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a b s t r a c t

Honokiol, a compound extracted from Magnolia officinalis, has antitumor and antiangiogenic

properties in several tumor models in vivo. Among the downstream pathways inhibited by

honokiol is nuclear factor kappa beta (NFkb). A prime physiologic stimulus of NFkb is

reactive oxygen species. The chemical structure of honokiol suggests that it may be an

effective scavenger of reactive oxygen species. In this work, we have studied the reactions of

honokiol with superoxide and peroxyl radicals in cell-free and cellular systems using

electron spin resonance (ESR) and high-performance liquid chromatography (HPLC) tech-

niques. Honokiol efficiently scavenged superoxide radicals in xanthine oxidase and cyto-

chrome P-450 cell-free systems with the rate constant 3.2 � 105 M�1 s�1, which is similar to

reactivity of ascorbic acid but 20-times higher than reactivity of vitamin E analog trolox.

Honokiol potently scavenged intracellular superoxide within melanoma cells. In addition,

honokiol scavenged peroxyl radicals generated by 2,20-azo-bis(2-amidinopropane hydro-

chloride) (AAPH). The rate constant of the reaction of honokiol with peroxyl radicals

(1.4 � 106 M�1 s�1) was calculated from the competition with spin trap 5-(ethoxycarbo-

nyl)-5-methyl-1-pyrroline N-oxide (EMPO), and was found close to reactivity of trolox

(2.5 � 106 M�1 s�1). Therefore, honokiol is an effective scavenger of both superoxide and

peroxyl radicals, which may be important for physiological activity of honokiol.

# 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Honokiol is a small molecule that has been demonstrated to

have antiangiogenic and antitumor properties in diverse

tumors, including sarcomas, multiple myeloma, and chronic

lymphocytic leukemia [1]. In these previous studies, honokiol

was found to sensitize cells to tumor necrosis factor alpha

apoptosis inducing ligand (TRAIL), TNF alpha, doxorubicin,

and cladribine [2,3]. TRAIL and TNF alpha are known to be pro-
* Corresponding author. Tel.: +1 404 712 9550; fax: +1 404 727 3585.
E-mail address: dikalov@emory.edu (S. Dikalov).

Abbreviations: AAPH, 2,20-azo-bis(2-amidinopropane hydrochloride
onyl-2,2,5,5-tetramethyl-pyrrolidine; DHE, dihydroethidium; DTPA,
ethyl-1-pyrroline N-oxide; ESR, electron spin resonance; HO, honok

ione; NFkb, nuclear factor kappa beta; PKC, protein kinase C; PEG–S
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apoptotic under certain stimuli, but can also induce resistance

to apoptosis due to induction of NFkb, a well-known down-

stream effect of TRAIL and TNF alpha [4]. Indeed, inflamma-

tory lesions that express TNF alpha are also known to express

NFkb. One known stimulus of NFkb is reactive oxygen species,

such as superoxide and peroxyl radicals [5–8]. Honokiol has

been demonstrated to inhibit NFkb activation. Therefore,

scavenging of reactive oxygen species may be a mechanism

through which honokiol inhibits NFkb activation.
; CM, 3-methoxycarbonyl-proxyl; CMH, 1-hydroxy-3-methoxycar-
diethylenetriaminepentaacetic acid; EMPO, 5-ethoxycarbonyl-5-
iol; HPLC, high-performance liquid chromatography; MQ, mena-

OD, polyethylene glycol conjugated superoxide dismutase.
.
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Fig. 1 – Chemical structures of ascorbic acid, honokiol and trolox (vitamin E analog).
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Honokiol molecule contains two phenolic groups (Fig. 1)

which can exhibit antioxidant properties similar to vitamin E [9]

or polyphenols such as flavonoids [10]. However, scavenging of

free radicals by honokiol has not been documented. Meanwhile,

it has been reported that honokiol inhibited free radical induced

lipid peroxidation [11] and prevented oxidative modification of

LDL [12], reducing the oxLDL-induced cytotoxicity, apoptotic

features and expression of adhesion molecules. These data

suggest that attenuation of redox cell signaling [12] and

inhibition of lipid peroxidation [11] may be important for

physiological activity of honokiol. In this work we have

investigated scavenging of superoxide and peroxyl radicals

by honokiol and compared these reactions with well known

antioxidants ascorbate and vitamin E analog trolox (Fig. 1).

Previously, reactions of antioxidant with free radicals have

been studied by competition with spin traps and spin probes

[13]. For example, rate constant of antioxidant with super-

oxide radical can be calculated from inhibition of superoxide

detection at various concentrations of an antioxidant using

electron spin resonance (ESR) and spin probe 1-hydroxy-3-

methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH) [14].

CMH allows quantitative superoxide detection with high rate

constant (1.2 � 104 M�1 s�1) producing stable nitroxide radical

3-methoxycarbonyl-proxyl (CM) [14]. So, the rate constant of

superoxide with honokiol can be calculated from inhibition of

nitroxide ESR signal at increasing concentrations of honokiol.

An alternative method for detection of intracellular super-

oxide is based on dihydroethidium [15]. Recently, high-

performance liquid chromatography (HPLC) detection of intra-

cellular superoxide by fluorescent product of dihydroethidium

has been described [16]. In this work we have studied reactions

of honokiol with superoxide in cell-free and in WM35PKB cells, a

highly tumorigenic human melanoma cell line that over-

expresses Akt, using HPLC detection of 2-hydroxyethidium [17].

Radical initiator 2,20-azo-bis(2-amidinopropane hydro-

chloride) (AAPH) is commonly used to study lipid peroxida-

tion. Peroxyl radicals generated by AAPH (reaction (1)) can be

detected by spin traps such as EMPO [18], which produces

stable EMPO/�OR radical adduct (reaction (2)) [19]. Meanwhile,

scavenging of peroxyl radicals by honokiol will inhibit

formation of the EMPO radical adduct (reaction (3)):

AAPHðR�N ¼ N�RÞ ! ROO� þ N2 (1)

EMPO þ ROO� ! EMPO=�OR (2)

Honokiol þ ROO� ! ROOH (3)

In this work we report that honokiol is a potent scavenger of

both superoxide and peroxyl radicals. This activity may under-
lie in part honokiol’s antitumor activity and suggests that

honokiol may be useful in photoaging as well.
2. Materials and methods

2.1. Reagents

Honokiol was obtained from Wako Chemical Company

(Tokyo, Japan). Diethylenetriaminepentaacetic acid (DTPA),

menadione, xanthine, polyethylene glycol conjugated super-

oxide dismutase (PEG–SOD), and xanthine were obtained from

Sigma–Aldrich (St. Louis, MO). Xanthine oxidase was pur-

chased from Roche Molecular Biochemicals (Indianapolis, IN).

The spin probe 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetra-

methyl-pyrrolidine (CMH), spin trap 5-ethoxycarbonyl-5-

methyl-1-pyrroline N-oxide (EMPO) and trolox were pur-

chased from Alexis Corporation (San Diego, USA). NADPH

2,20-azo-bis(2-amidinopropane hydrochloride) (AAPH) was

purchased from Cayman Chemical Co (Ann Arbor, MI). NADPH

and cytochrome P-450 reductase were obtained from Calbio-

chem (San Diego, CA). Dihydroethidium was purchased from

Molecular Probes (Eugene, OR) and dissolved in nitrogen-

purged DMSO. The modified Krebs–HEPES buffer for cell

studies was composed of (in mM) 99.01 NaCl, 4.69 KCl, 2.50

CaCl2, 1.20 MgSO4, 25 NaHCO3, 1.03 K2HPO4, 20 Na-HEPES, and

5.6 D-glucose, pH 7.35.

2.2. ESR experiments

All ESR samples were placed in a 10 mm flat cell (Wilmad, NJ).

ESR experiments were carried out in 50 mM sodium phosphate

buffer (pH 7.4) with 0.9% NaCl. To inhibit iron-catalyzed

reactions, DTPA (100 mM) was added to all samples. ESR

spectra were recorded at room temperature using an EMX ESR

spectrometer (Bruker BioSpin, Massachusetts) and an SHQ

microwave cavity. For EMPO samples, five consecutive ESR

spectra were recorded, where each spectrum was scanned

with the following settings: field sweep, 70 G; microwave

frequency, 9.78 GHz; microwave power, 40 mW; modulation

amplitude, 0.7 G; conversion time, 40.96 ms; time constant,

40.96 ms; receiver gain, 1 � 105; number of points, 1024;

number of scans, 8. Superoxide detection by CMH was

performed by following the low-field peak of the nitroxide

ESR spectra using time scans with the following ESR settings:

microwave frequency, 9.78 GHz; modulation amplitude, 2 G;

microwave power, 20 mW; conversion time, 1.3 s; time

constant, 5.2 s; receiver gain, 1 � 105; and number of points,

1024. ESR experiments were repeated at least three times.



b i o c h e m i c a l p h a r m a c o l o g y 7 6 ( 2 0 0 8 ) 5 8 9 – 5 9 6 591
2.3. Superoxide radical generation

The xanthine oxidase superoxide generating system [20]

contained xanthine oxidase, xanthine (50 mM), and DTPA

(0.1 mM) in 50 mM sodium phosphate buffer (pH 7.4) with 0.9%

NaCl. Cytochrome P-450 reductase superoxide generating

system [21] consisted of NADPH (0.1mM), menadione

(10 mM), and 1 mU cytochrome P-450 reductase.

2.4. Simulation of ESR spectra

Computer simulation of experimental ESR spectra was used

for the calculation of hyperfine coupling constants. Programs

for the simulation of ESR spectra and the spin-trap database

are readily available to the public through the Internet (http://

epr.niehs.nih.gov/). The details of this computer simulation

program have been described elsewhere [22]. Hyperfine

coupling constants are expressed as an average of ESR

parameters obtained from computer simulations using at

least three experimental spectra, which provides precision of

not less than 0.05 G.

2.5. Preparation of spin probe stock solutions

Stock solutions of 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetra-

methylpyrrolidine (CMH) (10 mM), dissolved in 0.9% NaCl

containing 0.1 mM DTPA and purged with argon, were prepared

daily and kept under argon on ice. DTPA was used to decrease

auto-oxidation of CMH catalyzed by trace amount of transition

metals. CMH was used in a final concentration of 1 mM.

2.6. Cell culture

WM35pKB cells (gift of Joyce Slingerland, University of Miami)

were plated in 100 mm dishes and grown to confluence. Cells

were maintained at 37 8C, 5% CO2, and Dulbecco’s modified

Eagle’s medium supplemented with 5% fetal calf serum [23].

2.7. Detection of intracellular superoxide with high-
performance liquid chromatography

To evaluate intracellular production of superoxide, we

measured the formation of 2-hydroxyethidium from dihy-

droethidium (DHE) using HPLC analysis as recently reported

[17]. Medium was removed from cells platted on 100 mm dish

and replaced with 10 mM DHE in fresh Krebs–HEPES buffer.

After 20 min incubation at 37 8C buffer was aspirated, cells

were collected into 300 mL methanol, and cell homogenate was

filtered via 0.2 mm filter. Separation of ethidium, 2-hydro-

xyethidium, and dihydroethidium was performed with the

use of an acetonitrile gradient and a C-18 reverse-phase

column (Nucleosil 250-4.5 mm) on a Beckman HPLC system

with a fluorescence detector Jasco FP-2020 (Easton, MD) using

an emission wavelength of 580 nm and an excitation of

480 nm. 2-Hydroxyethidium was expressed per milligram of

protein. In some samples, PEG–SOD (25 U/mL) or honokiol

(10 mM) was added 20 h prior to addition of dihydroethidium.

PEG–SOD inhibited the 2-hydroxyethidium signal by 90%.

Of note, HPLC analysis (DHE protocol) did not show

significant cellular metabolism of honokiol, while cellular levels
of honokiol after 30-min and 20-h incubation were identical.

Acute treatments with honokiol led to similar decrease in

superoxide detection as 20-h incubation. However, 20-h

incubation was selected for comparison with PEG–SOD which

required significant time for intracellular accumulation.

2.8. Statistical analysis

Data are presented as mean � standard error. For comparison

of two groups, a two-tailed t-test was employed using Excel

software. Statistical significance was assumed when p < 0.05.
3. Results

3.1. Measurement of the rate constant of superoxide
reaction with honokiol

Previously, we have measured the rate constant of scaven-

ging reactions by competition with spin probes such as CMH

[24]. In this work redox-cycling agent menadione and NADPH

dependent cytochrome P-450 reductase were used as super-

oxide generating system [21]. The rate constant of superoxide

reaction with honokiol was determined by competition with

CMH (Fig. 2). Honokiol inhibited accumulation of CM-

nitroxide in concentration dependent manner (Fig. 2A).

Linear regression of honokiol dependent inhibition provided

the ratio of the rate constants for honokiol/CMH as high as

26.5 � 0.6 (Fig. 2B), which gives an estimate for honokiol

rate constant as 3.2 � 105 M�1 s�1 (CMH rate constant is

1.2 � 104 M�1 s�1). It is interesting that the rate constant of

superoxide reaction with honokiol is very similar to one of

the most efficient superoxide scavenger ascorbic acid

(3.3 � 105 M�1 s�1) [25] and 20-times higher than the rate

constant of vitamin E analog trolox (1.7 � 104 M�1 s�1) [26].

Meanwhile, honokiol is much more lipophilic than ascorbate.

Therefore, honokiol may enhance superoxide scavenging in

lipid and hydrophobic environment.

3.2. Scavenging of superoxide in cell-free and cellular
systems

Dihydroethidium is a well-known probe for intracellular

superoxide [15]. It has been recently reported that the

reaction of superoxide with dihydroethidium produces

specific product 2-hydroxyethidium, which can be quantified

by fluorescent detection with HPLC [16,17]. We have studied

the effect of honokiol on intracellular superoxide using

dihydroethidium and HPLC. Superoxide production was

compared in WM35pKB cells, cells treated with 10 mM

honokiol or cells treated with cell permeable PEG–SOD. It

was found that honokiol inhibited the formation of 2-

hydroxyethidium by 47%, while PEG–SOD almost completely

blocked superoxide detection (Fig. 3).

Effect of honokiol on intracellular superoxide was com-

pared to inhibition of 2-hydroxyethidium formation in cell-

free xanthine oxidase system. It was found that honokiol

inhibited superoxide detection by 67% (Fig. 4). Therefore, our

cell-free data support that an inhibition of intracellular 2-

hydroxyethidium is due to the scavenging of superoxide.

http://epr.niehs.nih.gov/
http://epr.niehs.nih.gov/


Fig. 2 – Measurement of the rate constant of superoxide reaction with honokiol by competition with spin probe CMH (1 mM)

in cytochrome P-450 reductase system (10 mM menadione, 0.1 mM NADPH and 1 mU cytochrome P-450 reductase). (A)

Accumulation of CM-nitroxide in superoxide generating system in the presence of various concentrations of honokiol. CM

accumulation was followed by an increase in intensity of low field component of ESR spectrum indicated by arrow (insert)

and (B) inhibition of CM accumulation by honokiol. ESR settings were as described in Section 2.
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3.3. Spin trapping study of honokiol reaction with AAPH-
derive peroxyl radical

Reactions of peroxyl radicals were studied by spin trapping

technique with EMPO [18]. It has been previously reported that

spin trapping of peroxyl radicals with nitrones such as EMPO

produces alkoxyl radical adduct [27]. Indeed, analysis of

peroxyl radical generator AAPH with spin trap EMPO showed

typical 4-line ESR spectrum of tertiary alkoxyl radical adduct

(Fig. 5B) [19]. Computer simulation (Fig. 5C) revealed the

presence of two diastereomers of the radical adduct (Fig. 5 D

and E) because of the presence of 2-chiral centers on the
Fig. 3 – Detection of intracellular superoxide using dihydroethid

with 10 mM honokiol or cell-permeable PEG–SOD (25 U/mL). Inse

with 10 mM DHE.
position 2 and 5 of the radical adduct [20]. Interestingly,

addition of honokiol (0.2 mM) to EMPO (60 mM) strongly

inhibited the formation of EMPO radical adduct (Fig. 5F). It is

important to note that honokiol inhibited the formation of

EMPO radical adduct only when it was added before EMPO

reaction with peroxyl radicals, while honokiol added 5-min

after incubation of EMPO with AAPH did not affect ESR

amplitude of EMPO radical adduct (Fig. 5B), which shows no

direct reduction of EMPO radical adduct by honokiol. Further-

more, addition of honokiol resulted only in decrease of peroxyl

derived radical adduct (Fig. 5, arrows) without the formation of

new honokiol derived radical adducts.
ium and HPLC in WM35pKB cells following 20-h treatment

rt shows typical HPLC tracing of WM35pKB cells incubated



Fig. 4 – Scavenging of superoxide by honokiol (10 mM) measured by dihydroethidium and HPLC in xanthine (50 mM) plus

xanthine oxidase (1 mU/ml) superoxide generating cell-free system.
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Vitamin E and its analog trolox (Fig. 1) are well-known

scavengers of the peroxyl radicals. So, we have studied

scavenging of peroxyl radical by trolox using spin trap EMPO

and compared an inhibition of EMPO radical adduct formation

with honokiol. Addition of 0.2 mM trolox led to 6-fold decrease

of EMPO/�OR amplitude and appearance of new trolox derived

carbon-centered radical adduct (Fig. 5G, arrows). Comparison

of the effects of honokiol and trolox showed that trolox had

slightly higher efficiency of scavenging of peroxyl radicals.

However, EMPO has detected secondary carbon-centerd

radicals derived from trolox. These trolox-derived secondary

radicals may be involved in propagation of free radical damage

and, therefore, attenuate antioxidant activity of trolox.

3.4. Measurement of the rate constant of honokiol reaction
with peroxyl radical

Honokiol inhibited the formation of EMPO radical adduct in

concentration dependent manner (Fig. 6). Therefore, we

calculated the rate constant of honokiol reaction with AAPH

derived peroxyl radical by competition with spin trap EMPO and

comparison with trolox (Fig. 6). The ratio of the rate constants of

trolox to EMPO was 1.8-fold higher than one of honokiol. The

rate constant of trolox was previously determined as 2.5 �
106 M�1 s�1 [28]. So, the rate constant of peroxyl radical reaction

with honokiol is estimated as 1.4 � 106 M�1 s�1. It is important

to note that reactivity of honokiol with peroxyl radical is very

high and it is close to one of vitamin E and its analog trolox. This

may suggest that scavenging of peroxyl radicals by honokiol

may contribute to antioxidant activity of honokiol.
4. Discussion

Various reactive oxygen species, including superoxide and

peroxyl radicals, are generated as a consequence of cellular

metabolism, and are accentuated by pathophysiologic pro-

cesses. Dysregulation of reactive oxygen species has been

implicated in numerous human disorders, including neopla-
sia, inflammation, degenerative diseases, and environmental

exposures, especially ultraviolet light [29–34]. One of the

cardinal features of reactive oxygen mediated disease is that

cells undergo maladaptation to the initial insult which results

in perpetuation of reactive oxygen generation. Examples of

this include mitochondrial DNA mutations in photoaged skin

as well as cancer, and the generation of reactive oxygen

species in neurodegenerative disorders including Alzheimers

and Parkinson’s disease [35,36]. This persistent generation of

reactive oxygen species serves as a therapeutic target for

treatment. In the present study, we demonstrated that

honokiol is an effective scavenger of both superoxide and

peroxyl radicals.

By examining the competition between honokiol and spin

probe CMH for O2
��we were able to calculate the rate constant

of superoxide reaction with honokiol as 3.2 � 105 M�1 s�1. The

rate constant of the reaction of honokiol with peroxyl radicals

was calculated from the competition of honokiol with spin

trap EMPO and it was 1.4 � 106 M�1 s�1. It is interesting that

scavenging of superoxide radical by honokiol was similar to

vitamin C but was much more effective than by vitamin E

analog trolox. Meanwhile, scavenging of peroxyl radical by

honokiol was similar to vitamin E. Our data have shown that

honokiol reduced intracellular superoxide by 2-fold, which

was similar to its effect in cell-free system. Therefore, free

radical scavenging may be an important for physiological

activity of honokiol.

Previously, it has been reported that honokiol inhibited

copper-induced oxidative modification of LDL [12] and iron-

stimulated lipid peroxidation [11]. This inhibition may result

from metal chelation. However, addition of ferric and cupric

ions to honokiol did not affect optical absorption and honokiol

did not inhibited metal-catalyzed oxidation of ascorbate (data

not shown), which does not support chelation of transition

metals by honokiol.

Meanwhile, it is known that O2
�� overproduction stimu-

lates lipid peroxidation. This may occur by the release of redox

active iron from protein iron-sulfur clusters, such as aconi-

tase, and reduction of metals feeding Fenton-like reactions.



Fig. 5 – Scavenging of peroxyl radicals by honokiol. (A) ESR

specrum of 60 mM EMPO, (B) specrum of EMPO plus 10 mM

AAPH, (C) Composite computer simulation of (B), (D) first

component of composite simulation with hyperfine

coupling constants aN = 13.6 G, aH
b ¼ 12:7 G, aH

g ¼ 0:9 G, (E)

second component of composite simulation with

hyperfine coupling constants aN = 13.6 G, aH
b ¼ 15:2 G,

aH
g ¼ 0:9 G, (F) addition of honokiol (0.2 mM) inhibited

formation of the EMPO radical adduct due to scavenging of

AAPH derived peroxyl radical by honokiol and (G) addition

of trolox (0.2 mM) led to 6-fold decrease of EMPO/�OR

amplitude and appearance of new two trolox derived

carbon-centered radical adducts indicated by arrows

(hyperfine coupling constants aN = 14.6 G, aH
b ¼ 23:1 G and

aN = 14.5 G, aH
b ¼ 20:6 G). ESR settings were as described in

Section 2.

Fig. 6 – Calculation of the rate constant of peroxyl radical

reaction with honokiol determined by competition with

spin trap EMPO and comparison with vitamin E analog

trolox. Insert shows typical ESR spectrum of EMPO/�OR in

the presence of 60 mM EMPO and 10 mM AAPH.

Accumulation of EMPO/�OR was followed by an increase in

intensity of low field component of ESR spectrum

indicated by arrow (insert). Ao is ESR amplitude of

EMPO/�OR radical adduct in the absence of antioxidants, A

is ESR amplitude of EMPO/�OR radical adduct in the

presence of antioxidants. The slope of linear regression is

equal to the ratio of the rate constants of scavenging

reactions of antioxidants to the one of spin trap EMPO. The

rate constant of trolox was previously determined as

2.5 T 106 MS1 sS1. Thus, honokiol rate constant with

peroxyl radicals is 1.4 T 106 MS1 sS1.
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Our data showed that honokiol decreased the level of cellular

O2
�� by 47% which might also inhibit initiation of lipid

peroxidation. Furthermore, by scavenging of lipid peroxyl

radicals honokiol will inhibit propagation of lipid peroxida-

tion. Therefore, honokiol may inhibit lipid peroxidation by

blocking both initiation and propagation of lipid peroxidation

which can be accounted for much higher than vitamin E

antioxidant activity of honokiol in the liver and heart

mitochondria [11,37].

It has been reported that honokiol can induced cell

apoptosis (IC50 = 49 mM) and the malignant cells are more

susceptible [3]. However, 10 mM honokiol was not cytotoxic

and it did not stimulate apoptosis [3]. Therefore, decrease of
superoxide in honokiol treated cells in our experiments is not

associated with apoptosis.

It was reported that honokiol diminished the activity of

assembled-NADPH oxidase, a major reactive oxygen species

producing enzyme in neutrophils by 40% without interfering

with protein kinase C (PKC)-dependent assembly [38]. Our data

suggest that honokiol is likely to act as a scavenger of

superoxide rather than direct inhibitor of NADPH oxidase.

It is clear that scavenging of free radicals may directly or

indirectly affect cell signaling. First, decrease in superoxide

may reduce redox and metal dependent expression of E-

selectin and VCAM-1 [39]. Second, decrease in lipid peroxida-

tion may also affect cell signaling [40,41]. Finally, free radicals

directly react with nitric oxide leading to its inactivation [42].

Therefore, decrease in superoxide and lipid oxidation should

lead to an increase in bioavailable nitric oxide, which will

stimulate cGMP-dependent pathways [43].

In this work we showed that honokiol (10 mM) reduced

cellular O2
�� by almost 50% which may contribute to inhibition

of redox-dependent activation of macrophages by honokiol

(IC50 = 6.4 mM) [44]. Interestingly, other phenolic antioxidants

such as flavonoids are also known to suppress cellular O2
��

production (IC50 = 8.4 mM) and 3-day flavonoid treatment

reduced redox-dependent expression of p47phox subunit of

NADPH oxidase [45]. Regardless mechanisms of physiological

activity (free radical scavenging, NADPH oxidase inhibition,
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increase in nitric oxide [46]) it is clear that effect of honokiol on

cellular redox regulations is very important.

Attempts to use reactive oxygen scavenging in human

disease have shown mixed results. Treatments with vitamins

C and E have been complicated by issues of delivery and

bioavailability [47]. Recent data suggests that high concentra-

tions of vitamin C and E may have pro-oxidant activities

[48,49]. Clinical trials of antioxidants in cancer prevention may

have been unsuccessful for this reason. On the other hand,

disulfiram, a potent inhibitor of TNF-alpha-induced reactive

oxygen species [50], has been effective in the treatment of

melanoma in mice and humans [51,52]. Thus, the choice and

mechanism of antioxidant may be critical for optimal clinical

benefits. Meanwhile, not all effects of honokiol may be

explained on the basis of its free radical scavenging.

Honokiol has already been shown to be efficient in multiple

tumor xenograft models in mice, including sarcoma, and

hormone independent breast, and prostate cancers [1].

Honokiol downregulates NFkb activity [6], which may be

due to free radical scavenging, but also inhibits phosphoino-

sitol-3 kinase/akt signaling [1], which may be independent of

reactive oxygen signaling. Honokiol may thus impact on

several pathways, including reactive oxygen. Having more

than one mechanism of action has been shown to be beneficial

for drugs, as there is an increased incidence of tumor

resistance to the newer specific targeted therapies.
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