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Atherosclerosis is a chronic inflammatory disease of the arterial wall. NF-kB is a major regulator of
inflammation that controls the expression of many genes involved in atherogenesis. Activated NF-kB
was detected in human atherosclerotic plaques, and modulation of NF-kB inflammatory activity limits
disease progression in mice. Herein, we investigate the anti-inflammatory and atheroprotective effects
of a cell-permeable peptide containing the NF-kB nuclear localization sequence (NLS). In vascular
smooth muscle cells and macrophages, NLS peptide specifically blocked the importin aemediated
nuclear import of NF-kB and prevented lipopolysaccharide-induced pro-inflammatory gene expression,
cell migration, and oxidative stress. In experimental atherosclerosis (apolipoprotein Eeknockout mice
fed a high-fat diet), i.p., 0.13 mmol/day NLS peptide administration for 5 weeks attenuated NF-kB
activation in atherosclerotic plaques. NLS peptide significantly inhibited lesion development at both
early (age 10 weeks) and advanced (age 28 weeks) stages of atherosclerosis in mice, without affecting
serum lipid levels. Plaques from NLS-treated mice contained fewer macrophages of pro-inflammatory M1
subtype than those from respective untreated controls. By contrast, the relative smooth muscle cell and
collagen content was increased, indicating a more stable plaque phenotype. NLS peptide also atten-
uated pro-inflammatory gene expression and oxidative stress in aortic lesions. Our study demonstrates
that targeting NF-kB nuclear translocation hampers inflammation and atherosclerosis development and
identifies cell-permeable NLS peptide as a potential anti-atherosclerotic agent. (Am J Pathol 2013,
182: 1910e1921; http://dx.doi.org/10.1016/j.ajpath.2013.01.022)
Supported by Spanish Ministry of Science grants SAF2009/11794 and
SAF2012-38830, Ministry of Health grant FIS-RECAVA RD06/0014/0035,
the Lilly Foundation, and Comunidad de Madrid grant S2006/GEN-0247.
Atherosclerosis is a multifactorial disease of the vascular wall
and is one of the leading causes of death in Western countries.1

The atherosclerotic plaque is characterized by lipid accumula-
tion, leukocyte infiltration, and a continuous inflammatory stage
that leads from the development of plaques to destabilization
and thrombus formation.2 Modulation of the different steps in
plaque formation is the objective of many anti-inflammatory
and immunomodulatory compounds.3 Numerous cellular and
molecular inflammatory components participate in the disease
process, including release of pro-inflammatory cytokines,
leukocyte infiltration, and vascular smoothmuscle cell (VSMC)
activation and migration.2 The atherosclerotic process is also
mediated by uncontrolled activation of pro-inflammatory tran-
scription factors, among which NF-kB plays a significant
role.4,5
stigative Pathology.
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NF-kB belongs to the Rel family; its members share the
Rel homology domain involved in protein dimerization and
DNA binding activity. Many different stimuli activate NF-
kB via canonical and noncanonical pathways.6 In resting
cells, inactive homodimers and heterodimers are sequestered
in the cytoplasm by either the inhibitory subunit IkB or the
precursor proteins p100 and p105. The canonical pathway
drives to IkB kinase activation and IkB phosphorylation
with further ubiquitination and degradation. This allows the
unmasking of the nuclear localization sequence (NLS) of
NF-kB members7 and the activation of p65-p50 NF-kB
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NF-kB Inhibition in Atherosclerosis
complex, followed by its nuclear translocation. Once in the
nucleus, NF-kB binds to functional kB sites in the promoter
region of target genes, including cytokines, chemokines, cell
adhesion molecules, apoptotic proteins, and cell surface
receptors, most of them also involved in atherogenesis and
vascular inflammation.4

The import of macromolecules into the nucleus occurs
through nuclear-pore complexes, large multiprotein assem-
blies that penetrate and fuse the nuclear envelope, and this
process is mediated by specific soluble carrier proteins
belonging to the importin superfamily.8 Importin a func-
tions as an adaptor that links classic NLS-containing
proteins to importin b, which, in turn, docks the ternary
complex at the nuclear-pore complex.9 In humans, only one
importin b is known to interact with importin a, whereas six
importin a molecules have been described, with variable
binding affinity and cell/stimulus specificity.10 The nuclear
import of NF-kB members is a highly regulated process
mediated by a subset of importin a molecules.7,11

Because of its critical role in inflammatory diseases, there
are many NF-kB modulators targeting upstream activators,
the IkB kinase complex, IkB degradation, DNA binding,
and gene transactivation.12e14 However, little interest has
been paid to the potential role of nuclear localization inhi-
bition in cardiovascular diseases. Herein, we investigate
whether selective inhibition of NF-kB nuclear import has
a beneficial effect on initiation and progression of athero-
sclerosis. We, therefore, analyze the anti-inflammatory and
atheroprotective properties of a cell-permeable peptide
containing the NLS of NF-kB both in vitro (VSMCs and
macrophages under inflammatory conditions) and in vivo
(atherosclerosis mouse model). We also identify the
importin a/NF-kB interactions that NLS peptide specifically
inhibited in vascular cells.

Materials and Methods

Reagents

The cell-permeable peptide containing the hydrophobic
region of the signal peptide of Kaposi fibroblast growth factor
(AAVALLPAVLLALLAP)15 and a single NLS from NF-kB
(VQRKRQKLMP)16 was synthesized and cyclized (intra-
chain disulfide bond between cysteines inserted in the NLS
motif) by Creative Biolabs (Shirley, NY). A mutated NLS
peptide (mNLS; KR/NG) was used as the structural
control. Peptides were dissolved (2.5% acetonitrile in saline
solution) and filter sterilized. Lipopolysaccharide (LPS) was
purchased from Sigma-Aldrich (St. Louis, MO). Primary
antibodies (Abs) were as follows: Moma-2 (Serotec, Oxford,
UK); a-smooth muscle actin (a-SMA; Sigma-Aldrich);
chemokine ligand (CCL) 2 (Peprotech, Rocky Hill, NJ);
CCL5 (Antibodies-Online, Aachen, Germany); intracellular
adhesion molecule-1 (ICAM-1; R&D Systems, Minneapolis,
MN); STAT1 (Invitrogen, Carlsbad, CA); STAT3 (Cell
Signaling, Beverly, MA); and p65, glutathione-S-transferase
The American Journal of Pathology - ajp.amjpathol.org
(GST), lamin B, tumor necrosis factora (TNF-a), and arginase
(Arg) I/II (Santa Cruz Biotechnology, Santa Cruz, CA).
Secondary Abs (peroxidase, biotin, and fluorescein isothio-
cyanate conjugated) were provided by Amersham Biosciences
(Buckinghamshire, England) and Sigma-Aldrich.

Cell Cultures

VSMCs from mouse aorta were isolated by enzymatic
digestion, cultured in Dulbecco’s modified Eagle’s medium,
supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, 100 mg/mL streptomycin, and 2 mmol/L L-gluta-
mine (Life Technologies, Rockville, MD) and used between
the second and seventh passages.17 Mouse macrophage cell
line RAW 264.7 (TIB-71; ATCC, Manassas, VA) was
maintained in Dulbecco’s modified Eagle’s medium with
10% FBS. Quiescent cells were treated for 90 minutes with 4
to 54 mmol/L NLS and control peptide before stimulation
with 1 mg/mL LPS.

Electrophoretic Mobility Shift Assay

Cells were homogenized [10 mmol/L HEPES (pH 7.8), 15
mmol/L KCl, 2 mmol/L MgCl2, 1 mmol/L EDTA, 1 mmol/L
dithiothreitol, 1 mmol/L phenylmethylsulfonyl fluoride, and
protease inhibitor cocktail], and 10-mg nuclear proteins were
incubated with 0.035 pmol [32P]-consensus oligonucleotides of
NF-kB, activator protein 1 (AP-1), nuclear factor of activated
T cells (NFAT), and STAT3. DNA-protein complexes were
resolvedon4%nondenaturingpolyacrylamidegels and exposed
for autoradiography. A competition experiment was performed
with 100-fold excess of unlabeled oligonucleotides.18

Western Blot Analysis

Nuclear proteins (20 mg) were developed by polyacrylamide
gel electrophoresis, transferred to membranes, and then
immunoblotted with p65 and lamin B Abs.

Immunofluorescence

NF-kB localization in fixed, permeabilized cells was detected
withp65Ab, followedbyfluorescein isothiocyanateesecondary
Ab and nuclear counterstaining (DAPI).

Pull-Down Assay

Importin proteins (a3, a4, and a5) were expressed in
Escherichia coli JM101 cells as GST-tagged fusion proteins
under 1 mmol/L isopropyl-1-thio-b-D-galactopyranoside and
2% ethanol induction.19 Bacteria were lysed and clarified by
centrifugation. Fusion proteins were bound to 2 mL of glu-
tathioneeSepharose 4B beads (Amersham Biosciences),
then eluted with 10 mmol/L reduced glutathione (Sigma-
Aldrich) in 50mmol/L Tris-HCl buffer and dialyzed against 50
mmol/L HEPES buffer containing 200 mmol/L NaCl and 5%
1911
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glycerol. For the pull-down assay, 15 mg of importin-GST
fusion proteins was incubated for 12 hours at 4�C with gluta-
thioneeSepharose 4B beads in L-buffer [50 mmol/L Tris-HCl
(pH 7.4), 150 mmol/L NaCl, 5 mmol/L EDTA, 1% Triton
X-100, 1 mmol/L Na3VO4, and protease inhibitor cocktail;
modified from Fagerlund et al7]. Then, total cell lysates (30 mg
of protein) were added and rotated at 4�C for 2 hours. After
washing, beads were boiled in Laemmli’s buffer. The eluted
proteins were electrophoresed, transferred, and immunoblotted
for p65, STAT1, STAT3, and GST.

ELISA

CCL2 levels in cell supernatants were measured by enzyme-
linked immunosorbent assay (ELISA; BD Biosciences,
Erembodegem, Belgium).

Cell Migration Assays

In the wound-healing assay, VSMCs in 24-well plates were
serum depleted, followed by a wound injury using a plastic
pipette tip, and then treated with NLS peptide before LPS
stimulation. Wound closure was measured at 4 to 24 hours
of incubation. Six to eight images from each well along the
wound were captured, and remaining wound areas were
quantified and normalized to time 0 values.

In the transwell chemotaxis assay, 3 � 105 VSMCs in
Dulbecco’s modified Eagle’s medium with 0.5% FBS were
placed in the upper chamber of an 8.0-mmepore size 24-well
transwell plate (Corning Inc., Corning, NY). Medium con-
taining NLS peptide was added to the lower chamber and
incubated for 90 minutes at 37�C before LPS stimulation.
After 12 hours, nonmigratory cells were removed from the
upper surface of the membrane, and migrated cells were fixed
with 4% paraformaldehyde and stained with 0.2% crystal
violet. Each experimental condition was performed in trip-
licate, and the number of migrated cells was determined from
three random 200� fields per membrane. For transwell co-
culture system studies, 5 � 105 RAW 264.7 macrophages
were seeded on the upper transwell inserts and then placed
onto a 24-well plate containing 2 � 105 per well VSMCs in
the lower chamber. VSMCs were previously stimulated with
LPS in the presence or absence of NLS and mNLS peptides.
Co-cultures were incubated for a further 8 hours at 37�C, and
then migrated macrophages were counted.

Cell viability was assessed with the 1-(4,5-dimethylthiazol-
2-yl)-3,5-diphenylformazan thiazolyl blue formazan method.
Cell proliferation was quantified by the methylene blue
assay.18

Atherosclerotic Mouse Model and Treatments

Apolipoprotein E (ApoE) knockout mice (Jackson Labora-
tory, Bar Harbor, ME) were randomly distributed into
treatment (NLS peptide) and control (vehicle) groups and
were fed a high-fat Western diet (21% fat and 0.15%
1912
cholesterol; Harlan Labs, Madison, WI) for 5 weeks. During
this time, animals received i.p. injections of either NLS peptide
(0.13 mmol/day in 200 mL) or vehicle every second day. The
early treatment study started at 10 weeks of age (NLS group,
n Z 10; control group, n Z 10) when hardly any athero-
sclerotic lesions were present. The delayed treatment study
(NLS group, nZ 7; control group, nZ 5) started at 28 weeks
of age, the time point at which advanced atherosclerotic pla-
ques had developed. At the study end point, mice were anes-
thetized using 100 mg/kg ketamine and 15 mg/kg xylazine,
then saline perfused and euthanized. Aortas were removed and
divided into two parts: the upper aortic root was embedded in
Tissue-Tek optimal cutting temperature compound (Sakura
Finetek, Flemingweg, The Netherlands) for histological anal-
ysis, and the abdominal/thoracic aorta was processed for
mRNA analysis.17 Serum cholesterol levels were measured
using the Amplex Red Cholesterol assay kit (Invitrogen). The
studies conform to the Directive 2010/63/EU of the European
Parliament and were approved by the Institutional Animal
Care and Use Committees Autonoma University and IIS-
Fundacion Jimenez Diaz).

Histological Analysis and Quantification

Serial aortic sections (8 mm thick, covering approximately
1000 mm from valve leaflets) were quantified bymorphometry
after oil-red-O/hematoxylin staining. The individual lesion
areawas determined by averaging themaximal values (three to
four sections). Activated NF-kB was assessed by South-
western histochemistry using digoxigenin-labeled probes, as
previously described.20 Collagen content with picrosirius red
staining was measured under polarized light microscopy.
VSMCs (a-SMA), total macrophages (Moma-2), macrophage
phenotypes (M1marker Arg II; M2marker Arg I), and protein
expression levels (CCL2, CCL5, ICAM-1, and TNF-a) were
detected by indirect immunoperoxidase/immunofluorescence.21

Positive staining was quantified using Image Pro-Plus software
version 4.5.0.29 (Media Cybernetics, Bethesda, MD) and ex-
pressed as percentage of total plaque area or number of positive
cells per lesion area.

mRNA Expression

Total RNA extracted from cells and aortic tissues17,21 was
analyzed by real-time quantitative PCR using TaqMan gene
expression assays (Applied Biosystems, Foster City, CA).
The expression of target genes (Ccl2, Ccl5, Icam1, Tnfa,
and Il6) was normalized to the housekeeping gene Gapdh.

Oxidative Stress

Intracellular superoxide in tissues was assessed by fluores-
cence microscopy with 2 mmol/L superoxide-sensitive
fluorescent dye dihydroethidium (DHE; Invitrogen), and
expressed as number of DHE-positive cells versus total cells
(DAPI staining). NADPH-dependent oxidase activity in cell
ajp.amjpathol.org - The American Journal of Pathology
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homogenates was measured by chemiluminescence using 5
mmol/L lucigenin and 100 mmol/L NADPH.22
Statistical Analysis

Results are given as means � SEM. Differences across
groups were considered significant at P < 0.05 using an
unpaired Student’s t-test and a one-tailed analysis of vari-
ance, followed by a post hoc Bonferroni pairwise comparison
test (Prism version 5; GraphPad Software Inc., La Jolla, CA).
Results

NLS Peptide Blocks the Nuclear Import of Activated
NF-kB

Activated NF-kB is transported into the nucleus via
different importin a isoforms that directly interact with the
NLS region on NF-kB subunits.7,11 To study whether NLS
peptide affects the nuclear traffic of activated NF-kB under
inflammatory conditions in vessel cells, primary mouse
VSMCs were treated with NLS peptide before stimulation
with bacterial endotoxin LPS, and then protein pull-down
assays with bacterially expressed GST-importins were per-
formed. In LPS-stimulated cells, p65 proteins bound
strongly to importin a isoforms (a3 >> a4 > a5), whereas
small amounts of p65 were detected in NLS pretreated cells
(% inhibition versus LPS: a3, 84% � 5%; a4, 60% � 19%;
a5, 73% � 6%; P < 0.03) (Figure 1A). By contrast, NLS
did not affect the importin a binding to STAT1 and STAT3
transcription factors (Figure 1B). These results suggest that
NLS peptide specifically inhibits the direct binding of
activated NF-kB to importin a isoforms and the subsequent
nuclear translocation in VSMCs.
Figure 1 NLS peptide inhibits NF-kBeimportin interactions in vascular
cells. Pull-down assays in protein extracts from VSMCs pretreated with 36
mmol/L NLS peptide for 90 minutes before stimulation with 1 mg/mL LPS for
30 minutes. Proteins bound to glutathione-Sepharoseeimmobilized
GSTeimportin a isoforms were electrophoresed and immunoblotted for
p65/GST (A) and p65/STAT1/STAT3 (B). Representative blots and summary
of quantitative analysis are shown. Data are expressed as n-fold versus
basal and are means � SEM of three to five experiments. *P < 0.03 versus
basal; yP < 0.03 versus LPS. The dashed line represents basal conditions.
NLS Peptide Inhibits NF-kB Activation in Vascular Cells

The ability of NLS peptide to inhibit NF-kB activation in
several cells involved in atherogenesis was measured by the
gel shift assay. As shown in Figure 2A, NLS pretreatment
drastically reduced the DNA-binding activity of NF-kB in
LPS-stimulated VSMCs without inhibiting other transcrip-
tion factors with a similar translocation sequence, such as
AP-1, NFAT, and STAT3. In RAW 264.7 macrophages
(Figure 2B), NLS peptide dose-dependently inhibited the
activation of NF-kB induced by LPS, whereas the structural
control (mNLS peptide, 36 mmol/L) had no significant
effect. Nuclear translocation of the NF-kB complex was
further assessed by immunodetection of the p65 subunit.
Western blot data revealed low levels of p65 protein in the
nuclear fractions of VSMCs and RAW 264.7 macrophages
preincubated with NLS peptide (Figure 2C). Furthermore,
immunofluorescence studies in VSMCs showed that nuclear
p65 localization was prevented in cells treated with NLS
peptide before LPS stimulation (Figure 2D).
The American Journal of Pathology - ajp.amjpathol.org
Anti-Inflammatory Effects of NLS Peptide in Vitro

Among the different inflammatory molecules implicated in
cell recruitment and activation into the vascular wall, we
studied in vitro the expression of those genes regulated by
NF-kB (namely, the chemokines CCL2 and CCL5, the
adhesion molecule ICAM-1, and the pro-inflammatory
cytokine TNF-a). Real-time quantitative PCR analysis
revealed that NLS peptide drastically decreased the
expression of NF-kB target genes induced by LPS both in
VSMCs (Figure 3A) and RAW 264.7 macrophages
(Figure 3B). This effect was concentration dependent, with
a half-maximal inhibition reached at 30 mmol/L (Figure 3C).
1913
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Figure 2 NLS peptide inhibits NF-kB activation
in cultured cells. Primary VSMCs (A, C, and D) and
RAW 264.7 macrophages (B and C) were pre-
incubated for 90 minutes with the indicated
concentrations of inhibitory NLS peptide or its
structural control (mNLS) before 1 mg/mL LPS
stimulation for 30 minutes. A and B: DNA-binding
activity of NF-kB, AP-1, NFAT or STAT3 transcrip-
tion factors was analyzed by gel shift assay in
nuclear proteins from VSMCs (A) and RAW 264.7
macrophages (B). C: Western blot analysis for p65
protein in cell nuclear extracts. Representative
blots (comp, competition assay with unlabeled
probe) and summary of densitometric analysis are
shown. Results are expressed as the relative
increase (n-fold) over basal conditions and repre-
sent means � SEM of three to five independent
experiments. *P < 0.03 versus basal; yP < 0.03
versus LPS. The dashed line represents basal
conditions. D: Subcellular distribution of the p65
subunit in VSMCs was assessed by immunofluores-
cence. Representative images of four independent
experiments. Original magnification, �200.

Mallavia et al
NLS peptide also prevented the secretion of CCL2 protein
(LPS, 1.94 � 0.35 ng/mL; NLS þ LPS, 0.53 � 0.28 ng/mL;
n Z 4; P Z 0.02), as measured by ELISA in cell
supernatants.

Because NF-kB is a key factor in controlling NADPH
oxidase expression and function, we also assessed the
potential antioxidant activity of NLS peptide. A lucigenin
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chemiluminescence assay revealed that NLS peptide, but
not control mNLS, dose-dependently inhibited the genera-
tion of superoxide anion by the NADPH oxidase in LPS-
stimulated macrophages (Figure 3D).
To understand the functional significance of the reduced

inflammatory gene expression, we further studied the effects
of NLS peptide on cell migration and growth, two important
LPS

NLS+LPS

*

tnfα

LPS
NLS+LPS
mNLS+LPS

*

36 (µM)

Figure 3 Anti-inflammatory effects of NLS
peptide in vitro. A and B: Real-time quantitative
PCR analysis of different inflammatory genes in
VSMCs (A) and RAW 264.7 macrophages (B) pre-
treated with 36 mmol/L NLS peptide for 90
minutes and then stimulated with 1 mg/mL LPS for
3 hours. Values normalized by GAPDH endogenous
control are expressed as fold increases versus
basal. The dashed lines represent basal condi-
tions. C: Dose-response curves of the effect of NLS
peptide on CCL5 and TNF-a expression in LPS-
stimulated VSMCs. Representative curves from
triplicate experiments. D: NADPH oxidasee
dependent superoxide production in RAW 264.7
macrophages was detected by lucigenin assay.
Cells were preincubated with the indicated doses
of NLS and control mNLS peptide before stimula-
tion with 1 mg/mL LPS for 3 hours. Values repre-
sent means � SEM of four to six independent
experiments. *P < 0.01 versus basal; yP < 0.05
versus LPS.
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Figure 4 Effects of NLS peptide on cell migration
and viability. A: In vitro assay of scratch wound
healing with VSMCs under LPS stimulation in the
absence or presence of 36 mmol/L NLS peptide. Cell
migration to the wound surface was monitored from
0 to 24 hours. Left panel: Representative phase-
contrast images of cells migrating into the wounded
area at 8 hours after wounding are displayed. Dotted
lines delimit the wound surface. Right panel: The
covered healing regions were measured and expressed
as percentage of the initial wound area. B: Chemo-
taxis assay in LPS-activated VSMCs (transwell mi-
gration) and macrophages (transwell co-culture
migration of RAW 264.7 cells toward LPS-activated
VSMCs) in the absence or presence of NLS peptide
and its structural control, mNLS (36 mmol/L each).
Migrated cells were counted on the lower side of the
membrane after 8 hours (RAW 264.7 cells) and 12
hours (VSMCs). C: Methylene blue assay in VSMCs and
RAW 264.7 macrophages maintained for 24 hours in
growth medium (10% FBS) containing the indicated
concentrations of NLS and mNLS peptide. Each
condition was performed in duplicate (B) or quadru-
plicate (A and C). Values represent means � SEM of
three to five independent experiments. *P < 0.04
versus basal; yP < 0.02 versus LPS.

NF-kB Inhibition in Atherosclerosis
steps involved in neointima formation. An in vitro wound-
healing assay with VSMCs revealed that LPS caused
a time-dependent increase in directed cell migration, and
also demonstrated the antimigratory effect of NLS peptide
(% reduction versus LPS at 24 hours, 55% � 7%; P Z
0.004) (Figure 4A). NLS peptide also significantly
inhibited the transwell migration of VSMCs induced by
LPS (Figure 4B). Moreover, in a co-culture transwell
system, the migration of RAW 264.7 macrophages toward
LPS-stimulated VSMCs was effectively prevented by NLS
peptide (% inhibition versus LPS, 69% � 10%; P Z
0.018) (Figure 4B). By contrast, control mNLS peptide had
no significant effect on cell migration (Figure 4B). Cell
viability remained >90% under all experimental condi-
tions, thus discarding any possible cytotoxic effect of NLS
peptide (data not shown). Furthermore, cell proliferation
was not altered by either NLS or mNLS peptide, even after
24 hours of continuous exposure to higher concentrations
(Figure 4C).

NLS Peptide Attenuates NF-kB Activity in
Atherosclerotic Mice

To confirm the in vitro data of NF-kB inhibition by NLS
peptide, we further studied in vivo the potential benefits of
NLS administration in ApoE knockout mice, an experi-
mental model relevant to human atherosclerosis. In these
experiments, ApoE knockout mice were fed a high-fat diet
and treated with either NLS peptide or vehicle (control
group). By using Southwestern histochemistry, a technique
developed in our laboratory for in situ nuclear detection of
The American Journal of Pathology - ajp.amjpathol.org
activated transcription factors,17,18,20 we observed intense
NF-kB activation within the aorta of ApoE knockout mice
(Figure 5A), in both the intima and the media. Double
staining with Moma-2 and a-SMA, respective markers for
macrophages and VSMCs, indicated the presence of acti-
vated NF-kB within both cell types in atherosclerotic lesions
(Figure 5A). Furthermore, quantification of NF-kBepositive
staining in the NLS and control groups revealed that NLS
peptide treatment significantly attenuated NF-kB activation
within the aortic plaques of atherosclerotic mice (% reduc-
tion versus control group, 58% � 5%; PZ 0.007) (Figure 5,
B and C).

NLS Peptide Reduces Plaque Size at Both Early and
Advanced Stages of Atherosclerosis in Mice

Because our in vitro data suggested anti-inflammatory
properties of NLS peptide, we next examined whether
NF-kB inhibition by NLS therapy influences development
and progression of atherosclerotic plaques. In these experi-
ments, ApoE knockout mice were fed a high-fat diet and
treated with NLS peptide or vehicle for 5 weeks. The effect
of NLS peptide was analyzed either at the onset of athero-
sclerosis (early treatment, age 10 weeks) or after the
development of advanced plaques (delayed treatment, age
28 weeks). In the early study, NLS-treated mice showed
reduced lesion size at the cross section of the aortic root
compared with vehicle-treated mice (mean lesion area: 2.74 �
0.54 � 104 mm2 versus 5.70 � 0.39 � 104 mm2; P Z 0.002)
(Figure 6, A and B), and regression analysis showed signifi-
cant correlation of lesion area with NF-kB staining in the
1915
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Figure 5 NLS peptide inhibits NF-kB activation in vivo. A: In situ detection of activated NF-kB by Southwestern histochemistry in aortic sections of
10-week-old ApoE knockout mice fed a high-fat diet for 5 weeks. Representative micrographs (original magnification, �40) and higher-magnification images
(original magnification, �200 and �400) of four different aortic regions (boxed) showing colocalization (Southwestern/immunoperoxidase) of NF-kB with
macrophages (Moma-2) and VSMCs (a-SMA). Arrows indicate double staining (blue, nuclear NF-kB; brown, cell type marker). B: Histological examination of
NF-kB in atherosclerotic plaques from ApoE knockout mice after 5 weeks of treatment with NLS peptide. Representative images are shown. Original
magnification, �200. L, lumen. C: Quantitative analysis of the area with positive staining in the control and NLS groups. Values are expressed as means � SEM
of 10 animals per group. *P Z 0.007 versus control.

Mallavia et al
experimental groups (Figure 6C). In the delayed study, aortic
lesions of NLS-treated mice were twofold smaller by area
(P Z 0.005) than those of control mice (Figure 6, D and F).
Interestingly, NLS peptide therapy diminished not only the
mean lesion area, but also the extension along the aorta
(Figure 6, B and E). Groups at both early and delayed treat-
ment had comparable body weights (23.8� 1.0 versus 23.8�
0.7 g and 33.4 � 2.9 versus 29.9 � 3.0 g; P > 0.05) and total
cholesterol levels (265 � 11 versus 296 � 3 mg/dL and 876
� 53 versus 821 � 103 mg/dL; P > 0.05) at the end of the
study, thus discarding a potential effect of NLS peptide on
lipid levels.

Attenuated Inflammation and Oxidative Stress and
Enhanced Stability in Atherosclerotic Plaques of
NLS-Treated Mice

The reduced lesion size by early treatment with NLS peptide
was associated with a significant decrease in the relative
number of macrophages (Moma-2 immunostaining) within
the atherosclerotic plaques (% decrease versus control,
55% � 5%; P Z 0.0039) (Figures 7A and 8A). Regression
1916
analysis showed correlation of macrophage content with
lesion area (r Z 0.566, P Z 0.018) and NF-kB staining
(r Z 0.755, P Z 0.0001) in the experimental model, thus
indicating a more inflammatory component in larger lesions.
Furthermore, distribution of macrophage phenotypes (pro-
inflammatory classic M1 and anti-inflammatory alternative
M2) in atherosclerotic lesions was analyzed by immuno-
fluorescence, observing a predominance of M2 marker (Arg I)
versus M1 marker (Arg II) in plaques of NLS-treated mice
(Figures 7B and 8B).
Aortic lesions were also analyzed for collagen (picrosirius

red staining) and VSMC (a-SMA immunofluorescence)
content, which are important stabilizing components of
the plaque. Atherosclerotic plaques of NLS-treated mice
exhibited a modest increase in total collagen and VSMC
content compared with those of control mice (Figure 7C).
Interestingly, the ratio of collagen/lipids (picrosirius red/oil-
red-O) and VSMCs/macrophages (a-SMA/Moma-2) did
significantly increase by NLS treatment (Figure 8C), which
is consistent with a more stable plaque phenotype.
We also tested, by immunohistochemistry and real-time

quantitativePCR, the expressionof a panel of pro-inflammatory
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Figure 6 NLS treatment reduces atherosclerosis lesions in ApoE
knockout mice. NLS peptide was administered to ApoE knockout mice for 5
weeks either at the onset of atherosclerosis (age, 10 weeks, early treat-
ment; AeC) or after the development of advanced plaques (age, 28 weeks,
delayed treatment; DeF). A: Representative photomicrographs of aortic
root sections stained with oil-red-O/hematoxylin in the early treatment
study. Original magnification, �40. B: Quantification of lesion area
throughout the studied region in control and NLS treated groups (n Z 10
animals per group). C: Regression analysis of individual lesion area versus
NF-kB staining in plaques from control and NLS-treated mice. Pearson r
and two-tailed P values are indicated. D: Representative images of oil-red-
O/hematoxylinestained plaques from control and NLS groups of the
delayed treatment study. E: Quantification of lesion area along the aorta
(control group, n Z 5; NLS group, n Z 7). F: Average of maximal lesion
area in each group. Measurements are expressed as means � SEM. *P <

0.05 versus the control group.

NF-kB Inhibition in Atherosclerosis
genes that are known to be regulated by NF-kB. As illustrated
by representative images (Figure 7D) and quantitative anal-
ysis (Figure 8D), lesions of NLS-treated mice showed less
expression of chemokines (CCL2 and CCL5), adhesion
molecule ICAM-1, and pro-inflammatory cytokine TNF-a
when compared with the control group (% decrease versus
control, 71%� 1%, 71%� 3%, 49%� 6%, 47%� 6%, and
47%� 8%, respectively; P< 0.05). Accordingly, the mRNA
expression levels of those pro-inflammatory genes in aortic
tissues were strongly reduced by NLS peptide administration
(Figure 8E). Finally, DHE staining was used to reflect the
The American Journal of Pathology - ajp.amjpathol.org
extents of superoxide generation occurring in aortic root
sections of atherosclerotic mice. As shown in Figures 7E and
8F, the number of DHE-labeled nuclei in plaques from NLS-
treated mice was reduced by 50% compared with the control
group, suggesting an inhibition of oxidative stress by NLS
peptide treatment.

Together, our results indicate that inhibition of NF-kB
nuclear import by NLS peptide hampers inflammation,
oxidative stress, and atherosclerosis development in mice.
Discussion

The NF-kB system is a crucial factor regulating the
expression of genes in different steps of the atherosclerotic
process, from early phases characterized by lipid modifi-
cation, chemotaxis, adhesion of leukocytes, monocyte
differentiation, foam cell formation, and inflammatory
cytokine expression to more advanced lesions involving
cell death, migration and proliferation of VSMCs, and
fibrous cap formation.4,5 Aberrant activation of NF-kB has
been detected in blood cells and in atherosclerotic plaques
of patients.23e25 The importance of this activation has been
previously studied in animal models18,26,27 and confirmed
by either macrophage or endothelial cellespecific ablation
of the NF-kB pathway.28,29 Accordingly, modulation of NF-
kB inflammatory activity has been proposed as a feasible
approach to inhibit disease progression.3,14 Although
several NF-kB inhibitors are in phase 2/3 clinical develop-
ment against various inflammatory diseases,12e14 most of
cardiovascular research is in the preliminary laboratory
experimental phase. In fact, studies in rodent models of
atherosclerosis have reported the efficacy of natural and
synthetic compounds that mainly affect different steps
upstream the formation of NF-kB protein dimer, from IkB
kinase activation and IkB phosphorylation to the ubiquitin-
proteasome system.3,14,18,30,31 To our knowledge, the
present study is the first to describe that a peptide suppressor
of NF-kB nuclear import restrains key mechanisms of
atherogenesis, such as pro-inflammatory gene expression,
oxidative stress, leukocyte infiltration, and vascular cell
activation and migration.

Herein, we used a cyclized peptide sequence containing
the NLS region of the Rel family protein p50 that is able
to inhibit nuclear import of the classic NF-kB complex.16

Furthermore, the inhibitory sequence was coupled to a
membrane-permeable sequence designed from the signal
sequence of Kaposi fibroblast growth factor, which has been
shown to translocate covalently attached cargo peptides
across the cell membrane.15 Several different cell-penetrating
peptides have been developed to directly inhibit the NF-kB
signaling pathway.32 Among them, peptides designed to
mimic the NLS sequence of p50 have been proved to block
NF-kB activity and target gene expression in cultured
cells.16,33 Further evidence supporting the efficacy of nuclear
import inhibitors in vivo is derived from animal models of
1917
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Figure 7 Histological characteristics of NLS peptide treatment in atherosclerotic mice.
A: Representative Moma-2 immunostaining showing a decreased macrophage content in
NLS-treated mouse (early treatment study) compared with control (vehicle-treated) mouse.
B: Immunofluorescence analysis of macrophage phenotypes in adjacent sections revealed
a decrease and increase in markers of classic pro-inflammatory M1 (Arg II) and alternative anti-
inflammatory M2 (Arg I), respectively, by NLS treatment (green, Arg I/II; blue, DAPI nuclear
staining). C: Picrosirius red staining (polarized light microscopy) and a-SMA immunofluores-
cence, showing a higher relative collagen and VSMC content in aortic lesion of NLS-treated
mouse. D: Immunoperoxidase staining of CCL2, CCL5, ICAM-1, and TNF-a in aortic sections,
depicting a reduced protein expression in the NLS-treated mouse. E: In situ detection of
superoxide production with DHE fluorescent probe showing decreased oxidative stress in an
aortic lesion of the NLS-treated group. Original magnification: �100 (picrosirius red and
a-SMA); �200. L, lumen.

Mallavia et al
acute inflammation.32,34,35 However, cardiovascular studies
have not yet been reported. This article directly addresses the
functional consequences of targeting NF-kB nuclear trans-
location during atherosclerosis development in ApoE
knockout mice. Systemic administration of NLS peptide
reduced the nuclear NF-kB activity in VSMCs and macro-
phages of aortic plaques of mice. More important, NLS
peptide inhibited lesion development either at the onset of
atherosclerosis (early treatment) or after the development of
advanced plaques (delayed treatment), without affecting
serum cholesterol levels. Furthermore, NLS peptide alters
plaque composition and inflammation in atherosclerotic
lesions. In fact, the decreased number of infiltrating macro-
phages, the phenotypic shift from pro-inflammatory M1 to
anti-inflammatory M2 macrophages, and the high relative
content of collagen and VSMCs observed in lesions of NLS-
treated mice are all suggestive of a less inflamed, more stable
plaque phenotype.

The anti-inflammatory action of NLS peptide in vivo
was corroborated in vitro in the cellular constituents of
1918
the atherosclerotic lesion that are thought to participate
actively in the propagation of inflammation and plaque
development. In cultured VSMCs and macrophages under
inflammatory stimulation (bacterial endotoxin), non-
cytotoxic doses of NLS peptide specifically prevented the
nuclear translocation of NF-kB and the subsequent
binding to a consensus DNA sequence, thus indicating
that both cell types in the atherosclerotic plaque are
susceptible to the NLS peptide action. Our results with
vascular cells are in line with previous studies on
leukocytes, endothelial cells, and hepatic cells that have
also reported an attenuated inflammatory response by
different peptide33,35 and nonpeptide36 nuclear import
inhibitors.
The nuclear import pathway of NF-kB family members

is mediated by a heterodimeric receptor consisting of
importin b, which mediates interactions with the nuclear-
pore complex, and the adaptor protein importin a, which
directly binds the NLS motif.9 The specificity of NF-kB
proteins to importin a molecules is different and changes
ajp.amjpathol.org - The American Journal of Pathology
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Figure 8 Quantification of atherosclerotic
plaque characteristics in control and NLS-treated
mice. A: Macrophage content (Moma-2epositive
area). B: Arg II (M1 marker) and Arg I (M2 marker)
positive cell counts per lesion area. C: Plaque
stability features are expressed as the ratio of
collagen (Col)/lipid (picrosirius red/oil-red-O area)
and VSMCs/macrophages (Mac; a-SMA/Moma-2
area). D: Chemokine, adhesion molecule and cyto-
kine content (immunoperoxidase staining). E:
Inflammatory gene expression in aortic tissue was
analyzed by real-time PCR, normalized by GAPDH,
and expressed in arbitrary units. F: Superoxide
production in aortic sections expressed as per-
centage of red DHE fluorescence versus total cell
nuclei. Bars represent means � SEM of 10 animals
per group. *P < 0.05 versus control.

NF-kB Inhibition in Atherosclerosis
with the composition of the imported dimer.7,11 To our
knowledge, our study is the first to demonstrate in VSMCs
that the classic NF-kB complex (p65-p50) is preferentially
transported by importin a3 and, to a lesser extent, by a4 and
a5 molecules. Furthermore, NLS peptide specifically
impeded the nuclear import of NF-kB mediated by importin
a isoforms in vascular cells, thus resulting in reduced
transcription of NF-kBedependent genes. These data are in
agreement with a recent study,35 in which peptide inhibition
of NF-kB/importin a3 interaction decreased cytokine
expression in hepatoma cells.

Leukocytes are involved in each step of atherosclerosis
lesion development. Leukocyte adhesion is a starting point
of fatty streak formation and is mediated by different cell
adhesion molecules, such as ICAM-1, in which gene
deletion results in atherosclerotic plaque reduction in
mice.37 Monocyte recruitment, particularly at the periphery
of the lesion, also contributes to lesion expansion and
involves the local expression of chemotactic proteins,
including the NF-kBeregulated chemokines CCL2 and
CCL5.38,39 In fact, chemokine antagonists and NF-kB
inhibitors are able to reduce monocyte migration and
adhesion in vitro.39,40 Within lesions, leukocytes produce
cytokines that promote the migration of VSMCs into the
intima and stimulate cell replication, and also secrete
reactive oxygen species and matrix metalloproteases
involved in plaque remodeling and destabilization.37,38 Our
work demonstrates that NLS peptide inhibits the expression
of genes involved in leukocyte infiltration (ICAM-1,
The American Journal of Pathology - ajp.amjpathol.org
CCL2, and CCL5) in LPS-stimulated VSMCs and macro-
phages and in atherosclerotic plaques, which is consistent
with the reduced macrophage accumulation in aortic
lesions from our NLS-treated mice. Furthermore, the
prevention of vascular inflammation by NLS peptide was
associated with a reduced expression of TNF-a and IL-6
cytokines, two important autocrine/paracrine factors in
vascular cells that amplify the local inflammatory response
in the lesion during atherogenesis.38

Previous studies have demonstrated that cytokines and
bacterial endotoxins increase VSMC migration and accel-
erate neointimal formation and atherosclerosis,41 and that the
NF-kB pathway mediates the vascular cell migration and
activation under inflammatory conditions.42,43 Furthermore,
regulation of NADPH oxidase by NF-kB also represents
a mechanism by which pro-inflammatory factors induce
oxidative stress in atherosclerosis.44 Our results show that
NLS peptide significantly inhibits migration and NADPH
oxidaseedependent superoxide production induced by LPS
in VSMCs and macrophages. These antimigratory and anti-
oxidant effects, in conjunction with the reduced expression of
inflammatory genes in vitro and in vivo, prompted us to
speculate that NLS peptide could be clinically beneficial as an
anti-atherosclerotic agent.

Collectively, these results demonstrate that peptide inhi-
bition of the NF-kB nuclear translocation reduces inflam-
matory response and oxidative stress in vascular cells and
macrophages and has an atheroprotective effect in mice.
These properties make cell-permeable NLS peptide a
1919

http://ajp.amjpathol.org


Mallavia et al
potential prevention/intervention strategy to inhibit inflam-
mation in cardiovascular diseases.
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