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Abstract

Magnolol, a phenolic compound isolated from a Chinese herbal drug, Magnolia officinalis, has been shown to protect rat heart from
ischemiarreperfusion injury. Neutrophil adhesion plays a crucial process during this inflammatory response. To evaluate whether
magnolol prevents ischemiarreperfusion injury by inhibiting neutrophil adhesion, we determined whether magnolol can inhibit adhesion

Ž .of phorbol-12-myristate-13-acetate PMA -activated human neutrophils to a fibrinogen-coated surface in a dose-dependent manner. Using
Ž . Ž .flow cytometric analysis, we observed that magnolol pretreatment 10 min at 378C diminished PMA 100 ngrml -induced Mac-1

Ž yP. Ž .upregulation. PMA also induced rapid intracellular accumulation of superoxide O and hydrogen peroxide H O in neutrophils;2 2 2

magnolol pretreatment attenuated the accumulation of these two substances. Inhibition of reactive oxygen species by superoxide
dismutase andror catalase, which decompose OyP and H O , respectively, also abolished Mac-1 upregulation and neutrophil adhesion.2 2 2

We conclude that magnolol inhibits neutrophil adhesion and that this can account for its anti-ischemiarreperfusion injury effect. We
propose that the inhibitory effect of magnolol on neutrophil adhesion to the extracellular matrix is mediated, at least in part, by inhibition
of the accumulation of reactive oxygen species, which in turn suppresses the upregulation of Mac-1 that is essential for neutrophil
adhesion. q 1998 Elsevier Science B.V.
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1. Introduction

Magnolol, an active principle isolated from the Chinese
Ž .herb ‘Houp,u’ Magnolia officinalis , has been shown to

Ž .be an anti-platelet aggregation Teng et al., 1988 , vessel
Ž . Ždilation Teng et al., 1990 and anti-inflammation Wang

.et al., 1992 agent. The anti-inflammatory effects of mag-
nolol can be accounted for by its multiple pharmacological
activities including inhibition of prostaglandin D forma-2

Ž .tion Wang et al., 1992 , suppression of non-selective
Ž .vascular hyporeactivity to mediators Wang et al., 1993 ,

Žreduction of the formation of eicosanoids mediators Wang
. Žet al., 1995 as well as its antioxidant potential Lo et al.,

.1994; Chang et al., 1994; Chan et al., 1996 and its ability
Ž .to prevent ischemic-reperfusion injury Hong et al., 1996 .

Despite the numerous studies that have been performed,
the mechanisms involved in these anti-inflammatory ef-
fects, especially the ischemic-reperfusion injury prevention
effect, of magnolol remain unclear.

) Corresponding author. Tel.: q886-2-8225592; fax: q886-2-8230488.

Recruitment of neutrophils into areas of inflammation is
a key event during inflammatory responses. This begins
with the binding of neutrophils to the endothelium, fol-

Žlowed by their transmigration into tissues Albelda et al.,
.1994 . Neutrophil binding to the endothelium is character-

ized by distinct phases, including rolling, activation and
Ž .firm adhesion Ley, 1996 . The molecular basis for these

phases is the upregulation of various cell adhesion
Ž .molecules that belong to three major families: 1 the

Ž . Žselectins e.g. P-selectin, L-selectin and E-selectin Be-
. Ž .vilacqua and Nelson, 1993; Lefer et al., 1994 , 2 the b 2

Ž . Ž . Ž .integrins e.g. CD11rCD18 Ruoslahti, 1991 and 3 the
Žimmunoglobulin superfamily e.g. intercellular adhesion

molecule-1, vascular cell adhesion molecule-1 and
. Žplatelet-endothelial cell adhesion molecule-1 Springer,

.1990 . While the selectins are important for rolling, firm
adhesion of neutrophils is essentially b 2 integrin depen-

Ž .dent Springer and Anderson, 1986; Arfors et al., 1987 .
The b 2 integrins comprise a group of heterodimeric

Ž .glycoproteins, including CD11arCD18 LFA-1 ,
Ž . Ž .CD11brCD18 Mac-1 and CD11crCD18 p150,95 , with
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LFA-1 and Mac-1 being the major integrins on neu-
trophils. Although all three of these b 2 integrins may
participate in the intercellular adhesive interaction, Mac-1
appears to be the principal form accountable for the firm

Ž .adhesion of neutrophils Lefer and Lefer, 1996 . Increased
neutrophil adhesion has been demonstrated to be an impor-
tant factor in the pathogenesis of vascular injury during
inflammatory processes, such as ischemiarreperfusion in-

Ž . Ž .jury of the heart Lefer, 1995 , liver Monden et al., 1995
Ž .and brain Matsuo et al., 1994 . Hence, therapeutic inter-

ventions targeting these phases of neutrophil adhesion may
prove to be effective. This can be illustrated by the obser-
vation that administration of a monoclonal antibody di-

Ž .rected against CD11b Mac-1 could prevent intestine is-
chemiarreperfusion-induced lung injury, regardless of the

Ž .activation state of neutrophils Koike et al., 1995 . How-
ever, it has been demonstrated that both superoxide and
hydrogen peroxide can modulate leukocyte Mac-1 expres-
sion and leukocyte endothelial adhesion, an effect which
can be diminished by superoxide dismutase andror cata-

Žlase pretreatment Fraticelli et al., 1996; Serrano et al.,
. Ž1996 . Given the anti-oxidant potential of magnolol Chang

.et al., 1994; Lo et al., 1994; Chan et al., 1996 , whether
magnolol can inhibit neutrophil adhesion as a mechanism
to prevent ischemiarreperfusion injury, therefore, warrants
further investigation.

We hypothesize that inhibition of ischemiarreperfusion
injury by magnolol may be mediated by interference with
the upregulation of adhesion molecules, leading to inhibi-
tion of neutrophil adhesion. As mentioned above, firm
adhesion of neutrophils to the endothelium and to a large
array of extracellular matrix proteins is primarily Mac-1

Ž .dependent Beatty et al., 1983; Lefer and Lefer, 1996 .
Ž .Adhesion of phorbol-12-myristate-13-acetate PMA -

activated neutrophils to a fibrinogen-coated surface was
measured to investigate the effects of magnolol. We also
examined the expression of Mac-1 on the surface of
neutrophils after magnolol treatment, since both the ex-
pression and activation of Mac-1, through conformational
change, have been shown to be important in the firm

Ž .adhesion of neutrophils Albelda et al., 1994; Ley, 1996 .
Moreover, because it has been shown that reactive oxygen

Ž yPspecies such as superoxide, O , and hydrogen peroxide,2
.H O can stimulate the translocation of Mac-1 from2 2

Žintracellular stores to the cell surface Simms and D’amico,
.1995 , we examined the role of reactive oxygen species

inhibition in the anti-adhesive effect of magnolol.

2. Materials and methods

2.1. Preparation of neutrophils

Venous blood samples were collected with syringes
Ž .containing heparin final concentration 20 unitrml from

healthy volunteers of both sexes between 20 and 40 years
old. Neutrophils were isolated by the Ficoll gradient cen-
trifugation method, followed by hypotonic lysis of contam-

Ž .inating erythrocytes Boyum, 1974 . Briefly, blood sam-
ples were mixed with an equal volume of 3% dextran
solution in a 50 ml centrifuge tube and incubated in an
upright position for 20 min at room temperature to allow
sedimentation of erythrocytes. The upper, leukocyte-rich
layer was then collected and subjected to centrifugation at
250=g for 15 min at 48C. After centrifugation, the pellet
was resuspended immediately in a volume of phosphate-

Ž .buffered saline PBS equal to the starting volume of
blood. The cell suspension was then apportioned, 25 ml
per tube, into 50 ml centrifuge tubes, followed by layering

Žof 10 ml of 1.077 grml Ficoll solution Histopaque 1077;
.Sigma Chemicals Co., St. Louis, MO beneath the cell

suspension, using a pipette. After centrifugation at 400=g
Ž .for 40 min at 208C without brake, the upper PBS and

Ž .lower Ficoll layers were carefully removed, leaving the
granulocytererythrocyte pellet. To remove residual
erythrocytes, the pellet was resuspended in 20 ml cold
0.2% NaCl for 30 s, followed by addition of 20 ml cold
1.6% NaCl to restore tonicity. The remaining neutrophils
were then pelleted, washed twice with ice-cold PBS and
resuspended in an adequate volume of ice-cold Hank‘s

Ž .buffered saline solution HBSS until further manipulation.
The preparation contained more than 95% neutrophils, as
estimated by counting 200 cells under a microscope after

Ž .Giemsa staining Sigma . In all cases where neutrophils
were pretreated with magnolol, the cells were mixed with
the drug at concentrations from 0.1 to 10 mM in HBSS for
10 min at 378C.

2.2. Measurement of neutrophil adhesion

Adhesion of neutrophils to extracellular matrix was
Ždetermined in 24-well tissue culture plates Costar Mesa,

.CA coated with fibrinogen. Prior to the addition of neu-
trophils, the plates were incubated with 250 ml per well of

Žhuman fibrinogen 50 mgrml in PBS; Chemicon Interna-
.tional, CA for 2 h at 378C. The wells were washed once

Ž .with HBSS, blocked with 1% BSA Sigma, USA in
HBSS for 1 h at 378C, and washed twice with HBSS

Ž .containing 0.1% Tween-20 Sigma, USA and once with
HBSS. 500 ml per well of magnolol-pretreated neutrophils
Ž 5 .5=10 cellsrml in HBSS was then added to individual

Ž .wells. After stimulation with PMA 100 ngrml for 15
min at 378C, non-adherent cells were removed by aspira-
tion and the wells were gently washed twice with warm
PBS containing 1 mM Ca2q. Adherent neutrophils were
then stained with 250 ml of 0.25% rose bengal solution
Ž .Sigma, USA for 10 min at room temperature. The stain-
ing solution was aspirated off and each well was washed

Ž .twice with PBS and then 250 ml of ethanol:PBS 1:1
solution was added. After incubation at 378C for 30 min to
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allow cell-retained stain to be completely dissolved, the
Ž .optical density at 570 nm OD of each well was570

Ždetermined with a microplate reader EL311sx, Biotek
.Instruments, Winoski, VT , using wells containing medium

alone as blanks.

2.3. Measurement of Mac-1 upregulation by flow cytome-
try

Ž .Expression of Mac-1 CD11brCD18 was analyzed as
Ž .described by Endemann et al. Endemann et al., 1996 with

some modifications. Magnolol-pretreated neutrophils were
Ž .stimulated with PMA 100 ngrml for 15 min. The cells

were then pelleted and resuspended in 1 ml ice-cold PBS
containing 10% heat-inactivated fetal bovine serum and 10
mM sodium azide. For staining of Mac-1, all subsequent
steps were carried out in an ice bath. Cells were incubated
for 60 min with 20 mgrml of an anti-Mac-1 primary

Žantibody mouse anti-human CD11b, class IgG ; Pharmin-1
.gen, San Diego, CA or a non-specific mouse antibody

Ž .class IgG , Sigma as a negative control. After two washes1

with ice-cold PBS–FBS-azide, the cells were further incu-
bated in the dark with 20 mgrml of a fluorescein isothio-

Ž . Žcyanate FITC -labeled secondary antibody goat anti-
.mouse IgG; Serotec, USA for 30 min and then washed

twice with PBS containing 5% FBS. Finally, stained cells
Žwere resuspended in flow cytometer sheath fluid Becton

.Dickinson containing 1% paraformaldehyde and analyzed
Ž .on a flow cytometer FACSort; Becton Dickinson for

Mac-1 expression. Data are expressed as peak channel
Ž .fluorescence PCF for each sample as calculated by the

w Ž .CellQuest software Becton Dickinson on a Power Mac-
intosh 6100r66 computer.

2.4. Flow cytometric analysis of intracellular OyP and2

H O production2 2

Intracellular production of OyP and H O was analyzed2 2 2
Ž .on a flow cytometer FACSort; Becton Dickinson accord-

Ž .ing to Robinson et al. 1994 . Briefly, neutrophils were
incubated at 378C for 5 min with 20 mM 2X,7X-dichloroflu-

Žorescin diacetate DCFH-DA; Molecular Probes, Eugene,
.OR and for an additional 15 min with 10 mM of hy-

Ž .droethidine Molecular Probes . The acetate moieties of
DCFH-DA are cleaved off intracellularly by esterases,
liberating the membrane impermeable 2X,7X-dichlorofluo-
rescin, which fluoresces when oxidized to 2X,7X-dichloro-

Ž .fluorescein DCF by H O ; hydroethidium, on the other2 2

hand, can be directly oxidized by OyP to ethidium bromide2
Ž .EB , which fluoresces after intercalating with nucleic
acids. After labeling, cells were treated with magnolol and

Ž . yPstimulated with PMA 100 ngrml . Production of O and2

H O was then monitored every 10 min on FACSort by2 2
Ž .measuring emission at 525 nm FL1 for DCF and 590 nm

Ž .FL2 for EB. Data are expressed as peak channel fluores-
cence for each sample as described above.

2.5. Magnolol and other chemicals

Ž .Magnolol was purchased from Nacalai Tesque Japan .
Ž .It was first dissolved in DMSO dimethyl sulfoxide at 10

mM and then serially diluted in PBS immediately prior to
experiments. Magnolol stock solution was used within 1
week after preparation. For examination of the effect of
magnolol, 5 ml of magnolol solution was added to 500 ml
neutrophil suspension and incubated at 378C for 10 min

Ž .prior to the addition of 100 ngrml PMA Sigma .

2.6. Statistical analysis

Data were analyzed by one-way or two-way analysis of
Ž .variance ANOVA depending on the number of experi-

mental variables. In cases where ANOVA showed a signif-
Žicant difference, a protected Fisher’s LSD least significant

.difference test was used to compare group means at an
alpha level equal to 0.05. Concentration dependency was
analyzed by performing simple linear regression across
doses of magnolol and testing the slope of the regression
line against 0 by Student’s t-test at an a level equal to
0.05. All values in figures represent means"S.E.M.

3. Results

3.1. Magnolol inhibits neutrophil adhesion to fibrinogen

To examine whether magnolol could inhibit neutrophil
adhesion in-vitro, we established an assay system in which

Ž .PMA 100 ngrml was used to induce neutrophil adhesion
to a plastic surface coated with an extracellular matrix
protein, fibrinogen. Whereas untreated neutrophils dis-
played spontaneous adhesion, with a rose bengal staining

Žvalue of 23.0"2.0 Fig. 1; values are expressed as OD570
.=1000 , PMA caused a markedly enhanced adhesion to

Žthe fibrinogen-coated surface OD =1000s100.0"570
. Ž6.0 . Pretreatment of neutrophils with magnolol 0.1 to 10
.mM dose dependently inhibited the adhesion of neu-

trophils to the fibrinogen-coated surfaces induced by PMA
Ž . Ž .100 ngrml Fig. 1; P-0.05, ns6 . Magnolol alone

Ž .did not influence spontaneous neutrophil adhesion Fig. 1 .
The concentrations of magnolol used in this study were not

Žcytotoxic to neutrophils viability after magnolol treatment
.)95% by Trypan blue exclusion assay .

3.2. Magnolol inhibits Mac-1 upregulation

Ž .Because upregulation of Mac-1 CD11brCD18 , a cell
surface adhesion molecule of the integrin family, has been
shown to be crucial to adhesion of neutrophils to the

Žextracellular matrix Walzog et al., 1995; Everitt et al.,
.1996 , we examined whether magnolol inhibits neutrophil

adhesion by virtue of down regulation of Mac-1. The
requirement for Mac-1 for PMA-induced neutrophil adhe-
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Fig. 1. Mean concentration–response curves for magnolol for the inhibi-
tion of PMA-induced neutrophil adhesion to extracellular matrix. Human

Ž .neutrophils were pretreated with magnolol 0.1–10 mM for 10 min at
Ž .378C and then plated on a fibrinogen-coated surface in the presence v

Ž . Ž .or absence ` of PMA 100 ngrml for 15 min at 378C. After removal
of non-adherent cells, adherent cells were stained with 0.25% rose bengal

Ž .and the optical density at 570 nm OD of each sample was measured.570

Control levels represent spontaneous adhesion of neutrophils without
PMA stimulation. Values are means and vertical lines S.E.M. of 6
experiments.

Ž .Fig. 2. Dependency of neutrophil adhesion on Mac-1 CD11brCD18 .
Ž .PMA 100 ngrml -stimulated neutrophils were plated in the presence of

Ž .anti-CD11b 2 and 5 mgrml or a non-specific IgG and adhesion was1

measured as in Fig. 1. Values are means"S.E.M. of 3 experiments.
aP -0.05 as compared with samples incubated with PMA alone.

Ž .Fig. 3. Effect of magnolol on PMA 100 ngrml -induced Mac-1 upregu-
Ž .lation. a Flow cytometric analysis of a representative experiment.

PMA-stimulated neutrophils, with or without magnolol pretreatment,
Ž .were stained, in an ice-bath, with anti-CD11b Mac-1 antibody and total

Mac-1 level on the cell surface was quantitated by FACSort. Control
level represents neutrophils that were neither treated with magnolol nor
stimulated with PMA. All the magnolol-pretreated groups, designated

Ž .qMag, were stimulated with PMA. b Statistical summary of PMA-up-
Žregulated Mac-1 expression in the presence of magnolol Mag; 0–10

.mM . Non-specific IgG was included to indicate the specificity of1

anti-CD11b staining. Values represent the means"S.E.M. of 3 experi-
ments. aP -0.05 as compared to samples treated with PMA alone.

sion was demonstrated by using an antibody against the a

subunit, CD11b, of heterodimeric Mac-1. As shown in Fig.
2, anti-CD11b almost completely blocked the PMA-in-
duced adhesion of neutrophils. To assess the effect of
magnolol on Mac-1 expression, we measured surface lev-
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Ž .Fig. 4. Effects of magnolol on intracellular accumulation of peroxides in neutrophils upon PMA 100 ngrml stimulation. Flow cytometric analysis of the
yP Ž . Ž .production of O EB fluorescence and H O DCF fluorescence from a representative experiment.2 2 2

els of Mac-1 on PMA-activated neutrophils with or with-
out magnolol pretreatment, using flow cytometric analysis.

ŽAs shown in Fig. 3a, the expression of Mac-1 expressed
.as Mac-1 fluorescence intensity on PMA-activated neu-

trophils was significantly elevated relative to the control
Ž .level Mac-1 fluorescence of untreated neutrophils . An

apparent shift-to-the-left of Mac-1 fluorescence was ob-
served in samples pretreated with magnolol. A statistical
summary of 3 flow cytometric experiments is shown in
Fig. 3b; magnolol significantly inhibited PMA-induced
upregulation of Mac-1 in a concentration-dependent man-

Ž .ner P-0.05 .

3.3. Magnolol inhibits the production of intracellular OyP
2

and H O2 2

It has recently been shown that reactive oxygen species
Ž yP .e.g. O and H O can upregulate Mac-1 expression and2 2 2

Ženhance neutrophil adhesion Fraticelli et al., 1996; Ser-
.rano et al., 1996 , possibly by triggering the translocation

of Mac-1 from subcellular locations to the cell surface
Ž .Simms and D’amico, 1995 . Since magnolol has been

Žclaimed to be an antioxidant Chang et al., 1994; Lo et al.,
.1994; Chan et al., 1996 , we hypothesized that the de novo

production of reactive oxygen species by neutrophils may
up regulate Mac-1 expression, which can be diminished by
magnolol. We used a flow cytometric method that enabled
us to measure intracellular reactive oxygen species changes
in PMA-stimulated neutrophils with or without magnolol
pretreatment. Fig. 4 illustrates the fluorescence intensity
measured in a representative experiment and Table 1 sum-

marizes the results from 6 experiments of PMA-stimulated
yP Žaccumulation of intracellular O measured as EB fluo-2

. Ž .rescence and H O measured as DCF fluorescence ,2 2

respectively. At 40 min, PMA enhanced the fluorescence
of EB and DCF from the control levels of 8.0"2.2 and
6.2"1.0 to 47.2"4.1 and 64.4"3.0, respectively. In
magnolol-pretreated samples, a significant decrease in the
fluorescence intensity of both EB and DCF was observed
at 20 and 40 min as compared with that of the PMA alone

Ž .group P-0.05, ns6 . Introduction of antioxidants, such
as ascorbic acid, superoxide dismutase or catalase, to the
sample buffer completely inhibited the PMA-induced accu-

yP Ž .mulation of O and H O data not shown . Induction of2 2 2

intracellular accumulation of reactive oxygen species oc-

Table 1
yP Ž .Statistical summary of the PMA-induced production of O . EB and2

Ž .H O DCF at 20 and 40 min2 2

Mean channel fluorescence

EB DCF

20 min 40 min 20 min 40 min

Ž . Ž .PMA 100 ngrml qMagnolol mM
0 44.2"3.0 47.2"4.1 54.2"2.0 64.4"3.0

a a a1 20.5"6.0 44.3"4.0 18.4"8.0 49.1"5.2
a a a a10 18.3"3.2 31.0"7.0 17.0"5.3 49.0"6.4

Ž .Control buffer only 7.2"3.4 8.0"2.2 5.4"2.0 6.2"1.0

yP Ž . Ž .PMA-induced production of O . EB and H O DCF was monitored2 2 2

by flow cytometer at 20 and 40 min after addition of PMA.
a ŽP -0.05 as compared with samples treated with PMA alone magnolol

.0 mM at the same time point. Values are means"S.E.M. from 6
experiments.
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curred immediately after addition of PMA, indicating that
changes in reactive oxygen species production may pre-
cede other functional changes in neutrophils after proin-
flammatory challenge.

3.4. Inhibition of reactiÕe oxygen species abolishes neu-
trophil Mac-1 upregulation and adhesion

To further confirm that production of reactive oxygen
species could constitute a mechanism for Mac-1-mediated
adhesion of neutrophils, we measured cell surface Mac-1
levels of PMA-stimulated neutrophils in the presence of
superoxide dismutase or catalase. As shown in Fig. 5, both
superoxide dismutase and catalase markedly inhibited
Mac-1 upregulation. Combination of the two reagents fur-
ther diminished Mac-1 upregulation.

The effect of superoxide dismutase and catalase on
neutrophil adhesion is summarized in Fig. 6. In the pres-
ence of superoxide dismutase andror catalase, neutrophil
adhesion to the fibrinogen-coated surface was significantly

Ž . Ž .inhibited P-0.05, ns4 , from 120.4"15.2 PMA to
45.5"8.2, 36.8"5.4 and 28.2"4.2 for superoxide dis-
mutase, catalase and superoxide dismutase plus catalase,
respectively. However, superoxide dismutase andror cata-
lase did not completely inhibit adhesion, since the OD570

Ž=1000 value for the control samples spontaneous adhe-

Ž .Fig. 5. Effect of peroxide scavengers on PMA 100 ngrml -upregulated
Mac-1 expression of neutrophils. Neutrophils were processed as previ-
ously and Mac-1 expression was measured by flow cytometry in the

Ž yPpresence or absence of superoxide dismutase SOD, a scavenger of O ;2
. Ž .200 unitsrml andror catalase a scavenger of H O ; 500 unitsrml .2 2

aP -0.05 as compared with samples treated with PMA alone. Values are
means"S.E.M. from 4 experiments.

Ž .Fig. 6. Effect of peroxide scavengers on PMA 100 ngrml -induced
Ž .neutrophil adhesion. Superoxide dismutase SOD; 200 unitsrml andror

Ž . yPcatalase 500 unitsrml were used to scavange O and H O , respec-2 2 2

tively. aP -0.05 as compared with samples treated with PMA alone.
Values are means"S.E.M. from 4 experiments.

.sion was significantly lower than that of samples treated
Žwith superoxide dismutase andror catalase P-0.05, ns

.4 .

4. Discussion

Neutrophil migration from blood to sites of infection or
injury is an important process during inflammation
Ž .Springer and Anderson, 1986 . A crucial mechanism be-
hind this process is the adhesion of neutrophils to either

Žendothelial cells or extracellular matrix Corbi et al., 1988;
.Tonnesen et al., 1989; Bohnsack et al., 1990 . Therefore,

drugs that block neutrophil adhesion should be effective as
antiinflammatory agents. In the present report, neutrophils
pretreated with magnolol at pharmacologically applicable

Ž .concentrations 0.1–10 mM for 10 min had an impaired
adhesion to fibrinogen. The anti-adhesive effect of mag-
nolol was not due to cytotoxic effects since under these
conditions there was no difference in viability between

Žtreated neutrophils and control cells viability )95% at
.the end of experiments . In order to further clarify the

mechanism by which magnolol suppressed neutrophil ad-
hesion, in the light of the importance of Mac-1 in neu-

Žtrophil adhesion Jaeschke et al., 1996; Albelda et al.,
.1994 , we examined the effect of magnolol on cell surface

levels of Mac-1. We established that the anti-adhesive
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effect of magnolol was, at least in part, mediated by
inhibition of the Mac-1 upregulation on the membrane of
neutrophils elicited by exposure to PMA.

Recently, it has been demonstrated that both superoxide
and hydrogen peroxide induce Mac-1 upregulation and

ŽMac-1-mediated neutrophil adhesion Serrano et al., 1996;
.Fraticelli et al., 1996 through increased translocation of

Mac-1 from secretory vesicles and specific granules to the
Ž .plasma membrane Simms and D’amico, 1995 . In this

report, the effect of magnolol, as a reactive oxygen species
scavenger, on Mac-1 upregulation and neutrophil adhesion
was compared with that of superoxide dismutase and
catalase, two well-known scavengers of OyP and H O ,2 2 2

respectively. In agreement with prior studies, our data
confirmed that magnolol could effectively inhibit the gen-

yP Ž .eration of both O and H O by neutrophils Table 12 2 2

and that both superoxide dismutase and catalase signifi-
Ž .cantly down regulated Mac-1 expression Fig. 5 as well as

Ž .neutrophil adhesion to fibrinogen Fig. 6 . The flow cyto-
metric method used in this study for the measurement of
reactive oxygen species production enabled on-line moni-
toring of the intracellular accumulation of reactive oxygen
species in neutrophils. Accumulation of reactive oxygen
species began almost immediately after PMA stimulation.
Thus, the prompt accumulation of reactive oxygen species
in response to PMA stimulation and our observation that
Mac-1 upregulation could be inhibited by reactive oxygen
species scavengers suggest that reactive oxygen species are
early signaling molecules participating in the regulation of
neutrophil function. This argument is further strengthened
by the previous observation that reactive oxygen species
could upregulate Fcg receptor IIa during ligation of Fcg

Ž .receptor IIIb Salmon et al., 1995 as well as the activity of
Ž . Ž .p58 c-fgr and p53r56 c-lyn tyrosine kinases during

Ž .neutrophil adhesion Yan and Berton, 1996 . Thus, it was
suggested that reactive oxygen species could regulate neu-
trophils functions through an autocrine-like mechanism.

In addition to inhibition of reactive oxygen species
production, magnolol may also inhibit other biochemical
pathways that regulate Mac-1 expression. Since protein
kinase C is also involved in the regulation of Mac-1

Ž .expression Monk and Banks, 1991; Roubey et al., 1991 ,
it is likely that magnolol can suppress Mac-1 upregulation
by inhibiting protein kinase C activity in neutrophils treated
with PMA, a well-known protein kinase C activator. Mac-1
expression may also be regulated by phospholipase A ,2

which catalyzes the synthesis of arachidonates, because
inhibitors of phospholipase A can inhibit the surface2

Ž .expression of Mac-1 Jacobson and Schrier, 1993 . As
magnolol has been shown to decrease the production of

Žprostaglandin D and thromboxane B Wang et al., 1992;2 2
.Wang et al., 1995 , two downstream metabolites of arachi-

donate, it is likely that magnolol also influences this
biochemical pathway and in turn regulates Mac-1 expres-
sion. Whether these biochemical pathways are a target of
magnolol in the regulation of Mac-1 awaits further re-

search and is currently under investigation in this labora-
tory.

In conclusion, we have demonstrated that the ability of
magnolol to prevent ischemia-reperfusion injury can be
explained by its ability to inhibit neutrophil adhesion
through inhibition of Mac-1 upregulation. The inhibitory
effect of magnolol on Mac-1 expression could be mediated
by down regulation of reactive oxygen species generation.
As an effective anti-adhesive agent at pharmacological
concentrations, magnolol may be clinically useful for the
prevention of inflammatory injury by inhibiting the early
phases of neutrophil recruitment.
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