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ABSTRACT

SEN, C. K., and S. ROY. Antioxidant regulation of cell adhesion.Med. Sci. Sports Exerc., Vol. 33, No. 3, 2001, pp. 377–381. Cell-cell
and cell-matrix contacts are dependent on cell surface density, localization, and avidity state of surface-localized adhesion molecules.
Cell adhesion represents a process that is centrally important in immune function and inflammation. This process is sensitive to various
agonists including oxidants. Oxidants may directly as well as indirectly induce cell adhesion. In other cases, cytokines and related agents
may induce cell adhesion by oxidant-dependent mechanisms. Various redox-sensitive sites in the signal transduction path leading to
cell adhesion have been identified. Different chemical classes of nutritional antioxidants regulate cell adhesion by modulating specific
signal transduction pathways. Numerous studies have confirmed that physical exercise influences the redox status of various cells and
tissues. Recent evidences also show that physical exercise influences several cell adhesion related molecules. Whether such regulation
has a redox component remains to be tested. Antioxidant supplementation studies testing the effect of exercise on cell adhesion should
provide critical insight.Key Words: REDOX, OXIDATIVE STRESS, INFLAMMATION, LYMPHOCYTE, IMMUNE FUNCTION

Cell adhesion is a multi-step process including rolling,
firm attachment, and transmigration of leukocytes
(Fig. 1). Selectins and integrins are necessary for an

initial tethering, triggering, firm attachment, and transendo-
thelial migration of lymphocytes. Intercellular adhesion
molecule-1 (ICAM-1, CD54) and vascular cell adhesion
molecule-1 (VCAM-1, CD 106; Fig. 1) are inducible cell
surface glycoproteins. The ligands for ICAM-1 and
VCAM-1 on lymphocyte are lymphocyte function-associ-
ated antigen-1 (LFA-1, CD11a/CD18) and very late anti-
gens-4 (VLA-4, CD49 d/CD29), respectively (Fig. 1). The
inappropriate or abnormal sequestration of leukocytes at
specific sites is a central component in the development of
a variety of autoimmune diseases and pathologic inflamma-
tory disorders (5,6).

Cell adhesion molecule expression and adhesive proper-
ties of cells are greatly modified by several conditions
involving redox imbalances. The following two lines of
evidences indicate that the overall cell adhesion process is
redox regulated: i) direct activation of cell adhesion pro-
cesses by oxidants (29,34), and ii) inhibitory action of
antioxidants on cell adhesion molecule expression and func-
tion (29).

Physical Exercise and Cell Adhesion

Numerous independent studies confirm that under cer-
tain conditions physical exercise causes redox changes in
various tissues, including blood (38 – 40). Although the
underlying mechanisms are yet unclear, various types of
physical exercise have been shown to influence the ad-
hesionmolecule profile of peripheral blood lymphocytes
(10,14,18,23,24,28,43). The pulmonary vascular bed is an
important reservoir for the marginated pool of leukocytes
that can be mobilized by exercise. During the first 10–30
min of exercise, an almost maximal increase of T and B
lymphocytes, monocytes, and natural killer cells from the
marginal pool into the blood circulation is hypothesized to
be facilitated via decreased function of adhesion molecules
(10,28). Indeed, moderate intensity endurance exercise de-
creases integrin expression in human lymphocytes (14). The
effect of exercise on integrins appears to be largely depen-
dent on exercise intensity and duration. Expression of
CD11b on granulocytes increases with intense endurance
exercise but not with moderate endurance training. Thus,
exhaustive exercise may be one stimulus for the up-regula-
tion of integrin adhesive receptors on granulocytes. This
phenomenon could be in part responsible for increased
adhesion of granulocytes to endothelial cells and could
facilitate tissue infiltration after endurance exercise.

Physical exercise also decreases both the relative pres-
ence (%CD62 L1) (24) as well as expression (43) of L-
selectin in human peripheral blood lymphocytes. The pos-
sible mechanisms, yet unresolved, that may explain for such
effect include i) shedding of L- selectin, ii) selective entry of
L-selectin-negative subsets, and/or iii) selective removal of
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L-selectin-positive subsets. In contrast, L-selectin expres-
sion in monocytes increased in response to exercise (21),
suggesting that exercise down-regulates lymphocyte L-se-
lectin expression by a cell-type specific mechanism. Fewer
studies have examined the effect of exercise on ICAM
expression, and at present there is no study that has reported
the effect of exercise on ICAM expression in lymphocyte
subsets. It has, however, been shown in humans that a single
bout of exercise significantly increases the presence of sol-
uble (shed from cells) ICAM-1 (CD54) in the circulation
(28). Although it is clear that the expression of ICAM-1 is
oxidant sensitive (Fig. 2), it is unknown whether the effect
of exercise on ICAM-1 expression is oxidant-mediated.

Oxidants as Inducers of Cell Adhesion

Oxidants (e.g., H2O2, O2
z- and HOz) are known to induce

adherence of leukocytes to endothelial cells (31,34). Treat-
ment of human umbilical vein endothelial cells (HUVEC)
with oxidant generating systems such as hypoxanthine and
xanthine oxidase (O2

z- generating system) or oxidants such
as H2O2, induced adherence of neutrophils to HUVEC
(31,34). Catalase (200 IU·mL-1) completely abolished the
increase in adherence, whereas superoxide dismutase (100

IU·mL-1) had no effect, suggesting that H2O2, and not O2
z,

accounts for the effects of reactive oxygen species on cell
adhesion (34). Direct activation of HUVEC with H2O2 also
increased adherence of leukocytes to these cells (31). Over-
expression of 15-lipoxygenase, a oxidant-generating en-
zyme, in human endothelial cells induces VCAM-1 expres-
sion by a NF-ûB dependent antioxidant-sensitive
mechanism (44). Evidence suggesting that oxidants regulate
cell adhesion has been also obtained from the study of
ionizing radiation, cigarette smoke, and ozone as well as
ischemia-reperfusion.

One mechanism by which oxidants influence cell adhe-
sion is by inducing certain protein tyrosine phosphorylation
reactions (29). pp125FAK (focal adhesion kinase; FAK) is
one such oxidant-sensitive kinase (29,33). Tyrosine phos-
phorylation of the proteins of focal adhesions (FAK, paxil-
lin, and p130cas) is an early event that regulate the inter-
action of integrins with the cytoskeleton and/or with the
extracellular matrix (33). The other major proteins identified
with increased phosphorylation following exposure to O2

z-

were paxillin (PAX) and p130cas (29). Both of these are
focal adhesion proteins and serve as substrates of FAK (42).
Increase in phosphorylation of FAK, paxillin, and p130cas
was evident as early as 1 min after O2

z- exposure. The
phosphorylation levels continued to increase at least up to
15 min after the exposure to O2

z-. The O2
z- treatment of cells

did not affect the total protein levels of FAK, paxillin or
p130cas (29). Other possible mechanisms by which oxidants
regulate cell adhesion have not been characterized at
present.

Antioxidant Inhibition of Induced Cell Adhesion

Several classes of antioxidants (e.g., thiol, phenolic, and
flavonoid) down-regulate inducible cell adhesion molecule
expression as well as cell-cell adhesion. The specific mech-
anism for each chemical class of antioxidant seems to be
unique.

Thiol antioxidants

Several studies have shown that thiol antioxidants (35–
37) down-regulate cytokine- or oxidant-induced expression
of adhesion molecules (1,22,25,29–31,45). At a concentra-
tion as high as 20 mM, N-acetylcysteine (NAC) has been
shown to strongly inhibit ICAM-1 expression induced by
H2O2 or cytokines in keratinocytes, whereas under the same
conditions pyrrolidine dithiocarbamate (PDTC) was less
effective in preventing inducible ICAM-1 expression (12).
In HUVEC, however, interleukin-1b-activated VCAM-1
gene expression has been observed to be repressed approx-
imately 90% by the both antioxidants PDTC (50mM) as
well as NAC (30 mM) (22). NAC is a clinically safe drug.
In humans, NAC supplementation has been shown to pre-
vent exercise-induced oxidative stress in peripheral blood as
measured by glutathione oxidation (40). Pharmacokinetic
studies of NAC in humans show that only up to 25mM of
NAC is available in human plasma after oral intake. How-

FIGURE 2—Oxidant-induced changes in adhesion molecule expres-
sion of human Jurkat T cells. Cells were treated with 0.25 mM hydro-
gen peroxide for the indicated time intervals. Adhesion molecule ex-
pression was determined using flow cytometry as described previously
(13,31). Hydrogen peroxide potently enhanced ICAM-1 (CD54) ex-
pression, whereas the expression of leukocyte function associate com-
plex LFA-1 (CD11a) was marginally influenced and the expression of
L-selectin (CD62 L) was not influenced at all after 24 h. Differential
regulation of various adhesion molecules was thus evident. Values are
mean 6 SD.

FIGURE 1—Multi-step model of leukocyte-endothelial cell adhesion.
Leu, leukocyte; EC, endothelial cell. VLA-4, ligand for VCAM; LFA-1,
ligand for ICAM-1.
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ever, in all of the studies showing the efficacy of NAC to
inhibit agonist-induced ICAM-1 or VCAM-1 expression,
high millimolar range (5–30 mM) of the drug was neces-
sary. PDTC, the other thiol antioxidant used widely in these
studies, has never been tested for safety in humans.

We investigated the effects ofa-lipoic acid on agonist
(phorbol ester and TNF-a)-induced cell adhesion processes
in human endothelial cells (Fig. 3).a-Lipoate has been
safely used for human therapy to treat complications asso-
ciated with diabetes. Pharmacokinetic studies ofa-lipoate
have shown that after a single orally administered dose (10
mg·kg body weight), the plasma concentration may reach up
to 60–70mM. Higher concentrations ofa-lipoate can be
achieved if the drug is administered intravenously (27).
Dietary lipoic acid supplementation has been recently
shown to be available to tissues and favorably influence
exercise-induced oxidative stress (15,16). At clinically rel-
evant doses (50–100mM), lipoate down-regulated agonist
induced adhesion of T-cells to endothelial cells, and the
agonist induced ICAM-1 and VCAM-1 expression on en-
dothelial cells (29–31).

Vitamin E

In addition to decreasing low-density lipoprotein (LDL)
oxidation,a-tocopherol has been suggested to exert intra-
cellular effects on adhesive properties of cells (e.g., mono-
cytes and platelets) that are crucial in atherogenesis (7).
Pretreatment of HUVEC witha-tocopherol has been shown
to down-regulate agonist (interleukin-1, thrombin, or
PMA)-induced monocytic adhesion to HUVEC (9). Such
inhibition correlates with decreased steady state levels of
E-selectin mRNA and cell surface expression of E-selectin
(9). Probucol also showed a similar effect on cell adhesion
as that ofa-tocopherol (9). Co-treatment of lipoate and
a-tocopherol has been observed to be more effective in
down-regulating agonist-induced adhesion of leukocytes to
endothelial cells compared with treatment with either of the
antioxidants alone (30).

Vitamin C

Cigarette smoke-induced leukocyte adhesion to micro-
and macro-vascular endothelium and leukocyte-platelet ag-
gregate formation is prevented by dietary or intravenous
pretreatment with the water-soluble antioxidant ascorbate
(20). Restoration of reduced plasma vitamin C concentra-
tions in smokers by oral supplementation has been shown to
decrease cigarette smoke-induced monocyte adhesion (46).

Flavonoids

Treatment of human endothelial cells with certain hy-
droxyflavones and flavanols inhibit cytokine-induced
ICAM-1, VCAM-1, and E-selectin expression in human
endothelial cells (11). Apigenin is a potent flavone that has
been reported to inhibit adhesion molecule expression in
endothelial cells in a dose- and time-dependent manner by
regulating transcription (11). Apigenin is also known to
inhibit TNF-a induced ICAM-1 expressionin vivo (26).
Cell adhesion regulatory effects of flavonoids have been
evident in other independent studies. The flavonoid del-
phinidin chloride (CAS 528–53–0, IdB 1056) inhibited
acetylcholine and sodium nitroprusside-induced adherence
of leukocytes to the venular endothelium in diabetic
hamsters (2). 5-Methoxyflavanone, and more potently
5-methoxyflavone, down-regulated indomethacin-induced
leukocyte adherence to mesenteric venules (4). The
flavonoid 2-(3-amino-phenyl)-8-methoxy-chromene-4-one
(PD 098063) selectively blocks TNF-a induced VCAM-1
expression in endothelial cells in a concentration-dependent
manner but had no effect on ICAM-1 expression. This
selective inhibition of agonist-induced VCAM-1 protein
and gene expression by PD 098063 was through NF-ûB-
independent mechanism(s) (47). We have recently observed
that quercetin, a potent antioxidant, suppressed agonist-
induced ICAM-1 protein (Fig. 3) and gene expression (Fig.
4) (17). Herbal extracts containing mixtures of biofla-
vonoids, e.g., pine bark extract have shown potent inhibitory
effect on interferong induced adhesion of T cells to human

FIGURE 3—Antioxidant nutrients a-lipoic acid and quercetin sup-
press phorbol ester-induced expression of ICAM-1 in human endothe-
lial cells. Cells were treated with A) racemic lipoic acid 100mM for
48 h or B) quercetin 50mM for 24 h before phorbol ester challenge.
PMA, treated with phorbol myristate acetate 100 nM for 24 h after
lipoate or no treatment. ICAM-1 expression was determined using a
flow cytometer as described previously (13,31).
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keratinocytes. Interferong induced ICAM-1 expression was
inhibited in herbal extract treated keratinocytes (3).

Molecular Basis of Antioxidant Action

Because of diverse chemical structure of the antioxidants,
it is rather difficult to understand the exact mechanisms and
sites of action of antioxidants. Some antioxidants appear to
regulate adhesion molecule expression at the transcriptional
level, whereas others may modulate later events (Fig. 4).
Among the thiol antioxidants studied, PDTC, and high con-
centrations (mM) of NAC suppress inducible adhesion
molecule expression at least in some cells through NF-ûB
dependent mechanisms (22,32,45). In astrocytoma cells,
PDTC- and NAC-inhibited IL-1a induced adhesion mole-
cule expression but failed to block IL-1a mediated activa-
tion of NF-ûB (25). The exact regulatory mechanisms of
these thiol compounds on NF-ûB activation are not yet
known. Studies related to the understanding of mechanisms
underlying the inhibitory effect of lipoate on inducible cell
adhesion molecule expression clearly indicate that the
mechanism of action is independent of NF-ûB activity
(29–31).

a-Tocopherol inhibit protein kinase C (PKC) activity in
some cell lines (41). PKC plays a major role in the expres-
sion of cell adhesion (19). Faruqui et al. (9) reported that
inhibition of inducible cell adhesion by tocopherol was not
dependent on the effects of tocopherol on PKC or NF-ûB. In
contrast, tocopherol-succinate has been observed to prevent
monocytic cell adhesion to cytokine-stimulated endothelial
cells by inhibiting the activation of NF-ûB (8).

In most cases, the mechanisms that mediate the suppres-
sive effect of flavonoids on cell adhesion have been reported
not to be dependent on the activation of NF-ûB (11,17).
Recently, we have observed that the flavonoid quercetin
significantly and dose dependently down-regulated agonist-
induced AP-1, but not NF-ûB, activation in human endo-
thelial cells. The decrease in inducible AP-1 activation was
observed to be associated with the inhibitory effects of
quercetin on c-Jun NH2-terminal kinase (JNK) pathway
(17). In another study, we observed that a pine bark extract
inhibited interferong-induced ICAM-1 expression in hu-
man keratinocytes by blocking inducible STAT1 activation
(3).

Summary and Conclusion

Cell adhesion represents a process that is centrally im-
portant in immune function and inflammation. This process
is sensitive to various agonists including oxidants. Oxidants
may directly induce cell adhesion. In other cases, cytokines
and related agents may induce cell adhesion by oxidant-
dependent mechanisms. Various redox-sensitive sites in the
signal transduction path leading to cell adhesion have been
identified. Numerous studies have confirmed that physical
exercise influences the redox status of various cells and
tissues. Recent evidences also show that physical exercise
influences several cell adhesion related molecules. Whether
such regulation has a redox component remains to be tested.
Antioxidant supplementation studies testing the effect of
exercise on cell adhesion should provide critical insight.
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