATGGGGATTGAACTGCTTTG-30 50-AAGGTTTGCTGGGGTATCAC-30

ITGB7 50-GTCGCAGCACAGAGTTTGAC-30 50-CCAGGAGGGAGTGAAGAGTG-30

ITGB8 50-CGAGGAGTTTGTGTTTGTGG-30 50-CACTGAAGCATTGGCATCTG-30

VCAM1 50-ATGAGGGGACCACATCTACG-30 50-CACCTGGATTCCTTTTTCCA-30

ICAM1 50-TGTCCCCCTCAAAAGTCATC-30 50-TAGGCAACGGGGTCTCTATG-30

Mouse
B2m 50-TTCTGGTGCTTGTCTCACTGA-30 50-CAGTATGTTCGGCTTCCCATTC-30

Vcam1 50-TCAAAGAAAGGGAGACTG-30 50-GCTGGAGAACTTCATTATC-30

Icam1 50-GTGATGCTCAGGTATCCATCCA-30 50-CACAGTTCTCAAAGCACAGCG-30

Itga5 50-CGTTGAGTCATTCGCCTCTGG-30 50-GTGCCCGCTCTTCCCTGTC-30

Itgav 50-TCCATTGTACCACTGGAGGA-30 50-TTTGACCTGCATGGAGCATA-30

Klf2 50-AGAATGCACCTGAGCCTGCTAG-30 50-AATTTCCCCGAAAGCCTGC-30

Flow-Induced Inflammation Requires avb3
animal protocols, and all animals were cared for according to
the NIH Guide for the Care and Use of Laboratory Ani-
mals.16 Male Apoe�/� mice on the C57Bl/6J genetic back-
ground were purchased from The Jackson Laboratory (Bar
Harbor, ME). Mice that contained the avfl/fl allele (a gift from
Dr. Richard Hynes, MIT, Cambridge, MA) and mice that
contained the vascular endothelial (VE)-cadherinCreERT2
transgene (a gift of Dr. Luisa Iruela-Arispe, UCLA, Los
Angeles, CA), both on the C57Bl/6J background, were
crossed with Apoe�/�.17,18

Genotype was determined by PCR reactions by using
DNA isolated from tail snips and genotyping primers (Apoe
forward common, 50-GCCTAGCCGAGGGAGAGCCG-30;
Apoe wild-type reverse, 50-GCCGCCCCGACTGCATCT-30;
Apoe mutant reverse, 50-TGTGACTTGGGAGCTCTG-
CAGC-30; ITGAV forward, 50-TTCAGGACGGCACA-
AAGACCGTTG-30; ITGAV reverse, 50-CACAAATC-
AAGGATGACCAAACTGAG-30; Cf, 50-ACTGGGATC-
TTCGAACTCTTTGGAC-30; Cr, 50-GATGTTGGGGC-
ACTGCTCATTCACC-30; Cref, 50-CCATCTGCCACC-
AGCCAG-30; Crer, 50-TCGCCATCTTCCAGCAGG-30)
as previously described.17
The American Journal of Pathology - ajp.amjpathol.org
Male inducible epithelial cell (iEC)-av knockout (KO) mice
(Apoe�/�, VE-cadherinCreERT2tg/?, avfl/fl) and iEC-Control
(Apoe�/�, VE-cadherinCreERT2tg/?) mice were treated with 1
mg/kg tamoxifen i.p. (Sigma-Aldrich, St. Louis, MO) every
other day for five total injections to induce Cre expression and
av excision. Eight- to 10-week-old mice were fed a high-fat,
Western diet (TD 88137; Harlan-Teklad, Madison, WI) that
contained 21% fat by weight (0.15% cholesterol and 19.5%
casein without sodium cholate) for 8 weeks. Mice were then
euthanized by pneumothorax under isoflurane anesthesia, and
blood was collected. Total cholesterol, high-density lipoprotein
cholesterol (Wako Bioproducts, Richmond, VA), and tri-
glycerides (Pointe Scientific, Canton MI) were analyzed with
commercially available kits. LDL cholesterol was calculated
with the Friedewald equation.

Hearts were then perfused with phosphate-buffered saline to
remove residual blood from the circulation. The lungs were
collected for enzymatic digestion and endothelial cell isolation
by using magnetic beads coupled to ICAM2 antibodies
(eBiosource, San Diego, CA).19 The left common carotid was
collected for mRNA isolation by TRIzol flush as previously
described.20 Briefly, carotids were cleaned of perivascular
2577
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Figure 1 Inhibition of av but not a5 integrins blunts shear stress-induced NF-kB activation. A: Human aortic endothelial cells on fibronectin were treated
with 50 mmol/L ATN-161 or 1 mmol/L S247 and exposed to acute onset of flow for 30 minutes. Activation of eNOS, FAK, PAK2, and NF-kB was assessed by Western
blot analysis with phospho-specific antibodies and normalized to total protein levels. Representative blots are shown. Quantification of shear-induced activation
of FAK (B), PAK2 (C), NF-kB (D), and ERK1/2 (E) is shown. nZ 4 (B and E); nZ 5 (C); nZ 7 to 11 (D). **P< 0.01, ***P< 0.001. eNOS, endothelial nitric oxide
synthase; ERK, extracellular regulated kinase; FAK, focal adhesion kinase; IB, immunoblot; NT, no treatment; PAK2, p21-activated kinase 2.
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adipose tissue and flushed with 150 mL TRIzol from an insulin
syringe. The remaining media/adventitia were then placed in
150 mL TRIzol and sonicated to lyze the tissue. Samples were
then frozen until analysis by qPCR. The aortic root, aorta, and
carotid sinus were excised, placed in 3.7% phosphate-buffered
salineebuffered formaldehyde, and analyzed for plaque size
and composition.

Surgical Procedures

After 4 weeks of feeding a Western diet to the Apoe�/�

mice, Alzet (Cuperino, CA) pumps (Micro-Osmotic Pump,
Model 1004) that contained either saline or 40 mg/kg/day
S247 were implanted under isoflurane anesthesia (5% on
induction; 2% for maintenance during surgery), and the
Western diet feeding was resumed for an additional 4
weeks. To analyze endothelial activation by low flow, par-
tial ligation of the left carotid artery was performed as
previously described.20 Briefly, a 4- to 6-mm vertical inci-
sion on the skin was made, and blunt dissection was used to
expose the left carotid artery. Subsequently, the external,
internal, and occipital arteries were ligated with 7-0 silk
suture. The incision was sutured and then closed with a
small amount of tissue glue followed by suturing the
incision. For the integrin inhibitor studies, mice were
implanted with Alzet pumps (Micro-Osmotic pump,
Model 1007D) that contained either saline or S247
immediately after the ligation or given 5 mg/kg ATN-
161 three times per week by i.p. injection. At the
start of surgery, a single injection of 0.1 mg/kg bupre-
norphine or 5 mg/kg carprofen was given, and recovery
of the mice was monitored on a heating pad. All ultra-
sound measurements were taken with a VEVO 770
high-resolution in vivo microimaging ultrasound system
2578
with a 30-MHz mouse probe (VisualSonics, Toronto,
ON, Canada). Echocardiography was performed on the
left and right carotid arteries 1 day after the partial
ligation surgery. Mice were euthanized after 48 hours for
mRNA analysis after TRIzol flush of the left and right
carotid and after 7 days for immunohistochemical anal-
ysis of the left and right carotids excised for analysis.
Immunohistochemistry for Tissue

All tissue was fixed in 4% formaldehyde, embedded in
paraffin, and cut into 5-mm sections. Immunohistochemistry
and Russell-Movat Pentachrome staining was performed as
previously described.7 Antibodies used for mouse tissues
included rabbit antieVCAM-1 (dilution 1:40 or 1:100; Santa
Cruz Biotechnology, Inc.), rat anti-Mac2 (dilution 1:10,000;
Accurate Chemical, Westbury, NY), and mouse anti-smooth
muscle actin (SMA; dilution 1:400; Sigma-Aldrich). Staining
was visualized with Alexa-conjugated secondary antibodies.
Images were collected with the Photometrics CoolSNAP120
ES2 camera and the NIS Elements 3.00 by using SP5 imaging
software.
Statistical Analysis

Data were tested for normality (Kolmogorov-Smirnov test)
and significance by using Prism software version 5.02
(GraphPad Inc., San Diego, CA). Data that passed the
normality assumption were analyzed with t-test or two-way
analysis of variance with Bonferroni post-tests. Data that
failed the normality assumption were analyzed with the
nonparametric U-test and the Kruskal Wallis test with post
hoc analysis. Data are expressed as means � SEM.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Selective knockdown of av integrins blunts shear stress-induced
NF-kB activation. A: HAECs were transfected with siRNA for a5 or av integrins,
plated on fibronectin, and exposed to acute onset of shear stress for 30 minutes.
Integrin expression was determined by Western blot analysis and shear-induced
activation of eNOS, FAK, PAK2, and NF-kB was assessed by Western blot analysis
with phospho-specific antibodies and normalized to total protein levels. Repre-
sentative blots are shown. Quantification of shear-induced activation of FAK (B),
PAK2 (C), NF-kB (D), and ERK1/2 (E) is shown. F and G: HAECs were treated as in
AeE, and NF-kB activation was determined by immunocytochemistry for NF-kB
nuclear translocation. Representative micrographs are shown. F: Quantification of
nuclear translocation as described in E. HAECs were scored for nuclear NF-kB
staining, at least 100 cells were counted per condition for each experiment. nZ 5
(B); nZ 8 (CeE); nZ 4 (F). *P< 0.05, **P< 0.01, and ***P< 0.001. eNOS,
endothelial nitric oxide synthase; ERK, extracellular regulated kinase; FAK, focal
adhesion kinase; HAEC, human aortic endothelial cell; IB, immunoblot; NT, no
treatment; PAK2, p21-activated kinase 2; Pos, positive.

Flow-Induced Inflammation Requires avb3
Differences were considered statistically significant at a
value of P < 0.05.
Results

Although chronic exposure to laminar flow reduces inflam-
matory signaling,1 acute onset of laminar flow stimulates
proinflammatory signaling pathways and ICAM-1/VCAM-1
expression similar to disturbed flow models. Therefore, we
first sought to determine how individual transitional matrix
integrins contribute to endothelial cell activation by acute onset
of flow. Consistent with previous reports,21 qPCR analysis
of HAECs indicated the expression of multiple transitional
matrix-binding integrins, including the binding partners a5b1,
avb3, and avb5 (Supplemental Figure S1). To test which of
these transitional matrix-binding integrins mediate flow-
induced endothelial cell activation, we used specific small-
molecule inhibitors or competitive peptides to block integrin
signaling. HAECs plated on the transitional matrix protein
fibronectin were treated with either 50 mmol/L a5b1 signaling
The American Journal of Pathology - ajp.amjpathol.org
inhibitor ATN-1617 or 1 mmol/L av inhibitor S247,22 and shear
stress-induced signaling was assessed. Although an RGD
peptidomimetic, S247 shows a 160-fold higher affinity for
avb3 than for a5b1 and a 950-fold higher affinity for avb3 than
for the platelet integrin aIIbb3.22 Inhibiting av integrins with
S247 completely suppressed shear-induced activation of FAK
(Figure 1, A and B), PAK2 (Figure 1, A and C), and NF-kB
(Figure 1, A and D), whereas ATN-161 did not. In contrast,
neither inhibitor affected shear stress-induced activation of
ERK1/2 (Figure 1, A and E) or Akt (Supplemental Figure S2, A
and B), and neither affected shear-induced eNOS Ser1177
phosphorylation (Figure 1A and Supplemental Figure S2C) or
Thr495 dephosphorylation (Supplemental Figure S2, A and D).
However, shear stress-induced eNOS phosphorylation on
Ser633 showed significant reductions with S247 treatment but
not ATN-161 (Supplemental Figure S2, A and E).

To confirm these results, endothelial cells were trans-
fected with a5 and av siRNA to selectively deplete these
integrins. Knockdown efficiencies were similar with an
approximately 80% knockdown of each integrin, and no
compensation was observed after knockdown of either
2579
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Figure 3 av Integrin knockdown inhibits
shear stress-induced ICAM-1/VCAM-1 expression.
HAECs were transfected with siRNA for a5 or av
integrins, plated on fibronectin, and exposed to
laminar shear stress for 3 hours. VCAM-1 (A) and
ICAM-1 (B) mRNA was analyzed by quantitative
real-time PCR and normalized to b2-microglobulin
expression. CeF: HAECs transfected with a5 or av
siRNA were plated on fibronectin and exposed to
either laminar shear stress or 10 ng/mL TNFa for 5
hours. Cells were lyzed and analyzed for VCAM-1
(E) or ICAM-1 (F) expression by Western blot
analysis. Representative blots are shown (C and
D). G and H: HAECs transfected with a5 or av
siRNA were plated on fibronectin and exposed to
OSS for 18 hours. Cells were lyzed and analyzed for
VCAM-1 (G) or ICAM-1 (H) expression by Western
blot analysis. n Z 4 (B, G, and H); n Z 4 to 7
(C and D). *P < 0.05, **P < 0.01, and
***P < 0.001. ERK, extracellular regulated kinase;
Exp, expression; HAEC, human aortic endothelial
cell; ICAM-1, intercellular adhesion molecule-1; M,
mock; NT, no treatment; OSS, oscillatory shear
stress; TNFa, tumor necrosis factor-a; VCAM-1,
vascular cell adhesion molecule-1.
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integrin (Supplemental Figure S3, A and B). Consistent
with the integrin inhibitor studies, siRNA targeting integ-
rin av similarly prevented shear-induced activation of
FAK (Figure 2, A and B), PAK (Figure 2, A and C), and
NF-kB (Figure 2, A and D), whereas a5 siRNA did not.
Integrin depletion did not prevent all shear stress responses,
because shear stress induced a similar activation of ERK1/2
(Figure 2, A and E) and Akt (Supplemental Figure S3, A and
C), as well as eNOS Ser1177 phosphorylation (Figure 2A and
Supplemental Figure S3, A and D) and Thr495 dephosphory-
lation (Supplemental Figure S3, A and D), irrespective of
integrin siRNA. Like the inhibitor studies, av siRNA signifi-
cantly reduced shear-induced eNOSphosphorylation on Ser633
(Supplemental Figure S3, A and F), confirming a role for this
integrin in eNOS phosphorylation at this site. To further
confirm altered proinflammatory NF-kB activation on av
depletion, we assessed NF-kB nuclear translocation by
2580
immunocytochemistry. LikeNF-kBphosphorylation, depleting
av integrins blunted shear stress-induced NF-kB nuclear
translocation, whereas a5 depletion did not (Figure 2, F and G).
Taken together, these data indicate that av integrins are the
predominant integrin that mediate endothelial NF-kB activation
after acute onset of shear stress.
In addition to proinflammatory signaling, we measured

shear stress-induced expression of ICAM-1 and VCAM-1, the
major adhesion molecules that mediate leukocyte firm adhe-
sion. HAECs treated with a5 or av siRNA were exposed to
onset of shear stress for 3 hours, and ICAM-1 and VCAM-1
mRNA expression was assessed by qPCR. Consistent with av
integrin-dependent NF-kB activation, shear stress-induced
VCAM-1 mRNA was completely inhibited by av siRNA,
whereas a5 siRNA did not affect VCAM-1 expression
(Figure 3A). Although ICAM-1 expression showed a milder
induction than VCAM-1, av siRNA completely suppressed
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 b3 siRNA limits shear-induced
proinflammatory signaling and gene expression.
A and B: HAECs were transfected with siRNA for b3
or b5 integrins, plated on a fibronectin and
vitronectin matrix, and exposed to acute onset of
flow for 30 minutes. NF-kB phosphorylation was
determined by Western blot analysis. Representa-
tive images are shown. B: Quantification of NF-kB
phosphorylation from A normalized to total NF-kB
levels. HAECs treated as in A were exposed to
laminar shear stress for 5 hours, and expression of
VCAM-1 (C) and ICAM-1 (D) was determined by
Western blot analysis. HAECs treated as in A were
exposed to OSS for 18 hours and expression of
VCAM-1 (E) and ICAM-1 (F) was determined by
Western blot analysis. n Z 4 (BeF). *P < 0.05,
**P < 0.01, and ***P < 0.001. Exp, expression;
HAEC, human aortic endothelial cell; ICAM-1,
intercellular adhesion molecule-1; M, mock; OSS,
oscillatory shear stress; VCAM-1, vascular cell
adhesion molecule-1.

Flow-Induced Inflammation Requires avb3
this induction and a5 siRNA actually enhanced this expression
(Figure 3B). Shear stress-induced VCAM-1 (Figure 3, C and
E) and ICAM-1 (Figure 3, C and F) protein expression showed
similar inhibition by integrin av knockdown but not a5
knockdown (Figure 3, C and D). Neither a5 siRNA nor av
siRNA affected tumor necrosis factor-aeinduced VCAM-1
(Figure 3, D and E) and ICAM-1 expression (Figure 3, D
and F), suggesting that av integrin knockdown does not sup-
press endothelial cell activation in response to other proin-
flammatory stimuli.

Although acute onset of flow provides an easily reproduc-
ible model for shear stress signaling, endothelial cells at
atherosclerosis-prone sites in vivo are chronically exposed to
disturbed flow patterns. To determine whether integrin-
specific signaling similarly regulates the chronic inflamma-
tion seen in disturbed flow models, a5 and av knockdown
HAECs were exposed to oscillatory shear stress (model of
disturbed flow2,8) for 18 hours. Similar to the onset of flow,
knockdown of av integrins but not a5 integrins inhibited flow-
induced VCAM-1 (Figure 3G) and ICAM-1 protein expres-
sion (Figure 3H). Taken together, these results identify av
integrins as the major mediators of flow-induced endothelial
cell activation on fibronectin.
The American Journal of Pathology - ajp.amjpathol.org
Although the present data implicate av integrins in the
proinflammatory response to flow, the specific heterodimer
involved remains unknown. Because the av subunit forms
heterodimers with both b3 and b5 integrin subunits, we used
siRNA to b3 and b5 to determine their individual roles.
Although fibronectin can bind to both avb3 and avb5,23

both fibronectin and vitronectin were included in the
subendothelial matrix to ensure both integrins had high-
affinity ligands present. Knockdown of b3 integrins
significantly blunted flow-induced NF-kB phosphoryla-
tion (Figure 4, A and B), whereas b5 knockdown did not.
Furthermore, b3 knockdown reduced the expression of
both VCAM-1 (Figure 4C) and ICAM-1 (Figure 4D) by
acute onset of flow, whereas knockdown of b5 did not
affect shear stress-induced expression of either protein.
Consistent with this result, b3 but not b5 siRNA sup-
pressed chronic oscillatory shear stress-induced VCAM-1
(Figure 4E) and ICAM-1 (Figure 4F) expression. Taken
together, these data suggest that shear stress induces
proinflammatory gene expression through avb3 integrin
signaling.

Because our in vitro data suggest that av integrins, but
not a5b1, mediate the proinflammatory effects of shear
2581

http://ajp.amjpathol.org


A B

C D E

Figure 5 S247 limits inflammation after partial carotid ligation in ApoE knockout mice. A and B: ApoE knockout mice underwent partial ligation of their
left carotid artery and treatment with saline, ATN-161 (5 mg/kg every third day), or S247 (40 mg/kg per day). After 7 days, plaque area in the left carotid
artery exposed to disturbed flow was determined by immunohistochemistry for Mac2 (green; A) and SMA (red; A) or VCAM-1 (B) by using nuclear staining
(DAPI, blue) as a counterstain. Representative micrographs from serial sections are shown. C: Quantification of total plaque area. D: Quantification of Mac2-
positive and SMA-positive area. E: VCAM-1 intensity in the left carotid artery was quantified and normalized to VCAM-1 in the right carotid artery exposed to
laminar shear stress. n Z 5 to 9 mice per group (A, B, and E). *P < 0.05. ApoE, apolipoprotein E; Mac2, macrophage; SMA, smooth muscle area; VCAM-1,
vascular cell adhesion molecule-1.
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Table 2 Plasma Lipids after S247 Treatment

Lipid Saline S247

Total cholesterol (mg/dL) 1015.1 � 107.2 1089.6 � 116.0
HDL (mg/dL) 21.0 � 2.6 25.6 � 5.1
LDL (mg/dL) 946.6 � 94.7 1025.7 � 147.8
Triglycerides (mg/dL) 236.9 � 67.8 186.5 � 50.7

HDL, high-density lipoprotein; LDL, low-density lipoprotein.

Flow-Induced Inflammation Requires avb3
stress, we next tested whether inhibiting av or a5 integrins
affects inflammation in the partial carotid ligation model of
disturbed flow-induced early atherogenic remodeling.20

Atherosclerosis-prone apolipoprotein E (ApoE) KO mice
underwent partial ligation of the left carotid artery, resulting
in the development of low, oscillatory flow in the common
carotid artery. The right carotid, still exposed to uniform
laminar flow, was used as a negative control. Immediately
after ligation, mice were treated with 40 mg/kg per day av
integrin inhibitor S247 or vehicle control via Alzet osmotic
minipump or were treated with 5 mg/kg a5b1 inhibitor
ATN-161 (i.p. injection, every 3 days). After 7 days,
disturbed flow-induced plaque formation in the left carotid,
quantified as neointimal area, was significantly reduced by
the S247 treatment but not the ATN-161 treatment
(Figure 5, A and C). No plaque formation was detected in
the right carotid artery in any of the mice regardless of
treatment. The early plaques that form in this model are
A B

C

D

E F G H

I J
P
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predominantly composed of macrophages (Mac2-positive),
although smooth muscle (SMA-positive) recruitment was
consistently observed (Figure 5A). Although ATN-161 did
not affect plaque macrophage or smooth muscle area, S247
treatment significantly reduced plaque macrophage area and
showed a trend toward reduced smooth muscle area,
although this did not reach statistical significance
(Figure 5D). To assess endothelial cell activation, we
analyzed VCAM-1 expression by immunohistochemistry. In
Figure 6 S247 limits spontaneous athero-
sclerosis in Western diet-fed Apoe knockout mice.
Apoe knockout mice were fed a high-fat, Western
diet for 8 weeks and treated with saline or 40 mg/
kg per day S247 for the final 4 weeks. A: Oil Red O
staining of the aortic arch was performed to
visualize plaque formation by en face imaging.
Quantification of Oil Red O-positive areas in the
aortic arch or whole aorta from the aortic cusp to
renal branchpoints is shown. B and C: Analysis of
atherosclerotic plaque area in the aortic root by
Russell-Movat Pentachrome staining. Representa-
tive images are shown with insets of the entire
vessel. Quantification of plaque cross-sectional
area determined at multiple regions along the
aortic root (C). D: Representative micrographs of
plaques from the aortic root were analyzed for
Mac2 area (green) and SMA (red), using nuclear
staining (DAPI, blue) as a counterstain. E: Quan-
tification of Mac2-positive area. F: Quantification
of SMA-positive. Percentage of the atherosclerotic
plaque that stained positive for either Mac2 (G) or
SMA (H). I: Plaques were scored as either positive
or negative for SMA-containing fibrous caps and
the percent positive are shown with a pie graph. J:
Scatter plots for the relation between SMA and
plaque area. The slopes showing the relation be-
tween plaque size and SMA are shown. n Z 5 mice
per group. n Z 23 to 30 plaques from 4 to 5 mice
per condition (I). *P < 0.05. Original magnifica-
tion: �40 (B and C, main images); �10 (insets).
Mac2, macrophage; SMA, smooth muscle area.
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addition to endothelial VCAM-1 expression (Figure 5B), we
observed VCAM-1 expression in the neointima and the
medial layer underlying the plaque, consistent with previous
reports.24 In congruence with our in vitro studies, S247 but
A B

C D

E F
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not ATN-161 significantly reduced VCAM-1 staining
throughout these vessels (Figure 5, B and E).
Although several studies have tested the role of avb3

inhibitors in atherosclerotic plaque formation, the models
G
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Table 3 Plasma Lipids in iEC-av KO Mice

Lipid iEC-control iEC-av KO

Total cholesterol (mg/dL) 1309.8 � 136.3 1255.3 � 153.6
HDL (mg/dL) 32.3 � 2.9 32.8 � 5.2
LDL (mg/dL) 1232.6 � 131.5 1187.4 � 148.2
Triglycerides (mg/dL) 224.7 � 22.2 173.7 � 25.3

HDL, high-density lipoprotein; iEC, inducible epithelial cell; KO,
knockout; LDL, low-density lipoprotein.

Flow-Induced Inflammation Requires avb3
used (advanced atherosclerotic disease, vessel injury)
limited their ability to assess effects on endothelial cell
activation.25e27 To investigate whether S247 treatment
similarly reduced spontaneous plaque formation at sites of
disturbed flow, we stimulated atherosclerosis in male ApoE
KO mice by feeding mice a high-fat, Western diet for 8
weeks during which time the mice were treated with either
saline or 40 mg/kg/day S247 by osmotic mini-pump for the
final 4 weeks. Atherosclerotic plaque formation was then
assessed in the aorta, aortic root, and carotid sinus. S247
treatment did not affect total plasma cholesterol, high-density
lipoprotein cholesterol, LDL cholesterol, or triglyceride con-
centrations (Table 2), but significantly reduced Oil Red
O-positive atherosclerotic plaques in the aortic arch with a trend
for reduced plaque in the whole aorta (Figure 6A). S247
treatment similarly reduced total plaque area in the aortic root
(Figure 6, B and C) and carotid sinus (Supplemental Figure S4,
A and B). Taken together, these data suggest that inhibiting av
integrins blunts early plaque formation without affecting
circulating atherosclerotic risk factors.

We next determined whether S247 treatment altered the
composition of the plaques that formed. Macrophage area
(Mac2-positive) and smooth muscle area (SMA-positive) in
plaques from the aortic root were determined by immuno-
histochemistry and quantified at multiple sites along each
vessel. Plaques treated with S247 showed a significant
reduction in both macrophage area (Figure 6, D and E) and
smooth muscle area (Figure 6, D and F), consistent with
diminished plaque size. Macrophages constitute the bulk of
the plaque at this stage, and the percentage of plaque area
positive for Mac2 did not change with the S247 treatment
(Figure 6G), suggesting that reduced macrophage area likely
drives the reduction in overall plaque size. Although smooth
muscle cells make up a much lower proportion of the plaque
at this stage, S247 treatment reduced the percentage of the
plaque staining positive for SMA (Figure 6H). Consistent
with these results, S247 treatment reduced the percentage of
atherosclerotic plaques that showed SMA-positive fibrous
caps (Figure 6I). Scatter plots showing the relation between
plaque size and SMA-positive area (23 to 30 plaques from
four to five mice per condition) suggest that the effect of
S247 treatment on smooth muscle incorporation is not
simply due to reduced plaque size, because the slope
showing the relation between plaque area and SMA staining
area is significantly reduced (P Z 0.003) after S247 treat-
ment (Figure 6J). Taken together, these data suggest that
Figure 7 Reduced inflammation after partial carotid ligation in iEC-av KO m
analyze av protein levels by Western blot analysis. B: iEC-Control and iEC-av KO m
after 48 hours. Expression of Klf2, ICAM-1, and VCAM-1 was determined by quant
artery was determined by immunohistochemistry for Mac2 (green, C) and SMA (red
Representative micrographs from serial sections are shown. E: Quantification of tot
VCAM-1 intensity in the left carotid artery was quantified and normalized to VCAM-
group (A), n Z 5 mice per group (BeD and G). *P < 0.05, **P < 0.01. Origin
immunoblot; ICAM-1, intercellular adhesion molecule-1; iEC, inducible epithelia
macrophage; RC, right carotid; SMA, smooth muscle area; Tub, tubulin; VCAM-1,
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S247 treatment likely reduces plaque size by reducing both
macrophage and smooth muscle content.

Because S247 likely affects atherogenic inflammation and
vascular remodeling through effects on multiple cell types,
we next sought to test the role of endothelial av integrins
directly. Apoe�/� mice that express the tamoxifen-inducible,
endothelial cell-specific Cre transgene (Apoe�/�, VE-
cadherinCreERT2tg/?; iEC-Control) were crossed with mice
that contained a floxed av integrin allele (Apoe�/�, VE-
cadherinCreERT2tg/?, avflox/flox; iEC-av KO) to allow for
tamoxifen-dependent deletion of av in endothelial cells.
Tamoxifen treatment significantly reduced av mRNA in the
intima of the common carotid in iEC-av KO mice compared
with iEC-Control mice (Supplemental Figure S4C), whereas
medial/adventitial av expression remained unaffected. To
confirm av protein depletion, endothelial cells were isolated
from the mouse lung after tamoxifen treatment, and av
expression was assessed by Western blot analysis. Consistent
with the mRNA data, endothelial cells isolated from tamoxifen-
treated iEC-av KO mice showed a significant reduction in av
protein expression compared with controls (Figure 7A).

To assess the role of av in the endothelial cell response to
shear stress, iEC-Control and iEC-av KO mice underwent
partial carotid ligation surgery, and changes in endothelial
mRNA expression (48 hours after ligation) and vessel
remodeling (7 days after ligation) were determined. Consistent
with our cell culture system, disturbed flow induced a greater
than twofold induction of both ICAM-1 and VCAM-1 mRNA
expression in iEC-Control mice, but iEC-av KO mice showed
no induction of either gene by disturbed flow (Figure 7B).
Analysis 7 days after ligation indicated a significant reduction
in plaque size in iEC-av KO mice (Figure 7, C and E),
associated with a reduction in macrophage area (Figure 7, C
and F). Consistent with the mRNA analysis, iEC-av KO mice
showed a significant reduction in VCAM-1 staining in the left
carotid compared with the right carotid control (Figure 7, D
ice. A: After tamoxifen treatment, lung endothelial cells were isolated to
ice underwent partial carotid ligation, and the intimal mRNA was isolated
itative real-time PCR. C and D: After 7 days, plaque area in the left carotid
, C) or VCAM-1 (D) by using nuclear staining (DAPI, blue) as a counterstain.
al plaque area. F: Quantification of Mac2-positive and SMA-positive area. G:
1 in the right carotid artery exposed to laminar shear stress. nZ 4 mice per
al magnification: �40 (C and D); �10 (C and D, insets). Ctrl, control; IB,
l cell; Klf2, Krüppel-like Factor 2; KO, knockout; LC, left carotid; Mac2,
vascular cell adhesion molecule-1.
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Figure 8 Endothelial av deletion limits spon-
taneous atherosclerosis. iEC-Control and iEC-av KO
mice were treated with tamoxifen, and atheroscle-
rosis was induced by Western diet feeding for 8
weeks. A: Oil Red O staining of the aortic arch was
performed to visualize plaque formation by en face
imaging. Quantification of Oil Red O-positive areas
in the aortic arch or whole aorta from the aortic
cusp to renal branchpoints is shown. B: Represen-
tative images show analysis of atherosclerotic pla-
que area in the aortic root by Russell-Movat
Pentachrome staining. C: Quantification of plaque
cross-sectional area determined at multiple regions
along the aortic root. D: Representative micro-
graphs of the plaques from the aortic root were
analyzed for Mac2 (green) and SMA (red) areas,
using nuclear staining (DAPI, blue) as a counter-
stain. E: Quantification of Mac2-positive area. F:
Quantification of SMA-positive. Percentage of the
atherosclerotic plaque staining positive for either
Mac2 (G) or SMA (H). I: Plaques were scored as
either positive or negative for SMA-containing
fibrous caps and the percent positive is shown
with a pie graph. J: Scatter plots for the relation
between SMA and plaque area. The slopes show the
relation between plaque size and smooth muscle. nZ
7 mice per group; n Z 24 to 39 plaques from 6 to 7
mice per condition (I and J). *P < 0.05, **P < 0.01.
Original magnification: �40 (main images); �10 of
the entire vessel (inset). iEC, inducible epithelial cell;
KO, knockout; Mac2, macrophage; Pos, positive; SMA,
smooth muscle area.
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and G). However, this analysis was not limited to the endo-
thelium and may result from an overall decrease in inflam-
mation in the vessel wall after endothelial av deletion.

Atherosclerotic plaque formation in iEC-Control and iEC-
av KO mice was assessed after 8 weeks of Western diet
feeding. Although total cholesterol, triglycerides, high-density
lipoprotein, and LDL cholesterol concentrations did not differ
significantly between iEC-Control and iEC-av KO mice
(Table 3), plaque formation in the aorta (Figure 8A), aortic
root (Figure 8, B and C), and the carotid sinus (Supplemental
Figure S4, D and E) were all reduced in iEC-av KO mice
compared with iEC-Control mice. Like the S247 treatment, the
reduction in plaque formation in iEC-av KO mice was asso-
ciated with reduced macrophage area (Figure 8, D and E) and
a trend toward reduced smooth muscle area, although this did
not reach statistical significance (Figure 8, D and F). Neither
S247 treatment nor iEC-av KO reduced the percentage of
plaques positive for the macrophage marker Mac2 (Figures 6G
2586
and 8G), consistent with macrophage-dominant plaques at this
stage. However, unlike the S247 treatment, iEC-av KO mice
showed no change in the percentage of plaque area positive for
SMA (Figure 8H), the percentage of plaques positive for
fibrous caps (Figure 8I), or the correlation between plaque size
and smooth muscle area (Figure 8J), suggesting that endo-
thelial av integrins do not regulate smooth muscle incorpo-
ration into the plaque.
Discussion

Integrin signaling plays a well-characterized role in mecha-
notransduction, including the endothelial cell response to
shear stress.1,2 Therefore, it is not surprising that changes in
matrix composition significantly affect the endothelial cell
response to shear stress through the activation of integrin-
specific signaling. Although work from our laboratory and
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Flow-Induced Inflammation Requires avb3
others have defined an important role for endothelial matrix
remodeling in shear stress-induced endothelial activation4,7

and early atherogenesis,7,9,10 the role of specific integrins
in mediating this response remained undefined. We now
show that fibronectin deposition enhances the proin-
flammatory effects of shear stress, predominantly through the
avb3 integrin. Both inhibitor studies (S247) and siRNA
knockdown (av, b3) experiments show that blocking
signaling through avb3 prevents flow-induced NF-kB acti-
vation and proinflammatory gene expression (ICAM-1,
VCAM-1). Inhibiting avb3 similarly blunted shear stress-
induced activation of FAK and PAK, pathways known to
mediate integrin-dependent NF-kB activation by shear.8,28

The requirement for avb3 is consistent between the re-
sponses to early onset of flow and those seen with chronic
oscillatory flow, and avb3 is not required for tumor necrosis
factor-aeinduced proinflammatory gene expression, sug-
gesting that avb3 inhibition does not regulate endothelial cell
activation in response to all proinflammatory stimuli. We
further show that inhibiting av integrins, either with S247 or
in the iEC-av KO mice, significantly blunts inflammation in
the partial carotid ligation model of oscillatory flow-induced
vascular remodeling in vivo, whereas inhibiting a5 did not.
iEC-av KO mice and mice treated with S247 showed simi-
larly reduced inflammation and plaque formation at sites of
disturbed flow during diet-induced early atherogenesis.
However, S247 treatment also blunted smooth muscle
recruitment into the developing plaque.

Integrins function as classic mechanotransducers, coupling
mechanical forces transmitted through the extracellular matrix
to the activation of intracellular biochemical signals.1,2 How-
ever, shear stress stimulates integrin signaling indirectly by
inducing inside-out integrin activation, enhancing their affinity
for their matrix ligands, and stimulating ligation-dependent
outside-in integrin signaling.12,29,30 Fibronectin-binding integ-
rins mediate shear stress-induced endothelial alignment,
permeability, and proinflammatory gene expression.4,13,30 In
the present work, we build on this understanding by examining
how specific integrins contribute to the endothelial response to
shear stress. Inhibiting avb3 (S247, siRNA) blunted shear
stress-induced NF-kB activation and activation of FAK and
PAK, pathways previously shown to mediate shear-induced
NF-kB activation.8,28 However, shear-induced activation of
ERK1/2, AKT, and eNOS (Ser1177 phosphorylation, Thr495
dephosphorylation) remained intact, consistent with integrins
mediating only a subset of shear-induced signaling responses.
Inhibiting av prevented shear stress-induced eNOS phosphor-
ylation on Ser633; however, its functional significance remains
unclear. Previous work in bovine aortic endothelial cells
showed that fibronectin limits shear-induced eNOS activation,5

suggesting that matrix-specific signaling responses may differ
between endothelial cell types and cell culture conditions.
Although shear stress promotes both a5b1 activation and
ligation,12 inhibition of a5b1 signaling (ATN-161, siRNA) did
not affect any of the shear stress-induced signaling pathways
tested. This stands in stark contrast to the endothelial response
The American Journal of Pathology - ajp.amjpathol.org
to oxLDL, which requires a5b1 but not avb3.7 Although the
molecular mechanisms remain unknown, the differential
requirement for a5b1 and avb3 in these two systems likely
involves disparate activation of co-stimulatory pathways.
Although these data suggest that a5b1 activation is dispensable
for shear-induced signaling, we cannot exclude a role for a5b1
in shear stress-associated fibronectin matrix deposition or other
shear stress-induced signaling responses beyond those tested
herein.12

Although fibronectin-binding integrins are associated
with endothelial NF-kB activation and proinflammatory
gene expression in cell culture models,7,15,31 our data are
the first to definitively link endothelial integrins to their
inflammatory activation in vivo. This integrin-driven
endothelial activation may contribute to several chronic
inflammatory diseases. Polymorphisms in the genes
encoding av and b3 are linked to susceptibility to arthritis
and childhood asthma, respectively,32,33 and inhibiting
avb3 blunts NF-kB activation and inflammation in
experimental colitis.34 Signaling through avb3 regulates
inflammatory angiogenesis in multiple chronic inflamma-
tory disease models.35,36 Although we show that inhibiting
av integrins reduces atherogenic inflammation both in the
acute disturbed flow model and the spontaneous diet-
induced atherosclerosis model, this effect is not likely to
be due to antiangiogenic effects because intraplaque
angiogenesis does not occur at this stage of early plaque
development.37 Rather, this effect involves the local
reduction in proinflammatory signaling, consistent with
the reduction in endothelial ICAM-1 and VCAM-1
expression after av inhibition in vivo. In addition, NF-kB
promotes a5b1 and avb3 expression,38,39 suggesting that
these integrins promote their own expression during
inflammatory tissue remodeling.

Early atherogenesis involves coordinated vascular remodel-
ing by multiple cell types. The deposition of transitional matrix
proteins from the earliest stages of atherogenesis suggests that
altered integrin signaling may affect multiple cellular processes
during plaque formation.4 Although avb3 staining in human
plaques localizes primarily to the endothelium and smooth
muscle cells,14 plaque macrophages also express avb3, and
oxLDL treatment enhances this expression.40 Macrophage
avb3 mediates efficient efferocytosis,41 which limits necrotic
core formation and becomes dysfunctional at later stages in
plaque development. In addition, avb3 ligation reduces oxLDL
uptake by down-regulating macrophage scavenger protein
expression (CD36, SRA), suggesting that avb3 limits macro-
phage dysfunction in atherosclerosis.40 However, avb3
signaling also promotes macrophage NF-kB activation and
proinflammatory cytokine expression (tumor necrosis factor-a,
IL-1b) in cell culture models,42 although studies of b3-deficient
macrophages are conflicting with both positive and negative
effects on homing and proinflammatory gene expression
described.43e45 Smooth muscle cell avb3 ligation promotes
cell proliferation and migration under several experimental
conditions and reduces oxLDL-induced apoptosis.46e48
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Consistent with these results, b3 KO mice and animals treated
with RGD peptide inhibitors show reduced neointimal smooth
muscle content after injury-induced vascular remodeling.25,26

Our data show that avb3 inhibitors potently inhibit smooth
muscle incorporation into early spontaneous atherosclerotic
plaques, phenocopying the early reduction in plaque smooth
muscle content observed after the deletion of plasma fibro-
nectin.10 In contrast to avb3, expression of a5b1 is largely
limited to plaque endothelial cells and macrophages, and
inhibiting a5b1 limits early atherogenesis but does not prevent
smooth muscle incorporation into early atherosclerotic
plaques.7

These data illustrate an important role for avb3 integrin
signaling in shear stress-induced endothelial cell activation
and provide the first evidence that integrin signaling regu-
lates endothelial activation in vivo. Specifically, inhibiting
endothelial av integrins limits inflammation during early
atherosclerosis, whereas systemic treatment with avb3 in-
hibitors inhibits both inflammation and plaque smooth
muscle recruitment. Although this effect of av inhibition
may destabilize the protective fibrous cap,49 it remains un-
known whether integrin inhibitors will show similar effects
on endothelial and smooth muscle phenotype in advanced
atherosclerotic plaques. With multiple avb3 antagonists
currently undergoing clinical trials for the treatment of
psoriasis, arthritis, and cancer,50 the use of these agents in
patients at risk of cardiovascular events should be carefully
weighed.
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