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RGD-peptide lunasin inhibits Akt-mediated NF-�B

activation in human macrophages through interaction

with the �V�3 integrin

Anthony Cam and Elvira Gonzalez de Mejia

Department of Food Science and Human Nutrition, University of Illinois at Urbana-Champaign, IL, USA

Scope: Cardiovascular disease is the leading cause of mortality in the United States and
regulation of aberrant macrophage activity under inflammatory conditions is critical for its
prevention. The objective was to determine the effect of lunasin on the inhibition of Akt-
mediated activation of nuclear factor-kappa B (NF-�B)-dependent markers of inflammation
and to characterize the physical interaction of lunasin with the �V�3 integrin receptor in
lipopolysaccharide (LPS)-induced human THP-1 macrophages.
Methods and results: The effect of lunasin was evaluated in vitro in LPS-induced THP-1 human
macrophages using immunoassays, co-immunoprecipitation (Co-IP), and fluorescence confo-
cal microscopy. Lunasin (50 �M) reduced cyclooxygenase-2, inducible nitric oxide synthase,
and NO levels by 57.9, 64.5, and 76.2%, respectively, and inhibited the activation of phosphory-
lated Akt and NF-�B p65 by 59.5 and 74.5%, respectively. Lunasin (50 �M) reduced exogenous
release of prostaglandin E2 and tumor necrosis factor-� by 92.5 and 94.9%, respectively. Vit-
ronectin (10 �g/mL), an integrin ligand, increased expression of proinflammatory markers,
whereas lunasin (50 �M) attenuated them. Co-IP of lunasin-treated cells confirmed direct in-
teraction with �V�3 integrin and LC/MS/MS verified its identity. Lunasin was detected within
intracellular vesicles and reduced total �V�3 intensity as observed by fluorescence microscopy.
Conclusion: Lunasin inhibited �V�3 integrin-mediated proinflammatory markers and down-
regulated Akt-mediated NF-�B pathways through interaction with �V�3 integrin.
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1 Introduction

Cardiovascular disease (CVD) is the leading cause of death in
the United States (US) [1]. The estimated cost for treatment
of CVD in the US is expected to increase from $273 billion to
$818 billion/year between 2010 and 2030 [2,3]. Diet has a sig-
nificant impact on hypertension, obesity, and diabetes, which
are major risk factors for the development of CVD, specifi-
cally atherosclerosis. Initiation and progression of atheroscle-
rosis is influenced extensively by inflammation [4]. Peptides
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derived from soybean have been shown to elicit potent anti-
inflammatory effects [5–7].

Soybean is a high-protein, nutrient dense food that pos-
sesses biologically active peptides such as lunasin. The Food
and Drug Administration approved the claim that 25 g of
soy protein a day, as part of a diet low in saturated fat and
cholesterol, may reduce the risk of heart disease [8]. A meta-
analysis of randomized, controlled studies on the effect of soy
protein consumption on risk factors for CVD found a median
intake of 30 g/day significantly improved serum lipoprotein
levels [9]. Although chronic inflammation has been impli-
cated as a major contributor to the progression of atheroscle-
rosis [10], further research into the molecular effect of soy
protein would provide potential implications for the preven-
tion of CVD.

Lunasin, a 43–amino-acid bioactive peptide derived from
soybean, contains a unique Arg-Gly-Asp (RGD) cell adhesion
motif and polyaspartic acid tail [11]. The bioavailability of lu-
nasin in humans was demonstrated by its presence in plasma
after consumption of soy protein foods [12]. Lunasin inhibits
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inflammation though suppression of nuclear factor-kappa B
(NF-�B) in murine macrophages [6]. However, the molecular
mechanisms of these effects and its potential significance in
the pathogenesis of atherosclerosis have not been studied in
human macrophages.

Integrins are ubiquitous receptors that act as a signaling
medium between the cytoskeleton and extracellular matrix
and play a significant role in regulatory processes such as gene
expression, proliferation, migration, and survival [13–15].
Peptides containing RGD motifs bind integrins with high
specificity, leading to antiangiogenic and anti-inflammatory
effects [16–18]. Under homeostatic conditions, macrophages
are important elements of the immune response, and func-
tions include phagocytosis of pathogens and release of sig-
naling cytokines. However, chronic states of inflammation
induce aggregation of macrophages with high expression of
�V�3 integrins to atherosclerotic lesions [19,20]. A synthetic
cyclic RGD peptide abolished the release of inflammatory cy-
tokines from human macrophages with high expression of
�V�3 integrin [21]. Further, synthetic monoclonal antibodies
directed to block �V�3 integrin ligand activation inhibited the
development of atherosclerotic lesions in diabetic pigs with
vascular tissue disease [22, 23].

The activation of �V�3 integrin has been associated with
inflammatory cascades involved in the Akt signaling pathway,
an important mediator for cell growth, migration and survival
[24]. NF-�B is a family of transcription factors that can be
regulated by PI3K/Akt [24] and induce the expression of genes
involved in important immune and inflammatory responses.

The objective of this work was to determine the effect
of lunasin on the inhibition of Akt-mediated activation of
NF-�B-dependent markers of inflammation and characterize
the physical interaction of lunasin with the �V�3 integrin
receptor in LPS-induced human THP-1 macrophages.

2 Materials and methods

2.1 Materials

Human acute monocytic leukemia cell line (THP-1) and
Roswell Park Memorial Institute-1640 media (RPMI-1640)
were purchased from American Type Culture Collection
(Manassas, VA, USA). Fetal bovine serum (FBS) was pur-
chased from Thermo Scientific (Logan, UT, USA). Strep-
tomycin/penicillin and sodium pyruvate were purchased
from Cellgro (Manassas, VA, USA). LPS from Escherichia
coli O55:B5, echistatin, and phorbol 12-myristate 13-acetate
(PMA) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Human recombinant vitronectin was purchased from
LD Biopharma (San Diego, CA, USA). Mouse Ab to phospho-
Akt (p-Akt), phospho-p65 (p-p65), and �V�3 integrin; Protein
A/G PLUS-Agarose Immunoprecipitation Reagent, RIPA
buffer, and normal mouse IgG were from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Alexa Fluor 568 Goat Anti-
Rabbit IgG, Alexa Fluor 488 Goat Anti-Mouse IgG, Image-

iT FX signal Enhancer, ProLong Gold antifade reagent with
DAPI, and phenol red-free RPMI-1640 were purchased from
Life Technologies (Carlsbad, CA, USA). Paraformaldehyde
(16%) aqueous solution was purchased from Electron Mi-
croscopy Sciences (Hatfield, PA, USA). IbiTreat �-Slide eight-
well microscopy chambers were purchased from ibidi (Mu-
nich, Germany).

Lunasin (>95%) was purified from defatted soybean flour
using a modified protocol [25]. Briefly, defatted soy flour
(Archer Daniels Midland, Decatur, IL, USA) and deionized
water (1:5) were stirred for 72 h at 4�C, and centrifuged at
12 000 × g for 10 min. The supernatant was collected and
filtered with cheesecloth for anion-exchange chromatogra-
phy. Fractions with the highest concentration of lunasin were
pooled and salts were removed by ultrafiltration (1 kDa) (Mil-
lipore, Billerica, MA, USA) at 4�C using 20 psi helium gas
until the retentate was 10% of the original volume. Protein
was determined by DC Protein Assay (Biorad, Hercules, CA,
USA). The retentate was diluted to 1 mg/mL with deion-
ized water and loaded into 10 kDa ultracentrifugal filter units
(Millipore, Billerica, MA, USA) and centrifuged at 5000 × g
for 45 min at 25�C. The filtrate was pooled together and sub-
jected to an additional round of ultracentrifugation to remove
any remaining contaminant proteins. The purity and identity
of lunasin was verified with ELISA, gel electrophoresis and
Western blot. Lunasin was freeze-dried and stored at −20�C.

2.2 Cell Culture

2.2.1 Differentiation of THP-1 monocytes

THP-1 monocytic cell line was cultured in RPMI-1640 growth
medium, 1% penicillin/streptomycin and 10% fetal bovine
serum and incubated at 37�C in 5% CO2/95% air. Monocytes
were differentiated into macrophages in 48 h by addition
of 100 nM PMA as previously described [19]. Macrophage
differentiation was determined by cell morphology and total
adhesion to the plate.

2.2.2 Cell proliferation

Cell proliferation was performed with the CellTiter 96 Aque-
ous One Solution Proliferation assay (Promega Corporation,
Madison, WI, USA). Briefly, 2 × 104 cells/well were seeded
in a 96-well plate and volume adjusted to 200 �L with growth
medium. Differentiated macrophages were washed three
times with fresh growth medium and treated with lunasin
(10, 25, 50, and 100 �M) for 24 h. Medium was removed
and 100 �L fresh growth medium and 20 �L MTS/PES were
added to each well. The plate was incubated for 2 h at 37�C
in 5% CO2/95% air and absorbance read at 515 nm using
an Ultra Microplate Reader (Bio-Tek Instruments, Winooski,
VT, USA). Viable cells (%) were calculated with respect to
cells treated with PBS control.
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2.2.3 Treatments

Cells were differentiated (1 × 106 cells/well) in six-well culture
plates and treated: lunasin pretreatment (10, 25, or 50 �M) or
PBS for 2 h followed by LPS (1 �g/mL); or pretreatment with
lunasin (50 or 100 �M) or PBS for 2 h followed by the addition
of human vitronectin (10 �g/mL) alone or combined with LPS
(1 �g/mL) for 24 h. After treatment, the spent medium was
analyzed for nitric oxide (NO), prostaglandin E2 (PGE2), and
tumor necrosis factor-� (TNF-�). Whole cell lysates were used
to quantify the effect of lunasin on cyclooxygenase-2 (COX-2);
inducible nitric oxide synthase (iNOX), nuclear factor-kappa
B (NF� B) p-p65, and p-Akt. Each treatment was performed
in triplicate to confirm reproducibility.

2.3 Nitric oxide (NO)

Nitrite was measured by Griess reaction [26]. Briefly, 100 �L
of the spent medium were plated in 96-well plate and an
equal amount of Griess reagent (1% sulfanilamide and
0.1% N-1-(naphthyl)ethylenediamine-diHCl in 2.5% H3PO4)
added, incubated for 5 min at 25�C, and absorbance mea-
sured at 550 nm using an Ultra Microplate Reader (Bio-
Tek Instruments, Winooski, VT, USA). NO was calculated
using sodium nitrite standard curve (y = 3.60x + 75.80,
R2 = 0.99).

2.4 PGE2

PGE2 was measured using a PGE2 EIA monoclonal assay
(Cayman Chemical, Ann Arbor, MI, USA). Briefly, 50 �L
of diluted spent medium (1:5) was plated in 96-well goat
anti-mouse IgG coated plate and incubated for 18 h at 4�C;
the plate was washed and color developed by 200 �L of Ell-
man’s reagent, gently shaking the plate (60–120 min) in the
dark, and read at 405 nm using an Ultra Microplate Reader.
PGE2 calculated by standard curve (y = −2.45x + 3.48,
R2 = 0.99).

2.5 TNF-�

TNF-� was measured using TNF-� human ELISA (Abcam,
Cambridge, MA, USA). Briefly, 100 �L of diluted spent
medium (1:10) was plated in a 96-well plate precoated with
a TNF-� mAb. Biotin-conjugated TNF-� mAb (50 �L) was
added and the plate incubated for 3 h at 25�C. The plate was
washed three times and 100 �L streptavidin-HP were added
to all wells and incubated for 30 min. Following an additional
wash, 100 �L TMB substrate were added and incubated for
10–15 min at 25�C in the dark. The reaction was stopped with
100 �L H2SO4 and read at 450 nm using an Ultra Microplate
Reader. TNF-� concentration was calculated by TNF-� stan-
dard curve (y = 1.60x + 71.70, R2 = 0.98).

2.6 Western blot analysis of iNOS, COX-2, p-p65,

and p-Akt

Lunasin-treated cells were washed once with ice-cold RPMI-
1640 and twice with ice-cold PBS before addition of 200 �L of
lysing buffer (Laemmli buffer with 5% �-mercaptoethanol).
After lysis, the lysates were sonicated and boiled for 5 min
and protein was determined by RC-DC Protein Assay (Bio-
rad) using BSA standard curve. Gel electrophoresis was per-
formed by loading 20 �g protein per well in 4–20% Tris-HCl
gels (BioRad). The separated proteins were transferred onto
PVDF membranes and blocked with 5% BSA in 0.1% TBST
for 1 h at 4�C. The membrane was washed with 0.1% TBST
(five times, 5 min each) and incubated with mouse mono-
clonal antibodies (1:500) at 4�C overnight. Membranes were
washed again and incubated with antimouse IgG horseradish
peroxidase-conjugated secondary antibody (1:2500) for 1 h at
25�C. After washing with 0.1% TBST (five times, 5 min each),
the expression of the proteins of interest was visualized using
chemiluminescent reagent (GE Healthcare, Waukesha, WI,
USA). Membrane picture was taken with a Kodak Image Sta-
tion 440 CF (Eastman Kodak Company, Rochester, NY, USA).

2.7 Co-immunoprecipitation (Co-IP) of lunasin-�V�3

integrin complex

Macrophages were differentiated at a density of 3 × 106 in
25 cm2 flasks. After washing three times with fresh medium,
one flask was treated with 10 �M lunasin for 24 h while an-
other flask was left untreated as control. Cells were washed
once with ice-cold RPMI-1640 and twice with PBS, and
lysed with RIPA buffer (Santa Cruz Biotechnology). Lysates
(1 mg protein) were placed in microcentrifuge tubes and
6 �g IgG1 of �V�3 integrin mAb was added. Cell lysates added
with 1 �g normal IgG served as the control. Incubation with
primary antibody was carried out for 8 h at 4�C. After, 60 �L
of resuspended Protein A/G PlusAgarose beads (Santa Cruz
Biotechnology) were added and placed in an end-over-end
rotator mixer and incubated overnight at 4�C. Immunopre-
cipitates were collected, washed four times with RIPA buffer
and eluted (Santa Cruz Biotechnology Inc.). Analysis of in-
teraction between lunasin and �V�3 integrin was performed
using immunoblotting technique as described above. Three
independent replicates were performed.

2.8 LC/MS/MS of Co-IP lunasin

MS analysis was conducted at the Protein Sciences Fa-
cility, Carver Biotechnology Center (University of Illi-
nois, Urbana, IL, USA) using a Waters Q-ToF API-
US mass spectrometer. The protein band in-gel slice of
the lunasin Co-IP pull-down was crushed, destained, and
dehydrated in 50% ACN containing 25 mM ammonium ac-
etate. The protein was digested with proteomics grade trypsin
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(G-Biosciences, St. Louis, MO, USA) in a CEM Discover Mi-
crowave Reactor (Mathews, NC, USA) for 15 min at 55�C at
50 Watts; extracted three times using 50% ACN containing
5% formic acid, pooled, and dried using a Speedvac (Thermo
Scientific, Rockford, IL, USA). Peptides were suspended in
13 �L of 5% ACN containing 0.1% formic acid, and 10 �L in-
jected for LC-MS. HPLC for the trypsin digested peptides was
performed with a Waters nanoAcquity UPLC using a Waters
Atlantis dC18 nanoAcquity column (3 �m beads, 75 �m inner
diameter × 150 mm length), solvents (A) water containing
0.1% formic acid and (B) ACN containing 0.1% formic acid at
a flow rate of 250 nL/min. Gradient was from 100% A to 60%
B in 60 min. The effluent from the UPLC was infused directly
into a Waters Q-ToF using a Waters nano-ESI ion source.
Control and data acquisition was done using Waters MassL-
ynx 4.1 (Milford, MA, USA), after an initial full scan, the top
four most intense ions were subjected to MS/MS fragmen-
tation by collision-induced dissociation. Data processed by
Waters ProteinLynx Global Server (version 2.2.5) and by Mas-
cot version 2.3 (Matrix Sciences, London, UK). The resulting
sequence was searched against NCBI NR Protein database.

2.9 Fluorescence confocal microscopy of

lunasin-treated THP-1 macrophages

Briefly, 9 × 104 THP-1 monocytes suspended in 300 �L phe-
nol red-free RPMI-1640 medium and 10 ng/mL PMA were
differentiated into macrophages for 48 h in an ibiTreat mi-
croscopy chamber (ibidi) at 37�C in 5% CO2/95% air. Cells
were washed three times in fresh medium and treated with
lunasin (1 �M) or echistatin (400 nM), an inhibitor of �V�3,
for 24 h. Cells were washed once with fresh medium, fol-
lowed by three additional washes with PBS and fixed with
4% paraformaldehyde aqueous solution (Electron Microscopy
Sciences) for 30 min at 25�C; washed three times (5 min
each) with PBS, and permeabilized with 0.1% Triton X 100
in PBS for 15 min at 25�C. Cells were washed once with
PBS and incubated with ultracold HPLC-grade methanol for
15 min at −20�C. Methanol was removed, replaced with PBS,
and incubated at 25�C for 30 min. Cells were blocked with
Image-iT FX Signal Enhancer (Life Technologies) for 30 min
at 25�C, washed once with PBS, and incubated with lunasin
polyclonal (1:500) and �V�3 monoclonal antibodies (1:50) for
3 h at 25�C. Cells were washed three times (5 min each) with
PBS and incubated with Alexa Fluor 568 Goat Anti-Rabbit
IgG and Alexa Fluor 488 Goat Anti-Mouse IgG (Life Tech-
nologies) secondary antibodies (1:200) for 90 min at 25�C
in the dark. Cells were washed three times (5 min each)
with PBS and cured with ProLong Gold antifade reagent with
DAPI (Life Technologies) for 24 h at 25�C in the dark. The
microscopy chamber plate was stored at 4�C in the dark until
analysis. The cells were visualized using Carl Zeiss LSM 700
Laser Scanning Microscope (Carl Zeiss AG, Germany) with
63× oil immersion objective. Total intensities and area sums
(�m2) were quantified with AxioVision Rel 4.8 (Carl Zeiss).

2.10 Statistical analysis

Data were analyzed using one-way analysis of variance
(ANOVA) using Statistical Analysis System software version
9.3 (SAS Institute, Cary, NC, USA). Means of n = 3 were gen-
erated and adjusted with Least Significant Difference. Signif-
icant differences were reported at p < 0.05.

3 Results

3.1 Lunasin inhibited NF-�B-dependent markers of

LPS-induced inflammation

Lunasin reduced exogenous NO secretion in a dose-
dependent manner (Fig. 1A) and treatments at 10, 25, and
50 �M inhibited NO production by 65.9, 72.1, and 76.2%,
respectively. Lunasin, at the same concentrations, reduced
the expression of iNOS dose dependently, with expressions
decreased by 27.2, 51.3, and 64.5%, respectively (Fig. 1B).

Protein expression of COX-2 was dose dependently
inhibited by 15.9, 47.2, and 57.9%, respectively, following
lunasin treatment at 10, 25, and 50 �M (Fig. 1C). Lunasin
caused a dose-dependent reduction in the concentration of
PGE2. Treatments at the same concentrations resulted in a
74.1, 85.3, and 92.5% reduction in exogenous secretion of
PGE2 (Fig. 1D).

3.2 Lunasin inhibited Akt-mediated activation of

NF-�B and reduced TNF-� in LPS-induced THP-1

macrophages

Treatment with lunasin resulted in a dose-dependent reduc-
tion in the activated forms of Akt and NF-�B subunit p65.
Lunasin treatment at 10, 25, and 50 �M decreased the activa-
tion of p-Akt by 30.1, 44.7, and 59.5%, respectively (Fig. 2A).
At the same concentrations, lunasin inhibited the activation
of NF-�B p-p65 by 41.6, 60.1, and 74.5% (Fig. 2B).

Lunasin reduced the concentration of TNF-� in a dose-
dependent manner. At 10, 25, and 50 �M, lunasin inhibited
exogenous release of TNF-� by 21.9, 51.7, and 94.9%, respec-
tively when compared to PBS control (Fig. 2C).

3.3 In combined LPS and vitronectin-induced THP-1

macrophages, lunasin attenuated production of

NO and protein expressions of NF-�B p-p65 and

p-Akt

Vitronectin (10 �g/mL) treatment alone increased mark-
ers of inflammation to a similar effect as LPS in THP-
1 macrophages. Lunasin pretreatments (50 and 100 �M)
for 2 h of THP-1 macrophages induced with vitronectin
(10 �g/mL) alone resulted in a 47.6 and 73.5% reduction in
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Figure 1. Lunasin inhibited the production of (A) NO and (B) iNOS in THP-1 macrophages at 10, 25, and 50 �M. Concentrations of NO were
determined by conducting a colorimetric nitric oxide assay on the spent media. Lunasin inhibited (C) COX-2 and (D) PGE2 in LPS-induced
inflammation in THP-1 macrophages in a dose-dependent manner. Expressions of iNOS and COX-2 were performed by Western blot
(20 �g protein/well). Means with different values are significantly different from each other (n = 3, p < 0.05).

NO production (Fig. 3A). Lunasin treatment at these same
concentrations decreased phosphorylation of NF-�B p-p65 by
22.8 and 47.7%, respectively (Fig. 3B). However, lunasin did
not modulate the expression of p-Akt in vitronectin-induced
THP-1 macrophages (Fig. 3C).

Treatment of THP-1 macrophages with combined LPS
and vitronectin (10 �g/mL), �V�3 integrin ligand, increased
NO production and phosphorylation of NF-�B p-p65 and p-
Akt by 50.6, 65.1, and 31.5%, respectively, compared to vit-
ronectin alone (Fig. 3A–C). Pretreatment with lunasin (50 and
100 �M) inhibited combined LPS- and vitronectin-induced
upregulation of NO by 72.7 and 84.8%, respectively (Fig. 3A).
Lunasin (50 and 100 �M) pretreatment of cells stimulated
with LPS-vitronectin, reduced phosphorylation of NF-�B
p-p65 by 40.6 and 38.4%, respectively (Fig. 3B). At these same
concentrations, lunasin reduced phosphorylation of p-Akt by
51.4 and 60.7%, respectively (Fig. 3C).

3.4 Lunasin interacted with �V�3 integrin receptor

in THP-1 macrophages, confirmed by

LC/MS/MS.

Co-immunoprecipitation of �V�3 integrin cell membrane
receptor in lunasin-treated (10 �M) THP-1 macrophages
confirmed direct interaction with lunasin. There was no
observed interaction with the Co-IP pull down of normal IgG
and untreated cells, whereas the lunasin-treated cells reacted
positively with lunasin antibody (Fig. 4B). Subsequent
LC/MS/MS analysis of the in-gel tryptic digest of lunasin
obtained from the lunasin/�V�3 integrin complex detected
the complete 43 amino acid sequence of lunasin (Fig. 4C).
Additionally, fragmentation of one of the lunasin peptide
segments, HIMEKIQGRGDDDDDD, yielded an ions score
of 60, indicating that the Co-IP lunasin sequence and its
corresponding spectra matched significantly with the lunasin
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Figure 2. Lunasin inhibited the activation of (A) p-Akt and (B) NF-
�B p-p65 in a dose-dependent manner in THP-1 macrophages.
(C) Lunasin reduced the production of TNF-� in the spent medium
of THP-1 macrophages. Means with different values are signifi-
cantly different from each other (n = 3, p < 0.05).

sequence in the Glycine max (soybean) database (Fig. 4D and
E). Individual ions scores >50 indicate identity or extensive
homology.

3.5 Lunasin internalized into macrophages within

intracellular vesicles and modulated �V�3

integrin expression

Lunasin was rapidly recruited within intracellular vesicles in-
tegrated in a punctate pattern (Fig. 5A and B), compared to the
quiescent PBS control (Fig. 5C). Additionally, at 30 min and

24 h, accumulation of lunasin punctate at specific intracel-
lular regions concurrently reduced �V�3 integrin expression
at the cellular membrane in those respective areas (Fig. 5D
and E). In contrast, PBS control did not have an observed
effect on �V�3 integrin expression and remained constitu-
tively expressed (Fig. 5F). In the merged images at 30 min and
24 h, heterogeneous uptake of lunasin (Fig. 5J and K) showed
sites of cells with high aggregations of lunasin punctate corre-
sponded with a reduction in �V�3 integrin expression (open
arrowhead), whereas specific areas of cells with low concen-
trations of lunasin punctate (solid arrowhead) maintained
their respective integrin expression.

3.6 Intracellular accumulation of lunasin reduced

total �V�3 integrin intensity, whereas �V�3

integrin inhibitor, echistatin, attenuated lunasin

uptake into macrophages

Immunofluorescence of 2-D median optical planes of
lunasin-treated (1 �M) macrophages showed total lunasin
intensity (solid arrowhead) increased rapidly over time and
reached its plateau at 24 h (Fig. 6A–D). Compared to PBS
control (Fig. 6E), total lunasin intensities at 30 sec, 15 min,
and 24 h increased by 8.6-, 19.2-, and 22.3-fold, respectively.
As treatment time progressed, lunasin intensity was ampli-
fied, while total �V�3 integrin intensity (open arrowhead)
at the cell membrane surface decreased (Fig. 6F–H). Total
�V�3 integrin intensities decreased by 6.8-, 4.5-, and 1.7-fold
at 30 sec, 15 min, and 24 h of lunasin treatment, respectively.
In the merged images, compared to PBS control (Fig. 6M), as
total lunasin intensity increased significantly in conjunction
with accumulation of lunasin punctate, there was a marked
reduction in total �V�3 integrin intensity at the cellular
membrane (Fig. 6N–P). Pretreatment with �V�3 inhibitor,
echistatin (400 nM), followed by lunasin (1 �M) for 24 h de-
creased total lunasin intensity (oval arrowhead) and reduced
the prevalence of lunasin punctate, compared to lunasin
treatment alone (Fig. 6Q–T). Quantification of total intensi-
ties showed that while lunasin treatment modulated integrin
expression and lunasin uptake was reduced by the presence
of echistatin, �V�3 integrin intensity (diamond arrowhead,
Fig. 6R) was not significantly affected in macrophages
pretreated first with the �V�3 integrin inhibitor (Fig. 6U).

4 Discussion

The prevention of macrophage entry into a chronic proin-
flammatory state is crucial in reducing the prevalence of
vascular diseases such as CVD [27]. The �V�3 integrin (vit-
ronectin receptor, CD51/CD61) mediates signaling cascades
between the extracellular matrix and intracellular medium,
and binds proteins and peptides with RGD motifs [28]. The
expression of this specific integrin is highly upregulated in
cells in pathogenic tissues such as atherosclerotic lesions
[29]. In this study, we present data on the role of lunasin
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Figure 3. (A) Lunasin inhibited the produc-
tion of NO in LPS and vitronectin-induced
THP-1 macrophages. Concentrations of NO
were determined by conducting a colori-
metric nitric oxide assay on the spent me-
dia. (B) Lunasin reduced phosphorylation of
NF-�B p-p65 in LPS and vitronectin-induced
THP-1 macrophages. (C) Lunasin reduced
phosphorylation of p-Akt in LPS and
vitronectin-induced THP-1 macrophages. Lu-
nasin did not modulate p-Akt expression in the
presence of vitronectin alone (without LPS).
Means with different values are significantly
different from each other (n = 3, p < 0.05).

in the inhibition of Akt-mediated NF-�B activation though
interaction with �V�3 integrin receptor in human THP-1
macrophages.

Lunasin downregulated LPS-induced phosphorylation of
Akt and NF-�B subunit p65 in human THP-1 macrophages by
potentially inhibiting the activation of �V�3 integrin. Extra-
cellular growth factors and cytokines upregulate PI3K activity,
resulting in Akt activation and translocation into the nucleus
where it functions to activate downstream signaling path-
ways [30, 31]. Silencing the �V integrin subunit with siRNA

inhibited LPS-induced IL-6 and TNF-� release compared to
the negative control in THP-1 macrophages [32], further sug-
gesting �V�3 integrin is critically involved in mediating the
activation of key regulators of inflammation. Other bioactive
compounds have also been reported to inhibit Akt activation
and subsequently downregulate NF-�B in LPS-stimulated
U937 macrophages [33]. These prior data suggest that the
�V�3 integrin is an important receptor to target as a mea-
sure to resolve inflammation and prevent the progression of
atherosclerosis.
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Figure 4. Lunasin directly interacted with the �V�3 integrin receptor. THP-1 macrophages were treated with 10 �M lunasin for 24 h and
harvested with RIPA buffer. (A) Schematic of the Co-IP assay. (B) Co-IP of the lunasin-�V�3 integrin complex was performed with �V�3
mAb (n = 3). C) LC/MS-MS results were determined with the in-gel tryptic digest of lunasin pulled down with Co-IP detected the entire 43-
amino-acid lunasin sequence. (D) Sequences of the peptides within the in-gel tryptic digest of the band that matched with the 5-kDa lunasin
sequence, their respective monoisotopic masses and ions scores. (E) Major sequences of lunasin were detected by MS/MS fragmentation
and the corresponding spectra matched significantly with the lunasin sequence or its precursor 2S soy albumin.
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Figure 5. Confocal laser scanning microscopy depicting three-dimensional immunocytochemical localization of lunasin (red), �V�3 integrin
(green), and nuclei (blue) in human THP-1 macrophages after 30 min and 24 h lunasin treatment. (A, B) Recruitment of lunasin within
intracellular vesicles localized into a punctate pattern, compared to the (C) quiescent PBS control. (D, E) �V�3 integrin intensity was
modulated at specific sites within the cell containing lunasin punctate. (F) �V�3 integrin is constitutively expressed with PBS control in
human THP-1 macrophages. (G–I) Nuclear staining. (J, K) Merge showing increased uptake of lunasin within intracellular sites corresponded
with a reduction in �V�3 integrin intensity (open arrowhead), whereas specific areas of cells without lunasin punctate maintained integrin
intensities (solid arrowhead). (L) Merge of PBS control showing �V�3 integrin intensity remained ubiquitously dispersed on the cell
membrane. Images were taken at four independent fields per well for three independent replicates of cells. Scale = 10 �m.

Lunasin significantly inhibited NO and its respective pro-
tein, iNOS, markers which play an important role in regulat-
ing arterial wall integrity and endothelial function [34,35]. Un-
der normal conditions, iNOS expression in vascular tissue is
virtually quiescent, but upregulated in advanced atherosclero-
sis [36,37]. In rodents, decreases in iNOS correlated with a re-
duction in the development of atherosclerotic lesions [38,39].
In this study, lunasin, particularly at 50 �M, inhibited the
COX-2/PGE2 pathway, thereby preventing the biosynthesis
of prostaglandins. Prostaglandins are attributed the progres-
sion of atherosclerotic lesions by maintaining macrophages
in an active state through induction of chemotaxis, stimula-
tion of smooth muscle cell migration, and activation of in-
flammatory cytokines [40].

In RAW 264.7 murine cells, lunasin (10 �M) inhibited
NO and PGE2 production by 43 and 13%, respectively [6].
In contrast, this study found that the same concentration
reduced NO and PGE2 by 65.9 and 74% in human THP-1
macrophages. These data suggest that THP-1 human
macrophages are potentially more sensitive to lunasin treat-
ment compared to murine macrophages, an effect consistent

with prior data showing THP-1 cells as more responsive to
particular compounds or nutrients, compared to epithelial or
epidermal cells [41, 42].

In this study, lunasin effectively inhibited the produc-
tion of TNF-�, nearly abolishing its release at 50 �M
concentrations. TNF-� is responsible for the regulation of
macrophage activity after trauma, infection, or exposure to
bacterial endotoxins such as LPS [43]. TNF-� upregulates ad-
hesion molecules in monocytes and scavenger receptors in
macrophages, leading to foam cell formation [44]. TNF-� and
a member of the TNF cytokine superfamily, TNF-like protein
1A, were found to play a significant role in the promotion of
macrophage foam cell formation and atherosclerosis by in-
creasing the uptake of oxidized LDL [45]. Further, it has been
reported that �V�3 integrin expression mediates ERK activa-
tion, cell attachment, and the production of TNF-� in human
THP-1 macrophages [46]. Blockade of the �V�3 integrin by a
specific antibody resulted in decreased cell adhesion and inhi-
bition of TNF-� production. Treatment with synthetic lunasin
(200 �M) in LPS-induced RAW 264.7 murine macrophages
resulted in a 23% reduction in TNF-� [47]. In contrast, lunasin
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Figure 6. Immunofluores-
cence of 2-D median optical
planes of lunasin-treated
(1 �M) macrophages in chrono-
logical order. (A–D) Lunasin
treatment (1 �M) increased
total lunasin intensity (solid
arrowhead), while (E–H) de-
creasing total �V�3 intensity
(open arrowhead) over time in
human THP-1 macrophages.
(I–L) Nuclear staining. (M–P)
Merge depiction showing
increased lunasin intensity
with concomitant reduction
in �V�3 intensity at the cell
membrane surface over time.
(Q–T) Pretreatment with �V�3
inhibitor, echistatin (400 nM),
followed by lunasin (1 �M)
for 24-h reduced total lunasin
intensity (oval arrowhead)
compared to lunasin treatment
alone. Lunasin did not signif-
icantly affect �V�3 intensity
(diamond arrowhead) in cells
pretreated with echistatin. (U)
Quantification of total lunasin
and �V�3 intensity over their
respective area sums over
treatment time (�m2). Means
with different letters are sig-
nificantly different from each
other (n = 2, p < 0.05).
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(10 �M) was sufficient to inhibit TNF-� by 21.8% in human
THP-1 macrophages in this study. This difference in lunasin
concentration may be attributed to cell lines, and variability
in secondary folding structure of the synthetic lunasin and
its ability to interact to the �V�3 integrin receptor.

Although the effect of THP-1 macrophages induced with
LPS was highly amplified when combined with vitronectin,
lunasin attenuated the enhanced activation of proinflamma-
tory markers, demonstrating its protective capacity in the
presence of two potent agonists. Pathogen-associated molec-
ular patterns from bacteria such as LPS stimulate Toll-like
receptors (TLRs) and facilitate the differentiation of oxidized
LDL-induced macrophages into foam cells and upregulate the
production of proinflammatory markers in monocytes from
patients with metabolic syndrome [48, 49]. Additionally, the
activation of TLR2 and TLR4 by Pam(3)CSK(4) or LPS, respec-
tively, elicited an enhanced inflammatory response through
induction of CD11b on circulating monocytes and increased
levels of TNF-� [50]. Vitronectin, a 75 kDa endogenous
glycoprotein ligand, contains an RGD motif, activates �V�3
integrins and has been found in atheroma [51, 52]. RGD
peptides aimed at competing for �V�3 integrin binding
reduced neointima hyperplasia in animal models [53, 54].
In this study, lunasin significantly reduced NO production
and NF-�B p-p65 and p-Akt in THP-1 macrophages induced
with both vitronectin and LPS, suggesting its efficacy may be
attributed through �V�3 integrin blockade. Lunasin has the
potential to prevent Akt-mediated activation of NF-�B p-p65
by diminishing extracellular binding of �V�3 integrin with
endogenous ligands such as vitronectin.

Lunasin physically interacted with �V�3 integrin, sub-
stantiating the hypothesis that its biological activity is at-
tributed to its antagonistic effect on �V�3 receptors. Crys-
tal structure of the extracellular segment of �V�3 integrin
in complex with an RGD ligand found binding interactions
similar to that of echistatin, a RGD peptide with a molecular
weight comparable to lunasin (5 kDa) [55]. The results suggest
that lunasin possesses an affinity for �V�3 in macrophages
and prevents the activation of integrin-mediated inflamma-
tory cascades by direct blockade. Food-derived peptides con-
taining RGD motifs, such as lunasin, may have potentially
similar effects.

Lunasin internalized into macrophages within intracel-
lular vesicles and modulated �V�3 integrin expression at
the cell membrane surface, potentially through integrin-
dependent pathways. The endocytosis of integrins and
their respective ligands, such as RGD proteins or peptides,
occurs primarily through clathrin-dependent or clathrin-
independent endocytic mechanisms [15, 56]. A multimeric
RGD peptide mediated �V�3 integrin internalization and re-
duced the quantity of �V�3 integrin at the cell surface by
79% versus the control via clathrin-dependent endocytosis in
HEK293(�3) cells [57]. Additionally, a mAb directed to �V
was internalized by an integrin-dependent endocytic mecha-
nism and reduced the number of functional integrin recep-
tors at the cell surface in melanoma cells [58]. In the present

study, total lunasin intensity and prevalence of intracellular
punctate rapidly increased over time, with concomitant reduc-
tion in �V�3 intensity at the cell membrane surface at spe-
cific areas with high intracellular lunasin concentrations, po-
tentially through clathrin-dependent endocytic pathways. At
24 h, the intensity of integrin began to decrease, an effect
potentially attributed to the regulation of integrin turnover by
endocytosis and recycling over time.

Pretreatment of THP-1 macrophages with �V�3 inte-
grin inhibitor, echistatin, reduced total lunasin intensity and
prevalence of punctate, further suggesting the potential for
lunasin to internalize through an �V�3 integrin-mediated
pathway. Echistatin, a 49-amino-acid peptide derived from
snake venom, is a high-affinity inhibitor of the �V�3 integrin
receptor and binds in a gradual, but nondissociable man-
ner [59]. The binding of echistatin can be outcompeted by
other RGD peptides and as a result, the observed reduction
in lunasin intensity is potentially attributed to partial block-
ade of �V�3 receptor by echistatin. The intensity of integrin
�V�3 was not significantly affected, possibly due to the fact
that the capability of lunasin to bind and enter the cell was
hindered by ligand occupancy and conformational modifica-
tions of the �V�3 receptor by pretreatment with echistatin.

In summary, the results reported in this study demon-
strate the potential of lunasin to inhibit �V�3 integrin-
mediated proinflammatory markers by downregulating the
activation of Akt-mediated NF-�B pathways through inter-
action with �V�3 integrin in THP-1 human macrophages.
Lunasin may contribute at the molecular level in the pre-
vention of CVD risk factors long associated with soy protein
consumption.
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