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Abstract—Cell adhesion molecules, particularly intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule
(VCAM-1) and E-selectin, play important roles in the recruitment of leukocytes to the site of inflammation. Blocking the expression
of these molecules or preventing their interaction with the receptors has been shown to be important in controlling various
inflammatory diseases. These cell adhesion molecules are induced on endothelial cells by various proinflammatory cytokines like
IL-1B and TNF-a and also by bacterial LPS. We demonstrate here that 1,4-Dihydroxyxanthone (1,4 DHX) inhibits the expression
of cell adhesion molecules, such as ICAM-1, VCAM-1 and E-selectin, on endothelial cells in a concentration and time dependent
manner. The inhibition by 1,4 DHX is reversible. On further analysis, our results also show that 1,4 DHX inhibits the adhesion of
peripheral neutrophils to the endothelial cell monolayers. 1,4 DHX, therefore, could be used as a novel target for controlling var-
ious pathological conditions associated with upregulation of endothelial leukocyte adhesion molecules.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Under normal physiological conditions, the leukocytes
keep freely circulating in the blood vessels. The endo-
thelium lining the blood vessels helps to maintain the
vascular integrity by preventing the migration of leuko-
cytes from the blood vessels to the underlying tissues.
However, in various vascular and inflammatory dis-
eases, the adhesive property of the vasculature is altered
primarily due to the increased expression of cell adhe-
sion molecules on the surface of endothelial cells, thus
allowing indiscriminate infiltration of the leukocytes
across the blood vessels leading to inflammation.!-> The
cell adhesion molecules that are upregulated include
intercellular adhesion molecule-1 (ICAM-1), vascular
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cell adhesion molecule-1 (VCAM-1) and E-selectin.’>
The expression of these molecules on the endothelium is
induced by various pro-inflammatory cytokines like IL-
1B and TNF-a and also by bacterial LPS.°

Inhibition of cell adhesion molecules has shown to be a
useful therapeutic approach to regulate inflammatory
response.” Various strategies including monoclonal
antibodies (mAbs) specific to cell adhesion molecules
and small molecules from natural and synthetic sources
such as curcumin, diclofenac have been used success-
fully to downregulate the induced expression of cell
adhesion molecules, hence preventing inflammation.%-
However, due to the problems like endotoxin con-
tamination, secondary antibody formation, cellular
activation, and other complications like sensitisation
leading to serum sickness and anaphylaxis the practical
use of mAbs is limited.!?

Cell adhesion molecules viz. ICAM-1, VCAM-1 and
E-selectin share common regulatory features in that the
expression of all these molecules is increased in response
to pro-inflammatory cytokines like TNF-o and IL-1B.!!
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Xanthones are obtained from natural sources like plants
and can also be synthesised in the laboratory. Anti-
inflammatory and anti-oxidant activities of various
xanthones have been reported using diverse biological
systems. Xanthones with one to four hydroxyl sub-
stituents on the xanthone nucleus, such as norathyriol
(1,3,6,7-tetrahydroxyxanthone) have been reported to
have potent inhibitory effects on superoxide formation
by rat neutrophils stimulated with fMLP, to prevent
histamine release from stimulated rat peritoneal mast
cells and also have profound inhibitory effects on hind
paw oedema in mice induced by inflammatory med-
iators'>"'4. Another study demonstrated that 1,7-dihy-
droxy-2,3-dimethoxyxanthone isolated from the plant
Polygala cyparissias antagonises the contractions
induced by chemical inflammatory mediators like hista-
mines, bradykinin in guinea pig trachea in vitro.!> In
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addition, xanthones are also reported to have activities
against various pathogens including fungi, bacteria,
virus and malarial parasites.!®"!” Anti-diabetic and anti-
carcinogenic activities of xanthones are also reported.?%-?!
Based on these observations, we hypothesised that xan-
thones may be able to modulate cellular trafficking
process by controlling the expression of cell adhesion
molecules. In our recent study, the structure—activity
relationship of various hydroxy-, acetoxy- and meth-
oxy-xanthones was compared for their ability to
modulate TNF-o induced ICAM-1 expression and
nicotinamide adenine dinucleotide phosphate (NADPH)-
catalysed liver microsomal lipid peroxidation.??

In this study, we further analysed the activity of 1,4-
DHX for its ability to modulate the expression of cell
adhesion molecules. We found that 1,4-DHX inhibited
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Figure 1. (A) Concentration dependent inhibition of TNF-a or LPS induced ICAM-1 expression by 1,4-DHX: Endothelial cells were grown to
confluence in 96-well plates and incubated with or without indicated concentrations of 1,4-DHX for 1 h prior to induction with TNF-a (10 ng/mL)
(open bars), LPS (1pg/mL) (closed bars) for 16 h or without induction (hatched bars). The ICAM-1 level on the cells was measured by ELISA as
described in Material and Methods. The data presented are representative of three independent experiments. The values obtained using IgG Ab as a
control have been subtracted from the corresponding values. Values shown are mean+ SD of quadruplicate wells. (B) Concentration dependent
inhibition of TNF-a induced E-selectin expression by 1,4-DHX: Endothelial cells were treated as in A, followed by induction without (hatched bars)
or with TNF-a (10 ng/mL) (closed bars) for 4 h. E-selectin level on the cells was measured by ELISA as described in Material and Methods. The
data presented are representative of 4 independent experiments. Values shown are mean + SD of quadruplicate wells.
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the induced expression of cell adhesion molecules. It
blocks the adhesion of neutrophils to endothelial
monolayers by preventing TNF-a or LPS induced
upregulation of cell adhesion molecule expression on
endothelial cells.

2. Results

2.1. 1,4-DHX inhibits the TNF-/LPS induced expres-
sion of ICAM-1, VCAM-1 and E-selectin on endothelial
cells

The endothelial cells plated to confluence in 96-well
plates were incubated with varying concentrations of
1,4-DHX. Its effect on the viability (determined by try-
pan blue exclusion test) and the morphology of the
endothelial cells (observed under microscope) were tes-
ted. The time of incubation (up to 24 h) and the con-
centration of 1,4-DHX used (up to 65 pg/mL) in the
presence or absence of LPS/TNF-a in the subsequent
experiments had no effect on the viability or morphol-
ogy of the endothelial cells (data not shown).

As cell adhesion molecules play an important role dur-
ing inflammation, we analysed the effect of 1,4-DHX on
expression of these molecules. The effect of 1,4-DHX
on TNF-a induced ICAM-1 and E-selectin expression was
analyzed using cell-ELISA as detailed in Material and
Methods. Our results using cell-ELISA demonstrate that
ICAM-1 and E-selectin were expressed at low levels on
unstimulated endothelial cells and there was over three
to five-fold increase in their expression upon stimulation
with TNF-a (Fig. 1A and B). Pre-treatment of endo-
thelial cells with 1,4-DHX had no effect on the con-
stitutively expressed levels of ICAM-1 or E-selectin. The
inhibitory activity of 1,4-DHX on ICAM-1 expression
was first evident at a concentration of 25 pg/mL with
maximal inhibition by 86.0% at a concentration of 65
pg/mL (Fig. 1A). The inhibition of TNF-a induced
E-selectin expression was observed at a concentration of
10 pg/mL with maximal inhibition by 80.0% at a con-
centration of 65 ng/mL (Fig. 1B).

The inhibitory activity of 1,4-DHX on ICAM-1 and E-
selectin expression was further confirmed by flow cyto-
metry (Fig. 2). In addition, the effect of 1,4-DHX on
VCAM-1 expression was also analysed (Fig. 2). The
unstimulated cells expressed low levels of ICAM-1 and
undetectable levels of VCAM-1 and E-selectin. Upon
stimulation with TNF-a a substantial increase in the
expression of all these three molecules was observed
(Fig. 2). Pre-treatment of endothelial cells with 1,4-
DHX (65 pg/mL) inhibited TNF-o induced expression
of ICAM-1, VCAM-1 and E-selectin significantly (Fig.
2). Thus, 1,4-DHX inhibits the induced expression of
cell adhesion molecules as measured using cell-ELISA
and flow cytometry.

As LPS is also an effective inducer of ICAM-1 expres-
sion, we studied whether 1,4-DHX is equally effective in
downregulating LPS induced ICAM-1 expression. Our
results demonstrate that 1,4-DHX also inhibited the
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Figure 2. Flow cytometric analysis of inhibition of TNF-o induced
ICAM-1, VCAM-1 and E-selectin expression by 1,4-DHX: The endo-
thelial cells were treated with 65 pg/mL 1,4-DHX for 1 h followed by
stimulation with TNF-a (10 ng/mL) for 16 h for VCAM-1 & ICAM-1
and for 4 h for E-selectin. Expression of these molecules was measured
by flow cytometry as described in Material and Methods. The data are
expressed in histograms representing cell number (y-axis) v/s fluores-
cence intensity (x-axis) plotted on a log scale. Unstimulated (dotted
line), stimulated by TNF-a (thin line), 1,4-DHX and TNF-a (heavy
line), 1,4-DHX alone (light line).
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LPS induced expression of ICAM-1 on endothelial cells
in a concentration dependent manner with almost com-
plete inhibition upto the basal level at a concentration
of 65 ng/mL (Fig. 1A).

2.2. The inhibition of ICAM-1 expression by 1,4-DHX is
reversible and time dependent

To study if the inhibition of ICAM-1 expression by 1,4-
DHX is reversible, the endothelial cells were pre-incu-
bated with 50 pg/mL of 1,4-DHX for varying time per-
iods up to 5 h, washed and allowed to recover for 1 h.
The cells were then induced with TNF-o (10 ng/mL) for
16 h. The effect of 1,4-DHX was found to be reversible
over a period of time and the cells were fully capable of
responding to TNF-o (Fig. 3A). This indicates that 1,4-
DHX causes no permanent change in endothelial cells.

0,7

To determine the kinetics of inhibition, endothelial cells
were incubated with 65 pg/mL of 1,4-DHX for 14 h
prior to, simultaneously or 1-2 h after induction with
TNF-a for 16 h. 1,4-DHX inhibited ICAM-1 expression
when added prior to or simultaneously with induction with
TNF-o. When added after induction, the inhibition of
ICAM-1 expression was not significant (Fig. 3B). These
results, therefore, indicate that 1,4-DHX may be inter-
fering with the early signalling events in response to
TNF-a.

2.3. Neutrophil adhesion to endothelial cells is inhibited
by 1,4-DHX

The adhesion of neutrophils to endothelial cells requires
an increased expression of cell adhesion molecules,
namely ICAM-1 and E-selectin. VCAM-1 has also
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Figure 3. Inhibition by 1,4-DHX is time dependent and is reversible: A. Endothelial cells grown to confluence in 96 well plates were incubated with
or without 50 pg/mL 1,4-DHX for indicated time periods. The cells were washed twice with medium and incubated in complete medium for 1 h. This
was followed by induction without (hatched bars) or with (closed bars) TNF-a (10 ng/mL) for 16 h. The ICAM-1 level on the cells was measured by
cell ELISA as described in Material and Methods. The data are representative of three independent experiments. Values shown are mean+ SD of
quadruplicate wells. B. Endothelial cells grown to confluence were incubated without or with 65 pg/mL 1,4-DHX at indicated time, followed by
induction without (hatched bars) or with (closed bars) TNF-a (10 ng/mL) for 16 hrs. Following this ICAM-1 level on the cells was measured
by ELISA as described in Experimental Procedures. The data are representative of 2 independent experiments. Values shown mean + SD of quad-

ruplicate wells.
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found to be involved in the adhesion of neutrophils to
endothelial cells.>® The functional significance of inhibi-
tion of cell adhesion molecules by 1,4-DHX was evaluated
by testing the adhesion of neutrophils to endothelial
cells in the presence of 1,4-DHX. Our results using
adherence assay demonstrate that the adhesion of neu-
trophils to the unstimulated endothelial cells was low as
compared to the adhesion to TNF-a stimulated endo-
thelial cells (Fig. 4). Treatment with TNF-a increased the
adhesion of neutrophils by five- to six-folds. Pre-treatment
of endothelial cells with 1,4-DHX inhibited the adhesion
of neutrophils to TNF-a stimulated endothelial cells in
a concentration dependent manner with almost 70.0%
inhibition at a concentration of 50 pg/mL (Fig. 4). 1,4-
DHX did not affect the adhesion of neutrophils to
unstimulated endothelial monolayers. This suggests that
1,4-DHX is effective in blocking adhesion of neutrophils
to the endothelial cells by inhibiting the TNF-o induced
expression of ICAM-1, VCAM-1 and E-selectin.

3. Discussion

In the present study we demonstrate for the first time
that 1,4-DHX can be used for controlling expression of
cell adhesion molecules and thus may be useful in the
regulation of cellular trafficking. We analyzed its ability
to inhibit TNF-o0 induced ICAM-1, VCAM-1 and
E-selectin expression on endothelial cells. Further studies
with 1,4-DHX demonstrate that it is equally effective in
inhibiting LPS induced expression of ICAM-1. The
inhibition by 1,4-DHX was found to be reversible
implying it does not cause any permanent change in
the endothelial cells.

Adhesion of leukocytes to the endothelial cells is the first
step in the process of cellular migration where the
expression of cell adhesion molecules on endothelial
cells is a prerequisite. The receptors to ICAM-1,
VCAM-1 and E-selectin are present on the circulating

leukocytes, which then get arrested and migrate across
the endothelium into the underlying tissues. As a func-
tional consequence of inhibition of cell adhesion mole-
cules, as expected, 1,4-DHX was found to inhibit the
adhesion of neutrophils to endothelial cells induced with
TNF-a.

To analyse the mechanism of inhibition of cell adhesion
molecules by 1,4-DHX, we studied the time kinetics of
ICAM-1 inhibition and found that 1,4-DHX should
be added prior to or simultaneously with TNF-o to be
effective. These results suggest that it may be interfering
at an early stage of signalling event induced by TNF-a
or LPS.

Studies by many groups including our study shows that
the presence of hydroxyl group on the xanthone nucleus
is useful for imparting anti-inflammatory or anti-oxi-
dant activity. For instance, 1,4- and 2,6-dihydroxyx-
anthone, 3- and 1-hydroxyxanthone inhibit NADPH-
catalysed liver microsomal lipid peroxidation,??
norathyriol (1,3,6,7-tetrahydroxyxanthone), 1,3- and
3,5-dihydroxyxanthone prevent histamine release from
stimulated rat peritoneal mast cells .'* Norathyriol, 1,3-
and 1,6-dihydroxyxanthone, 1,3,7-trihydroxyxanthone,
1,3,5,6-, 2,3,6,7-, and 3,4,5,6-tetrahydroxy xanthones
have potent inhibitory effects on superoxide formation
by rat neutrophils stimulated with fMLP.'2 1,6 dihy-
droxyxanthone and Norathyriol also have profound
inhibitory effects on hind paw oedema induced by var-
ious inflammatory mediators in mice.!>'% Our study
demonstrates the ability of 1,4-DHX to inhibit the
expression of cell adhesion molecules. As the activation
of cell adhesion molecules is involved in various path-
ways associated with inflammation, the results reported
here may explain the mechanism underlying the activ-
ities of xanthones observed by other investigators.

The generation of reactive oxygen species (ROS) by
inflammatory cytokines like TNF-a is a critical signal-
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Figure 4. Inhibition of neutrophil adhesion to endothelial cells: Endothelial cells were grown to confluence in 96-well plates and incubated with or
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The cells were then incubated with human peripheral neutrophils for 1 h. The amount of neutrophils adhering to the endothelial cell monolayers
were measured by a colorimetric assay as described in Material and Methods. The data are representative of three independent experiments. Values
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ling mechanism mediating cell adhesion molecule
expression in endothelial cells. Reactive oxygen species
(ROS) generation serves as an important signal in the
activation of transcription factors like NF-kB leading to
the activation of cell adhesion molecules. Antioxidants
like pyrrolidine dithiocarbamate (PDTC) and N-acetyl
cysteine (NAC) are shown to exert their inhibitory
effects on cell adhesion molecule expression by inhibit-
ing the activation these transcription factors.?* 1,4 DHX
is a potent inhibitor of NADPH-catalysed microsomal
lipid peroxidation thus has antioxidant activity.?
Therefore, 1,4-DHX may interfere with the signalling
pathways leading to activation cell adhesion molecules
by preventing the generation of reactive oxygen species.
The effect of 1,4 DHX on these transcription factors
needs to be tested in future.

The ability of 1,4-DHX to effectively block the induced
expression of cell adhesion molecules demonstrates its
potential that may be tested in various inflammatory
conditions where down-regulation of cell adhesion
molecules is required. In our study, 1,4-DHX at a con-
centration of 280 uM (65 pg/mL) is found to be a potent
inhibitor of cell adhesion molecule expression. It is
comparable to the concentrations (10 uM to ImM)
required by other cell adhesion molecule inhibitors. For
example, diclofenac inhibits at a concentration of 750
uM.° Pyrrolidine dithiocarbamate and N-acetyl cysteine
are most effective at concentrations of 1 mM and 100
uM, respectively.?> 1,4-DHX, therefore, works at a
comparatively lower range of concentration and can be
used as a lead molecule towards the development of
anti-inflammatory drugs. It also offers a novel target for
controlling various pathological conditions associated
with upregulation of endothelial leukocyte adhesion
molecules.

4. Experimental
4.1. Materials

Anti-E-selectin (BBA1) antibody was purchased from
R&D Systems, California. Anti-ICAM-1, anti-VCAM-1
antibodies and TNF-a, were purchased from Pharmin-
gen, USA. M 199, L-glutamine, penicillin, streptomycin,
amphotericin, endothelial cell growth factor, trypsin,
Pucks saline, HEPES, o-phenylenediamine dihydro-
chloride, ficoll-hypaque, cetitrimethyl ammonium bro-
mide, 3-amino-1,2,4 triazole and anti-mouse IgG-HRP
were purchased from Sigma Chemical Co., USA. Fetal
calf serum was purchased from Biological Industries,
Israel. Anti-mouse-IgG-FITC was purchased from Bec-
ton & Dickinson, USA. 1,4-Dihydroxyxanthone was
synthesized using published protocols.?®?’ It was iden-

OH
CO0
O OH

Figure 5. Structure of 1,4 Dihydroxyxanthone.

tified on the basis of comparison of its spectral data and
melting point with that reported in the literature. Its
structure is shown in Figure 5.

4.2. Cells and cell culture

For isolating the primary endothelial cells from the
umbilical cord we used mild trypsinisation as described
before.® Cells were maintained in gelatin coated tissue
culture flasks in M 199 medium supplemented with 20%
heat inactivated fetal calf serum, 2 mM L-glutamine,
100 units/mL penicillin, 100 pg/mL streptomycin, 0.25
pg/mL amphotericin, endothelial cell growth factor (50
pg/mL) and heparin (5 U/mL). The cells were sub-
cultured by dislodging with 0.125% trypsin-0.01 M
EDTA solution in Pucks saline and HEPES buffer. For
the present analysis cells were used between passages
three to four and the viability of cells was determined
by trypan blue exclusion test. E-selectin expression
was employed to determine the purity of endothelial
cells.

4.3. Modified ELISA for measurement of ICAM-1 and
E-selectin

ICAM-1 and E-selectin expression on surface of endo-
thelial cells was quantified using cell-ELISA as descri-
bed previously.® Endothelial cells were plated to
confluence in gelatin coated 96-well plates. The cells
were then incubated with or without 1,4-DHX at
desired concentrations for the required period followed
by treatment with TNF-a (10 ng/mL) or LPS (1 pg/mL)
for 16 h for ICAM-1 expression and for 4 h for
E-selectin expression. The cells were fixed with 1.0%
glutaraldehyde and non-specific binding of antibody
was blocked by using non-fat dry milk (3.0% in PBS).
The cells were incubated overnight at 4 °C with ICAM-1
mAb or E-selectin mAb or control IgG Ab (0.25 pg/mL,
diluted in blocking buffer). Following this the cells were
washed with PBS and incubated with peroxidase-con-
jugated goat anti-mouse secondary Ab (1:1000 diluted
in PBS). The cells were again washed with PBS and
exposed to the peroxidase substrate (o-phenylenedia-
mine dihydrochloride 40 mg/100 mL in citrate phos-
phate buffer, pH 4.5). 2N sulphuric acid was added to
stop the reaction and absorbance at 490 nm was mea-
sured using an automated microplate reader (Spec-
tramax 190, Molecular Devices, USA).

4.4. Flow cytometry

Flow cytometric assays were performed for measuring
the expression of ICAM-1, VCAM-1 and E-selectin on
endothelial cells as described before.® The endothelial
cells were incubated with or without 1,4-DHX for 1 h
followed by induction with TNF-o (10 ng/mL) for 16 h
for ICAM-1 and VCAM-1, and for 4 h for E-selectin
expression. Following this the cells were washed with
PBS and then dislodged. The cells were then incubated
with anti-ICAM-1, anti-VCAM-1, anti-E-selectin or
control IgG antibody (1.0 ng/10° cells, 30 min, 4°C).
After incubation the cells were washed twice with PBS
for removing the unbound antibody and then incubated
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with goat anti-mouse IgG-FITC antibody for 30 min at
4C. Paraformaldehyde (1.0%) was used to fix the cells.
The cells were analysed using a flow cytometer (FACS-
Vantage, Becton & Dickinson, USA). For each analysis,
20,000 events were collected and histograms generated.
Histograms are presented as mean channel fluroscence
(4 decades log scale) v/s relative cell number.

4.5. Neutrophil isolation

Neutrophils were isolated from peripheral blood of
healthy individuals as described before.?® The peripheral
blood was collected in heparin solution (20 U/mL) and
erythrocytes were removed by sedimentation against
6% dextran solution. Plasma rich in white blood cells
was layered over ficoll-hypaque solution followed by
centrifugation (300 g for 20 min, 20 °C). The top saline
layer and the ficoll-hypaque layer were aspirated leaving
the neutrophil/RBC pellet.

The residual red blood cells were removed by hypotonic
lysis. Isolated cells were washed with PBS and resus-
pended in PBS containing 5 mM glucose, 1 mM CaCl,
and 1 mM MgCl, at a final concentration of 6x103
cellsymL. This procedure usually resulted in approxi-
mately 95% neutrophils and the cell viability was more
than 95% as detected by trypan blue exclusion test.

4.6. Cell adherence assay

Adhesion of neutrophils to endothelial monolayers was
assayed as described previously.?® The endothelial cells
were plated in 96-well culture plates at a density of
2x10* cells/well and allowed to adhere for 24 h. The
cells were incubated with or without 1,4-DHX for 1 h
followed by induction with TNF-a (10 ng/mL) for 6 h.
Following incubation, the endothelial monolayers were
washed twice with PBS and neutrophils (6x10%/well)
were added. After incubation for 1 h at 37°C, the non-
adherent neutrophils were removed by washing with
PBS. The adherent neutrophils were assayed by adding
a substrate solution (100 pL/well) consisting of o-phe-
nylenediamine dihydrochloride (40 mg/100 mL in
citrate phosphate buffer, pH 4.5) containing 0.1% ceti-
trimethyl ammonium bromide as peroxidase solubilising
agent. The interference by few contaminating eosino-
phils was abolished by adding a selective eosinophil
peroxidase inhibitor, 3-amino-1,2,4 triazole (1 mM) to
the substrate solution. The reaction was stopped after 2
min of incubation by using 2N H,SO, (50 pL/well). The
absorbance was determined at 490 nm using an auto-
mated microplate reader (Spectramax 190, Molecular
Devices, USA).
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