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Scope: In the present study, we evaluated the anti-inflammatory properties of several plant
lignans most commonly distributed in foods. 7-Hydroxymatairesinol (HMR) and its major
isomer 7-hydroxymatairesinol 2 (HMR2), lariciresinol, secoisolariciresinol, and pinoresinol,
isolated from Norway spruce knots were examined.

Methods and results: We investigated the anti-inflammatory effects of lignans on tumor necro-
sis factor-a-treated human aortic endothelial cells by measuring the expression of intracellular
adhesion molecule-1 and vascular cell adhesion molecule-1 by cell ELISA and the adhesion
of U937 monocytes to activated endothelial cells using a cell adhesion assay. Among the lig-
nans studied, HMR and HMR2 significantly reduced intracellular adhesion molecule-1 and
vascular cell adhesion molecule-1 levels as well as the adhesion of U937 to endothelial cells. To
further characterize the molecular mechanisms involved in this regulation, the effect of HMR
and HMR2 on nuclear factor-kB, SAPK/c-Jun NH2-terminal kinase and extracellular signal
regulated kinase phosphorylation was assessed.

Conclusion: Our results demonstrated that the lignans HMR and HMR2, dominant in cereals
such as in wheat, triticale, oat, barley, millet, corn bran, and in amaranth whole grain, exhibit
strong anti-inflammatory properties in endothelial cells, at least in part, through attenuation of
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nuclear factor-kB and extracellular signal regulated kinase phosphorylation.
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1 Introduction

Inflammation and endothelial dysfunction occupy a pivotal
position in the pathogenesis of atherosclerosis [1, 2]. This
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complex process depends on the activation of the vascular
endothelium and expression of several types of leukocyte ad-
hesion molecules that cause blood cells rolling along the vas-
cular surface to adhere to the injured endothelial layer. Once
the blood cells have attached, chemokines produced in the
underlying intima stimulate them to migrate through the in-
terendothelial junctions and into the subendothelial space [3].
Endothelial cells normally resist white blood cells adhesion.
However, during inflammatory conditions, endothelium ex-
presses several adhesive molecules, including intracellular
adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1) that mediate interaction between
monocytes and vascular endothelium cells [4]. Tumor necro-
sis factor-a (TNF-a), one of the major proinflammatory cy-
tokines commonly found in atherosclerotic lesions, mediates
systemic inflammation and immune responses by inducing
expression of cell adhesion molecules and secretion of inflam-
matory mediators [1]. The increased expression of molecules
such as platelet-endothelial cell adhesion molecules,
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activated by inflammatory cytokines, may lead to further
recruitment of leukocytes and their subsequent transendothe-
lial migration into the subendothelial space, thereby resulting
in the formation of atherosclerotic lesion, oxidative modifi-
cation of LDL, and endothelial dysfunction [4]. It has been
reported that the signal transduction pathways for TNF-a-
induced expression of adhesive molecules include the activa-
tion and translocation of nuclear factor-xB (NF-kB), a redox-
sensitive transcription factor that is involved in the initiation
and progression of atherosclerosis [5]. Regulation of adhesion
molecule expression in responses to TNF-q, is possibly me-
diated by the activation of mitogen-activated protein kinases
(MAPK) such as extracellular signal regulated kinase (ERK),
c-Jun NH2-terminal kinase (JNK), and p38 kinases [6, 7].

These insights into inflammation in atherosclerosis of-
fer new opportunities for the prevention and treatment of
cardiovascular disease. Pharmacological blockade or genetic
deletion of chemokines and adhesion molecules for mononu-
clear cells inhibit atherosclerosis in mice [2]. Many anti-
inflammatory drugs work by inhibiting the expression of
CAMs [8].

Lignans are plant secondary products with many differ-
ent biological activities, including anti-inflammatory proper-
ties [9]. Many plant lignans are constituents of human nu-
trition, present in high concentrations in flax and sesame
seeds and in lower concentrations in whole grain cereals,
beans, other vegetables, some fruits and berries, wines, tea,
and coffee [10, 11]. A new and exceptionally rich source of
lignans was discovered in 1998, when a knot from a spruce
tree was analyzed. The knots in Norway spruce trees (Picea
abies) contain on average about 10% by weight of lignans
of which 7-hydroxymatairesinol (HMR) makes up 70-85%
[12]. Other minor lignans include lariciresinol (LARI), seco-
isolariciresinol (SECO), and pinoresinol (PINO). HMR lig-
nan is composed of two stereoisomers differing in stereo-
chemistry at C7. The major isomer is (7S,8R,8'R)-(-)-7-
hydroxymatairesinol (HMR2) while the minor is (7R,8R,8'R)-
(-)-allo-hydroxymatairesinol (HMR1), with an HMR2/HMR1
ratio of approximately 3/1. HMR occurs not only in spruce
knots but is the dominant lignan in cereals, such as in wheat,
triticale, oat, barley, millet and corn bran, and in amaranth
whole grain. HMR was not found in previous studies of
cereals because of inadequate analytical methods using ei-
ther acidic or alkaline treatment steps where HMR is con-
verted primarily to conidendrin or conidendric acids, respec-
tively [11, 13]. HMR has been extracted from spruce knots
and has been marketed as a nutritional supplement since
2006 [14].

In a recent study, higher intakes of matairesinol lignan
have been associated with lower vascular inflammation, en-
dothelial dysfunction, and mortality due to coronary heart
and cardiovascular disease [15,16]. The relationship between
a high intake of lignans and a favorable metabolic cardiovas-
cular risk profile in postmenopausal women has also been
assessed [17]. Although the associations between lignans and
decreased risk of cardiovascular disease are promising, the
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mechanism of anti-inflammatory action of dietary lignans on
the vascular system is largely unknown. The aim of our study
is to provide more information on whether lignans do have
cardioprotective properties with the use of an in vitro model
and well-characterized products.

Considering the importance of monocyte—endothelial cell
interactions in the inflammatory process of atherogenesis,
we were interested in investigating the effect of the lignans
HMR(1+2), HMR2, SECO, PINO, and LARI isolated from
Norway spruce (P. abies) knots, on adhesion molecule expres-
sion and attachment of monocytes in human aortic endothe-
lial cells. The present work was also conducted to look into the
possible role of the transcription factor NF-kB, the mitogen-
activated kinases JNK and ERK, the peroxisome proliferator-
activated receptor-y (PPAR-y), and the estrogen receptor (ER)
in these effects, molecules that are considered to be key ele-
ments in inflammation processes of the endothelium.

2 Materials and methods
2.1 Extraction of spruce lignans

Lignans were extracted from Norway spruce (P. abies) knots
and callus resin and further purified. Ground knot mate-
rial was extracted using a Soxhlet extractor, first with hex-
ane to remove lipophilic components, which were discarded,
and then with aqueous ethanol (5%, v/v water). The 7-
hydroxymatairesinol isomer HMR2 was isolated from the
ethanol extract solution by precipitation with potassium ac-
etate essentially as described by Knof and Freudenberg [18]. A
mixture of the two HMR isomers (HMR(14-2), approximately
in the proportion 1:3) was isolated from the knot ethanol ex-
tract by flash chromatography (Biotage Flash 40i) using silica
columns and step gradient elution with cyclohexane/acetone.

SECO was isolated from the residue after precipitation of
HMR2. LARI and PINO were extracted from spruce callus
resin by dissolution in ethanol and further purification by
flash chromatography and crystallization [19]. Further purifi-
cation was achieved for SECO, LARI, and PINO by recrystal-
lization. The purity of the lignans determined by GC analysis
was for HMR(1+2) 95%, for HMR2 95%, for LARI 95%, for
SECO 97%, and for PINO 98%. The impurities were mainly
other lignans.

2.2 Chemicals and reagents

All cell-culture materials, such as HBSS (Hanks balanced
salt solution), trypsin-EDTA solution, RPMI 1640 medium,
and FBS were obtained from Invitrogen Life Technologies
(Carlsbad, CA, USA). TNF-a (T0157), a-Tocotrienol («T3)
(07205), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; M5655), GW9662 (M6191), and the per-
oxidase substrate o-phenylendiamine hydrochloride (FASTe
OPD; P9187) were obtained from Sigma-Aldrich (St. Louis,
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MO, USA). ICI 182780 (1047) was from Tocris Bioscience.
VCAM-1 antibody (BBAS5) and ICAM-1 antibody (BBA3) were
purchased from R&D Systems (Minneapolis, MN, USA).
Sheep anti-mouse IgG secondary antibody (NA931) was pur-
chased from Amersham (Little Chalfont, Bucks, UK).

2.3 Cell culture

Human aortic endothelial cells (HAEC) were obtained as cry-
opreserved cells from European Collection of Cell Cultures
(ECACC) and were maintained in T-75 culture flasks in en-
dothelial cell growth medium M200 (Cascade Biologics, Port-
land, OR, USA) supplemented with 2% LSGS (low serum
growth supplement, Cascade Biologics) according to the man-
ufacturer’s recommended protocol. Cells between passages 4
and 8 were used in this study. The human monocytic cell-
line, U937, was grown in RPMI-1640 media supplemented
with 10% FBS, 100 U/mL penicillin, and 100 mg/mL strep-
tomycin. Cells were cultured at 37°C in a humidified 95%
air, 5% CO, atmosphere and were split according to standard
procedures.

2.4 Cell viability assay

To determine cell viability, the colorimetric MTT metabolic
activity assay was used. MTT is cleaved in the mitochon-
dria of metabolically active cells to form a colored, water-
insoluble formazan salt. Briefly, endothelial cells were grown
in 96 flat-bottomed well plates and incubated with various
concentrations of HMR and HMR2 (0.001-100 pnM), in the
presence or absence of TNF-a (1 or 10 ng/mL). Cells in their
growth medium were used as control samples (vehicle). After
the incubation, medium was replaced with MTT (1 mg/mL)
dissolved in serum-free, phenol red-free medium, and incu-
bation continued at 37°C for an additional 4 h. The MTT-
formazan product was solubilized thoroughly in isopropanol
and the optical density was measured at a test wavelength
of 550 nm and a reference wavelength of 690 nm. The ab-
sorbance was used as a measurement of cell viability, nor-
malized to cells incubated in control medium, which were
considered 100% viable.

2.5 Cell ELISA

To measure the cell-surface expression of ICAM-1 and
VCAM-1, cell ELISA was conducted. Briefly, confluent HAEC
cultured in 96-well plates were pretreated with or without
0.001-100 uM of LARI, SECO, PINO, HMR, and HMR2 for
18 h and stimulated with 1 ng/mL TNF-a for 6 h at 37°C.
Subsequently, cells were fixed by 0.1% glutaraldehyde in PBS
for 30 min at 4°C and plates were blocked at 37°C for 1 h
with 5% skimmed milk powder in PBS. Monoclonal anti-
bodies to ICAM-1 or VCAM-1 in 5% skimmed milk in PBS
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were then added to the wells and incubated at 4°C overnight.
After washing away the excess unbound primary antibody,
cells were further incubated with a horseradish peroxidase-
conjugated sheep anti-mouse secondary antibody for 1.5 h at
room temperature. The expression of cell adhesion molecules
was quantified by the addition of the peroxidase substrate
o-phenylenediamine hydrochloride. As a positive control,
we have used oT3 (25 wM), the most effective vitamin E
analog in the reduction of cellular adhesion molecule ex-
pression and monocytic cell adherence [20]. The absorption
of each well was measured at 450 nm using a microplate
spectrophotometer.

2.6 Cell adhesion assay

Adhesion assay was carried out by the Rose Bengal stain-
ing method [21]. This method was shown to compare well
with the isotopic method reducing the possibility of mono-
cyte activation as it eliminates the need of prelabeling mono-
cytes [21,22]. Briefly, TNF-a treated (10 ng/mL) or untreated
HAEC, grown in 96-well collagen-coated microplates were
incubated with U937 monocytes (2 x 10° cells/mL) for 1 h
at 37°C, in the presence or absence of various concentrations
of HMR and HMR2 (0.001-100 p.M). At the end of 1 h, non-
adhered cells were removed and the wells were gently rinsed
with PBS supplemented with 10% v/v FBS. After aspirating
the wash solution completely, 100 L of a 0.25% solution of
Rose Bengal stain in PBS was added to each well for 10 min at
25°C. The excess stain was then washed away three times with
PBS supplemented with 10% v/v FBS and the stain was re-
leased from the cells with 200 p.L of a solution of ethanol:PBS
(1:1 v/v) for 1 h at 25°C. For each experiment, a background
value was obtained from parallel wells where the endothelial
cells were not exposed to monocytes, but processed exactly as
described above (negative control). Monocyte-endothelial cell
adhesion was calculated from the difference in absorbancies
at 570 nm between wells that contained monocytes and HAEC
and wells that contained only HAEC (negative control).

2.7 Blocking antibody studies

Monoclonal antibodies (mAbs) against ICAM-1 or VCAM-
1 were incubated at 5 pg/mL final concentration dur-
ing the last 30 min of HAEC stimulation with TNF-a
(10 ng/mL). Adhesion assay was then performed as described
above.

2.8 Measurement of NF-kB, c-Jun NH2-terminal
kinase (JNK), and extracellular signal regulated
kinase (ERK) phosphorylation

NF-kB, JNK, and ERK phosphorylation levels were
measured with PathScan phospho-NF-kB p65 (Ser536),
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phospho-SAPK/JNK (Thr183/Tyr185), and phospho-p44/42
MAPK (Thr202/Tyr204) sandwich ELISA Kits (Cell Signal-
ing Technology Danvers, MA, USA) respectively. To measure
protein phosphorylation, confluent HAEC were pretreated in
the presence or absence of various concentrations of HMR
and HMR2 for 18 h. Cells were then stimulated with TNF-«
(10 ng/mL) at 37°C. Following TNF-a stimulation, cells were
lysed and cell lysates were analyzed by PathScan sandwich
ELISA Kits according to the manufacturer’s instructions. Val-
ues were normalized to total NF-kB, JNK, and ERK levels
using PathScan total NF-kB p65, total SAPK/JNK, and total
p44/42 MAPK sandwich ELISA Kits, respectively.

2.9 Statistical analysis

Data are represented as mean + SD. Statistical analysis was
performed using Student’s t-test, two-tailed distribution, as-
suming two-sample unequal variance. The minimum level of
significance was set at p < 0.05.

3 Results

3.1 7-Hydroxymatairesinol (HMR),
7-hydroxymatairesinol 2 (HVIR2),
secoisolariciresinol (SECO), lariciresinol (LARI),
and pinoresinol (PINO) do not affect viability of
endothelial cells

Incubation with 0.001-100 pM of all experimental com-
pounds did not result in cytotoxicity. Treatment with TNF-a
(1 or 10 ng/ml) in the absence or presence of HMR, HMR2,
SECO, LARI, PINO, and «T3 did not show marked changes
compared with media alone (data not shown).

3.2 HMR and HMR2 markedly reduce intracellular
adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1) expression

TNF-a (1 ng/mL), increased the basal expression of ICAM-
1 and VCAM-1 in HAEC. aT3 decreased significantly the
TNF-a-induced endothelial expression of both ICAM-1 and
VCAM-1 as expected. Pretreatment of HAEC with HMR and
HMR2 (0.001-100 uM) for 18h followed by TNF-a stimula-
tion inhibited ICAM-1 and VCAM-1 cell surface expression
(Fig. 1A-D). HMR2 showed a dose-dependent inhibition on
VCAM-1 expression (Fig. 1D). SECO, LARI, and PINO re-
duced the expression of ICAM-1 and not VCAM-1, only at
high concentrations (100 uM for LARI and 10-100 wM for
SECO and PINO, data not shown). None of the compounds
showed significant effect on ICAM-1 and VCAM-1 expression
when tested without TNF-a challenge (data not shown).
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3.3 HMR and HMR2 reduce monocytic U937 cell
adhesion

We further examined the adhesion of U937 cells to TNF-
a-stimulated HAEC. Control HAEC showed minimal bind-
ing to U937 cells, but adhesion was substantially increased
when the HAEC were treated with 10 ng/mL TNF-a. Pre-
treatment of confluent HAEC with T3 or HMR and HMR2,
significantly inhibited the adhesion of U937 cells to TNF-a-
stimulated HAEC (Fig. 2A and B).

3.4 Anti-VCAM-1 antibody inhibits significantly the
U937 cell adhesion

To elucidate the role of VCAM-1 or ICAM-1 in mediating
the lowering effects of HMR and HMR2 on U937 cell adhe-
sion to HAEC, we used anti-ICAM-1 and anti-VCAM-1 mono-
clonal antibodies (Fig. 3). HAEC were stimulated with TNF-a
(10 ng/mL), in the presence or absence of HMR and HMR2
(100 wM) and were incubated with anti-ICAM-1 or anti-
VCAM-1 antibodies. HMR and HMR2, as well as aT3 signif-
icantly reduced cell adhesion. Anti-VCAM-1 mAb inhibited
significantly the number of adherent monocytes when com-
pared to TNF-a alone. Co-incubation of anti-VCAM-1 anti-
body with 100 wM of HMR or HMR2 did not further increase
the magnitude of cell adhesion when compared to the mAb
alone. Anti-ICAM-1 mAb had no effect on TNF-a-induced
adhesion to HAEC. Co-incubation of HMR and HMR2 with
anti-ICAM-1 antibody abolished the reducing effect of HMR
and HMR2 on U937 cell adhesion to HAEC.

3.5 HMR and HMR2 decrease NF-kB activation

To determine whether NF-«kB activation was involved in the
effects of HMR and HMR2 on HAEC, NF-kB phosphorylation
was measured and values were normalized to total NF-kB
(Fig. 4). The time course experiment we performed to monitor
the NF-kB phosphorylation by stimulating HAEC with TNF-a
(10 ng/mL) for 5, 15, and 30 min, showed that stimulation of
the cells for 5 min resulted in higher phosphorylation levels
(data not shown). Results showed that pretreatment with 10
and 100 pM of HMR and HMR2 significantly decreased the
phosphorylation of NF-kB p65 in TNF-a-stimulated HAEC.

3.6 HMR and HMIR2 do not alter JNK activation

The effect of HMR and HMR2 on JNK phosphorylation was
measured and values were normalized to total JNK. Results
showed that pretreatment with HMR and HMR2 did not
alter the phosphorylation of SAPK/JNK in TNF-a-stimulated
HAEC (Fig. 5).
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Figure 1. HMR inhibits TNF-a induced ICAM-1 (A) and VCAM-1 (B) protein expression in HAEC. HMR2, the major isomer of HMR, also
inhibits TNF-a induced ICAM-1 (C) and VCAM-1 (D) protein expression in HAEC. HAEC were incubated in the absence of TNF-a or compounds
(control), with aT3 (25 M), or with different concentrations (0.001-100 uM) of HMR and HMR2 for 18 h, followed by stimulation with TNF-«
(1 ng/mL) for up to 24 h. Adhesion molecules were measured by cell ELISA. None of the experimental compounds showed significant
effect on ICAM-1 and VCAM-1 protein expression when tested alone (data not shown). Results are expressed as percent of control. A
*p < 0.05 value was considered statistically significant when compared to TNF-a-treated cells (**p < 0.01, ***p < 0.001). Values represent
mean + SD based on three independent experiments performed in triplicate.

3.7 HMR and HMR2 decrease ERK activation

ERK phosphorylation was measured and values were normal-
ized to total ERK. The time course experiment we performed
to monitor ERK phosphorylation, by stimulating HAEC with
TNF-a (10 ng/mL) for 10, 15, 30, and 45 min, showed that
stimulation of the cells for 10 min resulted in higher phos-
phorylation levels (data not shown). Preincubation of HAEC
with 100 .M of HMR and HMR2 significantly decreased ERK
phosphorylation by 15%. HMR and HMR2 did not inhibit
ERK phosphorylation at lower concentrations (Fig. 6).

3.8 Antiadhesive effects of HVIR and HMR2 are not
mediated via the estrogen receptor or
peroxisome proliferator-activated receptor-y
(PPAR-v)

Since estrogenic activity has been reported for 7-
hydroxymatairesinol [23], we investigated a possible role for

estrogen receptor in modulating the antiadhesive effects of
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HMR and HMR2. We used ICI 182780, a pure estrogen
antagonist that blocks intracellular ER. The efficacy of ICI
182780 to block 17-B-estradiol inhibition of VCAM-1 expres-
sion and adhesion of monocytes to endothelial cells at a con-
centration of 10 wM has been reported previously [24]. ICI
182780 (1 and 10 pM) was incubated with HAEC in the
presence or absence of 100 uM HMR and HMR2 for 24 h
prior to stimulation with TNF-a. No significant effect was ob-
served and lignans still inhibited TNF-a-dependent expres-
sion of VCAM-1 in the absence or presence of ICI 182780
(Fig. 7).

We have also used the PPAR-y antagonist GW9662 (5 uM)
to examine whether the PPAR-y receptor is involved in the
anti-inflammatory effects of HMR and HMR2 [25]. GW9662
alone or in the presence of compounds (100 wM) did not
abolish the reducing effect of HMR or HMR2 on TNF-a-
dependent expression of VCAM-1, thus indicating that PPAR-
v does not mediate the anti-inflammatory effect of HMR and
HMR2. Instead, co-incubation of GW9662 with HMR and
HMR2 resulted in significantly lower VCAM-1 levels than
the compounds alone (Fig. 8).
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Figure 2. HMR (A) and HMR2 (B) inhibit TNF-a-
induced monocyte adhesion to HAEC. HAEC were
incubated in the absence of TNF-a or compounds
(control), with T3 (25 wM), or with 0.001-100 pM
of HMR and HMR2 for 18 h, followed by stimulation
with TNF-a (10 ng/mL) for up to 24 h. After treat-
ment, cells were subjected to the monocytic cell ad-
herence assay. Results are expressed as percent of
control. A *p < 0.05 value was considered statistically
significant when compared to TNF-a-treated cells
(**p < 0.01, ***p < 0.001). Values represent mean
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4 Discussion

Lignans are plant polyphenols showing promising health
benefits. Accumulating evidence indicates that plant lignans
possess anti-inflammatory properties [15,26]. Data, however,
on the role of lignans in the inflammatory process of
atherosclerosis are only fragmentary and it is not yet clear
whether lignans themselves are cardioprotective. In the
present study, we have evaluated the anti-inflammatory action
of the lignans LARI, SECO, PINO, 7-hydroxymatairesinol,
and its major stereoisomer 7-hydroxymatairesinol 2 in
human endothelial cells, as they are the plant lignans
most commonly distributed in foods. Of note, HMR has
been marketed as a nutritional supplement since 2006
[14].

For the evaluation of the anti-inflammatory activity of lig-
nans, we assessed their potential to reduce TNF-a-induced
activation of endothelial cells. We determined the expression
of VCAM-1 and ICAM-1 by cell ELISA, a widely used in vitro
assay measuring the anti-inflammatory effects of examined
compounds in endothelial cells. As a positive control, we used
aT3, a novel vitamin E with superior activity over tocopherol
with regard to the attenuation of the expression of adhesion
molecules through mobilization of NF-kB transcription fac-
tor [20]. Among the tested compounds, both HMR and HMR2
significantly blocked TNF-a-induced ICAM-1 and VCAM-1
expression in HAEC under all concentrations tested (0.001—
100 wM). Importantly, in another study HMR has been re-
ported to be an effective antioxidant when tested in vitro in

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

formed in triplicate.

lipid peroxidation, superoxide and peroxyl radical scaveng-
ing, and LDL-oxidation models [27]. SECO, LARI, and PINO
altered the expression of ICAM-1, but not VCAM-1, only at
high concentrations (100 wM for LARI and 10-100 pM for
SECO and PINO).

We further examined the effects of the most biological ac-
tive lignans HMR and HMR2 on monocyte U937-endothelial
cell adherence using the adhesion assay, a well recognized in
vitro assay that simulates the in vivo microenvironment. In
the presence of HMR and HMR2, binding of human mono-
cytic cell line U937 to TNF-a-stimulated HAEC was signifi-
cantly inhibited. We next examined the relative involvement
of ICAM-1 and VCAM-1 on TNF-a-induced U937 adhesion to
HAEC. In agreement with our previous results, anti-VCAM-
1 mAD alone inhibited significantly the number of adherent
monocytes when compared to TNF-a demonstrating an im-
portant role of VCAM-1 adhesion molecule in U937 adhe-
sion to HAEC [28]. Co-incubation of anti-VCAM-1 mAb with
100 uM of HMR or HMR2 did not further inhibit adhesion
when compared to the mAD alone. This suggests that HMR
and HMR2 may influence U937 cell-endothelial cell interac-
tion mainly through modulation of VCAM-1 expression. In-
cubation with anti-ICAM-1 mADb antibody alone had no effect
on TNF-a-induced U937 adhesion to HAEC. Co-incubation
of anti-ICAM-1 antibody with 100 pM of HMR or HMR2
abolished the reducing effect of HMR and HMR2 on U937
cell adhesion to HAEC possibly through interactions between
ICAM-1 adhesion molecules expressed in U937 cells with
ICAM-1 mAD that are used as a bridge to facilitate further
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Figure 3. Treatment with HMR, HMR2, and aT3 inhibits significantly TNF-a-induced monocyte adhesion to HAEC. Anti-VCAM-1 mAb alone
inhibits significantly the number of adherent monocytes when compared to TNF-a treatment. Co-incubation of anti-VCAM-1 antibody
with 100 uM of HMR or HMR2 did not further increase the magnitude of inhibition in cell adhesion when compared to HMR or HMR2
alone. Anti-ICAM-1 mAb had no effect on TNF-a-induced adhesion to HAEC. Co-incubation of HMR and HMR2 with anti-ICAM-1 anti-
body abolished the reducing effect of HMR and HMR2 on U937 cell adhesion to HAEC. Cells were grown and treated as described in
Section 2. During the last 30 min of TNF-a stimulation, anti-ICAM-1 or anti-VCAM-1 monoclonal antibody was added. Monocyte adhesion
was determined by the adhesion assay. Results are expressed as percent of control. A *p < 0.05 value was considered statistically signif-
icant when compared to TNF-a-treated cells (**p < 0.01, ***p < 0.001). A ¥p < 0.05 value was considered statistically significant when
compared to treatment with HMR or HMR2 in the absence of mAb (*p < 0.01, ##p < 0.001). Values represent mean + SD based on three

independent experiments performed in triplicate.

binding of several U937 cells, thus masking the inhibitory
effect of HMR and HMR2 [29].

In accordance with our findings, in a cross-sectional study,
SECO and matairesinol (a food lignan structurally closely
related to HMR) higher intakes (622 and 38.5 pg per day,
respectively) were significantly correlated to lower soluble
ICAM-1 plasma values. Moreover, in the same study, only
matairesinol and not SECO, LARI, or PINO intakes were
associated to lower vascular inflammation and endothelial
dysfunction [15]. A number of lignans like magnolol iso-
lated from Magnolia officinalis, leoligin which is the major
lignan from Edelweiss as well as sesamin from sesame seeds
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have been shown to exert protective effects on the cardio-
vascular system by reducing adhesion molecule expression
[30-32].

It is considered that lignan intake may inhibit the
atherosclerotic process indirectly due to their conversion to
enterolignans by intestinal bacteria [33]. However, recent
evidence indicates that plant lignans may be more potent
anti-inflammatory agents as they show higher antioxidant
activity than enterolignans [34]. In addition, plant lignans
are present in high amounts in serum and thus may provide
protection due to their direct effects on endothelium. For ex-
ample, a single intake of sesame seeds (50 g) resulted in high

Figure 4. HMR and HMR2 (10 and 100 wM) decrease signif-
icantly TNF-a-induced phosphorylation of NF-kB. Treatment
with aT3 also significantly inhibits TNF-a-induced phospho-
rylation of NF-xB as expected. HAEC were grown in 12-well
plates and treated with 10 ng/mL of NF-kB activator TNF-«
for 5 min. Phosphorylation levels at Serine 536 of NF-«B
p65 were measured using the PathScan phospho-NF-kB p65
(Ser536) sandwich ELISA kit. Values are normalized by total
NF-xkB p65. Results are expressed as percent of control. A
*p < 0.05 value was considered statistically significant when

compared to TNF-a-treated cells (**p < 0.01, ***p < 0.001).
Values represent mean + SD based on three independent
experiments performed in triplicate.
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Figure 5. HMR and HMR2 do not alter TNF-« induced
JNK activation. HAEC were grown in 12-well plates
and treated with 10 ng/mL of JNK activator TNF-«
for 30 min. Phosphorylation levels at Thr183/Tyr185
SAPK/JNK were measured using the PathScan phos-

" pho SAPK/JNK (Thr183/Tyr185) sandwich ELISA Kit.

Values are normalized by total-SAPK/JNK. Results

50 are expressed as percent of control. A *p < 0.05

value was considered statistically significant when

g compared to TNF-a-treated cells (**p < 0.01, ***p <

Contral TNF-a 0.01 pM 1M 100 pm 0.001). Values represent mean + SD based on three
HMR/HMRZ (UM) + TNF-a independent experiments performed in triplicate.

HMR concentrations in human serum, varying from 72.7 to 15% [33]. Importantly, 1 h after HMR administration as a nu-

154 nM while enterolignans were detected in very low tritional supplement (dose of 25 mg), high levels (2000 nM)

levels or not detected at all [35]. In another study, HMR are found present in serum (www.hmrlignan.com). HMR

was converted to the mammalian lignans enterolactone and has been concluded to be safe in human use up to daily dose

enterodiol by human fecal microflora in 24 h, in a low rate of of 1350 mg and the recommended dosage as a nutritional
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Figure 6. HMR and HMR2 (100 wM) significantly in-
hibit TNF-a-induced phosphorylation of ERK. HAEC
were grown in 12-well plates and treated with 10
ng/mL of ERK activator TNF-a for 10 min. Phosphory-
lation levels at Thr202/Tyr204 were measured using
the PathScan phospho-p44/42 MAPK (Thr202/Tyr204)
sandwich ELISA kit. Values are normalized by total-
p44/42 MAPK. Results are expressed as percent of
control. A *p < 0.05 value was considered statis-
tically significant when compared to TNF-a-treated
cells (**p < 0.01, ***p < 0.001). Values represent
mean + SD based on three independent experiments
performed in triplicate.

Figure 7. HMR and HMR2 inhibit TNF-a-induced
VCAM-1 expression in the presence of the estrogen
receptor antagonist1Cl 182780. HAEC were incubated
in the absence of TNF-a or compounds (control), or
with 100 uM of HMR and HMR2 in the presence or
absence of ICI 182780 (1 and 10 wM) for 18 h, fol-
lowed by stimulation with TNF-a (1 ng/mL) for up
to 24 h. VCAM-1 was measured by cell ELISA. Re-
sults are expressed as percent of control. A *p < 0.05
value was considered statistically significant when
compared to TNF-a-treated cells (**p < 0.01, ***p <
0.001). Values represent mean + SD based on three
independent experiments performed in triplicate.
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Figure 8. HMR and HMR2 inhibit TNF-a-induced
VCAM-1 protein expression in the presence or ab-
sence of the PPAR-y receptor antagonist GW9662.
HAEC were incubated in the absence of TNF-a
4 or compounds (control), or with 100 uM of HMR
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and HMR2 in the presence or absence of GW9662
(5 wM) for 18 h, followed by stimulation with TNF-«
el (1 ng/mL) for up to 24 h. VCAM-1 was measured by

cell ELISA. A *p < 0.05 value was considered statis-
tically significant when compared to TNF-a-treated
cells (**p < 0.01, ***p < 0.001). Results are ex-
pressed as percent of control. A #*p < 0.05 value was

considered statistically significant when compared
to treatment with HMR or HMR2 in the absence of

Control TNF-a GWwase2 HMR HMR2 HMR

HMR2 GW9662 (*p < 0.01, ##p < 0.001). Data are mean
+GW9662 4+ SD based on three independent experiments per-

supplement is 25-50 mg per day. Considering the above, we
have tested the direct effects of HMR, HMR2, PINO, LARI,
and SECO on endothelial cells at concentrations (0.001-100
M) that are physiologically achievable in human serum and
were not toxic for endothelial cells.

To elucidate the signaling pathway through which HMR
and HMR2 may be acting on monocyte—endothelial cell
adhesion, we investigated their effects on the phosphory-
lation of NF-kB p65. NF-kB is a multiunit transcription
factor that regulates a variety of genes participating in
inflammatory responses, including genes encoding VCAM-1
and ICAM-1 [5, 7]. TNF-a initiates a signaling cascade
leading to activation of NF-kB [6]. Activation of NF-kB has
been shown to be regulated by the NF-kB p65 subunit
and especially by phosphorylation of p65 on Ser536 that is
required for efficient transcriptional activation of NF-«B [36].
To determine the phosphorylation state of NF-kB, we used
the PathScan phospho p65 (Ser536) and PathScan total
NF-kB ELISA kits. The amount of phosphorylated NF-«B
is normalized to the amount of total NF-kB protein. Our
findings showed that TNF-a treatment induced higher levels
of NF-kB phosphorylation in HAEC. Treatment with HMR
and HMR2 significantly inhibited the phosphorylation of
NF-kB, at high concentrations (10 and 100 uM) suggesting
that their anti-inflammatory activity in vitro is mediated, at
least in part, by modulation of NF-kB activation. Considering
(i) that AP-1 proteins have been shown to mediate the effects
of TNF-« in the regulation of endothelial VCAM-1 through a
pathway that is independent of NF-kB activation [37] and (ii)
an NF-kB independent role of p53 in ICAM-1 regulation [38],
we suggest that the inhibitory effect of HMR and HMR2 at
low concentrations on ICAM-1 and VCAM-1 expression may
be mediated by modulation of AP-1 or p53 activation.

Since HMR has been reported to modulate estrogenic ac-
tivity [23] and because the estrogen receptor plays a key role
in the regulation of cardiovascular function, we investigated
a possible role for ER in modulating the antiadhesive effects

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

formed in triplicate.

of HMR and HMR2. For this purpose, we used the estro-
gen receptor antagonist, ICI 182780, that has been shown
to completely block the decrease in VCAM-1 expression by
estrogenic compounds in activated endothelial cells [24, 39].
In our study, ICI 182780 did not abolish the reducing ef-
fect by HMR and HMR2 on VCAM-1. These results suggest
that HMR and HMR2 reduce endothelial cell inflammatory
marker expression without involvement of the estrogen re-
ceptor. Because it has been suggested that PPAR-y mediates
several anti-inflammatory pathways, including inhibition of
cytokine-dependent expression of adhesion molecules and
downregulation of leukocyte—endothelial cell interactions [40]
and since lignans have been shown to increase PPAR-y DNA-
binding activity [41], we have used the PPAR-y antagonist
GW9662 to examine whether the PPAR-y receptor is involved
in the anti-inflammatory effects of HMR and HMR2. The low-
ering effect of HMR and HMR2 in TNF-a-induced expression
of VCAM-1 was not abolished in presence of GW9662, indi-
cating that PPAR-y does not mediate the anti-inflammatory
activity of these compounds. The fact that the presence of
GW9662 resulted in a higher reduction of VCAM-1 levels,
leads us to hypothesize that PPAR-y may bind a small frac-
tion of HMR and HMR2 thus eliminating the total available
amount of these compounds to exert their lowering effect on
VCAM-1 expression. The presence of PPAR-y inhibitor may
abolish the binding of HMR and HMR2 to PPAR-y, increas-
ing the bio-available amount of these compounds to reduce
VCAM-1 expression.

We next examined whether HMR and HMR2 affect
upstream molecular signaling pathways. Because activation
of MAPKs plays a fundamental role in inflammatory
response and atherosclerosis [42], we investigated if HMR
and HMR2 have the potential to inhibit phosphorylation
of ERK and JNK. We found that HMR and HMR2 inhibit
ERK at a very high concentration only (100 pM). Lignans
have been previously reported to exhibit anti-inflammatory
activity through inhibition of MAPKs phosphorylation. In

www.mnf-journal.com
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agreement with our findings, sesamin has been shown to
attenuate ICAM-1 through inhibition of ERK, but not JNK
phosphorylation, only at 100 wM [32]. Lignans isolated from
Forsythia koreana fruits, including matairesinol, have been
also shown to inhibit LPS-induced activation of MAPKs [43].

In conclusion, our paper provides novel evidence about the
significant anti-inflammatory effects of HMR and its major
stereoisomer HMR2 mediated, at least in part, through inhi-
bition of NF-kB and ERK phosphorylation. Our study extends
existing evidence regarding the cardioprotective properties of
lignans and implicates that high lignan intake may be a new
approach for the prevention of atherosclerosis.

The authors have declared no conflicts of interest.
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