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Abstract

Reactive oxygen species produced by neutrophils contribute to the pathogenesis of focal cerebral ischemia/reperfusion injury and signal

the inflammatory response. We have previously shown that honokiol, an active principle extracted from Magnolia officinalis, has a protective

effect against focal cerebral ischemia/reperfusion injury in rats that paralleled a reduction in reactive oxygen species production by

neutrophils. To elucidate the underlying mechanism(s) of the antioxidative effect of honokiol, peripheral neutrophils isolated from rats were

activated with phorbol-12-myristate-13-acetate (PMA) or N-formyl-methionyl-leucyl-phenylalanine (fMLP) in the presence or absence of

honokiol. In this study, we found that honokiol inhibited PMA- or fMLP-induced reactive oxygen species production by neutrophils by three

distinct mechanisms: (1) honokiol diminished the activity of assembled-NADPH oxidase, a major reactive oxygen species producing enzyme

in neutrophils by 40% without interfering with its protein kinase C (PKC)-dependent assembly; (2) two other important enzymes for reactive

oxygen species generation in neutrophils, i.e., myeloperoxidase and cyclooxygenase, were also inhibited by honokiol by 20% and 70%,

respectively; and (3) honokiol enhanced glutathione (GSH) peroxidase activity by 30%, an enzyme that triggers the metabolism of hydrogen

peroxide (H2O2). These data suggested that honokiol, acting as a potent reactive oxygen species inhibitor/scavenger, could achieve its focal

cerebral ischemia/reperfusion injury protective effect by modulating enzyme systems related to reactive oxygen species production or

metabolism, including NADPH oxidase, myeloperoxidase, cyclooxygenase, and GSH peroxidase in neutrophils.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction myocardial infarct size and exhibit anti-arrhythmic effect in
Honokiol (C18H18O2, MW=266.33, Fig. 1), an active

component isolated from the herb ‘Houpo’ (Magnolia offici-

nalis Rehd. et Wils.), is an effective antioxidant (Taira et al.,

1993), protects animal tissues against lipid peroxidation (Lo

et al., 1994; Chiu et al., 1997), serves as an anti-platelet drug

(Teng et al., 1988), and displays an anti-inflammatory effect

in activated macrophages (Matsuda et al., 2001; Son et al.,

2000). We have previously reported that honokiol can reduce
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rats subjected to coronary artery occlusion (Tsai et al., 1996,

1999). Recently, we found that honokiol can ameliorate focal

cerebral ischemia/reperfusion-induced brain infarction (Liou

et al., 2003).

Cerebral infarction is closely associated with inflamma-

tory responses in the progression of stroke or post-ischemic

reperfusion injury, in which reactive oxygen species gener-

ation by primed/activated neutrophils plays an important

role in brain damage (Dirnagl et al., 1999; Williams, 1994).

Reactive oxygen species produced by neutrophils not only

contribute to the pathogenesis of ischemia/reperfusion inju-

ry but also exaggerate the ischemia/reperfusion injury by

further activating these inflammatory target cells (Finkel,

1998). The release of reactive oxygen species and reactive

oxygen species-related free radicals by neutrophils depends



Fig. 1. Chemical structure of honokiol (C18H18O2, MW=266.33).
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upon the activation of reactive oxygen species-producing

enzyme systems, including NADPH oxidase, myeloperox-

idase, and cyclooxygenase, etc. Reactive oxygen species

produced by the abovementioned enzyme systems are

detoxified mainly via peroxisomal catalase or glutathione

(GSH) peroxidase, by catalyzing the conversion of hydro-

gen peroxide (H2O2) to oxygen and water (Chan, 2001).

NADPH oxidase, a powerful oxidant-producing enzyme

complex consisting of membrane-bound components (e.g.,

gp91-phox, p22-phox) and cytosolic components (e.g., p47-

phox, p67-phox), is assembled on the surface membrane of

neutrophils and generates enormous amounts of superoxide

anion (O2
S�) when activated by inflammatory stimulants

(Casimir and Teahan, 1994). Superoxide dismutase dismu-

tates O2
S� to form H2O2, which can be further metabolized to

more cytotoxic radical ‘hypochlorous acid (HOCl)’ by mye-

loperoxidase, an abundant chloride peroxidase in azurophil

granules in neutrophils (Weiss, 1989). NADPH oxidase can

be activated by at least two distinct mechanisms: (1) through

direct protein kinase C (PKC) activation by phorbol esters,

e.g., phorbol-12-myristate-13-acetate (PMA), which may

trigger the phosphorylation of cytosolic components (e.g.,

p47-phox) that are essential for the assembly of other

NADPH oxidase subunits (e.g., p67-phox) to activate this

oxidase (Casimir and Teahan, 1994); and (2) through recep-

tor/G protein coupling activation by receptor-coupled in-

flammatory stimuli, e.g., N-formyl-methionyl-leucyl-

phenylalanine (fMLP), which may activate NADPH oxidase

through a calcium-dependent pathway (Suzuki et al., 1985;

Lew et al., 1984). Recent studies showed that cyclooxyge-

nase (also prostaglandin H synthase) is another crucial

enzyme in reactive oxygen species generation during ische-

mia/reperfusion injury (Rieger et al., 2002), and inhibition of

cyclooxygenase activity is beneficial for cerebral infarction

(Sugimoto and Iadecola, 2003). With anti-ischemia/reperfu-

sion injury potential, honokiol could exert its protective

effect by modulating the reactive oxygen species produc-

ing-enzyme systems in neutrophils, as mentioned above.

To elucidate the possible mechanism(s) for the protective

effect of honokiol, we undertook the current study to

explore whether honokiol could prevent PMA- or fMLP-

induced reactive oxygen species production by peripheral

rat neutrophils in an intact cell system or a cell-free system,

paying special attention to the activity of NADPH oxidase,

myeloperoxidase, cyclooxygenase, and GSH peroxidase.
2. Materials and methods

2.1. Animal preparation

The animals used in the present investigation were

handled according to the Guide for the Care and Use of

Laboratory Animals published by the US National Institute

of Health (NIH publication no. 85-23, revised 1996). All

experimental procedures and protocols used in this investi-

gation were reviewed and approved by the Hospital Animal

Research Committee. Male Long-Evans rats (National Lab.

Animal Breeding and Research Center, Taipei, Taiwan)

weighing 250–350 g were kept under a 12:12-h light–dark

cycle in temperature- (24F 1 jC) and humidity- (55F 5%)

controlled animal breeding rooms. All animals were allowed

free access to food and water.

2.2. Neutrophil preparation and drug treatments

Peripheral whole blood was collected from anesthetized

Long-Evans rats (250–350 g) into syringes containing

heparin (20 U/ml blood). Blood samples were mixed with

an equal volume of 6% dextran solution in a 50-ml

centrifuge tube and incubated in an upright position for 30

min at room temperature to allow sedimentation of eryth-

rocytes. The upper layer, rich in neutrophils, was collected

and subjected to centrifugation at 250� g for 15 min at 4
jC. Peripheral blood neutrophils were then separated by the

Ficoll gradient centrifugation method, followed by lysis of

contaminating erythrocytes, and washed three times with

cold phosphate-buffered saline (PBS) (Shen et al., 2001).

The neutrophils were mixed with 0.1, 1, or 10 AM of

honokiol or vehicle control [0.05% dimethylsulfoxide

(DMSO)] in Hanks’ balanced saline solution (HBSS) for

10 min at 37 jC before the addition of PMA or fMLP. Cells

were incubated with test drugs in 96-well cell culture plates

(FALCONR, Becton Dickinson, USA) or 5-ml polystyrene

round-bottomed tubes (FALCONR, Becton Dickinson)

depending on the experiments.

2.3. Measurement of extracellular O2
S� generation by

neutrophils

Extracellular O2
S� generation was evaluated according to

Korchaks (1984) method. The production of O2
S � induced

by PMA (2.5 Ag/ml) or fMLP (1 AM) by neutrophils

pretreated with honokiol (0.1–10 AM) was determined as

superoxide dismutase-inhibitable reduction of cytochrome c

(80 AM), by measuring the changes in absorbance at 550 nm

(DOD550) in the presence or absence of superoxide dismu-

tase (133 U/ml) at 37 jC for 1 h. Staurosporine (Stau), a

PKC inhibitor, was included as a positive control for the

inhibition of extracellular O2
S� production. Data are

expressed as O2
S � nmol/2� 105 cells/h, using the molar

extinction coefficient of 2.1�104 l/mol/cm for cytochrome

c, with a path length of 8 mm.
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2.4. Flow cytometric analysis of intracellular reactive

oxygen species production in neutrophils

Intracellular accumulation of reactive oxygen species

by neutrophils was measured by a flow cytometer

(FACSCaliburk; Becton Dickinson) according to our pre-

vious report (Shen et al., 1998). Briefly, neutrophils (2� 106/

ml) were incubated at 37 jC for 20 min with 20 AM of 2V,7V-
dichlorofluorescin diacetate (DCFH-DA, Molecular Probes,

USA). The acetate moieties of DCFH-DA were cleaved off

intracellularly by esterase, liberating the membrane-imper-

meable 2V,7V-dichlorofluorescin (DCFH), which fluoresces

when oxidized to 2V,7V-dichlorofluorescein (DCF) by reactive
oxygen species. After labeling, cells were treated with 0.1, 1,

or 10 AM of honokiol or 0.2 AM of staurosporine for 20 min

and then stimulated with fMLP (1 AM) or PMA (100 ng/ml).

The production of intracellular reactive oxygen species was

then determined 30 min later by flow cytometry

(FACSCaliburk; Becton Dickinson) with an emission

wavelength of 525 nm (FL1) for DCF. Data are expressed

as mean channel fluorescence for each sample (1�104 cells

auto-selected from 2� 106 cells by flow cytometer) as

calculated by CellQuestR software (Becton Dickinson) on

a Power Macintosh 7300/200 computer.

2.5. Measurement of NADPH oxidase activity in subcellular

fractions

Neutrophil–particulate fractions were prepared according

to the method of Clark et al. (1990) with some modifications.

Neutrophils (2� 107/ml) were incubated for 10 min at 37 jC
in the presence of PMA (0.1 Ag/ml) or an equivalent

concentration of DMSO. After incubation, the cell suspen-

sion was centrifuged at 4 jC at 300� g for 6 min, and the

pellet was resuspended in sample buffer containing 100 mM

KCl, 3 mMNaC1, 3.5 mMMgC12, 1.25 mM EGTA, 10 mM

PIPES, 2 mM phenylmethyl sulfonyl fluoride, 33 AM
leupeptin, 35 AM antipain, 24 Ag/ml chymostatin, 0.035
AM pepstatin, and 0.08 AM aprotinin at pH 7.3. The cells

were disrupted using a microprobe sonicator at low power

(10%) three times for 10 s at 4 jC. Intact cells were removed

by centrifugation at 500� g for 5 min. The resulting super-

natant was centrifuged at 4 jC for 20 min at 115,000� g,

after which the supernatant was discarded and the pellet

(particulate fractions) was washed in sample buffer and

recentrifuged for 20 min at 115,000� g. Following the

removal of the supernatant, the pellet was gently resus-

pended in assay buffer without protease inhibitors. NADPH

oxidase activity was determined in the particulate fractions in

the presence of 400 AM NADPH, and O2
S� generation was

monitored for 20 min at 25 jC as superoxide dismutase-

inhibitable cytochrome c reduction (Korchak et al., 1984).

Honokiol was added to the PMA pre-assembled particulate

fractions 20 min before the addition of NADPH (for subcel-

lular NADPH oxidase activity study). Alternatively, neutro-

phils were preincubated with honokiol or staurosporine for
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20 min at 37 jC before PMA stimulation (for NADPH

oxidase assembly study). Data are expressed as nmol O2
S�/

2� 106 cell equivalents/20 min.

2.6. Protein kinase(s) activity assay

Neutrophils were resuspended to a concentration of

2� 107/ml in ice-cold extraction buffer. The extraction

buffer consisted of 50 mM Tris–HC1 (pH 7.5), 50 mM

EGTA, 1 mM phenylmethyl sulfonyl fluoride, protease

inhibitor cocktail (CalbiochemR, USA), and 50 mM 2-

mercaptoethanol. Protease inhibitor cocktail consisted of

0.1 mM leupeptin, 1 AM pepstatin A, 5 AM bestatin, 0.08
AM aprotinin, and 1.5 AM cysteine protease inhibitor. The

cell suspension was sonicated for 10 s at 4 jC five times and

the cell lysate was separated into the cytosol (as cytosolic

fraction) and pellet fractions by centrifugation at

100,000� g for 60 min at 4 jC. The pellet was solubilized

by resuspension in extraction buffer with 0.1% Triton X-100

(CalbiochemR, Germany) vortexed and incubated at 4 jC
for 60 min. The solubilized extract as particulate fraction

was separated by centrifugation at 10,000� g for 5 min.

Both cytosolic and particulate fractions were stored at 4 jC
and assayed for kinase activity on the same day. Protein

concentration was determined with a protein assay reagent

(Bio-Rad, USA). Protein kinase C (PKC) or adenosine-3V,5V-
cyclic monophosphate (cAMP)-dependent protein kinase

(PKA) activity was measured with a nonradioactive protein

kinase assay kit (CalbiochemR, Germany). This assay kit

was based on an enzyme-linked immunosorbent assay that

used a synthetic PKC/PKA pseudosubtrate and a monoclo-

nal antibody that recognized the phosphorylated peptide.

PKC or PKA phosphorylates pseudosubstrate (peptide) on

serine through a Ca2 +/phosphatidylserine- or a cAMP-

dependent mechanism, respectively. Ca2 +/phospholipid-de-

pendent PKC was assayed in the presence of Ca2 + and

phosphatidylserine, and the negative control was measured

in the presence of 20 mM EGTA. In some experiments,

PMA (100 ng/ml) was added to live neutrophils for stimu-

lation and translocation of PKC prior to sonication, and

cytosolic PKC activity from this preparation was used as

another negative control as most of the cytosolic PKC had

translocated to the particulate fraction. In the PKA activity

assay, the negative control was measured in the absence of

cAMP. Data are expressed as 100�OD492/12 Al cell lysate
from 2� 107 cells.

2.7. Estimation of myeloperoxidase activity

Myeloperoxidase activity was evaluated according to the

method of Bani et al. (1998) with some modifications.

Briefly, myeloperoxidase activity was determined in the

presence or absence of honokiol by mixing 0.1 ml of

cytosolic fraction (from 2� 106 cells in HBSS) with 2.9

ml of potassium phosphate buffer (PPB, 50 mM, pH 6)

containing 0.19 mg/ml of o-dianisidine chloride and
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0.0005% H2O2 as a substrate for myeloperoxidase. Oxidized

o-dianisidine formed a soluble chromophore and absorbance

(OD460) was determined by spectrophotometry (Hitachi,

Japan) over 2 min. Myeloperoxidase activity (DOD460)

was calculated by subtracting the value of OD460 at time 0

min from that at 2 min for each sample. Data are expressed as

100�DOD460/2� 106 cell equivalents.

2.8. Glutathione (GSH) peroxidase activity assay

Neutrophils were resuspended at a concentration of

2� 107/ml in ice-cold extraction buffer as stated above. Cells

were sonicated for 10 s at 4 jC three times and the cytosolic

fraction was separated by centrifugation at 10,000� g for 20

min at 4 jC. Protein concentration was determined with a

protein assay reagent (Bio-Rad). GSH peroxidase activity

(Arun et al., 1999) was determined in the supernatants by

mixing 0.1 ml of cytosolic fraction with 0.9 ml of reaction

mixture containing 100 mM phosphate buffer (NaHPO4/

Na2HPO4, pH 7.5), 2 mM glutathione (GSH), 1 mM sodium

azide, 1 U glutathione reductase, 0.12 mM NADPH, and 2

mM H2O2. The GSH peroxidase activity was assayed using

the conversion of NADPH to NAD by recording the changes

in absorbance at 340 nm over 3 min (DOD340) using H2O2

(Se-dependent activity) as substrate against a reference that

did not contain substrates. An additional blank containing all

components except glutathione reductase was determined to

correct for non-enzymatic oxidation of GSH and NADPH by

substrates (H2O2). Data are expressed as the rate of change in

absorbance (100�DOD340).

2.9. Cyclooxygenase activity assay

Cytosolic fraction of rat neutrophils was prepared from

cells (2� 107/ml) activated by PMA (0.1 Ag/ml) for 20 min.

Cyclooxygenase activity was measured with a chemilumi-

nescent-based cyclooxygenase assay kit (CalbiochemR,
Germany). This assay kit used a specific chemiluminescent

substrate to detect the peroxidative activity of cyclooxyge-

nase enzymes. Briefly, after pretreatment with honokiol

(0.1, 1.0, or 10 AM), 50 AM of NS-398 (a cyclooxygenase-

2 inhibitor), 100 AM of resveratrol (a cyclooxygenase-1/

cyclooxygenase-2 inhibitor), or 1 mM of ibuprofen (a cyclo-

oxygenase-1 inhibitor), the direct residual activity of cyclo-

oxygenase was measured by addition of a proprietary

luminescent substrate and arachidonic acid. Light emission

began immediately and was proportional to the cyclooxyge-

nase activity in the sample. The chemiluminescent signal was

measured over 5 s by a microplate luminometer reader

(OrionR, Germany). Data are expressed as relative light units

(RLU).

2.10. Estimation of cell viability

Cell viability was determined according to Ormerod’s

(2000) method after incubation of cells (2� 106/ml) with
test drugs for 1 h in 5-ml polystyrene round-bottomed tube

(FALCON, Becton Dickinson). This method can be adap-

ted for a flow cytometer by adding propidium iodide (10
Ag/ml), which is excluded by viable cells but which, when

taken up by dead or dying cells, binds to nucleic acids and

fluoresces red. The viable cells can be further identified by

the addition of fluorescein diacetate (100 ng/ml), which is

not fluorescent and which is taken up by cells and is

converted to fluorescein by an intracellular esterase. Fluo-

rescein is retained by the cell if the plasma membrane is

intact. After incubation with test drugs, cells suspension

were further incubated with propidium iodide and fluores-

cein diacetate at room temperature for 10 min and analyzed

immediately on a flow cytometer (FACSCaliburk; Becton

Dickinson) by recording forward and light scatter, red

(>630 nm) and green (520 nm) fluorescence. After gating

for light scatter to include single cells and to exclude

clumps and debris, cell populations were displayed by

green (viable) versus red (dead) fluorescence. Cell viability

(%) was calculated by CellQuestR software (Becton Dick-

inson) on a Power Macintosh 7300/200 computer. Alterna-

tively, cell viability was further compared by using a

cytotoxicity detection kit (RocheR, Germany). This kit

measures cytotoxicity and cell lysis by detecting lactate

dehydrogenase (LDH) activity released from damaged

cells.

2.11. Honokiol and other chemicals

Honokiol was purchased from Nacalai (Japan). It was

first dissolved in DMSO as a stock solution (20 mM) and

then serially diluted in PBS immediately prior to experi-

ments. Stock solution was used within 1 week after prep-

aration. For examination of the effect of these drugs, 10 Al of
drug solution was added to 1.0 ml of neutrophil suspension

and incubated at 37 jC for 10 min prior to the addition of

100 ng/ml PMA (Sigma, USA) or 1 AM fMLP (Sigma).

Other chemicals, except where indicated, were purchased

from Sigma.

2.12. Statistical analysis

All values in the text and figures are given as

meansF S.E.M. Parametric data were analyzed by analysis

of variance (ANOVA) followed by post hoc Dunnett’s t-test

for multiple comparisons. Values of P < 0.05 were consid-

ered significant.
3. Results

3.1. Effect of honokiol on fMLP- or PMA-induced

extracellular O2
S� production by rat neutrophils

To examine whether extracellular O2
S � production could

be inhibited by honokiol, neutrophils were stimulated with



Table 2

Effect of honokiol on intracellular reactive oxygen species accumulation

Agonists (inducers) Intracellular reactive oxygen species

accumulationa (DCF mean channel

fluorescence/1�104 cells)

fMLP-activated PMA-activated

Control (vehicle) 10.0F 0.6b 9.9F 0.2c

Agonist alone 48.3F 4.0 43.5F 3.4

+HK (0.1 AM) 45.5F 6.0 43.0F 3.0

+HK (1.0 AM) 38.3F 3.7b 42.2F 4.1

+HK (10 AM) 30.6F 4.0b 31.5F 2.6c

+RVT (10 AM) 46.3F 6.0 42.0F 5.4

+ Stau (0.2 AM) 13.0F 1.0b 12.9F 0.5c

a Neutrophils (2� 106/ml) were incubated with 20 AM 2V,7V-dichloro-
fluorescin diacetate (DCFH-DA). After labeling, cells were treated with

honokiol (HK), resveratrol (RVT) or staurosporine (Stau) followed by

fMLP (1 AM) or PMA (100 ng/ml) stimulation. Accumulation of

intracellular reactive oxygen species was then determined after 30 min on

a flow cytometer with measurement of emission at 525 nm (FL1) for 2V,7V-
dichlorofluoroscein (DCF). Data are expressed as mean channel fluores-

cence of DCF for each sample (1�104 cells auto-selected from 2� 106

cells by cytometer). Values represent the meansF S.E.M. of 6–10

experiments performed on different days using cells from different rats.
b P< 0.05 as compared to samples treated with fMLP alone, respectively.
c P < 0.05 as compared to samples treated with PMA alone, respectively.
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fMLP (a receptor-mediated activator) or PMA (a non-

receptor-mediated but direct PKC activator) in the presence

or absence of honokiol. Both fMLP- and PMA-induced

extracellular O2
S� production was concentration dependently

inhibited by honokiol (Table 1). Staurosporine, a PKC

inhibitor, used in this test as a positive control for the

inhibition of extracellular O2
S� production, significantly

inhibited fMLP- or PMA-induced extracellular O2
S� produc-

tion (Table 1).

3.2. Effect of honokiol on fMLP- or PMA-induced

intracellular reactive oxygen species accumulation

by rat neutrophils

To examine whether intracellular reactive oxygen species

accumulation could be diminished by honokiol, neutrophils

were stimulated with fMLP or PMA in the presence or

absence of honokiol. FMLP or PMA triggered the prompt

accumulation of intracellular reactive oxygen species (as

reflected by increased DCF fluorescence) to 4.8- or 4.3- fold

the basal level, respectively (Table 2). Honokiol concentra-

tion dependently decreased the generation of intracellular

reactive oxygen species induced by fMLP or PMA. Staur-

osporine (0.2 AM) completely abolished the intracellular

reactive oxygen species production induced by fMLP or

PMA.

3.3. Effect of honokiol on the assembly or the activity of

assembled NADPH oxidase

To examine whether the machinery for the assembly of

NADPH oxidase or the activity of assembled NADPH
Table 1

Effect of honokiol on fMLP- or PMA-induced extracellular O2
S� production

by neutrophils

Agonists Extracellular O2
S� production

(nmol/2� 105 cells/h)a(inducers)

FMLP PMA

Agonist only 0.96F 0.31 1.20F 0.26

+HK (0.1 AM) 0.76F 0.16 1.15F 0.08

+HK (1.0 AM) 0.64F 0.08b 0.92F 0.06c

+HK (10 AM) 0.52F 0.07b 0.81F 0.06c

+RVT (10 AM) 0.76F 0.13 1.02F 0.10

+ Stau (0.5 AM) 0.19F 0.18b 0.20F 0.12c

a Extracellular O2
S� production was determined as superoxide dismu-

tase-inhibitable reduction of cytochrome c, as described in Materials and

methods. FMLP (1 AM)- or PMA (2.5 Ag/ml)-induced production of O2
S�

by peripheral rat neutrophils was examined in the presence or absence of

honokiol (HK). Values represent the meansF S.E.M. of six experiments

performed on different days using cells from different rats. Resveratrol

(RVT), a plant-derived antioxidant, was included as reference compound.

Staurosporine (Stau), a PKC inhibitor, was included as a positive control for

the inhibition of extracellular reactive oxygen species production.
b P < 0.05 as compared to samples treated with fMLP alone,

respectively.
c P < 0.05 as compared to samples treated with PMA alone, respectively.
oxidase could be modulated by honokiol, oxidase activity

was determined in particulate fractions. PMA enhanced

NADPH oxidase activity to 204% or 157% in ‘drug

treatment before PMA’ or ‘drug treatment after PMA’

groups, respectively. Pretreatment with honokiol did not

interfere with the assembly of NADPH oxidase (Table 3).

Staurosporine (0.1 AM), a PKC inhibitor, used to contrast

the PKC-dependent assembly of NADPH oxidase, caused a
Table 3

Effect of honokiol on subcellular NADPH oxidase activity

NADPH oxidase activity [O2
S� production

(nmol)/2� 106cell equivalents/20 min]a

Drug treatment

before PMA-activatedb
Drug treatment

after PMA-activatedc

Control (vehicle) 0.52F 0.06 0.45F 0.08

PMA alone 1.06F 0.09 0.71F 0.12

+HK (0.1 AM) 1.05F 0.11 0.62F 0.15

+HK (1.0 AM) 1.03F 0.14 0.46F 0.09e

+HK (10 AM) 1.01F 0.16 0.40F 0.11e

+ Stau (0.1 AM) 0.59F 0.07d ND

ND, sample not detected.
a NADPH oxidase activity was measured as O2

S� production in

particulate fractions isolated from PMA-activated neutrophils (2� 106

cells), expressed as superoxide dismutase-inhibitable cytochrome c

reduction in 20 min at 37 jC. Values represent the meansF S.E.M. of

five experiments performed on different days using cells from different rats.
b Neutrophils were preincubated with honokiol (HK) or staurosporine

(Stau) for 10 min at 37 jC before PMA stimulation followed by isolation of

the particulate fraction (drug treatment before PMA-activated).
c HK was added 10 min to the isolated particulate fractions before

addition of the NADPH (drug treatment after PMA-activated).
e P < 0.05 as compared with PMA alone, respectively.
d P< 0.05 as compared with PMA alone, respectively.



Fig. 2. Effect of honokiol on myeloperoxidase activity of peripheral

neutrophils. Myeloperoxidase activity was determined in the presence or

absence of honokiol (HK) by mixing 0.1 ml of cytosolic fractions (from

2� 106 cells) with 2.9 ml of potassium phosphate buffer containing 0.19

mg/ml of o-dianisidine chloride and 0.0005% H2O2 as a substrate for

myeloperoxidase. Oxidized o-dianisidine formed a soluble chromophore

and the absorbance (OD460) was determined by spectrophotometry over 2

min. Myeloperoxidase activity (DOD460) was calculated by subtracting

the value of OD460 at time 0 min from that at 2 min for each sample.

Data are expressed as 100�DOD460/2� 106 cell equivalents. Values

represent the meansF S.E.M. of three experiments performed on different

days using cells from different rats. *P < 0.05 as compared to control
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significant inhibition of this assembly process. In contrast,

addition of honokiol to PMA-preactivated particulate frac-

tion concentration dependently inhibited the activity of

assembled NADPH oxidase (Table 3).

3.4. Effect of honokiol on protein kinase(s) activity

To examine whether modulation of protein kinase(s)

activity mediates the inhibitory effect of honokiol on reac-

tive oxygen species production, we measured the activity of

PKC and PKAwith an enzyme-linked immunosorbent assay

(ELISA). Cytosolic PKC activity was not inhibited by

honokiol (Table 4). In the positive control groups, PKC

activity was significantly reduced to 64% in the presence of

20 mM EGTA (for negation of calcium effects) or reduced

to 54% in PMA-pretreated samples (in which most of the

cytosolic PKC was translocated to the particulate fraction).

PKA activity was enhanced to 138% in the presence of

cyclic AMP (20 AM). Honokiol also did not modulate PKA

activity (Table 4).

3.5. Effect of honokiol on myeloperoxidase or GSH

peroxidase activity

To study whether modulation of myeloperoxidase or

GSH peroxidase activity contributed to the antioxidant
Table 4

Effect of honokiol on the protein kinase(s) activity

Protein kinase(s) activity (100�OD492/12 Al cell
lysate from 2� 107 cells)a

PKC PKA

Control (vehicle only) 291.6F 17.7 224.1F 20.2

+HK (0.1 AM) 287.6F 21.4 223.2F 18.5

+HK (1.0 AM) 284.6F 18.6 222.5F 16.5

+HK (10 AM) 279.4F 16.2 229.7F 24.6

+ EGTA (20 mM) 186.5F 20.2b ND

PMA-treatedc 157.1F14.7b ND

cAMP (20 AM)d ND 309.2F 21.4e

ND, sample not detected.
a Cytosolic proteins were extracted from neutrophils (2� 107) for the

determination of the protein kinase C (PKC) or adenosine-3V,5V-cyclic
monophosphate (cAMP)-dependent protein kinase (PKA) activity in the

presence of honokiol (HK), using a nonradioactive protein kinase assay kit

(CalbiochemR, Germany) based on an enzyme-linked immunosorbent

assay that uses a synthetic PKC or PKA pseudosubtrate and a monoclonal

antibody that recognizes the phosphorylated peptide. Negative control for

PKC was determined in the presence of 20 mM EGTA. Data are expressed

as 100�OD492/12 Al cell lysate from 2� 107 cells. Values represent the

meansF S.E.M. of three experiments performed on different days using

cells from different rats.
b P< 0.05 as compared with control, respectively.
c In some experiments, PMA (100 ng/ml) was added to live neutrophils

for stimulation/translocation of PKC prior to sonication, and cytosolic PKC

activity from this preparation was used as another negative control as most

of the cytosolic PKC had been translocated to the particulate fraction.
d In PKA activity assay, PKA activity was measured in the presence of

cAMP (20 AM).
e P < 0.05 as compared with control, respectively.

(vehicle).
effect of honokiol, we examined the effect of honokiol on

cytosolic myeloperoxidase or GSH peroxidase activity. The

myeloperoxidase activity in the control (vehicle only) sam-

ple was 7.12F 0.05 (100�OD460/2� 106 cells). Honokiol

significantly inhibited myeloperoxidase activity of neutro-

phils at concentrations of 1 and 10 AM (Fig. 2); however, at

1 and 10 AM, honokiol enhanced GSH peroxidase activity

by 20–30% (Fig. 3). These data illustrate that inhibition of

reactive oxygen species production or activation of reactive

oxygen species metabolism are possible mechanisms re-

sponsible for the reactive oxygen species scavenging effect

of honokiol.

3.6. Effect of honokiol on cyclooxygenase activity

Cyclooxygenase is an important enzyme in the genera-

tion of reactive oxygen species (Pepicelli et al., 2002;

Rieger et al., 2002). Our results demonstrated that honokiol

concentration (0.1–10 AM) dependently inhibited cyclo-

oxygenase activity (Fig. 4). Ibuprofen (1 mM), a relative

cyclooxygenase-1 inhibitor, did not cause a significant

inhibition of cyclooxygenase activity. Resveratrol (100
AM), a cyclooxygenase-1 (Johnson and Maddipati, 1998)

and cyclooxygenase-2 inhibitor (Subbaramaiah et al., 1998),

and NS-398 (50 AM), a selective cyclooxygenase-2 inhib-

itor, both significantly inhibited cyclooxygenase activity in

this study (Fig. 4).



Fig. 4. Effect of honokiol on cyclooxygenase activity of peripheral

neutrophils. Cyclooxygenase activity was determined with a chemilumi-

nescent-based cyclooxygenase assay kit (CalbiochemR, Germany). Cyto-

solic fractions (from 2� 107 cells/ml) were treated with vehicle (control),

0.1–10 AM honokiol (HK), 50 AM NS-398 (a cyclooxygenase-2 inhibitor),

100 AM resveratrol (RVT, a cyclooxygenase-1/cyclooxygenase-2 inhibitor)

or 1 mM ibuprofen (IBU, a cyclooxygenase-1 inhibitor). The cyclo-

oxygenase activity was then measured via addition of a proprietary

luminescent substrate and arachidonic acid. The chemiluminescent signal

was measured over 5 s in a microplate luminometer (OrionR) and expressed
in relative light units (RLU). Values represent the meansF S.E.M. of three

experiments performed on different days using cells from different rats.

*P < 0.05 as compared to control.

Table 5

Cell viability

Cell viability (%)a

Control (drug free) 98.2F 0.3

Vehicle control (0.05% DMSO) 97.6F 0.3

HK (0.1 AM) 97.8F 0.4

HK (1.0 AM) 97.7F 0.6

HK (10 AM) 96.8F 0.2

FMLP (1 AM) 92.1F 3.5

PMA (100 ng/ml) 89.6F 2.8

a Cell viability was measured by a propidium iodide exclusion assay as

described in Materials and methods. After incubation of cells (2� 106/ml)

with honokiol (HK) or test drugs for 1 h, cell suspension was further

incubated with propidium iodide (10 Ag/ml) and fluorescein diacetate (100

ng/ml) at room temperature for 10 min. Cell suspension was analyzed

immediately on a flow cytometer (FACSCaliburk; Becton Dickinson) by

recording forward and light scatter, red (>630 nm) and green (520 nm)

fluorescence. After gating for light scatter to include single cells and to

exclude clumps and debris, cell populations (1�104 cells) were displayed

as green (viable) versus red (dead) fluorescence. Cell viability (%) was

calculated by the CellQuestR software (Becton Dickinson) on a Power

Macintosh 7300/200 computer. Values represent the meansF S.E.M. of five

experiments performed on different days using cells from different rats.

Fig. 3. Effect of honokiol on GSH peroxidase activity of peripheral

neutrophils. Glutathione (GSH) peroxidase activity was determined in the

supernatants by mixing 0.1 ml of cytosolic fraction (from 2� 106 cells)

with 0.9 ml of reaction mixture containing 0.1–10 AM honokiol (HK). The

GSH peroxidase activity was assayed using the conversion of NADPH to

NAD by recording the changes in absorbance at 340 nm over 3 min

(DOD340) using H2O2 (Se-dependent activity) as substrate against a

reference that did not contain substrate. An additional blank containing all

components except glutathione reductase was used to correct for non-

enzymatic oxidation of GSH and NADPH by substrates (H2O2). Data are

expressed as the rate of change in absorbance (100�DOD340/2� 106 cell

equivalents). Values represent the meansF S.E.M. of three experiments

performed on different days using cells from different rats. *P< 0.05 as

compared to control (vehicle).
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3.7. Effect of honokiol on the cell viability

Our results demonstrated that honokiol in concentrations

ranging from 0.1 to 10 AM did not show significant

cytotoxicity as compared to control (drug-free or 0.05%

DMSO) after incubation with cell suspensions for 1 h (Table

5). Combination of honokiol with fMLP or PMA had a

similar effect to that of fMLP or PMA alone. Detection of

lactate dehydrogenase (LDH) activity, to quantify cytotox-

icity, yielded comparable results (data not shown).
4. Discussion

When tissue suffers from ischemia and reperfusion

injury, adhesion of circulating neutrophils to endothelial

cells and the generation of reactive oxygen species by these

inflammatory target cells could enhance neutrophil infiltra-

tion into the site of injury, mediating the pathogenesis of

ischemia/reperfusion injury (Fraticelli et al., 1996; Williams,

1994). Evidence shows that inhibition of reactive oxygen

species production could reduce the infiltration and recruit-

ment of neutrophils in cerebral ischemia/reperfusion injury

(Fabian and Kent, 1999). This can be further illustrated by

the following reports: probucol, an antioxidant, improved

post-myocardial infarction by reducing oxidative stress and

expression of pro-inflammatory cytokines (Bonnefont-

Rousselot et al., 1999; Sia et al., 2002), and attenuated

reperfusion-induced cardiac injury (Rabkin et al., 1999).

Similar results have been observed in our recent studies

showing that honokiol, an effective antioxidant, protected

animal against myocardial and cerebral ischemia/reperfu-

sion injury (Tsai et al., 1996, 1999; Liou et al., 2003)

although the mechanism(s) of action remained unclear. In
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this study, honokiol significantly prevented extracellular

O2
S � generation and intracellular reactive oxygen species

accumulation in activated rat neutrophils without having a

significant cytotoxic effect (Table 5), suggesting that the

anti-inflammatory potential of honokiol may underlie its

ischemia/reperfusion injury protective effect.

The production of reactive oxygen species by neutrophils

predominantly comes from the activation of NADPH oxi-

dase to generate O2
S�. This process involves the assembly of

PKC-mediated phosphorylation and translocation of cyto-

solic components (e.g., p47-phox, p67-phox) to membrane-

associated components (gp9l-phox and p22-phox) to form

an active NADPH oxidase enzyme complex (Clark et al.,

1990; Kadri-Hassani et al., 1995; Segal, 1989; Heyworth et

al., 1989). In this study, a particulate fraction isolated from

cells pretreated with PMA completed NADPH oxidase

assembly and generated O2
S� in the presence of NADPH

(400 AM) to 1.5- to 2.0-fold that of control cells (vehicle

only). Honokiol treatment before PMA activation did not

inhibit the NADPH oxidase activity in the particulate

fraction, indicating that the NADPH oxidase assembly

machinery was not interfered with by honokiol. In samples

pretreated with staurosporine (a broad spectrum PKC inhib-

itor) or cromolyn, an inhibitor of the assembly of NADPH

oxidase (Kilpatrick et al., 1995), NADPH oxidase activity

was significantly suppressed (data not shown). Since hon-

okiol also did not inhibit PKC activity, these results suggest

that honokiol did not prevent the PKC-dependent phosphor-

ylation and translocation of cytosolic component(s) that is

essential for NADPH oxidase activation. In addition to

PKC, activation of PKA could negatively regulate reactive

oxygen species production, possible by increasing cytosolic

cAMP (Orlic et al., 2002; Derian et al., 1995). Here, we

found that honokiol did not directly modulate PKA activity.

Whether cytosolic cAMP could be enhanced by honokiol, to

down-regulate reactive oxygen species production, awaits

further study.

In addition to NADPH oxidase and protein kinase(s),

there are several other possible targets for the regulation of

reactive oxygen species production in neutrophils that could

be modulated by honokiol. These possible targets include:

(1) myeloperoxidase, which generates the more potent

oxidant HOCl from H2O2, (2) cyclooxygenase, another

important enzyme in the generation of oxygen radicals

(Rieger et al., 2002), and (3) catalase or GSH peroxidase,

which convert O2
S � to water and oxygen. Honokiol signif-

icantly inhibited myeloperoxidase and cyclooxygenase but

enhanced GSH peroxidase activity without affecting cata-

lase activity (data not shown). Based on these findings, we

propose that multiple mechanisms for inhibiting reactive

oxygen species production and enhancing reactive oxygen

species metabolism might underlie the antioxidative effect

of honokiol, leading to the amelioration of focal cerebral

ischemia/reperfusion injury through the inhibition of neu-

trophil activation. Besides, based on the potency of hono-

kiol on the different cellular enzyme systems examined in
this study, we speculate that cyclooxygenase could be the

preferred site targeted by honokiol. Whether the effect of

honokiol on cyclooxygenase activity is due to the inhibition

of cyclooxygenase-1 or cyclooxygenase-2 activity awaits

further study. However, in view of the finding that honokiol

had a potency similar to that of resveratrol (100 AM) and

NS-398 (50 AM) at low concentrations (1–10 AM) (Fig. 4),

we propose that the inhibition of cyclooxygenase activity by

honokiol might involve cyclooxygenase-2 rather than cyclo-

oxygenase-1 in our assay system.

In conclusion, our data suggest that honokiol could impair

reactive oxygen species production through, at least in part,

three distinct mechanisms: (1) inhibition of NADPH oxidase

activity without interfering with the PKC- or PKA-depen-

dent signaling pathway, (2) inhibition of myeloperoxidase

and cyclooxygenase activities, and (3) enhancement of GSH

peroxidase activity. As a powerful antioxidant acting by

multiple mechanisms, honokiol could protect animals

against focal cerebral ischemia/reperfusion injury by inhibit-

ing reactive oxygen species-related inflammatory responses

that predominantly feature neutrophil activation in injured

tissue.
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