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Abstract

Honokiol is a small-molecule polyphenol isolated from the genus Magnolia. It is accompanied by other related
polyphenols, including magnolol, with which it shares certain biologic properties. Recently, honokiol has been
found to have antiangiogenic, antiinflammatory, and antitumor properties in preclinical models, without ap-
preciable toxicity. These findings have increased interest in bringing honokiol to the clinic as a novel chemo-
therapeutic agent. In addition, mechanistic studies have tried to find the mechanism(s) of action of honokiol, for
two major reasons. First, knowledge of the mechanisms of action may assist development of novel synthetic
analogues. Second, mechanistic actions of honokiol may lead to rational combinations with conventional che-
motherapy or radiation for enhanced response to systemic cancers. In this review, we describe the findings that
honokiol has two major mechanisms of action. First, it blocks signaling in tumors with defective p53 function
and activated ras by directly blocking the activation of phospholipase D by activated ras. Second, honokiol
induces cyclophilin D, thus potentiating the mitochondrial permeability transition pore, and causing death in
cells with wild-type p53. Knowledge of the dual activities of honokiol can assist with the development of
honokiol derivatives and the design of clinical trials that will maximize the potential benefit of honokiol in the
patient setting. Antioxid. Redox Signal. 11, 1139-1148.

Introduction: History of Honokiol

ONOKIOL was initially described as a component of
Magnolia obovata, which is a component of Asian herbal
teas, including houpo and saiboku-tu (17). After isolation, sev-
eral neuronal activities were attributed to honokiol, including
suppression of seizure activity induced by intraventricular
injection of penicillin G and central muscle relaxation (57).
Honokiol was found to inhibit thrombosis by inhibiting
thromboxane formation and intracellular calcium mobilization
in platelets (21, 56). In the 1990s, honokiol was found to have
activity as a scavenger for hydroxyl radicals, lipid peroxida-
tion, and of acetyl-CoA:1-alkyl-sn-glycero-3-phosphocholine
acetyltransferase activity, a major intermediate in the produc-
tion of platelet-activating factor (PAF) (61).
Honokiol was found to potentiate the differentiation of
HL60 promyelocytic leukemia cells and cause apoptosis of
lung and colon cancer cells in vitro. Magnolol and a metha-

nolic extract of Magnolia were shown to exert a chemopre-
ventive effect in a murine model of skin carcinogenesis (22, 29,
36). Honokiol also was found to be a potent scavenger of
hydroxyl radicals, which is likely due to the allyl groups
(32, 42). The ortho allyl group could potentially form a six-
member ring after absorption of the hydroxyl group. This
may account for the superior antioxidant activity to magnolol,
which has two para-allyl groups to the hydroxyls, and thus
cannot form the six-member ring.

In Vivo and In Vitro Antitumor Activity of Honokiol

Our group was the first to demonstrate the efficacy of
honokiol against established tumors in mice (9). Honokiol was
selected over magnolol based on the observation that hono-
kiol was more effective on inducing apoptosis in SVR angio-
sarcoma cells. Treatment of SVR cells with honokiol caused
decreased phosphorylation of MAP kinase, akt, and c-src.
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This implicates an upstream target for honokiol. In addi-
tion, honokiol potentiated TRAIL-mediated apoptosis, and
honokiol cytotoxicity was partially abrogated by neutralizing
antibodies to TRAIL. Honokiol also has direct antiangiogenic
activity, in that honokiol blocks the phosphorylation and
rac activation due to VEGF-VEGFR?2 interactions (1).

Honokiol has been shown to have both direct antiangio-
genic and antitumor properties. In a study of patients with
chronic lymphocytic leukemia (CLL), honokiol had prefer-
ential activity against patient-derived CLL cells versus normal
lymphocytes (10). Honokiol causes apoptosis in CLL cells
through activation of caspase 8, followed by caspase 9 and 3
activation. Bax is upregulated by honokiol, with no effect on
bcl2. Mcl-1 is initially upregulated, followed by rapid cleav-
age. Honokiol prevented interleukin-4-mediated survival of
CLL cells, and potentiated the cytotoxicity of chlorambucil,
fludarabine, and cladribine (10).

A concurrent study of honokiol in multiple myeloma
demonstrated that honokiol killed myeloma cells from re-
lapsed patients at doses that did not kill PBMCs. Caspase 3, 7,
8, and 9 were induced by honokiol treatment, as well as PARP
cleavage. Honokiol caused cleavage of Mcl-1 and down-
regulation of XIAP, whereas Bad was markedly upregulated;
and Bid, p-Bad, Bak, Bax, Bcl-2, and Bcl-xL were unchanged
(26). Honokiol also induced release of mitochondrial proa-
poptotic protein AIF to the cytosol. Honokiol caused apoptosis
even in the presence of IGF-1, interleukin-6, bone marrow
stroma, and prevented phosphorylation of Akt, Stat-3, and
Erk2, again implying an upstream target of action (18, 26).

Subsequent reports have found that honokiol has activ-
ity against a variety of tumors. Honokiol has been found to
induce apoptosis in the colon cancer cell lines RKO and to
inhibit the growth of RKO cells in murine xenografts (54).
We have shown that honokiol prevents the growth of MDA-
MD-231 breast cancer cells in murine xenografts (59). Of
interest, MDA-MD-231 cells demonstrate mutant p53 and
mutant K-ras, which is preferentially observed in the triple-
negative breast cancer phenotype (24, 62). In the same study,
honokiol had less activity on the MCF7 breast cancer cell
line, which exhibits wild-type p53 and loss of pl6ink4a. Given
that SVR cells have defects in p53 signaling because of ex-
pression of SV40 large T, and that MDA-MB-231 cells also
express mutant p53, tumors that have defects in p53 signal-
ing may be targets of honokiol. Similarly, honokiol caused
apoptosis in other solid-tumor cell lines that contain mu-
tant p53 and ras activation, including lung and bladder cell
lines (19).

Honokiol has been shown to reverse the multidrug resis-
tance gene, and perhaps the ABCC transporter gene, the two
major mechanisms for drug efflux (60). This may be due to
decreased activation of NF-xB by honokiol (1). The efficacy of
honokiol in combination with docetaxol was assessed in a
nude mouse xenograft of lytic bone disease by using the met-
astatic C4-2 model. Honokiol had efficacy as monotherapy in
reducing microvessel count and tumor burden in mice, but
in combination with docetaxol, showed a dramatic reduction
in tumor volume, lytic disease of bone. Thus, the major role of
honokiol may be facilitating the efficacy of conventional che-
motherapy, by inhibiting NF-«B (46).

Honokiol has also been shown to potentiate the activity of
cisplatin in murine models of ovarian cancer, likely through a
similar mechanism (33).
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Tumor cells rely on several stimuli for optimal tumor
growth, including activation of focal adhesion kinases, down-
stream of integrins. Retrovirus-based knockdown of shb, an
adaptor for integrin-mediated signaling, was accomplished
by cre-mediated recombination. Loss of shb causes decreased
activation of focal adhesion kinase, but did not affect in vivo or
in vitro growth of SVR angiosarcoma cells (7, 18). Although
tumor cells lacking shb grow as well in vivo as parental SVR
cells, the growth of shb-deficient cells was markedly inhibited
by honokiol in comparison with parental cells in vivo. The
likely mechanism for this finding is that several redundant
inputs contribute to in vivo tumorigenesis, including oncogenic
ras, as well as integrin-mediated antiapoptotic signaling. Loss
of integrin-mediated signaling causes increased dependence
on oncogenic H-ras in the SVR cells. FAK is activated by mul-
tiple tyrosine kinases, including VEGFR2 and PDGFRp (27,
58). This provides a rationale for combination of tyrosine ki-
nase inhibitors plus honokiol (18). It is well known that EGFR
inhibitors are ineffective against lung cancers that have mutant
ras, and the combination of honokiol and a tyrosine kinase
inhibitor may result in improved efficacy (6).

The Mechanisms of Action

Grp94 has been implicated as a target of honokiol. Treat-
ment of a series of gastric cancer cell lines with honokiol re-
duced expression of grp94, in a calpain-dependent manner.
Blockade of calpain by chemical calpain inhibitors reduced
honokiol-mediated cytotoxicity (45). SIRNA-mediated down-
regulation of grp94 results in apoptosis in gastric cancer cell
lines. Low-dose honokiol was found to be effective in gastric
tumor xenografts in mice. The reason these tumors are so
sensitive to honokiol is not currently understood. Of interest,
AGS and MKN 45, which have wild-type p53, are less sensi-
tive to honokiol inducing calpain activity compared with N87
gastric cancer cells, which has mutant p53 (37).

An additional mode of cell death was recently described.
Honokiol induced expression of the mitochondrial protein
cyclophilin D and blockade of cyclophilin D by siRNA or
cyclosporin A (31). It induced necrosis through increased
outer mitochondrial permeability and, contrary to prior re-
ports, honokiol induced reactive oxygen. However, treatment
of cells with antioxidants did not prevent cell death due to
honokiol. Honokiol was effective in prolonging life in mice
xenografted with HL60 promyelocytic leukemia cells, both
intravenously and intraperitoneally injected (31). Given that
cyclosporin A is associated with massive increases in cuta-
neous malignancies with mutant p53 (39), addition of hono-
kiol may potentially block the protumorigenic effects of
cyclosporine without compromising the immunosuppressive
efficacy. Indeed, honokiol is mildly immunosuppressive as
monotherapy, in that it significantly alleviates a murine model
of inflammatory arthritis. It is currently believed that cyclo-
sporine exerts immunosuppressive effects through NFAT in-
hibition, but protumorigenic effects through inhibiting the
mitochondrial transition pore.

Honokiol affects NF-xB signaling, but not through a direct
effect on NF-«xB/DNA binding (1). Honokiol blocked NF-«xB
and Akt activation as a result of TNF-o stimulation, enhancing
TNF-a—mediated cell death. Honokiol inhibits TNF-induced
NF-xB activation, IxBa phosphorylation, and IxBo degra-
dation, and RANKL-mediated NF-xB activation. Honokiol
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FIG.1. Metabolic pathway of honokiol in cells that use a
ras signaling schema. Honokiol acts on the ras-Rhoa complex
to inhibit PLD expression. The inhibition of PLD expression
then causes consequential apoptosis in cells. Honokiol can
also act on cyclophilin D, via a loss of the pl6ink4a pathway,
which can induce necrosis or autophagy via two distinct
pathways. The first is the cyclophilin D effect to upregulate
Jnkl, causing bcl2 to phosphorylate, causing autophagy.
The second is the effect on WT p53 and bcl2, which leads to
mitochondrial permeability via the transition pore. The sec-
ond route leads the breakdown of the cellular system and
necrosis.

inhibits NF-xB—dependent reporter gene expression induced
by TNFR1, TRADD, TRAF, NIK, and IKKp. Consistent with
the effect of honokiol on NF-«xB is that honokiol decreases
levels of NF-«B target genes, including VEGF, matrix me-
talloproteinase 9 (MMP9), ICAM-1, and cyclooxygenase 2
(COX2) (1). These findings suggest a site of action upstream
of NF-xB/IKK, especially because Akt also is downregulated
in response to TNF-o. A separate study demonstrated that
honokiol blocks NF-xB activation because of a number of
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stimuli, including TNF-a, phorbol ester, and lipopolysac-
charide. Honokiol blocked the production of TNF-o, MCP-1,
interleukin-8, and ICAM-1, and was found to act at the level of
IKK or upstream of IKK (53).

Honokiol was found to exert apoptotic activity against
human prostate cancer cell lines LNCAP and PC3 cells (20).
Honokiol treatment of these cells induced phosphorylation of
ser 15 of p53, induction of p21, decreased phosphorylation of
retinoblastoma (Rb), and inactivation of the transcription
factor E2F1. As in the previous study on cyclophilin D, hon-
okiol induced reactive oxygen in prostate cancer cells, but the
induction was more pronounced in the LNCAP cells, which
have wild-type p53, compared with the PC3 cells, which have
mutant p53. Interestingly, oral gavage of 2mg of honokiol 3
times weekly significantly inhibited PC3 growth in vivo,
demonstrating significant oral bioavailability.

Honokiol has been particularly effective in several tumor
xenograft systems with deficits in p53 signaling, including
PC3, MDA-MD-231, and SVR cells, above and beyond their
effects on cellular proliferation in vivo. Honokiol blocks the
growth of bend3 hemangiomas in vitro, but does not affect the
proliferation of bend3 hemangiomas in nude mice (unpub-
lished data). Bend3 cells do not have deficits in p53 signaling,
unlike SVR endothelial cells. Thus, two modes of cell killing
have been observed to be due to honokiol. In cells with p53
deficits, potentiation of extrinsic pathways has been noted
(i.e., potentiation of TRAIL), followed by activation of caspase
3,7,and 9. A second pathway, associated with mitochondrial
dysfunction, reactive oxygen generation, and necrosis, may be
more important in tumors with wild-type p53 (Fig. 1).

Recent work by the Huang’s laboratory, and that of Singh,
suggests that cyclophilin D is most likely a major target of the
cytotoxic actions of honokiol. The Huang group found that
cells from high-grade esophageal dysplasia are highly sensi-
tive to honokiol, and that honokiol sensitivity could be ab-
lated by cyclophilin D siRNA or cyclosporin A, which inhibits
NFAT activity like tacrolimus, but also inhibits cyclophilin D
(31). In these cells, honokiol was found to cause cell death in an
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FIG. 2. A possible chemical mechanism in which
honokiol acts as a reactive oxygen (ROS) scaven-
ger. This allows honokiol to act as a significant in-
hibitor in reactive oxygen species (ROS)-driven
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tumors. This inhibition is in part a result of the ef-
fect that honokiol has on the expression of phos-
pholipase D (PLD) in the ras pathway. The direct
effect of honokiol is on the Ras-RhoA-ral complex,
which leads to the expression of phospholipase D
(PLD). The expression of PLD from this complex
is induced by rac, which is involved with PI3K and
a receptor activated by growth factors. Ultimately,
PLD activated IKK and IxB activity, which leads to
tumor growth. The Ras-RhoA-ral is induced by
serum deprivation. Studies have been done with
the combination of both serum-deficient tumors
with treatment of honokiol, varying from 10 to 15%
deficient. (For interpretation of the references to
color in this figure legend, the reader is referred to
the web version of this article at www.liebertonline.
com/ars).
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apoptosis-independent fashion. Intriguingly, mice deficient in
cyclophilin D are anxiety prone, and honokiol is a known
anxiolytic compound (31).

The antagonism of cyclosporin A and honokiol might have
beneficial properties. Cyclosporin A is a heavily used immu-
nosuppressant, but has major side effects in terms of hyper-
tension, renal dysfunction, and promotion of skin cancers and
lymphoma. Addition of honokiol to cyclosporin A might help
alleviate these side effects, which may be due to cyclophilin D
inhibition rather than NFAT inhibition, and because honokiol
by itself has been shown to have antiinflammatory properties
in murine models of arthritis, the addition of honokiol might
reduce the dose of cyclosporin A necessary to prevent organ
rejection (Fig. 2) (24, 31).

Effect of Honokiol on Reactive Oxygen Species

The inhibition by honokiol of reactive oxygen driven tu-
mors is due to its involvement with the NADPH oxidase
(NOX) pathway (44). This inhibition was first demonstrated
in neutrophils (32), and later, in hepatocytes (41) and human
umbilical vein endothelial cells (HUVECs) (44). NF-xB regu-
lates the signaling pathway of NOX-mediated oxidative
stress.

A possible chemical mechanism that may take place in-
volves a peroxide intermediate followed by the phenolic hy-
droxyl group attacking the peroxide carbon chain, yielding a
pentose or hexose ring and water (Fig. 4). Both conformations
are stable in cells and led to no side reactions. This shows the
effectiveness of honokiol on reactive-oxygen scavenging that
would be most effective in ROS-driven tumors.

A paradox of honokiol is that it may have both pro- and
antioxidant activities. We previously showed that honokiol
has antioxidant activities, perhaps because of the allyl groups
on honokiol, which can react with reactive oxygen species
(15), however, the antimitochondrial effects of honokiol may
generate reactive oxygen by activating the mitochondrial
permeability transition pore (Fig. 1). The ability of honokiol to
activate the mitochondrial pore may be dependent on the p53
status, with tumors with wild-type p53 having greater sus-
ceptibility to pore formation (31).

Two other polyphenols with similar reactive oxygen spe-
cies scavenging are magnolol and obovatol. Magnolol is an

|
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isomer of honokiol, differing in the relative arrangement of
hydroxyl group to allyl group on the phenolic ring. Magnolol
has been shown to attenuate oxidized low-density lipoprotein
(oxLDL)-induced ROS generation subsequently reducing NF-
kB activation (40). The magnolol attenuation of ROS has been
proposed as a reason for its inhibitory effect on neutrophil
adherence to the extracellular matrix during injury (43).
Obovatol, another polyphenolic compound found in Magrno-
lia, inhibits NF-xB activation, leading to apoptotic cell death;
its proposed mechanism is through inhibition of nitric oxide
(NO) as the reactive oxygen species (13).

Immune Effects of Honokiol

Previous in vitro data showing blockade of TNF-« pro-
duction, NF-«xB activation, and production of additional in-
flammatory cytokines suggest that honokiol would have
antiinflammatory properties at clinically achievable concen-
trations. To test this, collagen-induced arthritis was induced
in the CD40-LMP1 transgenic mouse, in which native CD40
is replaced by a CD40-LMP1 transgene (38). The effect of this
is to potentiate CD40 signaling, and the mice have an exag-
gerated autoimmune response to collagen-induced arthritis.
Treatment of these mice with honokiol significantly decreased
the clinical scores of collagen-induced arthritis in both nor-
mal and transgenic mice. Antibody production, most notably
IgG3, was diminished, as were IL-12, IL-6, interferon gamma,
and notably IL-17. These findings indicate that honokiol may
have benefit against IL-17-mediated inflammatory disorders,
including rheumatoid arthritis, psoriasis, and inflammatory
bowel disease. Preparations containing honokiol have also
been used in preclinical models of asthma, and clinical trials
are occurring in Japan (28, 51).

Honokiol is a dimer of allylphenol. The most abundant al-
lylphenols in nature are eugenol and isoeugenol, components
of clove oil. Interestingly, eugenol has some modest antitumor
activity and GABA, signaling activities (5, 48, 56). The posi-
tion of the allyl and phenolic hydroxyl groups is critical. We
initially tested 2,2 and 4,4’-dihydroxybiphenyl, and found
them to be devoid of activity; thus, a requirement for an allyl
group was postulated. We made allyl ethers of these com-
pounds and subjected them to the Claisen rearrangement,
forming allylated 2,2" and 4,4" dihydroxybiphenyl, but these
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FIG. 3. A table of analogues, including honokiol
and magnolol. This table includes data on compound
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FIG.4. Postulated products of
peroxide scavenging by hono-
kiol. Such compounds can in-
clude endoperoxides, bridged
endoperoxides, or nitrophenols.
As shown, multiple combina-
tions of oxygenated honokiol
can exist with ring enclosures
common in scavenging com-
pounds.
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OH

NH

4-allyl-2-(4,5-dihydrobenzo[d][1,3,2]dioxazepin-7-yl)phenol

OH

7-(5-allyl-2-hydroxyphenyl)-5-(2-hydroxyethyl)-2-
0x0-4,5-dihydrobenzo[d][1,3,2]dioxazepin-2-ium

compounds lacked activity as well, implying that placement of
the allylphenols also was critical. Spacing out of the allylphe-
nol groups resulted in activity against SVR cells, with allylated
diethylstilbestrol and bisphenol A having potent activity
against SVR cells. Unfortunately, the diethylstilbestrol deriv-
ative did not have activity in the SVR tumor model, possibly
because of rapid metabolism (3).

Analogues and Antiviral Activities

HIV is an attractive target for honokiol and honokiol
analogues (Fig. 3). While HIV causes profound immunodefi-

WV (3)H-muscimol

U GABA-A Receptors

FIG. 5. Honokiol enhances the
complexing of the o, subunit to
the GABA, receptor, which allows
better binding of (3)H-muscimol to
the GABA, receptor. This enhanced
binding allows better activation of the
neuron and more sustained signal. (For
interpretation of the references to color
in this figure legend, the reader is re-
ferred to the web version of this article
at www liebertonline.com/ars).

ciencies, paradoxically, IL-17- and TNF-a-mediated autoim-
mune disorders, such as psoriasis, are often exacerbated (8,
25). The use of both nucleoside and nonnucleoside reverse
transcriptase inhibitors are associated with mitochondrial
dysfunction, and the protease inhibitors can induce metabolic
disturbances, including lipodystrophy and hyperlipidemia.
One potential mechanism is through inhibition of ABC
transporters, which transport cholesterol, as well as mediate a
form of multidrug resistance. Atherosclerosis is inevitable in
long-term responders to HAART therapy for HIV, and in
general, patients receiving long-term HAART therapy expe-
rience premature aging (55).
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One of the major regulators of HIV-1 virion transcription
is NF-xB, which causes transcription of the HIV genome
through responsive sites on the HIV long terminal repeat
(LTR). Activation of NF-xB likely represents a common
mechanism through which inflammatory stimuli, such as
concurrent viral infection and TNF-o, production lead to en-
hanced HIV transcription. Honokiol and honokiol analogues
have been demonstrated to inhibit HIV viral replication at
doses that do not kill normal peripheral blood mononuclear
cells. Further studies are required to determine whether
combinations of honokiol analogues with HAART will lead to
enhanced antiviral activity with decreased side effects.

Honokiol Protection of Heart and Liver Cells

Along with its antitumor and antiviral properties, honokiol
has shown to improve the functions of normal human cells.
The first studies were conducted by using honokiol in place
of a-tocopherol in treating heart mitochondrial lipid perox-
idation caused by ADP and ferrous sulfate (34). Results of
oxygen consumption and malondialdehyde (MDA) produc-
tion showed that the honokiol inhibition was 1,000 times that
of a-tocopherol. As honokiol is better than a-tocopherol at
inhibiting lipid peroxidation, it was used to protect the myo-
cardium against ischemic injury by suppressing ventricular
arrhythmia during ischemia and reperfusion (52).

In light of this, studies were done to show the protective
effect of honokiol on hepatocytes from peroxidative injury,
oxygen consumption, and malondialdehyde formation. Re-
sults showed the mitochondrial control ratio and ADP/O of
honokiol-treated hepatocytes to be much higher than control
in reperfusion, in a dose-dependant manner (12). The precise
mechanism of how honokiol scavenges reactive oxygen and
nitrogen species is not known, but could occur through pu-
tative intermediates, such as endoperoxides and nitrate esters
(Fig. 4).

In recent studies, cyclophilin D has been shown to play a
fundamental role in basal brain functions and the homeostasis
of body weight (35). Mitochondrial cyclophilin D is the key
modulator in mitochondrial permeability transition, which is
the regulator of cell death induced by either calcium or oxi-
dative damage. The deletion of cyclophilin D gene in CyPD-
KO mice led to anxiety, exploratory avoidance, and learning/
memory avoidance. The deletion also led to an observable
lack of equilibrium. CyPD-KO mice also had larger amounts
of adipose tissue, leading to obesity. The ability of honokiol to
upregulate cyclophilin D allows honokiol to have a direct
effect on the overall health of the body.

One potential mechanism of the metabolic syndrome/
type II diabetes could be endoplasmic reticulum stress, caus-
ing depression of cyclophilin D, and honokiol might reverse
this by induction of cyclophilin D. Of interest, honokiol in-
duces AMP kinase and mimics adiponectin (unpublished
data), suggesting that honokiol may be beneficial in the
treatment of metabolic syndrome/type II diabetes.

Neurologic Effects of Honokiol

Honokiol was originally isolated as an anxiolytic principle
of Magnolia grandiflora. This indicated that, unlike other poly-
phenols, honokiol can cross the blood—-brain barrier, making it
an attractive candidate for the treatment of central nervous
system primary tumors and metastases. Honokiol also acts

FRIED AND ARBISER

on the GABA, receptor subunit o-2 to help to enhance the
binding of (3)H-muscimol (2) (Fig. 5). Honokiol exhibited in-
creased potency over the clinically used anesthetic propofol
(2,6-di-isopropylphenol) in enhancement of muscimol bind-
ing to cerebellar membranes (47). The unsubstituted, 2,2’-
dihydroxybiphenyl was completely inactive in this assay,
indicating the requirement for substituents for activity. The
GABA 4 agonistic properties of honokiol likely account for its
anxiolytic properties (30). Intriguingly, mice deficient in cy-
clophilin D, a potential target of honokiol, exhibit increased
anxiety, as well as obesity mediated by white fat accumula-
tion (35). If honokiol acts through cyclophilin D, cyclophilin
D-knockout mice should be resistant to the anxiolytic effects
of honokiol. Enhancement of cyclophilin D could potentially
modulate the binding of GABA to the GABA 4 receptor.

Honokiol also has been reported to have neurotropic ac-
tivities. These include enhancement of MAP kinase-mediated
neurite formation, and decreased death due to cerebral
ischemia/reperfusion. The mechanism for these findings is
unknown and could be due to either reactive oxygen scav-
enging or involvement of cyclophilin D or ras. These findings
on normal tissue are intriguing, especially given the cytotoxic
effect of honokiol and MAP kinase inhibition on a variety of
tumor cells.

Honokiol Antimicrobial Activity

Honokiol exhibits inhibition of microbial growth, although
less than common antibiotics (23), in various assays done.
Honokiol has been used to treat such periodontopathic mi-
croorganisms, Porphyromonas gingivalis, Prevotella gingivalis,
Actinobacillus actinomycetemcomitans, Capnocytophaga gingiva-
lis, and Veillonella disper, and no cytotoxicity against human
gingival fibroblasts and epithelial cells; along with other
gram-positive bacteria and fungi (11, 14). Mechanisms for the
antimicrobial actions of honokiol have yet to be uncovered.

In more recent applications, honokiol has been used to in-
hibit the growth of vancomycin-resistant enterococci (VRE)
and methicillin-resistant Staphylococcus aureus (MRSA), in a
dose- and time-dependent manner (49). These results are
promising for the honokiol antimicrobial activities, showing
the honokiol ability to be effective against more infectious
microorganisms where more common antibiotics have failed.

Clinical Uses of Honokiol

Honokiol inhibits multiple facets of signal transduction
(Fig. 2). Currently, it is not known whether honokiol has a
single major target or several minor targets. However, it has
several activities that make it desirable as a therapeutic. First,
it is orally bioavailable and crosses the blood-brain barrier.
Second, it inhibits NF-xB activity differently from other
known inhibitors. This suggests that it can sensitize tumors to
apoptosis in the face of conventional chemotherapy and ra-
diation, through downregulation of mdr and mcl-1. It seems
to have a particular affinity for bone-seeking tumors, perhaps
by affecting wnt/dkk signaling. Honokiol normalizes the
Warburg phenomenon in tumor cells, and perhaps may work
through a similar fashion to reverse type II diabetes, which
can also be caused by mitochondrial dysfunction. Finally, it
may be a useful adjunct to antiretroviral drugs, in part by
independently inhibiting HIV replication and inhibiting the
mitochondrial side effects of current antiretroviral therapy.
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FIG. 6. Purification of honokiol from Magnolia. Protection of magnolol with dimethoxypropane to make the magnolol-
acetonide enables honokiol to be purified via chromatography. Without the protection, both magnolol and honokiol, which
are structural isomers of each other, have the same polarity and cannot be separated. The protected magnolol can be
deprotected by using acid.

one hydroxyl group, we devised a large-scale purification
method that uses the protection of magnolol to obtain pure
honokiol via chromatography (3). The method takes advan-
tage of the close proximity of the phenolic hydroxyl groups of
magnolol and forms a protected diol generating the magnolol
acetonide, which separates from honokiol (Fig. 6). This puri-

Further study into the mechanism(s) of honokiol is clearly
warranted.

Isolation and Chemical Synthesis of Honokiol
and lIts Derivatives

One obstacle to both preclinical and clinical development of
honokiol has been isolation of honokiol and separation on a
large scale from its close relative, magnolol. Because honokiol
exists as a natural product with its structural homologue
magnolol, which differs from honokiol only in the position of

CH
HC:0, i
Br

A) \-'IcOH."H-aSO.l
BNOMC} i-PraNE

l 4-dioxan

PdCly(dppf)

@ l’du;(dppf), Kal'Oy
ONMOM

ch MeOH F

OMOM

fication method leads to 91% yields. The magnolol may be
deprotected afterward, by using aqueous HCL

Honokiol can be synthesized chemically via Pd-catalyzed
Myaura-Suzuki coupling (16) (Fig. 7). Even older syn-
thetic methods involve quinol-acetates with the Grignard

OMOM
COMe
OMOM
OTE

E) LiAlHg
F) HF/Pyridine/MeCN

G) NBS, PPhy
H) (.H3=(.(H)Mglir Cul

FIG.7. The Muara-Suzuki coupling mechanism. This synthetic process is the palladium-catalyzed cross-coupling between
two phenolic rings into a bisphenol compound. The mechanism of the Suzuki reaction is best viewed from the perspective of
the palladium catalyst. The first step is the oxidative addition of palladium to the halide to form the organo-palladium
species. Reaction with base gives the intermediate, which, via transmetalation with the boronate complex, forms the orga-
nopalladium species. Reductive elimination of the desired product restores the original palladium catalyst.
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FIG. 8. Synthetic scheme of honokiol and its derivatives.
The synthesis of honokiol derivatives by using various bi-
sphenol starting materials via an allylation of the phenolic
hydroxyl groups and then the Claisen rearrangement. Var-
ious derivatives have different effects on targets and varying
toxicity.

reagent, followed by a subsequent Claisen rearrangement
(50). Synthesis leads to only moderate yields, 15-26%, making
the purification a more sensible approach.

The synthesis of honokiol derivatives is an area of great
oncologic interest. Some of these synthetic attempts include
the phenolic O-allylation of biphenolic compounds, to make
the allyl ether, followed by a Claisen rearrangement (4) (Fig. 8).

Summary

Honokiol is a small molecule with broad antitumor activ-
ity. Unlike many other natural products, honokiol exhibits
a desirable spectrum of bioavailability. The development
of other polyphenolic agents has been hindered by poor ab-
sorption and rapid excretion (i.e., curcumin). Honokiol does
not have this disability, in that significant systemic levels of
honokiol can be obtained in preclinical models and that
honokiol can cross the blood-brain barrier. In this review, we
demonstrate that honokiol has two distinct mechanisms of
action. The first one is through inhibition of ras signaling, and
appears to be most active in tumors with defective p53 func-
tion. The second one is through induction of cyclophilin D and
activation of the mitochondrial transition pore. Honokiol
appears to have distinct activities against tumors with mutant
p53, through inhibition of ras-phospholipase D activation,
and tumors with wild-type p53, through induction of cyclo-
philin D and potentiation of the mitochondrial transition pore.

Honokiol also exhibits antiviral activity against HIV, per-
haps through inhibition of NF-«xB signaling. Thus, honokiol
may be useful in the setting of immunocompromise. Future
clinical trials should be carried out combining honokiol with
conventional chemotherapy, and increased efficacy might be
observed through alleviation of chemotherapy-induced NF-
kB activation. This knowledge is required for the develop-
ment of future analogues, which may target either of these
pathways, and for the development of clinical trials using
honokiol and honokiol analogues, in which p53 status may
play a key role in efficacy.
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