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Abstract
The chronic inflammation of arterial walls is associated with the development of atherosclerosis. Earlier we reported that avenanthramide (Avn)
s-enriched extract of oats (AvnsO) significantly suppressed interleukin (IL)-1β-stimulated secretion of proinflammatory cytokines, such as IL-6,
IL-8, and MCP-1, by human aortic endothelial cells (HAEC). The main objective of the current study was to determine if the mechanism of
inhibitory effect of these polyphenols from oats on the expression of proinflammatory cytokines is mediated through modulation of nuclear factor
κB (NF-κB)-dependent transcription. Confluent HAEC monolayers were treated for 24 h with AvnsO, and synthetically prepared Avn-c
suppressed IL-β-stimulated activation of NF-κB in a concentration-dependent manner. CH3-Avn-c, a synthetically prepared methyl ester
derivative of Avn-c with a high biological potency, significantly and dose dependently decreased mRNA expression and secretion of IL-6, IL-8,
and MCP-1 by HAEC as determined by real-time RT-PCR and ELISA, and it inhibited IL-1β- and TNFα-stimulated NF-κB activation as
determined by a NF-κB DNA binding assay and a NF-κB luciferase reporter assay. AvnsO and Avn-c as well as CH3-Avn-c also inhibited the NFκB-dependent reporter gene expression activated by TNFR-associated factor 2 and 6 (TRAF2, TRAF6) and NFκB-inducing kinase (NIK). CH3Avn-c also significantly and dose dependently decreased the phosphorylation level of IκB kinase (IKK) and IκB, and prevented IκB degradation
as measured by Western blotting. In addition, CH3-Avn-c markedly increased the overall levels of high mass ubiquitin-conjugated protein levels
while it mildly inhibited proteasome activity. These observations suggest that Avns, unique polyphenols from oats, decrease the expression of
endothelial proinflammatory cytokines at least in part through inhibition of NF-κB activation by inhibiting the phosphorylation of IKK and IκB,
and by suppressing proteasome activity.
© 2007 Elsevier Inc. All rights reserved.
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Circulating lipoproteins and triglyceride levels remain an
important factor in the development of atherosclerosis [1];
however, mounting evidence indicates that chronic inflammation of the arterial wall in specific locations is the process that
eventually causes atheroma lesion formation and, eventually,
thrombosis [2]. Therefore, in addition to lowering blood
cholesterol and triglyceride levels, the inhibition of inflammatory cytokines and other mediators through drugs, diet, and
specific nutrients is considered to be of great benefit in the
maintenance of vascular homeostasis and the prevention of
atherosclerosis.
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Epidemiological and clinical studies have indicated that
a high intake of fruits, vegetables, and whole-grain foods is
associated with a lower risk for coronary heart disease (CHD)
[3–8]. While the presence of high fibers in these foods has been
considered to be major contributing factor for lowering CHD
risk, in a recent study, Mozaffarian et al. [9] could only observe
reduced risk of CVD with a high intake of fiber from cereal, but
not with a high intake of fruits and vegetables in an elderly
population that was followed for more than 8 years. Studies
suggest a 20–30% reduced risk of CHD in persons with a daily
intake of ≥ 3 servings of whole-grain food items [10–15]. The
health benefit effect of consuming whole grains, such as lowering serum lipids, increasing insulin sensitivity, and decreasing
blood pressure, has been attributed to the high fiber content [8].
However, in addition to dietary fiber, whole-grain foods contain
phytochemicals with potential health benefits, which have not
been well investigated [3,16].
The consumption of oats, oatmeal, and oat bran has been
shown in most studies to reduce total plasma cholesterol and
low-density lipoprotein (LDL) cholesterol levels, the main risk
factors for CHD [17]. In addition to their cholesterol lowering
effect, oats have recently been shown to improve endothelial
function [18] and blood pressure [19,20], potentially through
modulation of blood cholesterol and vascular endothelium production of nitric oxide (NO) [21]. Oats, in addition to containing
soluble fibers, are a rich source of many nutrients and antioxidants including vitamin E, phytic acid, and unique
polyphenols, avenanthramides (Avns) [22,23]. Several forms
of Avns have been identified, Avn-a, -b, and -c of which are the
major forms [24]. Natural and synthetic Avns exhibit potent
antioxidant activity in vitro and in vivo [23,25,26]. The bioavailability of Avns extracted from oats has been studied in
hamsters and humans [27–29]. Moreover, Avns extracted from
oats combined with vitamin C synergistically inhibited LDL
oxidation [27]. In oat grains, Avn-c is the most abundant with an
amount two times greater than that of Avn-a or Avn-b [30]. In
vitro experiments indicate that Avn-c has more antioxidant
activity than Avn-a or Avn-b [25,31], and its activity is comparable to the synthetic antioxidant, butylated hydroxytoluene
(BHT) [25]. Furthermore, we found that Avn-c strongly inhibited the proliferation of vascular smooth muscle cells
(VSMC) and increased expression of eNOS (NO synthase)
and NO production in vitro, all of which contribute to the
suppression of atherosclerosis [21,32]. Earlier, we have reported
the potential anti-inflammatory and anti-atherogenic properties
of Avns enriched extract of oats (AvnsO), which inhibited the IL1β-stimulated endothelial cell secretion of proinflammatory
cytokines IL-6, chemokines IL-8, and monocyt chemotactic
protein (MCP)-1 and expression of adhesion molecules and
adhesion of monocytes to endothelial cell monolayer [33]. The
activation of NF-κB is known to be associated with gene
activation of these and other proinflammatory cytokines [34];
therefore, to determine the mechanism of action of Avns, we
examined the effect of AvnsO and Avn-c on the activity of this
nuclear transcription factor. Since we also discovered that
methyl ester of Avn-c (CH3-Avn-c) (Fig. 1) has a 10-fold higher
potency to suppress VSMC proliferation and to increase NO

Fig. 1. Chemical structures of Avn-c and CH3-Avn-c.

production (unpublished data), we used CH3-Avn-c to further
investigate in more detail the suppressive effect of Avns on
NFκB activation.
Materials and methods
Reagents and antibodies
Tricine, NaCl, EDTA, MgSO4, DTT, Triton X-100,
D-luciferin, coenzyme A, ATP, avidin-peroxidase, Coomassie
brilliant blue G, and Ponceau S solution were purchased from
Sigma Chemical Co. (St. Louis, MO). BCA protein assay kit was
purchased from Pierce (Rockford, IL). MG132 and clastolactacystin β-lactone were purchased from Boston Biochem
(Cambridge, MA). Human recombinant tumor necrosis factor-α
(hrTNF-α) and human recombinant interleukin-1β (hrIL-1-β)
were purchased from R & D Systems (Minneapolis, MN). Goat
polyclonal anti-histone H1 was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA), rabbit polyclonal anti-IκBα,
rabbit polyclonal phospho-IκBα (Ser32) antibody, and rabbit
polyclonal phospho-IKKα (Ser180)/IKKβ (Ser181) were purchased from Cell Signaling Technology (Beverly, MA), mouse
monoclonal α-tubulin antibody was purchased from Sigma
Chemical Co. Rabbit polyclonal anti-ubiquitin antibody was a
generous gift from Drs. A. Taylor and F. Shang (Nutrition and
Vision Lab, HNRC, Tufts University, Boston, MA). Rabbit antimouse-HRP, goat anti-rabbit-HRP, and mouse anti-goat-HRP
were all purchased from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). Laemmli's sample buffer and
nitrocellulose membrane were purchased from Bio-Rad Life
Science (Hercules, CA). Capture antibodies and biotinylated
antibodies against IL-6, IL-8, and MCP-1 were purchased from
R&D System (Minneapolis, MN), fetal bovine serum (FBS) was
purchased from Gibco (Carlsbad, CA). If not otherwise
specified, all chemicals were purchased from Sigma Chemical
Co. or Bio-Rad (Richmond, CA).
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Avenanthramides
AvnsO was prepared from oats according to the method
describe [33]. Avn-c (N-[3′,4′-dihydroxycinnamoyl]-5-hydroxyanthranilic acid) (Fig. 1) was prepared as describe by
Peterson et al. [25,33]. CH3-Avn-c was prepared from Avn-c
using the Fieser method [35]. Briefly, acidic methanol was made
by adding about 5 ml of acetyl chloride to 100 ml of absolute
methanol and then adding Avn-c and allowing it to stir overnight at room temperature. The solvent was removed under
vacuum and residue was washed several times with methanol.
The purity of the CH3-Avn-c was verified by TLC and LC-MS.
Cell culture
Human aortic endothelial cells (HAEC) were from Clonetics
Laboratories (San Diego, CA). Human umbilical vein endothelial
cells (HUVEC), cell culture medium (EBM-2), and growth
supplements were purchased from Cambrex Bio Science Walkersville, Inc. (Walkersville, MD). HAEC and HUVEC were
seeded in the 1% gelatin (Sigma)-coated 6-well plates, 24-well
plates, and 100-mm Petri dishes. The cells were maintained with
2% FBS using EBM-2 medium and supplements (EGM-2
SingleQuots, Cambrex, MD). The medium was changed every
other day until the cells grew to confluence. Cells from passage
6-8 were used and experiments were conducted in triplicate or
quadruplicate. CH3-Avn-c stock solution was made in dimethyl
sulfoxide (DMSO). The final concentration of DMSO in culture
medium was 0.02%. Human hybridized endothelial cell line
(EAhy926) (a kind gift from Dr. Navab, University of California,
Los Angeles) was cultured in Dulbecco's modified Eagle's
medium supplemented with 10% FBS and 100 units/ml penicillin.
Assessment of cell viability
We have reported earlier that AvnsO and Avn-c at the
concentrations used in present study had no effect on the cells'
viability [21,33]. Here, we determined the effect of CH3-Avn-c on
viability of HAEC and HUVEC using the Trypan blue exclusion
assay. Briefly, cells were treated with CH3-Avn-c at indicated
concentrations in EBM2 medium for 48 h. After treating the cells
with trypsin-EDTA, 0.45% Trypan blue was added to cell suspensions and percentages of viable cells were evaluated by light
microscopy. Cells stained dark blue were considered not to be viable.
Measurement of IL-6, IL-8, and MCP-1
Confluent HAEC in 24-well plates (Becton Dickinson
Labware, Franklin Lakes, NJ) were cultured in basal EBM-2
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medium containing 1% FBS (free of growth supplements)
treated with or without CH3-Avn-c (1, 10, 40, and 100 μM) at
37°C for 24 h. After the cells were washed with phosphatebuffered saline (PBS), hrIL-1β was added to a final concentration of 5 ng/ml at 37°C for 24 h. The supernatants were then
collected, centrifuged, and then stored at − 80°C until analyzed.
Sandwich ELISA was used to measure IL-6, IL-8, and MCP-1
expression as described previously [33]. Pro-Bind 96-well
plates (Becton Dickinson Labware) were coated with capture
antibodies against IL-6, IL-8, and MCP-1 overnight. After
blocking with 10% FBS in PBS for 2 h, the standards and
collected cell culture supernatants were added into the plate.
Then biotinylated antibodies against IL-6, IL-8, and MCP-1
were added. Avidin-peroxidase was used and finally, horseradish peroxidase substrate was added and incubated. The plates
were read at 405 nm in a plate reader (Bio-Tek Instruments,
Winooski, VT). The experiments were performed four times,
and each sample was assayed in duplicate.
Real-time RT-PCR for IL-6, IL-8, and MCP-1 mRNA
expression
Confluent HAECs in 6-well plates (Becton Dickinson
Labware) were incubated with or without the CH3-Avn-c (1,
40, and 100 μM) in basal EBM-2 medium at 37°C for 24 h.
Cells were then washed with PBS, and hrIL-1β was added to a
final concentration of 5 ng/ml at 37°C for 1 h. RNA was
extracted from cells of different treated wells with the RNeasy
Mini Kit (QIAGEN) according to the manufacturer's protocol.
The quantity of total RNA was determined by spectrophotometer using the absorbance at A260/A280 nm. A real-time RTPCR was performed as previously reported [36]. The sequences
of the primers used for real-time RT-PCR are designed by using
Primer Express version 2.0 for Windows (Applied Biosystems)
and summarized in Table 1. The experiments were performed
three times, and each sample was assayed in triplicate.
Nuclear and cytoplasmic separation and assessment of p50,
p65, and NF-κB DNA binding
HAEC were treated with the indicated concentration of
AvnsO, Avn-c, and CH3-Avn-c for 24 h and then stimulated with
IL-1β for 30 min. Nuclear and cytosolic cellular fractions were
prepared using a nuclear extract kit from Active Motif (Carlsbad,
CA) according to the manufacturer's instructions. All cytoplasmic and nuclear protein fractions were stored at − 80°C.
Quantification of p50 and p65 NF-κB binding to its consensus oligonucleotide was performed using the enzyme-linked
immunosorbent assay (ELISA)-based TransAM NF-κB family

Table 1
Primers for real-time RT-PCR
Gene

Forward primer

Reverse primer

Amplicon (bp)

IL-6
IL-8
MCP-1
GAPDH

5′-AATAACCACCCCTGACCCAAC
5′-AAACCACCGGAAGGAACCAT
5′-AAGATCTCAGTGCAGAGGCTCG
5′-ATCACCATCTTCCAGGAGCGA

5′-ACATTTGCCGAAGAGCCCT
5′-CCTTCACACAGAGCTGCAGAAA
5′-CACAGATCTCCTTGGCCACAA
5′-CCTTCTCCATGGTGGTGAAGAC

149
101
103
103
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transcription factor assay kit (Active Motif) according to the
manufacturer's instructions. Compared with the traditional
electrophoretic mobility shift assay (EMSA), this ELISAbased method is more sensitive in detecting NF-κB activation
[37]. Specificity of p50 and p65 binding was confirmed by
incubation of nuclear extracts with the immobilized NF-κB
consensus probe in the presence of excess wild-type or mutated
(nonbinding) oligonucleotide.
In vitro effect of AvnsO and Avn-c and CH3-Avn-c on NFκB protein DNA binding activity was performed as described
previously [38]. Nuclear extracts were prepared from IL-1βtreated HAEC. The nuclear extracts were treated with indicated
concentration of Avns for 2 h at room temperature and then
assayed with ELISA-based NF-κB DNA binding activity.
Transfection with NF-κB-Luc reporter and luciferase assay
HUVECs and Hela cells were transfected with PathDetect
pNFκB-Luc Cis-Reporter Plasmid encoding the consensus NF-

κB binding sites upstream of the luciferase gene (Stratagene, La
Jolla, CA) using Lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA) for 4–6 h, in a 6-well plate. A green fluorescent
protein (GFP)-containing pAdTrack-CMV vector [39] was also
cotransfected for normalization of luciferase activity. After incubation, the medium was replaced with fresh medium
containing 2% FBS, and the incubation was continued for an
additional 24 h. Thereafter, the transfected cells were pretreated
with the indicated concentrations of CH3-Avn-c for 24 h prior to
stimulation with 10 ng/ml TNFα for 1 h. In some wells, the cells
were also treated with 10 μM MG132 (a proteasome inhibitor)
for 1 h before TNFα stimulation. The cells were then harvested
by washing once in cold PBS and then lysing in 200 μl lysis
buffer (8 mM Tricine, pH 7.8, 10 mM NaCl, 0.4 mM EDTA,
0.2 mM MgSO4, 1.0 mM DTT, 0.2% Triton X-100). After incubation for 15 min at room temperature, the sample was
collected with a policeman cell scraper. The cell lysates were
spun down in a desktop centrifuge at maximum speed for 2 min,
20 μl supernatant was added per well to a 96-well plate, and the

Fig. 2. AvnsO (A) and Avn-c (B) inhibits NF-κB activation. NF-κB p50 DNA binding activity of nuclear extracts from HAEC treated with AvnsO (oat extract) or Avn-c for
24 h prior to stimulation with IL-1β for 30 min. Samples were measured with the ELISA-based TransAM NF-κB p50 kit. Three independent experiments were performed.
Values are shown as the mean ± SD (percentage changes from IL-1-treated group). # P b 0.01 vs control; ⁎ P b 0.05, ⁎⁎ P b 0.01 vs IL-1β treatment alone.
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Fig. 3. CH3-Avn-c suppresses IL-1β-stimulated secretion of IL-6, IL-8, and MCP-1 by HAEC in a concentration-dependent manner. Confluent HAEC were incubated
with 0, 10, 40, and 100 μM CH3-Avn-c for 24 h at 37°C. The HAEC were then stimulated by IL-1β (5 ng/ml) at 37°C for 24 h. The conditioned media were collected
and the IL-6, IL-8, and MCP-1 were measured using ELISA as described under Materials and methods. Data are expressed as mean ± SD (percentage changes from IL1-treated group). Four independent experiments were carried out for ELISA and each sample was assayed in duplicate. # P b 0.01 vs control; ⁎ P b 0.05, ⁎⁎ P b 0.01,
⁎⁎⁎ P b 0.001 vs IL-1β treatment alone.
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Fig. 4. CH3-Avn-c suppresses IL-1β-stimulated mRNA expression of IL-6, IL-8, and MCP-1 by HAEC in a concentration-dependent manner. The mRNA level of IL-6,
IL-8, and MCP-1 was determined using real-time RT-PCR. Data are expressed as mean ± SD. Three independent experiments were performed; each sample was detected
in triplicate. # P b 0.01 vs control; ⁎ P b 0.01, ⁎⁎P b 0.001 vs IL-1β treatment alone.
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luciferase activity was determined in 100 μl assay buffer
(25 mM Tricine-HC1, pH 7.8, 8 mM MgSO4, 0.1 mM EDTA,
33 μM DTT, 100 μM D-luciferin, 240 μM coenzyme A, 0.5 mM
ATP) per well on a Tropix TR717 microplate luminometer (PE
Applied Biosystems, Bedford, MA). All measurements of luciferase activity (relative light units) were normalized to protein
concentration measured with BCA protein assay as previously
reported [40–42].
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NF-κB-dependent reporter gene expression assay
The effect of AvnsO and Avn-c and CH3-Avn-c on NF-κBdependent reporter gene expression induced by TRAF2 or TRAf6
or NIK was measured as described previously [43]. Expression
plasmids encoding TRAF2, TRAF6, NIK, and control plasmid
pCMVFLAG as well as pNF-κB-secretory alkaline phosphatase
(SEAP) were generously provided by B.B. Aggarwal (University

Fig. 5. CH3-Avn-c inhibits NF-κB activation. p50 (A and B) and p65 (C and D) NF-κB DNA binding activity of nuclear extracts from HAEC treated with CH3-Avn-c
for 24 h prior to stimulation with IL-1β for 30 min. Samples were measured with the ELISA-based TransAM NF-κB p50 and p65 kit. Values are shown as the mean ±
SD percentage of IL-1β-treated sample. Four independent experiments were performed with duplicate samples. # P b 0.01 vs control; ⁎ P b 0.05, ⁎⁎ P b 0.01,
⁎⁎⁎ P b 0.001 vs IL-1β treatment alone. Assessment of the purity of the nuclear extracts is shown in Fig. 5E. β-Tubulin as a marker for cytoplasmic protein and histone
H1 as a marker of nuclear protein were probed by Western blotting using antibodies specific to each protein. C, cytosolic fraction, N, nuclear extract.
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of Texas M.D. Anderson Cancer Center). Hela cells were
transiently transfected with the expression vectors for TRAF2
or TRAF6 or NIK and pNF-κB-SEAP plasmids using lipofectamine LTX and PLUS reagent (Invitrogen). After 24 h, cells were
treated with indicated concentrations of AvnsO or Avnc or CH3Avn-c, and conditioned medium was harvested after 24 h for
SEAP activity assay. SEAP activity was assayed using the SEAP
chemiluminescence detection kit as described by the manufacturer (Clontech, Palo Alto, CA). Cells were cotransfected with

plasmid pGL3-luciferase (Promega, Madison, WI) and the data
were normalized with luciferase assay.
Proteasome activity assay
To measure the effect of CH3-Avn-c on inhibition of
proteasome activity, endothelial cell line EAhy926 cultured in
100-mm Petri dishes was incubated for 24 h with various
concentrations of CH3-Avn-c. After washing with cold PBS, the

Fig. 6. Avns have no effect on NF-κB DNA binding activity in vitro. The effect of Avns on NF-κB DNA binding activity in vitro was performed as described under
Materials and methods. AvnsO and Avn-c and CH3-Avn-c have no direct effect on NF-κB p50 DNA binding activity (A) and p65 DNA binding activity (B).
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cells were collected and disrupted by addition of 200 μl of 3-([3cholamidopropyl] dimethylammonio)-2-hydroxy-1-propanesulfonate (CHAPS)-containing buffer (50 mM Tris-HCl,
100 mM NaCl, 5 mM EDTA, 1 mM EGTA, 3 mM NaN3, and
0.2% CHAPS [pH 7.3]). The CHAPS buffer was supplemented
with trypsin inhibitor (final concentration 5 μg/ml), pepstatin
(0.5 μg/ml), leupeptin (1.25 μg/ml), and phenylmethylsulfonyl
fluoride (0.5 mM) to minimize protease activity other than those
associated with the proteasome. Each sample was vortex-mixed
for 10 s, left on ice for 30 min, vortexed again for 10 s, and then
centrifuged at maximum speed for 10 min. The supernatant was
collected to a fresh tube as whole cell extract. The protein
concentration was measured by BCA protein assay and adjusted
to 1 mg/ml. Chymotrypsin-like activities of the proteasome
were measured using the fluorogenic peptides N-succinyl-LeuLeu-Val-Tyr-7-amido-4-methylcoumarin (LLVY-AMC). Briefly, proteasome peptidase activities were measured with 20 μl
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whole cell extracts in 100 μl Tris-AMC solution (50 μM SucLLVY-AMC, 50 mM Tris-HCl, 100 mM NaCl, 5 mM EDTA,
1 mM EGTA, and 2 mM dithiothreitol). The fluorescence of the
extracts was measured in 11 cycles with 3-min intervals using a
Cytofluor 4000 (PerSeptive Biosystems, Framingham, MA)
multiwell fluorescence plate reader with excitation and emission set at 380 ± 20 and 440 ± 40 nm, respectively. Proteosome
activities were measured in triplicate.
Western blot analysis
Western blotting was performed as described previously
[36,44]. Briefly, protein concentrations of the cytosolic and
nuclear fraction were determined using a BCA protein assay kit
and the sample was boiled with Laemmli's buffer containing
dithiothreitol for 5 min. To ensure equivalent protein loading
and transfer in all lanes, the membranes and the gels were

Fig. 7. CH3-Avn-c inhibits NF-κB activation as measured by luciferase activity in (A) HUVEC and (B) Hela cells transfected with a NF-κB-luciferase reporter
plasmid. Increased luciferase activity indicates NF-κB activation. MG132 was used as a positive control. Data are the mean ± SD of four independent experiments, each
performed in duplicate. # P b 0.05, ## P b 0.01 vs control; ⁎ P b 0.05, ⁎⁎ P b 0.01, ⁎⁎⁎ P b 0.001 vs IL-1β treatment alone.
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stained with Ponceau S solution (Sigma) and with Coomassie
brilliant blue [45], respectively, as used by others [46–49].
Levels of phospho-IκBα, IκBα, phospho-IKKα/IKKβ, histone
H1, α-tubulin, and ubiquitin conjugates were determined by
Western blotting using the respective antibodies stated above. In
brief, the sample was electrophoresed through a 10 to 12%
SDS-PAGE gel and then transferred to a nitrocellulose
membrane. The membrane was blocked with TST (50 mM
Tris-HCl, pH 7.5, 150 mM NaCl, and 0.02% Tween 20) containing 2.5% milk proteins or 5% BSA before overnight
incubation at 4°C with the primary antibodies. The membrane
was then washed 4 times with TST and incubated with a
horseradish peroxidase (HRP)-conjugated secondary antibody
for 1 h at room temperature. Immunocomplexes were visualized
by incubating the membrane with Super Signal detecting reagents (Pierce) and exposed to X-ray film.

Statistical analysis
All data shown are representative of at least three independent experiments. Significant treatment differences were
determined by one-way ANOVA followed by Tukey's test. Data
are presented as means ± SD. Differences were considered significant at P b 0.05.
Results
Inhibition of NF-κB with AvnsO and synthetic Avns
Earlier we have reported that AvnsO suppressed IL-1βstimulated HAEC secretion of proinflammatory cytokines: IL6, IL-8, and MCP-1 [33]. The increased expression of these and
other proinflammatory cytokines is known to be associated with

Fig. 8. Avns inhibit NF-κB-dependent reporter gene expression induced by TRAF2 or TRAF6 or NIK. Hela cells were transfected with indicated plasmids as described
under Materials and methods. After 24 h, cells were treated with AvnsO (40 mg/ml) or Avnc (100 μM) or CH3-Avn-c (100 μM), and conditioned medium was
harvested after 24 h for SEAP activity assay. AvnO and Avn-c and CH3-Avn-c inhibit NF-κB-dependent reporter gene expression induced by TRAF2 or TRAF6 or
NIK (A and B).
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the activation of NF-κB [34]. Thus, to elucidate the antiinflammatory mechanism of Avns from oats, we first tested the
inhibitory effect of AvnsO on the activation of NF-κB.
Compared with unstimulated cells, IL-1β treatment stimulated
translocation of NF-κB p50 into the nucleus in HAEC as
indicated by the increased NF-κB p50 DNA binding activity
(Fig. 2A). AvnsO decreased the IL-1β induced NF-κB p50
DNA binding activity in a concentration-dependent manner,
which supported our earlier observation on the suppression
of proinflammatory cytokines [33]. We also found that a
synthetically prepared Avn-c suppressed activation of this
transcription factor in HAEC in a concentration-dependent
manner (Fig. 2B).
CH3-Avn-c inhibits cytokines expression induced by IL-1β in
endothelial cells
Since we have made observations that the CH3-Avn-c has a
robust effect on the inhibition of smooth muscle cell proliferation and on the production of NO, we speculated that this form
of Avns might be more effective in suppressing proinflammatory cytokines. Here we confirmed that CH3-Avn-c suppresses
the expression of proinflammatory cytokines by HAEC as the
parent natural forms, which are present in the oat extract. The
HAEC production of IL-1β-induced IL-6, IL-8, and MCP-1
was markedly attenuated with CH3-Avn-c in a concentrationdependent manner (Fig. 3). Pretreatments of HAEC with CH3Avn-c at concentrations of 10, 40, and 100 μM suppressed
secretion of IL-6 by 39, 55, and 60%; IL-8 by 21, 41, and 90%;
and MCP-1 by 24, 42, and 58%, respectively. Incubation of
HAEC with up to 100 μM CH3-Avn-c for 48 h showed no
significant effect on cell viability compared to control (data not
shown), which verified that the decrease in production of these
cytokines by CH3-Avn-c pretreatment was not due to a decrease
in cell numbers, but rather was due to a decrease in the cellular
production of these cytokines. To confirm whether or not the
effect of CH3-Avn-c pretreatment on the reduction of cytokine
secretion is transcriptionally modulated, we examined mRNA
expression levels using real-time RT-PCR for IL-6 and IL-8 and
MCP-1. Consistent with the changes of cytokines protein levels,
their mRNA expression was also suppressed by CH3-Avn-c
treatment in a dose-dependent manner (Fig. 4).
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(Figs. 5A and C). The specificity of p50 and p60 NF-κB
DNA binding was confirmed with excess wild-type and
mutated forms of the NF-κB consensus oligonucleotide
(Figs. 5B and D).
To assess the purity of the preparations of cellular and
nuclear proteins, cytoplasmic and nuclear extracts were probed
with antibodies to α-tubulin (as a cytoplasmic marker) and
histone H1 (as nuclear marker) via Western blot analysis. No
α-tubulin could be detected in the nuclear extracts and only a
very weak band of histone H1 was detectable in the cytoplasmic
fraction (Fig. 5E). These results indicate that there was no cytoplasmic contamination in the nuclear extracts.
To determine whether AvnsO and Avn-c and CH3-Avn-c
directly modify the binding of the NF-κB complex to DNA, we
incubated nuclear extracts from TNF-stimulated cells with these
three Avns and then analyzed DNA binding activity by using
ELISA-based NF-κB p50 and p65 DNA binding activity. AvnsO
and Avn-c and CH3-Avn-c do not directly inhibit binding of NFκB to DNA as shown in Figs. 6A and B. We concluded that Avns
mixture isolated from oat and synthetically prepared Avn-c as
well as synthetically prepared methyl ester derivative of Avn-c
inhibit NF-κB activation indirectly.
CH3-Avn-c inhibits IL-1β and TNFα-induced NF-κB
transactivation
To support our ELISA-based p50 and p65 NF-κB DNA
binding results, we transiently transfected HUVEC and Hela

CH3-Avn-c inhibits NF-κB activation
Since the inhibitory effect of CH3-Avn-c on the expression
of proinflammatory cytokines was robust, we used CH3-Avn-c
to further elucidate the molecular mechanism of Avns' action.
To test whether or not the inhibitory effect of CH3-Avn-c on IL1β-induced cytokine expression is mediated via NF-κB, we
measured the DNA binding activity of two members of the NFκB family of transcription factors, p50 and p60, in the nuclear
extracts of HAEC treated with or without CH3-Avn-c. Compared with unstimulated cells, translocation of NF-κB p50 and
p65 into the nucleus was significantly increased in IL-1βstimulated HAEC. CH3-Avn-c decreased the NF-κB activation
induced by IL-1β in a concentration-dependent manner

Fig. 9. CH3-Avn-c inhibits the phosphorylation of IKKα/IKKβ and IκB and
degradation of IκB induced by IL-1β. Equal amounts of the protein were loaded
to SDS-PAGE gel, and Western blotting was performed to examine the effect of
CH3-Avn-c on the phosphorylation of IKKα/IKKβ (A) and IκB (B) and
degradation of IκB (C). α-Tubulin was used as loading control (D). Each
experiment shown was repeated twice with similar results.
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cells with the pNF-κB-Luc plasmid, which is a promoter
construct containing multiple NF-κB binding sites driving a
luciferase expression vector. After 24 h transfection, cells were
treated with the indicated concentration of CH3-Avn-c for 24 h.
Some cells were then treated with MG132, a proteasome
inhibitor, which is a known inhibitor of NF-κB activation [50],
as a positive control, for 1 h, followed by TNFα treatment for
another 1 h. TNFα treatment markedly increased luciferase
gene expression. Preincubation of HUVECs for 1 h with
10 μmol/L of MG132 reduced NF-κB activation almost to the
control level. CH3-Avn-c inhibited NF-κB activation in a dosedependent manner (Fig. 7). These results further support our
findings that CH3-Avn-c inhibits NF-κB activation in a
concentration-dependent manner. We transiently transfected
Hela cells with the NF-κB-regulated SEAP reporter construct,
along with TRAF2-, TRAF6-, or NIK-expressing plasmids, and
then monitored for NF-κB-dependent SEAP expression in
untreated and Avns-treated cells. As shown in Figs. 8A and B,
we found that Avns suppressed the NF-κB activation induced
by TRAF2, TRAF6, and NIK.
CH3-Avn-c inhibits phosphorylation of IκB and IKKα/IKKβ
and degradation of IκB induced by IL-1β
We next examined the effect of CH3-Avn-c on phosphorylation of IKKα/IKKβ and IκB and whether CH3-Avn-c can
prevent the degradation of IκB as induced by IL-1β. Activation

of IKKα and IKKβ is controlled by their phosphorylation in the
activation loop of the kinase domain at serine residues 176/180
and 177/181, respectively [51]. Hence, the levels of phosphoIKKα (Ser-180) and phospho-IKKβ (Ser-181) have been
considered as an indirect marker of the fraction of activated
IKKs within a cell [52]. As shown in Fig. 9, compared to the
sample from unstimulated cells, IL-1β stimulation markedly
increased the phosphorylated IKKβ (Fig. 9A) and the
phosphorylated IκB (Fig. 9B), while it decreased the IκB
protein (Fig. 9C) and slightly increased IKKα (Fig. 9A). Pretreatment of HUVEC with CH3-Avn-c prevented the phosphorylation of IKKβ (Fig. 9A) and IκB (Fig. 9B) and stabilized the
IκB protein (Fig. 9C) in a concentration-dependent manner.
CH3-Avn-c inhibits proteasome activity
We also examined whether CH3-Avn-c inhibition of NF-κB is
also mediated through the inhibition of the proteasome activity.
We measured the proteasome activity by the “chymotrypsin-like”
enzyme activity, which is considered as the predominant proteolytic activity of the proteasome [53,54] and the rate-limiting
step of protein degradation [55]. We found that proteasome
activity was markedly attenuated by CH3-Avn-c treatment in
EAhy926 cells (Fig. 10A). As reduced proteasome activity
leads to accumulation of polyubiquitinated proteins, CH3-Avn-c
pretreatment also increased ubiquitin conjugates in HUVEC in
a concentration-dependent manner (Fig. 10B).

Fig. 10. CH3-Avn-c inhibits the proteasome activity. (A) Chymotrypsin-like activities of the proteasome were measured using the fluorogenic peptides N-succinylLeu-Leu-Val-Tyr-7-amido-4-methylcoumarin (LLVY-AMC) in CH3-Avn-c-treated EAHY926 cell extracts. (B) Equal amounts of the protein were loaded to SDSPAGE gel, and ubiquitin conjugates were probed with anti-ubiquitin antibody in CH3-Avn-c-treated HUVEC cell lysate. The experiment shown was repeated twice
with similar results.
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Discussion
Earlier we reported that AvnsO inhibited secretion of
proinflammatory cytokines: IL-6, IL-8, and MCP-1 [33]. Here,
we demonstrate that the synthetically prepared Avns (Avn-c and
CH3-Avn-c) with higher potencies [21,32] suppressed IL-1βincuded mRNA expression and the secretion of these proinflammatory cytokines by HAEC through inhibition of NF-κB
activation. We present evidence that the inhibitory effect of Avns
on NF-κB activation is mediated through inhibiting the
phosphorylation of IKK and IκB as well as by reducing
proteasome activity. Furthermore, Avns inhibit NF-κB-dependent reporter gene expression induced by TRAF2 and TRAF6
and NIK. Avns do not directly inhibit binding of NF-κB to DNA,
which indicates that Avns inhibit NF-κB activation indirectly.
In the present study, we found that CH3-Avn-c has a
substantially higher potency to inhibit proinflammatory cytokines IL-6, IL-8, and MCP-1 than that of the parent compound
Avn-c and that of AvnsO as we reported earlier [33]. Previously,
we have reported that the AvnsO at concentrations of 20 and
40 μg/ml (≈63 and 127 μM, respectively) reduced the secretion
of IL-6 in the IL-1β-stimulated endothelial cells by 30 and 52%,
[33] respectively, whereas CH3-Avn-c treatment at lower
concentrations (40 and 100 μM) reduced IL-6 secretion by 55
and 60%, respectively. Likewise, the effect of CH3-Avn-c on
suppression of IL-8 and MCP-1 was greater than that of AvnsO
as we observed earlier [33].
Activation of NF-κB requires removal of the inhibitory subunit
IκBα from a latent cytoplasmic complex by phosphorylation of
IκBα and ubiquitination followed by proteolytic degradation by a
proteasome complex [56]. This process liberates the NF-κB from
complex and translocates into the nucleus to initiate gene
activation [57]. In our study, CH3-Avn-c decreased expression
of endothelial proinflammatory cytokines, at least partially
through reduced NF-κB activation by inhibiting the phosphorylation of IKK and IκB as well as by decreasing proteasome activity.
Recent experimental evidence supports a potential involvement
of the ubiquitin-proteasome system in the initiation, progression,
and complication of atherogenesis (reviewed in [58]). Enhanced
ubiquitin expression in unstable coronary plaques has been
reported [59]. A recent study also demonstrated that enhanced
ubiquitin-proteasome activity in diabetic atherosclerotic lesions
was associated with higher NF-κB levels, which provides evidence
that the activation of this system by inflammatory cells is associated
with a NF-κB-dependent increase in inflammation, potentially
promoting plaque rupture [60]. CH3-Avn-c may have a potential
application in the treatment of diabetic patients through reduced
NF-κB activation by modulation of ubiquitin-proteasome activity.
It is interesting to note that Tranilast [N-(3′4′-dimethoxycinnamoyl)anthranilic acid], a drug with antihistamine and
antiatherogenic properties, shares a similar chemical structure
with Avns, and has been shown to inhibit NF-κB activation and
the production of various cytokines such as IL-6 and MCP-1 by
endothelial cells [61] as we observed with CH3-Avn-c in the
present study.
Taken together, our results demonstrate that Avns, specific
polyphenols from oats, possess potential anti-inflammatory
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properties, which may lend to their potential beneficial effect in
the prevention of atherosclerosis through inhibition of NF-κB
activation. It is interesting to note that oatmeal bath has been
used for skin conditions such as eczema, poison ivy, insect bites,
sunburn, and shingles, where inflammation is known to be the
main culprit. Our findings are in line with the observation
of several naturally occurring polyphenols in foods, spices,
and herbs, such as curcumin [62,63], myricetin [64], quercetin [65–67], resveratrol [68–70], and green tea constituent
(–)-epigallocatechin-3-gallate (EGCG) [71–73], all of which
have been suggested to have health benefit effects through longterm consumption by modulating NF-κB activity. Our results
point to the potential utility of methyl ester of Avns to be
developed as a prophylactic or therapeutic drug with antiinflammatory properties with the capacity to inhibit smooth
muscle cell proliferation and to increase NO production, all of
which are important for the prevention of atherosclerosis and
associated cardiovascular disease. Our data also point to the
potential benefit of including oats and oat bran in daily meals
over the long term. Oat products not only are known to reduce
blood cholesterol, but also may help to suppress the inflammatory process associated with the development of atherosclerosis.
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