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1. INTRODUCTION

Plant hormones, also referred to as phytohormones, are
defined to be naturally occurring organic substances that influ-
ence at low concentrations plant physiological processes such as
growth, differentiation, development, and response to abiotic
and biotic stresses. As a matter of fact, “classical” plant hormones
have been a research topic of numerous laboratories for cen-
turies. Among them, plant growth regulators such as auxin,
gibberellin (GA), cytokinin (CTK), abscisic acid (ABA), and
ethylene, together with defense hormones including salicylic acid
(SA), jasmonic acid (JA), and methyl jasmonate (M]), have
received long-time attention regarding the mechanism governing
the key processes of plant development and physiology. As an
array of functional biomolecules, some phytohormones were
disclosed “unexpectedly” to possess substantial activities toward
nonplant organisms in addition to the “traditional” function in
living plants. These discoveries ended the “dormancy period” of
the interesting area that used to be nearly neglected.

To one’s surprise, JA, a plant stress hormone, exerted anti-
tumor activity against human cancer cell lines."* Acetyl salicylic
acid (Aspirin), a close relative of SA (a defense phytohormone),
was demonstrated to be a potent inhibitor on mammalian
cyclooxygenases.® This fundamentalizes at least in part why SA
acetate registered as Aspirin early in 1899 remains the most
widely prescribed anti-inflammatory and/or analgesic drug.
These fascinating observations are compounded by indole-3-
acetic acid (IAA, a predominant kind of auxin), which is remark-
ably active against some human cancer cells in the presence
of horseradish peroxidase (HRP).* In the process of plant—
microbe interaction, pathogens regulate the production and
signaling responses of plant hormones to realize the successful
infection, and the plant is obligated to produce phytohormones
that act against the invasive bugs to rescue themselves.” This is
exemplified by the involvement of phytohormone CTK in the
interaction of a soilborne pathogen Plasmodiophora brassicae
with some host plants belonging to the Brassicaceae family,
where the fungus capable of producing CTKs independently is
believed to downregulate the degradation of plant CTKs and
induce the expression of CTK receptors.® Similarly, Pseudomonas
syringae could use virulence factors such as AvrRpt2 (encoded
by an avirulene (avr) gene avrRpt2) to elevate, during infection
progression, the auxin levels to repress host plant defenses,
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thereby facilitating bacterial invasion and colonization.” Com-
pounding the modulatory action of phytohormones on plant—
microbe interaction, some phytohormones such as IAA or kinetin
(also belonging to CTK) were found to be active toward plant-
parasitic nematode Globodera rostochiensis by decreasing its surface
lipophilicity, which is important in the nematode development
during and after an adaptation to the host’s tissue.”” Moreover,
strigolactones seem to have a wider spectrum of cross-kingdom
actions than expected. (+)-Strigol, the first member of this group
of lactones, was characterized early in 1972 as an effective
germination stimulant of certain parasitic weeds such as Striga
spp.' " Later on, this compound was found to act as a signal mole-
cule affecting the hyphal branching of some arbuscular mycorrhizal
(AM) fungi.'” Recently, strigolactones have been validated to
regulate plant branching through the inhibition of the bud out-
growth, thus defined as a novel class of phytohormone.'® Taken
together, the versatile action of phytohormones on nematodes and
microbes suggests the coevolved communication of plants with
their neighboring organisms ranging from prokaryotes to lower
eukaryotes. These well-ascertained findings on the topic raise new
intriguing questions concerning the roles of plant hormones in
mammalian and probably microbial cells and intensify the neces-
sity to pay fresh attention to the cross-kingdom functions of these
plant regulatory molecules.

Some experimentations suggested that plant and animal
innate immunity system both involve perception of pathogen-
associated molecular patterns (PAMPs) for protections against
pathogens, and the comparable innate immunity systems are
implicated in plant and animal defense responses.* This high-
lights at least qualitatively that some plant stress hormones such
as JA and SA are distinguished molecules capable of acting on
both plants and mammals. Therefore, it would be under expecta-
tion that JA and SA, maybe along with their derivatives, play
crucial roles in basic cellular processes shared by or common to
both plant and nonplant cells. Furthermore, the detailed recogni-
tion of such similarities or comparabilities between stress-asso-
ciated hormone signalings of plant and animal cells would lighten
the silent avenue to novel phytohormone analogues and com-
pounds inspired by plant hormone with spectacular therapeutic
efficacies, which may be used to conquer complicated human
diseases such as cancers, cardiovascular disorder, and infections
arising from drug-resistant pathogens.

The number of plant-derived therapeutical agents in preclinical
trials is quite big, and the list of medically promising phytohor-
mones is currently extending with the increasing interest and
attention from the academy and industry, while the elucidation of
the phytohormone signaling pathway in plants keeps progressing
in a fascinating manner. Growing faster is the pile of evidence
about how phytohormones and derivatives thereof are involved
in nonplant cellular processes such as cell cycle, apoptosis, and
membrane fluidity. These observations prompted us to review
mainly from 353 references reporting the research progress and
highlights of the topic under the following subtitles with an
intention to illuminate suggestively the basic/common scaffold
relating to the cross-kingdom actions of these molecules, and an
emphasis will be put correlatively on the renewed knowledge
valuable in the biomedical and agrochemical fields (Table 1).

2. JASMONIC ACID AND ITS ANALOGUES

Jasmonic acid (JA) and its methyl ester (methyl jasmonate, MJ)
are fatty acid-derived cyclopentanones occurring throughout the

plant kingdom to play important roles in both development and
defenses against abiotic and biotic stresses like insect attacks
and microbial infections. Chemically, jasmonates with diverse
structures (Figure 1) collectively represent a family of oxylipin
signaling molecules biosynthesized through the stepwise oxida-
tion of polyunsaturated fatty acids. In response to a variety
of stress factors including wounding, herbivory and pathogen
infection, plant tissues display a rapid increase in jasmonate
levels. However, in normal (or unchallenged) plant tissues,
jasmonate is involved in carbon partitioning, mechanotransduc-
tion, senescence, and reproductive development.'™'®

Interestingly, the “protective” functions of jasmonates in
plants are so comparable to the health-maintaining effects of
prostaglandins (PGs) that structurally resemble the former
(Figure 1)."'* Concerning the generation, the liberation of
linolenic acid from the plant membrane into cells initiates the
biosynthesis of JA'"® in a manner analogous to the biosynthesis
of PGs in mammalian cells, which involves the release from the
membrane of arachidonic acid followed by the coversion into
eicosanoids.''* As to the function, jasmonates and PGs are
remarkably similar in regulating the relevant biological processes
including male fertility, ovary development, and antistress
responses.' ' Regarding the distribution, jasmonates are ubiqui-
tous in the plant kingdom while PGs and analogues thereof
are widely present in mammals. However, this division of the
hormone distribution is actually getting vague or at least not
strictly distinct. For example, jasmonates have been detected as
well in some lower eukaryotes such as fungus Lasiodiplodia
theobromae,''® and their ability has been supposed to regulate
cellular processes in insects, supporting thereby the hypothesis
that jasmonates are of general biological significance.'”

The metabolism and function of resultant metabolites of
jasmonates and PGs are also comparable (Figure 1). JA can be
transformed via multiple pathways including methylation (to
form MJ), conjugation (with amino acids to generate JA—amino
acid conjugates), hydroxylation (to afford tuberonic acid-related
derivatives), reduction (to yield cucurbic acid-related de-
rivatives), and degradation (to supply jasmone). In contrast,
PGs are de novo synthesized from membrane-released arachi-
donic acid when cells are activated by mechanical trauma or
specific cytokines, growth factors, etc.''> After generation from
arachidonic acid, prostaglandin H, (PGH,) can be converted
into structurally similar PGs (such as PGE,, PGD,, PGF,,, and
PGL,) by different prostaglandin synthases. It is noteworthy that
PGs probably activate an array of nuclear hormone recep-
tors including peroxisome-proliferator-activated receptor-y
(PPAR-y),""* whose activation induces differentiation to cause
apoptosis of some cancer cells."'®'"” This observation helps one
to understand some of the antiproliferative mechanisms of
jasmonates as detailed below.

2.1. ATP Depletion of Jasmonates

Both apoptotic and necrotic cell death are recognized to be
closely related to mitochondrial perturbation. The antitumor
action of jasmonates was recently disclosed in vivo and in vitro to
target directly and selectively toward the mitochondria of intact
human leukemia and hepatoma cell lines by evaluating the
magnitude of mitochondrial swelling, and by quantifying cyto-
chrome c release from mitochondria to cytosol. Furthermore, the
selectivity of M]J against cancer cells was evidenced from the
observation that it did not affect normal human 3T3 fibroblast
cells and peripheral blood lymphocytes."'”"*° This finding could
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Figure 1. Biosynthetic and metabolic comparisons between jasmonates in plants and prostaglandins in animals.

be explained by earlier work reporting that the mitochondria
of normal and cancer tissues differ in a few aspects.'*" The
proliferation of cancer cells needs to modulate the expression of
permeability transition pore complex (PTPC) components,'**
and to maintain higher mitochondrial membrane potential and
increased rate of ATP generation through glycolysis rather than
oxidative phosphorylation in the presence of oxygen (defined as
the Warburg effect).*>'** Moreover, MJ was proven to induce
arapid ATP depletion in B lymphoma cells."*® Furthermore, MJ
was shown to bind most likely to mammalian hexokinase to
perturb its interaction with one of the PTPC components, the so-
called voltage-dependent anion channel (VDAC), leading even-
tually to the dissociation of hexokinase from mitochondria and
the release of cytochrome ¢.*° As an initial and critical enzyme in
the glycolysis pathway, hexokinase binds to the mitochondrial
VDAC via a hydrophobic interaction.'*® This rationalized that
the detachment of hexokinase from VDAC initiates mitochon-
drial perturbation to accelerate cell death.*' ~** Taken together,
these data suggested that some jasmonates could act as a class of
introductory molecules that force the cancer cells into “death
tunnel” by depriving them of energy.

2.2. Induction of Leukemia Cell Redifferentiation
As suggested, the induction of redifferentiation may be employed
as a strategy to “normalize” or “domesticate” undifferentiated cancer

2738

cells by modifying their genetic profiling, thereby causing a
slower proliferation rate of cancer cells or even loss of their
original neoplastic characteristics. Some retinoids have been
demonstrated to function desirably in this way with all-trans-
retinoic acid [capable of inducing differentiation of acute pro-
myelocytic leukemia (APL) cells'*®] being approved for the
clinical treatment of APL patients."”” Presumably owing to the
comparability of jasmonate with retinoids in polarity and struc-
ture, investigations were performed to explore the induction of
jasmonate on cancer cell redifferentiation, showing that the
human myeloid leukemia cell line HL-60 was substantially
susceptible to MJ exposure. Furthermore, all-trans-retinoic acid
and 1a,25-dihydroxyvitamin D3, two types of granulocytic and
monocytic differentiation inducers, were shown to act synergi-
cally with MJ in the induction of the HL-60 cell differentiation,
and the mitogen-activated protein kinase (MAPK) signaling
pathway was concluded to play a key role in MJ-induced
redifferentiation of HL-60 cells.” In the nitroblue tetrazolium
(NBT) reduction assay, the recognized MAPK inhibitor
PD98059 (2'-amino-3'-methoxyflavone) was disclosed to sup-
press MJ-induced differentiation in leukemia cells. Moreover, MJ
also induces upregulation of the calcium-binding protein S100P
in association with its inhibition on cancer cell growth."** In addi-
tion, S100P was shown to be essential to the cytokinin-induced
redifferentiation in HL-60 cells based on mRNA upregulation of

dx.doi.org/10.1021/cr100061j [Chem. Rev. 2011, 111, 2734-2760
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S100P during this process.'*® This observation deepened the
understanding of the inducing action on the leukemia cell
redifferentiation discerned previously with the cytokinin family
of phytohormones.'* Accordingly, some jasmonates and cyto-
kinins may share in Fart the mechanism in redifferentiating
human leukemia cells. >

2.3. Induction of Apoptosis

Basically the apoptosis of cancer cells is initiated by instrinsic
and extrinsic pathways, and the former is mediated by mitochon-
dria while the latter is done by death receptors on the cell
surface.">" The extrinsic apoptotic pathway involves a class
of death receptor ligands including tumor necrosis factor-a
(TNF-o.), TNF-related apoptosis inducing ligand, and factor
associated suicide (Fas)."** Activation of these receptors recruits
Fas- and TNF receptor-related death domains, which activate
caspase-8 and MAPK to lead eventually to cell death.'** As part
of the extrinsic apoptotic mechanism, the MAPK pathway is
essential to regulating a variety of downstream proteins such as
kinases. Activation of MAPK results in signaling transduction to
intrinsic apoptotic proteins, which culminates upon cell death.
Initiation of the intrinsic apoptotic pathway decreases the
mitochondrial membrane potential accompanied by releases
of cytochrome ¢ and other apoptogenic proteins from the
mitochondria, forming the apoptosome (called alternatively
the caspase-3 activation complex) and leading finally to cell
death."*"'** In fact, many chemotherapeutic drugs exert their
antitumor actions by inducing cellular stress that may also afford
mitochondrial perturbation and, ultimately, cell death.

In the light of apoptotic pathways, some jasmonates such as
cis-jasmone (CJ) and MJ were disclosed to act toward breast
cancer cell lines MDA-MB-435 and MCEF-7 by suppressing the
long-term cancerous cell proliferation as evidenced from the cell
arrest at Go/G; and S phases with increasing apoptotic cell
population after CJ and M] administration. Further studies
showed that MJ could reduce the membrane fluidity to activate
both extrinsic and intrinsic apoptotic pathways in the treated
cells. As an indication of the activated extrinsic apoptotic path-
way, an elevated expression of TNF receptor 1 was discerned,
followed by activations of MAPK and caspase-8. Moreover, MJ
resulted in the reduction in the mitochondrial membrane
potential and activation of caspase-3 in breast cancer cells,
indicative of the activation of the intrinsic apoptotic pathway.'?

It is noteworthy that reactive oxygen species (ROS) including
superoxide ion, hydrogen peroxide, hydroxyl radical, and singlet
oxygen may be involved in MJ-induced apoptosis. This was
confirmed by the recognition that MJ-induced apoptosis could
be inhibited by antioxidants such as N-acetyl cysteine and
catalase in A549 human lung adenocarinoma cells.">* The same
group reported that the MJ treatment increased the level of Bax
and Bcl-Xs, two proapoptotic members of the Bcl-2 family,
without affecting the level of antiapoptotic proteins Bcl-2 and
Bcl-X(."** These suggested that the MJ-induced apoptosis of
AS549 cell might also be mediated through a cascade associated
with the release of hydrogen peroxide, and the elevated expres-
sion of pro-apoptotic proteins. This was reinforced by the
subsequent observation that, upon MJ exposure, MJ could
induce heat shock protein 72 (HSP 72) in C6 glioma cells
with the coincrement in cellular hydrogen peroxide, superoxide
ions, and mitochondrial ROS."*> More recent experimenta-
tion with MJ and JA demonstrated a strong correlation between
the mitochondrial superoxide (MSQO) formation and the reduced

cellularity in the acute myelogenous leukemia (AML) cell
line."*°

2.4. AKR1C Enzyme As a Cellular Target for Jasmonates

Using AML cell lines HL-60 and KG1a, JA and MJ were shown
to act toward aldo-keto reductase 1C (AKR1C), an important
member of the AKR superfamily covering NAD(P)(H)-depen-
dent oxidoreductases that are involved in some physiological
processes."*® Previously, AKR1C3 was demonstrated to be most
likely a novel regulator of myeloid cell differentiation, suggesting
that it could serve as a potential therapeutic target for leukemia
treatment.**"*” This was subsequently substantiated by the
rapidly emerging evidence demonstrating (1) that the differen-
tiation of neutrophils and monocytes can be promoted by the
treatment of AML cells HL-60 with the AKR inhibitors indo-
methacin and medroxyprogesterone acetate; (2) that an over-
expression of AKR1C3 inhibits HL-60 differentiation; and (3)
that knockdown of AKR1C3 in human leukemia K562 cells leads
to erythroid differentiation.**''®"3”'*® Furthermore, the AKR1C3
enzyme was proposed to be a 1proﬁtable cellular target for treating
prostate and breast cancers.”**”'*' Other independent groups
have recommended AKR1C1 and AKR1C2 enzymes as potential
targets in some solid tumors including prostate, breast, lung, and
bladder cancers.'*' ~'** Similarly important is the observation
that AKR1C enzymes activate xenobiotic polyaromatic hydro-
carbon (PAH) carcinogens in vitro since the PAH-rich fossil fuel
combustion emission is one of the high-risk factors for lung
cancers. In particular, the polymorphism of AKR1C3 is actively
involved in modulating the risk for many tumors such as lung
cancer, diffuse lar§e B-cell lymphoma, and prostate and bladder
carcinomas."**”'* The AKR1C3 enzyme can catalyze the con-
version of PGD, into 90,113-PGF, (9(1,11[3—PGF20L).150 Alter-
natively, PGD, dehydrates spontaneously to yield J-series
PGs culminating in the formation of 15-deoxy-A'>'* PGJ,
(15dPGJ,), which is highly active in the inhibition of nuclear
factor-«B (NF-«B) together with the ROS elevation.'3%*"! Along
with the structural similarity between jasmonates and PGD,
(Figure 1), the renewed understanding on the AKR1C3 enzyme
supported the hypothesis that AKR1C3 could represent one of
the important antitumor targets, toward which jasmonates may
act like some PG analogues.

2.5. Cyclopentenone and Cyclopentane As Antitumor
Scaffolds

Scrutiny of chemical structures of jasmonates and PGs as well
as other cytotoxic compounds such as clavulones suggested that
the cyclopentenone moiety could be an antitumor pharmaco-
phore, which may act toward intracellular targets in the cancer
cell mitochondria. A review summarized other types of cyclo-
pentenone-bearing compounds with antitumor activity, high-
lighting that the cyclopentenone scaffold is of value in designing
new anticancer drugs.'>

Concerning the reason why the cyclopentenone moiety can
interact with a variety of cellular targets including nuclear fac-
tors and some components on cancer cell mitochondria, the
o,,B-unsaturated carbonyl group of cyclopentenone is an electro-
philic center susceptible to addition reactions with nucleophiles
such as free sulthydryl groups of reduced glutathione (GSH) or
cysteine residues in proteins (Figure 2). Alkylation of key
cysteine residues may lead to inactivation or defunctionization
of the targeted proteins.'>®

The inclusion of the cyclopentenone moiety increases remark-
ably the anticancer potency of several anticancer molecules such
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as jasmonates and chalcones.'>* This is distinctly exemplified by
MJ, a newly 1dent1ﬁed anticancer agent targeting cancer cell
mitochondria.'*® Furthermore, the introduction of the cyclopen-
tenone residue into MJ greatly boosts its differentiation-inducing
and growth inhibiting activity in myelomonocytic leukemia
HL-60 cells.”

Interestingly, AKR1C1 and AKR1C3, proven to be promising
targets for cancer prevention and therapy, are susceptible to
some isosteres of cyclopentenone as substantiated by Stefane and
co-workers.'>® Such compounds as 2-(4-chlorobenzylidene)-
cyclopentyl ethyl ether (with correct construction of a cyclopen-
tane scaffold, Figure 3) were tested to substantially inhibit
AKRICI and AKR1C3 enzymes. This finding may be important
to the understanding of mode of action of other cyclopentenone-
or cyclopentane -containing bloatlve derivatives like androgra-
pholide,"*® 1-deoxyrubralactone,'*” and parthenin.'*®

As a whole, cyclopentenone and most possibly cyclopentane
moieties may represent the functional scaffolds for the antitumor
activities of jasmonates because of their interaction with a variety
of cellular targets like AKR1C enzyme isoforms in mammalian
cancer cells. The finding would provide the promise of some
cyclopentenone- and/or cyclopentane-bearing compounds as
adjunctive therapeutics for treating cancer and other diseases

where those targets are involved. To sum up, the jasmonate—
cancer interaction may involve two seemingly contrary aspects:
induction of apoptosis versus redifferentiation of cancer cells.
The linkage between the redifferentiation of cancer cells and the
suppression of tumor proliferation suggests that the redifferen-
tiation mechanism may be central to the antitumor activity of
jasmonates. The other two cell death-associated mechanisms
(the ATP depletion and apoptosis induction) appear to be
involved in the antitumor function due to the emerging evidence
that suppressors of the mitochondrial perturbation and of ROS
have negative effects on the antitumor activity of jasmonates.134
Furthermore, jasmonates have been reported to kill drug-resis-
tant cancer cells."*” Generally, the drug resistance is thought to
be conferred by either pS3 mutation or P-glycoprotein (P-gp)-
mediated efflux pump. Jasmonates have been demonstrated to
bypass drug resistance in mutant p53-expressing B lymphoma
cells by inducing a nonapoptotic cell death."** Using two clones
of melanoma cells, one with low-level P-gp expression and the
other with P-gp overexpression, jasmonates were shown to
circumvent drug resistance endowed by an overexpression of
P-gp.15?

Investigations with jasmonates in mammalian cancerous cell
lines have unraveled a surprising but not totally unexpected
rationale that this type of plant hormone is also able to induce
defense ressponses in animal cells, referred to as heat shock
response.">> Distinct evidence came from the elaborate work
by Ishii et al.* and Oh et al."** The former group has demon-
strated that HL-60 AML cell differentiation initiated by MJ is
correlated with MAPK activation, and the latter has reported that
M]J might induce HSP 72 in C6 glioma cells without affecting cell
viability, but with the epiphenomena that intracellular and
mitochondrial ROS were increased in response to MJ. Given
that the MAPK activation 1s 2 downstream event of jasmonate
signaling pathway in plants,"®® and that the increased mitochon-
drial superoxide (MSO) is associated with the MAPK activation
during myeloid differentiation,'®" an inherent linkage exists most
likely between MJ-induced mitochondrial ROS and the MAPK
activation in mammalian cells. In other words, the actions of
JA toward some mammalian cells may share certain common
signaling events such as defense responses triggered by this
phytohormone in plants.

3. SALICYLIC ACID AND ITS CONGENERS

The antitumor activity of aspirin (2-acetoxybenzoic acid) was
initially recognized from the finding that tumor metastases were
remarkably reduced in rats with thrombocytapenia. Additionally,
the PG level is elevated in rat colorectal tumor tissue, suggesting
that the beneficial effects of aspirin against cancer could be
mediated through inhibition of cyclooxygenase (COX). A variety
of epidemiological studies and experimentations in animals
reinforced the presumed inverse relationship between the cancer
incidence and the administration of aspirin or other nonsteroidal
anti-inflammatory drugs (NSAIDs).?

The hypersensitive response of plants upon pathogenic
attacks is similar in principle to mammalian apoptosis because
both processes include a lasting elevation in cytoplasmic calcium,
ROS generation, nitric oxide production, and MAPKs activation,
leading to cytoplasmic shrinkage, chromatin condensation, and
DNA breakdown."*>'® If bereaved of essential nutrients and
limited within a local region, the pathogen suffers from rapid
cellular changes to result in cell death. During the hypersensitive
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response, salicylic acid (SA, Figure 4) potentiates the oxidative
burst arising from the generation of ROS including hydrogen
peroxide and superoxide, which speeds up the cell death.'**~ '
Therefore, the SA-mediated hypersensitive response in plants
can be thought to be a form of programmed cell death (PCD),
killing invading pathogens and/or limiting their spread."®”

The similarities between plants and animals in the context of
stress responses mediated by SA signaling molecule may suggest
the presence of common cellular components and/or pathways
across the eukaryotic organisms. As reviewed by Pierpoint,'®® the
medicinal properties of salicylates in human are a logical result of
their roles in plants. The endeavor to elucidate the fundamental
biological processes in response to external stimuli, such as
pathogens, viruses, and carcinogens, would pave the avenue for
conquering the human cancer and other high-risk diseases as
discussed below.

3.1. Antitumor Activity

Epidemiological studies have suggested aspirin as a chemo-
preventive agent against breast cancer.”” At the protein and
mRNA levels, salicylate (an aspirin metabolite) was reported to
be inhibitory on the cell growth and the syntheses of interleukin-
6 (IL-6) and IL-11 in MDA-MB-231 and HsS78T cell lines, as is
indomethacin, one of the NSAIDs.>’ The in vitro effects of
salicylate were investigated on the breast cancer cell lines
Hs578T, MCF-7, MDA-MB-231, and T-47D, indicating that it
inhibits the breast tumor growth and disables breast cancer cells
to some degree to induce osteoclast recruitment and osteolysis.>”

Almost without affecting normal lymphocytes, sodium salicy-
late, JA, and MJ were shown to suppress the cell proliferation and
trigger cell death in a range of cancer cell lines including Molt-4
(human T lymphoblastic leukemia), LNCaP (human prostate
adenocarcinoma), MCF7 (human breast carcinoma), and SK28
(human melanoma).! After MJ was demonstrated to boost the
survival of mice bearing EL-4 lymphoma, the cytotoxicity of

sodium salicylate, JA, and MJ was comparatively studied by using
the trypan blue exclusion method, indicating: (1) that sodium
salicylate suppressed cell proliferation in all tested cell lines, (2)
that JA brought about death in Molt-4 cells and caused prolifera-
tion suppression in the other cell lines, and (3) that M]J triggered
the death of each tested cell line." This study suggested that SA
and other plant stress hormones might impact adversely on some
cancer cells. As a matter of fact, SA participates in intracellular
physiological and metabolic events characteristic of stress re-
sponses in mammalian cells, for instance, p38 MAPK activa-
tion,”® in addition to affecting the stress-related transcription
factors NF-kB and heat shock transcription factor (HSF).>"**
Furthermore, SA and its acetate (viz., aspirin, an NSAID) can
inhibit the synthesis of the human hormone PGs,> besides its
subsequent recognition as a potent chemopreventative agent.169’170
Strikingly, the chemopreventative activity of NSAIDs was
thought to be ascribed to their tumor regressive properties
in conjunction with their induction of differentiation and
apoptosis.35’36’136

Although markedly different in inhibiting platelet aggregation,
both sodium salicylate and aspirin were able to induce apoptosis
and to activate caspases in myeloid leukemia cell lines and B-cell
chronic lymphocytic leukemia cells.'”"'”*> Moreover, SA was
demonstrated to enhance apoptosis in certain cell lines like
human FS-4 fibroblast and pancreatic cancer via the p38 MAPK
pathway.>*'”® This is reasonable since sodium salicylate and
aspirin were both shown to inhibit the activation of the tran-
scription factor NF-kB through the pathway activated by TNF
and other agents, with the inhibitory effect of sodium salicylate
being ascribed to its blockages of phosphorylation and subse-
quent degradation of IkB-0 (an NF-«B inhibitor).'”*'”* Further-
more, SA was shown to inhibit TNF-induced activation of Jun
N-terminal kinase (JNK), a stress-activated protein kinase be-
longing to the MAPK family, whereas sodium salicylate treat-
ment alone strongly activated p38 kinase to cause cell death via
apoptosis as substantiated by the observation that SB-203580
(a validated p38 kinase inhibitor'’®) prevented salicylate-
induced apoptosis.*

In addition to the aforementioned cellular apoptosis, other
possible mechanisms underlying the antitumor action of SA and
its analogues may involve inhibition of COX and DNA mismatch
repair because highly complex processes exist certainly during
the transformation of normal cells into cancer cells.>*” In spite of
considerable achievements regarding the topic, the exact pathway
whereby salicylates might affect carcinogenesis still awaits more
in-depth investigations. However, the quantitative information
concerning how they modulate the physiological and biochem-
ical processes of plants would be essential for updating the
current understandings about the key stages of cancer develop-
ment, as well as for the subsequent efforts in preventing tumor
progression through a skillful application of this type of stress-
associated phytohormones and/or the analogues thereof.

3.2. Antimicrobial Activity

The human opportunistic pathogenic bacterium Pseudomonas
aeruginosa is the major cause of chronic lung infections occurring
frequently in patients who suffer from cystic fibrosis, burn injury,
and other immunocompromised disorders, and its infection is
now becoming more and more serious owing to its resistance to
most of currently prescribable antibiotics."”” ™"’ Using Arabi-
dopsis thaliana—P. aeruginosa and Caenorhabiditis elegans—
P. aeruginosa pathosystems, the plant hormone SA was disclosed
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to attenuate P. aeruginosa infectivity in both hosts by down-
regulating the production of a series of virulence factors and
biofilm formation, rather than by inhibiting the bacterial
growth.*® This is in agreement with the previous observation
that P. aeruginosa, along with several other Gram-negative
bacteria, is capable of forming unique biofilms self-optimized
via quorum sensing mechanism."® Thus, to conquer the multi-
ple drug-resistant infections, it is necessary and urgent to develop
novel strategies such as the establishment of therapeutics that
may potentially disrupt biofilm formations, downregulate viru-
lence factors, or modulate key genes governing pathogenesis
and quorum sensing.'®' " '** In spite of the host difference, the
pathogenesis of P. aeruginosa was shown to require a similar array
of virulence factors for both plant and animal infections,"**'%¢
suggesting the presence of some common components/targets
in the eukaryotic immunity system against this pathogen. As
reported by Prithiviraj et al,** SA serves as an anti-infective
compound affecting the physiology of P. aeruginosa with the
ultimate outcome of weakening its virulence besides the well-
known role as a stress-responsive plant hormone. The evidence
presented therein also demonstrated that SA selectively sup-
pressed the transcription of exoproteins and of other virulence
factors in P. aeruginosa without detectable effects on the expres-
sion of bacterial housekeeping genes.

In addition to their antibacterial activity, salicylates including
sodium salicylate and aspirin were reported to be antiviral by
inhibiting the replication of flaviviruses such as Japanese ence-
phalitis virus and dengue virus.*"** As a valuable extension of the
antiviral action of SA, aspirin was shown to be active against
hepatitis C virus (HCV) by using an HCV subgenomic replicon
cell culture system (referred to therein as Huh7 replicon cells).*
The results showed that the aspirin administration disabled the
viral replication because of the decreases in HCV-RNA and
protein levels. Moreover, the anti-HCV action of aspirin in the
Huh?7 replicon cells was demonstrated to be attributable to its
inhibition on COX-2 expression mediated partially through the
activation of MEK1/2 (=MAPK/ERK1/2) and/or p38 MAPK
pathways. Among so far identified COX enzyme isoforms, only
COX-2 activation is implicated in HCV replication."®” Accord-
ingly, aspirin could be recommended as a potential adjuvant in
the treatment of chronic HCV infection.

A recent study has shown that aspirin interrupts in vitro and in
vivo replication of influenza virus jointly through impairing
expressions of proapoptotic factors, suppressing caspase activa-
tion, and attenuating caspase-mediated nuclear export of viral
ribonucleoproteins (RNP).** Moreover, the influenza virus
propagation was indicated to depend on the function of the
IKB kinase (IKK)/NF-«B module,'® offering the spectacular
probability to screen for the antiviral therapeutics targeting this
cellular signaling pathway. As suggested earlier,"® during anti-
viral prevention and therapy, an advantage of targeting some host
cellular components over acting directly on the virus lies in
the fact that the virus cannot survive in the impaired cellular
microenvironment, or at least the occurrence of resistant viral
variants should not be so frequent. These observations rationa-
lized at least in part that the currently available SA-based
aerosolic drugs may act as anti-influenza agents with the public
acceptability and without inducing the resistant viral variants.

3.3. Neuroprotection against Prion-Related Diseases
Prions, infective particles composed primarily of proteins, is
the cause of fatal neurodegenerative diseases occurring both in

humans, as Kuru, CJD (Creutzfeldt—Jakob disease), FFI (fatal
familial insomnia), and GSS (gerstamann Straussler Sheinker
syndrome), and in animals as bovine spongiform encephalopathy
and sheep/goat scrapie.'”® The pathogenicity of prions is known
to arise from the conversion of the cellular isoform of prion
protein (PrP®) to the pathogenic isoform (PrP*°) with a high
percentage of P-sheet secondary structure in comparison to PrP¢,
which in turn facilitates the formation of the proteolysis-resistant
amyloid fibrils injuring and/or degenerating neural tissues. To
aid the related research, PrP106-126, a kind of synthetic prion
fragment consisting of amino acid residues 106-126 near the
N-terminal of the human prion, can be used alternatively for
studying the pathogenesis of PrP®, because PrP106-126 pos-
sesses many properties of the entire PrP>* and has been proven
to accumulate fibrils that damage neurons either directly (by
interacting with components of the cell surface to trigger cell
apoptosis signaling) or indirectly (by activating microglia to
produce inflammatory mediators)."”" This is in accord with the
observation that neuron degeneration is boosted by coculturing
with activated microglia to release pro-inflammatory cytokines
TNE-a and IL-183,">"** whose expressions are coregulated by
the transcription factor NF-kB with its binding sites in the
promoter region of the gene serving as inducible transcrip-
tional regulatory elements.'”*”'*” Recently, aspirin was shown
to inhibit the cell death triggered by PrP106-126 peptide as
evidenced from the observation that the number of apoptotic
neuro-2a cells after treatment with S mM aspirin was ~3 times
lower than that of the untreated control. Moreover, the treatment
of microglia with PrP106-126 was demonstrated to upregulate
the expression of pro-inflammatory cytokines TNF-ct and IL-13
in a time-dependent manner.'*®

Aspirin was ascertained to block NF-«B activation in rat
neuronal cultures, and its anti-inflammatory effects are partially
mediated through its specific inhibition of IKK-b, thereby
blocking inflammation-associated genes that are activated
by NF-«B.***” These findings support the suppressive effects of
aspirin on PrP106-126-induced a;)optosis of neuro-2a cells
cocultured with rat microglia cells.'”® Although little convincing
data is currently available for managing prion protein diseases,
the investigation suggests that the suppression of NF-xB-activ-
ated pathway in microglia cells may mitigate the progression of
inflammation and neuronal degeneration in prion diseases.'”®

Overall, the knowledge regarding the effects of those cytokines
produced by microglia upon exposure to PrP* is spare, and the
mechanisms by which microglia mediate neuronal cell damage
remain elusive. However, the aforementioned evidence con-
cerning aspirin is promising and valuable in mankind’s combat
with the prion-associated neural degenerative disorders such as
Alzheimer’s disease.'””

3.4. Functional Scaffold Analysis

As mentioned in section 2.4, a variety of cellular processes in
mammals are affected by the AKR superfamily including four
human hydroxysteroid dehydrogenases (HSDs), referring to as
AKRICI (200-HSD), AKRIC2 (type 3 30-HSD), AKRIC3
(type 2 30-HSD), and AKR1C4 (type 1 30-HSD). Biochemi-
cally, these four isoforms of AKR1C share at least 86% sequence
similarity, with AKRICI and AKR1C2 differing in only seven
amino acid residues. Concerning the function, the isoform
AKRICI1 plays multiple roles in mammalian cells including
mainly: (1) the involvement in progesterone metabolism for the
maintenance of pregnancy,”® (2) the linkage with symptoms of
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premenstrual syndrome and other neurological diseases due to
the elimination of neuroactive steroids metabolized by 20a-HSD
enzyme into inactive 200t-hydroxysteroids,”®' % and (3) the
implication in the development of mammalian tumors including
lung, endometrial, esophageal, ovarian, and breast cancers. In
addition, the AKRICI1 overexpression in cancer cells is asso-
ciated with the drug-resistance to some chemotherapeutic
agents 204208

Because the overexpression of AKR1C1 is involved both in the
pregnancy termination and in the development of hormone-
dependent endometriosis syndrome as well as endometrial and
breast cancers, the AKR1C1 inhibitors could be promising agents
for lessening or eliminating the risks of premature birth, as well as
for treating neurological disorders and gynecologic cancers.””’
Among the well-documented AKR1C1 inhibitors are NSAIDs,
bile acids, phytoestrogens, synthetic estrogens, and benzodiaze-
pines, in addition to a group of newly synthesized SA-inspired
chemicals, some of which showed ICs or K; values in the micro-
molar range toward the AKRICI1 enzyme.*'® Among them,
benzbromarone and 3',3",5',5"-tetrabromophenolphthalein
(Figure 4) were the most potent inhibitors with ICs, values
below 50 nM (48 and 33 nM, respectively).’*> Aided by the
active site recognition via crystallographic approach, 3,5-dichloro-
salicylic acid, a more potent SA-based AKR1C1 inhibitor, was
screened out with a K; value of 6 nM.>***"' Moreover, the
selectivity of 3,5-dichlorosalicylic acid was probed because it
displayed much more potent inhibitions toward AKR1C1 and
AKRIC2 enzymes than toward the isoforms AKRI1C3 and
AKR1C4. The high selectivity and analogous efficacy in the
inhibition on AKR1C1 and AKRIC2 are considered to be
ascribed to the structural similarity of their active sites differing
in only one amino acid residue, namely, Leu54 in AKR1C1 and
Val 54 in AKR1C2.*"" According to the above findings and an
earlier analysis of inhibitor-binding site,”'> El-Kabbani and co-
workers predicted that the replacement with a phenyl of the
S-bromine atom of 3,5-dibromosalicylic acid would promote
the inhibition efficacy and selectivity toward AKR1C1 over
AKRIC2. This presumption was followed by the experimenta-
tion leading to the discovery of 3-bromo-5-phenylsalicylic acid
with twofold more inhibitory potency as well as selectivity toward
AKRICI over AKRIC2 in comparison to 3,5-dibromosalicylic
acid.*' In addition, a library of 250 000 chemicals from the NCI
database was screened previously for AKR1C1 inhibitors, based
on their chemical complementation and steric compatibility with
enzyme active sites. As a result, 3,5-diiodosalicylic acid (an SA
analogue) was demonstrated as a potent competitive inhibitor
with a K; value of 9 nM, in contrast to the characterization of SA
and aspirin as AKR1C1 inhibitors with ICs, values of 7.8 and
21 uM, respectively.””’

AKRIC3 that is expressed in the prostate and breast tissues
can catalyze the reductions of androstenedione and estrone into
their more active forms, testosterone and 17/3-estradiol, respec-
tively. Therefore, AKR1C3 may be an effective target for devel-
oping drugs for the prevention and treatment of the hormone-
dependent carcinoma including prostate, endometrial, and breast
cancers. Functioning as a PGF synthase, AKRIC3 is also in-
volved in PG signaling to convert PGD, into PGF,, thus pre-
venting the spontaneous generation of 15dPGJ,, a natural
activating ligand for PPARy. Accordingly, AKRIC3 is also
recognized as a potential cellular target for cancer prevention
and therapy based on its blocking the cell differentiation through
indirect antagonism of PPARY,”"* because the activation of

PPARy receptor may induce cell differentiation and lead to
apoptosis in many neoplastic cell lines.""*'*>*'* Consequently,
AKRIC3 inhibitors are of value in the development of therapeu-
tic agents against both hormone-dependent and -independent
cancers.

N-Phenylanthranilic acid and derivatives are well accepted as
nonspecific inhibitors of all AKR1Cs in spite of their higher
potency for inhibiting AKR1C1 and AKRIC2 with the ICs
values comparable to those of mefenamic acid, a prescribed anti-
inflammatory drug.*"> The SA-based inhibitors of AKR1Cs are
an important reservoir where the starting molecule can be
extracted for the exploration and development of AKRICI1
inhibitors with the desired selectivity. Interestingly, originating
from a couple of bioisosteres, anthranilic and salicylic acids, two
typical classes of NSAIDs known chemically as mefenamic and
acetylsalicylic acids were discovered.”'® As proposed earlier by
Thornber,*"” the term bioisosteres is defined in a broad sense as
subunits or groups or molecules possessing physicochemical
properties of similar biological effects. As a driving strategy of
molecular modification, the bioisosterism exhibits its unique
signiﬁcance in constructing a new series of congeners, out of
which novel drug candidates could be explored.*'

4. AUXIN

Auxin plays important roles in regulating plant development
and physiology including embryogenesis, vascular differentia-
tion, ors%anogenesis, tropic growth, and root and shoot architec-
ture.’>>" As an important auxin, indole acetic acid (IAA) is
believed to be synthesized in plants and to affect a variety of key
processes even at a picomolar concentration. Accumulating
evidence has indicated that IAA can also be produced by some
microorganisms such as fungus®'® and animals including
mammals.”**7?*! In animals, IAA could be originated from the
intestinal uptake of a vegetable-rich diet after ingestion and/or be
synthesized from tryptophan, the ubiquitous precursor for IAA
biosynthesis in plant and animal tissues.”*> Furthermore, IAA is
detectable in human urine, blood plasma, and the central nervous
system.”'* **! The distribution of IAA in nonplant organisms
could be an acceptable embodiment of its cross-kingdom actions
as mentioned below.

4.1. Medical Functions of IAA

4.1.1. Antitumor Action. IAA alone is not substantially
cytotoxic, whereas it can be converted into the active form after
oxidative decarboxylation by horseradish peroxidase (HRP).*
More recent studies have confirmed that IAA in combination
with HRP induces the apoptosis of G361 human melanoma cells.
This led to a postulation that hydrogen peroxide (H,O,) could
be a major mediator of IJAA/HRP-induced apoptosis that can be
blocked by catalase,”> as well as by the caspase-8 inhibitor
z-IETD-FMK (benzyloxycarbonyl-Ile-Glu-Thr-Asp(OMe)-fluoro-
methyl ketone). This reinforced the involvement of caspase-8
in the aforementioned observation.”® Furthermore, IAA/HRP-
induced apoptosis was shown to proceed through a CD95-
initiated death receptor signaling pathway triggered by H,0,.>

Biochemically, HRP is present in the ferric form as a heme-
containing peroxidase enzyme in its native state. It oxidizes a
magnitude of substrates in the presence of hydrogen peroxide
through catalyzing one-electron oxidation reactions via its com-
plex I and II forms (Figure 5), and IAA can be in vitro
metabolized by peroxidase or by rat neutrophil homogenates
to release ROS.***** Accordingly, it is not surprising that IAA
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Figure 5. HRP transformation among its native ferric, complex I, and
complex II forms.

and its synthetic derivatives could be oxidized by HRP to form
cytotoxic species such as indolyl radical cation (IAA™ "), which is
valuable for the discovery of novel cancer therapeutic agents.*
Moreover, the HRP-catalyzed oxidation of IAA produces a
mammalian cytotoxin that can damage plasmid DNA,* explain-
ing as well its inhibitory effects on bacterial growth. The low
toxicity of IAA and its tolerance to endogenous mammalian
peroxidases raise collectively a possibility for its utilization in a
HRP-directed antitumor prodrug therapy, which is unique in the
production of toxic IAA metabolites like IAA™" exclusively
within the tumor tissue without affecting normal tissues.”*®

As reviewed by Folkes and Wardman,* 3-methylene-2-oxi-
ndole generated further from IAA"" via a S-step reaction also
contributes to the cytotoxic effect of the IAA/HRP combination
because it can bind to DNA bases and protein thiols. On the basis
of the findings, some cytotoxic IAA derivatives were synthesized.
However, the exact structure—activity relationship remains
elusive.* Still under exploration is the investigation aiming at
successful applications of antibodies, polymers, and genes as
carriers for JAA/HRP-based and cancer-targeting drug delivery
system,”>® and the gene-directed-enzyme-prodrug therapy
(GDEPT) merits attention as well. The hrp gene, deliverable
technically to the cancer cell by viral or nonviral carriers, can be
expressed at the target site to produce HRP enzyme that
subsequently catalyzes a prodrug to form a toxic agent. As the
first step, the hrp gene has been sequenced, documented, and
expressed as desired in bacterial (Escherichia coli)**® and mam-
malian cells.”*”**® As a confirmation to the feasibility of the IAA/
HRP GDEPT approach, the transfection of human bladder
cancer cell line T24 with hrp gene resulted in a decreased colony
formation upon IAA exposure as compared with untransfected
cells.”*®

On the other hand, the antitumor action of IAA may be
allowed alternatively through its antioxidant activity. For exam-
ple, the hepatoprotective effects of IAA against induced carcino-
ma have recently been reported by using a diethylnitrosamine
(DEN)-induced hepatocarcinoma mouse model.””* The pro-
phylactic function of many compounds has been linked to the
antioxidant action as evidenced from the discerned ROS
depletion,”*® because the accumulation of intracellular ROS
during continual oxidative stress contributes substantially to
the development of various chronic diseases including liver
disorders and cancers.”>' However, the intracellular ROS levels
are strictly controlled by the cellular mechanisms involving the
homeostasis of oxidant and antioxidant molecules, which is in
turn mediated by regulatory enzymes such as superoxide dis-
mutase (SOD), catalase (CAT), glutathione peroxidase (GPx),
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Figure 6. Structures of 2-(S-bromo-1H-indol-3-yl)-N-hydroxyacet-
amide and actinonin. Although sharing an N-hydroxyacetamide side
chain, the former is a selective bacterial PDF inhibitor whereas the latter
inhibits both human and bacterial PDF.

and glutathione reductase (GR) and/or by antioxidant com-
pounds like glutathlone, ubiquinone, flavonoids, vitamins (A, E,
and C), etc.”>? These enzymes SOD, CAT, GPx, and GR
are known as sensitive indicators of elevated oxidative stress,
and the increases in their activities are results of protective
responses to scavenge ROS.>***** On the basis of the experi-
mentation in mice with DEN-induced hepatocarcinoma, the
protective action of IAA against hepatocarcinogenesis was de-
monstrated for the first time by means of a DEN-protective effect
(reflected by CAT and GR activities), as well as by affecting
antioxidant gene expression and DNA fragmentation.”*’

4.1.2. Antimicrobial Activity of Indole Derivatives. An
indole-based derivative, 2-(S-bromo-1H-indol-3-yl)-N-hydro-
xyacetamide (Figure 6), has been recently identified as a potent
inhibitor of bacterial peptide deformylase (PDF) without affect-
ing human mitochondrial PDF (mPDF ), thereby avoiding
adverse effects on normal human cells.*® This indole derivative
is obviously advantagous over actinonin that, though prescribed
as an antibiotic in clinic, has been demonstrated to be cytotoxic
toward some cell lines through inducing apoptosis. PDF was
originally identified as a specific bacterial target for screening the
new antibiotics against the multidrug-resistant pathogenic bac-
teria, the main cause of serious human infections for decades.
Aided by the recent finding of a human homologue of mPDF
whose inhibition causes cell death,”>>~>*” a new scaffold has been
explored to discriminate between human and bacterial PDFs.*® A
skillful combination of medium-throughput NMR screening and
SAR analysis was applied to search for suitable compounds that
would bind to bacterial PDF (two distinguished types: PDF1B
and PDF2) but not to mPDF, and finally the indole scaffold was
selected.*® Through further modification at C3 and acetamide
group of S-bromated IAA, 2-(S-bromo-1H-indol-3-yl)-N-hydro-
xyacetamide (Figure 6) was obtained with the best inhibitory
selectivity between bacterial and human PDFs. This compound
inhibited discriminatively bacterial PDF2 and mPDF with the
ICs values of 0.01 and 130 uM, respectively, in contrast to
those (0.01 and 0.03 uM) of actinonin coassayed in that
study.*® It is noteworthy that the indole moiety was shown by
SAR analysis to bind to both PDF1B and PDF2,*® suggesting
that the indole scaffold can be of significance in the design and
development of new antibiotics that are expected to display
high selectivity toward bacteria, thereby facilitating our battle
against the emerged and emerging pathogens with the multi-
drug resistance.

2744 dx.doi.org/10.1021/cr100061j |Chem. Rev. 2011, 111, 2734-2760



Chemical Reviews

Oj/\COOH m\CHZCHzNHz
N HO N

H H
Indole-3-acetic acid (IAA) 5-hydroxytryptamine (5-HT)

Figure 7. Structures of IAA (a plant auxin) and S-HT (a mammalian
neurotransmitter).

4.2. Serotonin and IAA

The above-described bromo-substituted indole—hydroxy-
acetamide is reminiscent of the well-known mammalian neuro-
transmitter S-hydroxytryptamine (5-HT), commonly called ser-
otonin (Figure 7). Also impressive are its structural homology to
IAA and its production by some microbes.>*

Besides its ubiquity in mammals, 5-HT is also found in some
plant tissue such as fruits and seeds and demonstrated to be
involved in promoting the stem growth and attenuating leaf
senescence in higher plants.>® In all cases, S-HT is generated
from tryptophan (Trp) but through different metabolic paths. In
plants 5-HT is produced through the decarboxylation of Trp into
tryptamine in the presence of Trp decarboxylase, followed by
hydroxylation catalyzed by tryptamine 5-hydroxylase.>® In mam-
malian cells, it is formed through sequential hydroxylation by T
hydroxylase and decarboxylation by 5-OH Trp decarboxylase.”
However, the microbial production of 5-HT remains elusive,
although previous experimentation with the yeast Candida
guilliermondii detected the presence of Trp hydroxylase. The
subsequent observation concerning the suppression of 5-HT
formation by a Trp hydroxylase inhibitor p-chlorophenylalanine
suggested that the operation for S-HT in the microorganism
most likely followed its animal-type biosynthetic path.*** More-
over, p-chlorophenylalanine did not affect the growth dynamics
of Escherichia coli, implying that a plant-type biosynthetic path-
way for S-HT independent of any Trp hydroxylase might be
present in this bacterium.”*® The observations highlighted that
the fungus and bacterium, if they do, probably synthesize 5-HT
differently. Another interesting aspect in the S-HT metabolism is
that it can be hydroxylated in mammals by monoamine oxidase
to yield S-hydroxyindoleacetic acid, which can also be produced
by certain bacteria.”* In addition to its indispensable action in
mammals, S-HT seems to be an important plant growth regulator
as well,>® although its impact on microbes and symbiotic system
consisting of ascrid and E. coli in host animal intestine needs to be
clarified further.”*®

4.3. Modulator of Plant—Bacteria Interaction

The wide distribution of IAA in plants and microbes sug-
gested its possible involvement in plant—microbe interactions.
As reviewed by Spaepen et al.,>*! several biosynthetic pathways of
IAA in plant-associated bacteria have been identified, indicating a
high degree of similarity in IAA biosynthesis between plants and
bacteria. Again, Trp has been characterized as a main precursor
of IAA in the bacteria, and five different pathways starting from
Trp are present in plant-associated bacteria, among which the
key genes involved in the IAM (indole-3-acetamide) and IPyA
(indole-3-pyruvate) pathways are distributed in the genomes of
sequenced microorganisms. Concerning the best investigated
IAM pathway, the genes iaaM and iaaH that encode the enzymes
for the conversion of Trp into IAA via IAM have been cloned
and characterized from a spectrum of bacteria as represented
by Agrobacterium tumefaciens, Pseudomonas iyrin ae, Pantoea
agglomerans, Rhizobium, and B;’adyrhizobium.2 272% Molecular
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Figure 8. Bioisosteric relation among indomethacin, CMB, and
sulindac.

analyses regarding the bacterial IAA biosynthetic pathway and
the modulation thereof have suggested the possible outcomes
of the interactions between plants and IAA-producing bacteria,
varying from phytopathogenesis to plant growth promotion.
It is proposed that phytopathogenic microbes tend to use the
IAM pathway to produce IAA whereas plant-beneficial bacteria
241
prefer to take the IPyA pathway.

4.4. Indole and Its Lookalike Scaffolds

Indomethacin has been accepted as the best compound in
terms of its preferential inhibition on AKRIC3 over the other
AKRIC isoforms among the aforementioned NSAIDs.** Since
its approval in 1965, indomethacin has been frequently pre-
scribed to reduce fever, pain, stiffness and swelling owing to its
inhibition on PG productions. Among the indomethacin analo-
gues in clinical use, sulindac is a representative example. Viewed
from the structural aspect, bioisosteric relation exists between
sulindac and indomethacin, with the latter containing an IAA
core and the former contianing an isostere thereof (Figure 8).

Lightened by the observation, an indomethacin analogue
N-(4-chlorobenzoyl)melatonin (CBM, Figure 8) was identified
as a specific inhibitor of AKR1C3, thereby becoming a promising
drug candidate for treating hormone-dependent and -indepen-
dent breast cancers.”*” The SAR strategy was adopted to guide
the development of the indomethacin-related AKR1C inhibitors
selectively acting on AKR1C3 without affecting two other iso-
forms, AKR1C1 and AKR1C2. Moreover, the crystal structure of
the AKR1C3+NADP ™" -indomethacin complex provided an ideal
model for exploring the structural mechanism for the inhibition
of AKR1C3 enzyme. Through the crystallographic analysis, the
acetic acid group of indomethacin was found to extend into the
similar subpocket of AKRIC3 as does flufenamic acid, which
is another prescribed NSAID drug additionally with the COX
enzyme inhibitory activity.”*”**® These findings suggest that the
substitution pattern on the indole core impacts the selectivity
toward the inhibition of AKRIC3 versus AKR1C2, with the
concomitant consequence of lowered or deprived inhibitions on
PGHS-1 and PGHS-2. Furthermore, the research group found
that indomethacin and its methyl ester were highly specific for
the AKR1C3 inhibition over the other AKR1C isoforms.** After
scrutinizing the crystal structure of AKR1C3 and experimental
observations with indomethacin and its derivatives, it was con-
cluded that CBM, a close relative of indomethacin (Figure 8),
was a specific AKR1C3 inhibitor, which was unable to inhibit
COX-1 and COX-2.>* Quantitatively, CBM was disclosed to
inhibit in an uncompetitive manner AKR1C3 using 9,10-phe-
nanthrenequinone as the substrate with a K; value of 3.4 uM,
whereas AKR1C1 and AKR1C2 were almost unaffected even at
60 uM.**” Therefore, the indole scaffold (shared by IAA and
S-HT) and its “look-alike” (as constructed in sulindac), along
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Figure 9. Structures of some naturally occurring CTKs.

with its substitution pattern, contributes substantially to the
pharmaceutical effects of indomethacin and its analogues such
as CBM and sulindac (Figure 8).

5. CYTOKININ

Cytokinin (CTK) is a category of adenine-derived signaling
molecules, constituting the five families of “classical” phytohor-
mones together with auxin, gibberellin (GA), abscisic acid
(ABA), and ethylene. In the mid-1960s, it was noticed that a
small molecule degraded from DNA could stimulate the growth
of plant tissues in vitro.*® This substance was named kinetin,
belonging to the class of regulators called CTKs.

Literally, cytokinin (CTK) means stimulus of cell movement
(cytokinesis), but it covers cell division as well. CTKs can induce
callus to redifferentiate into adventitious buds besides promoting
cell division and regulating a variety of developmental process in
plants such as apical dominance, seed germination, de-etiolation,
leaf senescence, nutrient mobilization, and plant—pathogen
interaction.”®® A plant callus is an undifferentiated cell mass
that is immortal and proliferates indefinitely in a disorganized
manner, resembling biologically some human cancer cells.”*
Presumably because of the close similarity in the biological
phenotypes between the mammalian cancer and plant callus
cells, CTKs may affect the differentiation of human cancer cells
through the mechanism by which they modulate a set of
biological processes in plants.”’ The naturally occurring CTKs
are structurally so diverse that they are divided into three groups:
isoprenoid CTKs (zeatin and its dihydro-derivatives, iso-
pentenyladenine), aromatic CTKs (benzyladenine, methoxy-
topolin), and furfural derivatives (kinetin and kinetin riboside,
KR) (Figure 9).>*' CTKs, specifically N-isopentenyladenosine
(i°A), occur usually as a bound form in the tRNA of many
eukaryotic and prokaryotic cells, although larger amounts of free
CTKs are found in plant cells. Among the free CTKs, the iso-
prenylated ones are the most abundant, and adenine derivatives
with aromatic substitution are also present in some plant species.
Moreover, the O-glucosyl-conjugation at the N°-side chain is
a common modification in plants since O-glycosylated CTKs
are inert to CTK oxidases that catalyze the cleavage at
the N°side chain to generate adenine and the other moiety.
In plants, the glycosylated CTKs are the store form of these
phytohormones, which, if necessary, can be transported safely
into specific organs. Interestingly, it is noteworthy that free (not
bound to tRNA) i°A was detected in cell extracts of some yeasts
such as Saccharomyces cerevisiae and Schizosaccharomyces pombe.”>

The aforementioned inherent association of DNA and RNA may
foretell the cross-kingdom action of these phytohormones, as
exemplified below.

5.1. Antitumor Activity

Although the biological functions of CTKs in plants have been
widely investigated, little is known so far concerning the mecha-
nism of their roles in mammalian and microbial cells. The
apoptosis-inducing activities of CTKs have been discerned in
some cancer cell lines such as Hela and mouse melanoma
B16 F-10 cells.”®® For example, kinetin riboside (KR), a CTK
analogue, induces apoptosis by disrupting the mitochondrial
membrane potential, thus releasing cytochrome ¢ and activating
caspase-3 via the modulation of Bcl-2 family proteins. The Bcl-2
family proteins play important roles in apoptosis, and the
interactions between the antiapoptotic and proapoptotic mem-
bers provide a mechanistic basis in regulating the apoptotic cell
death.>>**° Some antisense oligonucleotides targeting Bcl-2,
along with other small-molecule inhibitors of Bcl-2 and Bcl-Xj,
can result in elevated tumor cell apoptosis, suggesting that the
inhibition of the antiapoptotic proteins might be an intriguing
strategy for selective killing of malignant tumor cells. Recent
findings about CTKs and cancer cells indicated that KR induced
mitochondrial membrane disruption via the downregulation of
the antiapoptotic proteins Bcl-2 and Bcl-X;, which led to the
caspase-3 activation and ultimately the programmed cell death
(= apoptosis) in cancer cells.>>®

NC-isopentenyladenosine (i°A), an N-isopentenylated nucleo-
side, was detected earlier in the mammalian cytoplasm.>*® After
being recognized as a potential therapeutic agent for some
epithelial cancers,”’ the gene toward which A may target was
explored, together with the preliminary understanding of its
structure—activity relationship (SAR) concerning this type of
antitumor compound.”*® As the only known CTK existing in
animal tRNAs,”*® i°A was found to play a predominant role in
posttranscriptional processes including the function of mamma-
lian selenocysteine tRNA. When bound to tRNA, i’A may
participate in the improvement of reading frame maintenance,*°
whereas the absence of i°A in selenocysteine tRNA may inhibit
selenoprotein synthesis.**' Furthermore, i°A was shown to have
pleiotropic effects on mammalian cell cytoskeleton, proliferation,
and apoptosis, possibly due to its associations with isoprenoid
metabolism and its direct biological activities.®' When taking into
account preliminary clinical surveys on its therapeutic use, i°A
may be recommended as a promising antitumor agent.®!

For this reason, the evidence concerning in vivo efficacy and
mechanism (or mode of action) of i°A is piling up quickly. In
addition to its inhibitory effects on mammalian leukemia cells,
recent experimentations with nine human epithelial cancer cell
lines derived from different types of malignant tissue afforded the
complete suppression of clonogenic activity in 8 of the 9 cancer
cell lines upon i°A administration. It is therefore proposed that
the tumor-inhibitory activity of i°A may be ascribed to the
suppression of cell proliferation, the disturbance of DNA synthe-
sis, and morpholo?cal alterations.”” Moreover, the antiproli-
ferative effect of i’A was confirmed in vivo in a nude mouse
xenograft model by a drastic reduction in tumor volume upon its
treatment.”*

The isopentenyl transferases (IPTs), ubiquitous as evolutio-
narily conserved proteins in the eukaryotes ranging from yeast
to mammals, can catalyze the addition of i°A on residue 37 of
tRNA.”®* In plants, some of the IPT-related proteins function as
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tRNA-IPT and others are involved in the synthesis of free i°A
or its relatives such as CTKs that influence the growth, develop-
ment, and other physiological processes.59 The human tRNA-
IPT-1 protein (E.C.2.5.1.8), an enzyme catalyzing the transfer
of an isopentenyl group from isopentenyl diphosphate to the
preformed tRNA, is encoded by the tRNA-IPT-1 (TRIT1) gene
that was found to be a tumor-suppressor gene in lung cancer.”>
The human TRIT1 gene in the oncogene MYCLI1 locus has been
evidenced to be pivotal in the control of tumor progression.”**
Also interesting is the high homology of the human IPT in amino
acid sequences with the IPT proteins produced by Saccharomyces
cerevisiae and Escherichia coli.

As a hot topic in cancer therapy, i°A was shown to induce the
human leukemia cell differentiation'*” and to inhibit the pro-
liferation of a K-ras-transformed rat thyroid cell line.*** This is in
accord with its antileukemic activity against a mouse leukemia
cell line.**® Recently, i°A was also demonstrated to be antipro-
liferative and apoptosis-inducing in human colon cancer cells,**
suggesting its potential antitumor effects against a variety of
mammalian cancers. These findings would motivate further
studies on the i°A analogues with superior antitumor activities
and improved stabili?f in plasma. Additionally, new drug delivery
systems that direct i"A or its antitumor analogues to the target
cancer tissues would be expected to exert better therapeutic
efficacy with negligible or minimal side effects.

In the early 1970s, several putative mechanisms underlying
the actions of i®A were proposed, mainly including the cell pro-
liferation inhibition, protein prenylation blockage, apoptosis
induction, and suppressions of DNA/RNA/protein synthesis
and nucleoside trelnsport.267’268 However, not as quick as desired
was the progress in the elucidation of the precise mechanism
concerning how i®A functions to suppress cancer cell prolifera-
tion. Recently, the gene expression profiling studies of i°A-
treated cells have demonstrated that induction of such genes
as PPPIRI1SA, DNAJBY, DDIT3, and HBPI is involved in the
downregulation of cell cycle progression and the upregulation
during cell cycle arrest under the stress conditions.”*® The micro-
array analysis data revealed the modulation of over 110 genes
at the sixth hour post i°A treatment. The expression profiling
analysis over different time points indicated that early modulated
genes in response to i’A include those associated with the trans-
criptional regulation, which subsequently activate and/or sup-
press other cell cycle- and/or apoptosis-related genes.”*® The
unfolded proteins may be refolded in a correct manner by
chaperone proteins or degraded via the ubiquitin-proteasome
pathway; otherwise, cells would die because the misfolded
proteins are exceeding”® It is therefore noteworthy that the
modulation of gene DDIT3 affects “unfolded protein response”,
highlighting that i°A may maintain proteins in the unfolded
(correct) form in response to cellular stress stimuli.”*® In spite of
accumulating evidence for antitumor effects of i°A in mammalian
cells, the current knowledge about the SAR of CTKs and related
mechanisms is limited on the whole. Recent research has been
conducted to investigate inhibitory effects of several chemically
synthesized i°A analogues on cell proliferation.”*® The experi-
mentation indicated that those analogues exhibited weaker or
no inhibitions on the clonogenicity of A549 cells, suggesting that
the ribose moiety thereof is necessary for the action toward
the epithelial cancer cell growth. This pharmacogenomics study
of i°A supported as well the presumption that the anticancer
mechanism of i°A might involve the induction of cellular stress to
generate cell cycle arrest and cell death. From the observation

that the synthesized analogues of i°A were less effective than i’A
or even ineffective against cancer, the high structural require-
ments of i®A and its derivatives for the antitumor activity could be
primarily figured out to be associated with the conformation, the
copresence, and the combination of essential groups including
ribose moiety, carbon—carbon double bond, etc. It awaits in-
depth studies to find novel i°A derivatives with more potency
againt tumor tissues, with less or no toxicity to the normal tissues
and with improved stability in plasma.

5.2. Function in Rhizobium—Legume Symbiosis

A number of plant species have evolved an intimate associa-
tion with nitrogen-fixing rhizobial bacteria that are typical of
absorbing nitrogen from the environment to benefit their hosts.
Central to this plant—bacterial symbiosis is the formation of
“nodules” on plant roots following plant perception and recogni-
tion of rhizobial bacteria, which is defined as organogenesis.270
It has long been recognized that CTKs are important for nodule
initiation and development, and the initial evidence can be traced
back to an earlier observation that rhizobial bacteria, such as
Rhizobium leguminosarum and Bradyrhizobium japonicum, were
able to secrete CTK-like compounds that could affect root
development.**** The CTKs key roles in nodulation were
disclosed by the fact that the transfer of the CTK production
allows normally nonsymbiotic bacteria to activate nodule forma-
tion in alfalfa.> More recently, the localized production of CTKs
in epidermis following nodulation (Nod) factor perception was
shown to “orchestrate” epidermal and cortical responses during
nodule formation, where Nod factor is known as lipochitooligo-
saccharide signals produced by rhizobia. CTKs are subsequently
transported across the cells (probably by active transport) to the
cortex, which initiates cell division followed ultimately by the
formation of the nodule primordium.°®®” Although CTKs are
believed to play central roles in the symbiotic nodule differentia-
tion, cortical cell division, and the induction of some Nod factor-
dependent pathways, some questions such as how CTKs induce
cortical cell division remain elusive. This pending problem was
resolved partially by the finding that a D-type cyclin component
of a kinase complex (CycD3), essential for the transition from
GI- to S-phase in the cell cycle, mediates some of the effects of
CTKs on cell proliferation in Arabidopsis.””"

In addition to their key role in initiating the nodule primor-
dium in the root cortex, CTKs might also govern the root
epidermal susceptibility to rhizobial infection through mediating
nodule inception (NIN) gene expression, as evidenced from the
discerned colocalization of NIN and CTK in the epidermis in
response to rhizobia, and from the observation that transcription
of proNIN:GUS [constructed by the fusion of promoter of Lotus
japonicus NIN gene to a -glucuronidase (GUS) reporter gene]
is visible in the epidermis and root hairs upon rhizobial inocula-
tion and/or Nod factor treatment.””* As a matter of fact, NIN is
essential in the epidermis to the formation of infection thread and
bacterial entry.”’**”* Mounting data have unequivocally indi-
cated that CTKs can also affect rhizobial infection by controlling
the expressions of NIN and other transcriptional regulators
through local and systemic regulatory mechanisms.”’®

5.3. Action in Phytopathogen Virulence

Many plant-associated bacteria interact with their hosts either
by influencing the phytohormone production or by produc-
ing plant hormones themselves. They take such strategy to
achieve advantages over their host plants, including enhanced
nutrient release, suppression of host defense, and disease
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establishment.***’® For example, gall-inducing bacteria like
Pantoea agglomerans and Pseudomonas syringae subsp. savastanoi
secrete high levels of CTKs and auxins to initiate gall devel-
opment.°®* Another interesting exemplification of the topic is
Agrobacterium tumefaciens, which can transform genetically plant
cells via Ti-plasmid to convert them into CTK and auxin
manufacturers.”””

Plant pathogenic actinomycetes Rhodococcus and Streptomyces
have vast host ranges including model plants and crops of
economic importance.”’® This is particularly exemplified by
R. fascians, which infects many monocot and dicot hosts.””” The
R. fascians-associated symptoms including leaf deformation,
witches” broom, and leafy galls are generated by hyperinduction
of shoots through activated formations of dormant axillary and de
novo meristems. These disease symptoms are thought to result
from the disturbance of the endogenous hormone homeostasis in
the host plant by R. fascians that can degrade CTK and synthesize
IAA mainly through IPyA pathway, leading to the alteration of
the original or correct CTK/auxin ratio.”**?81 All deleterious
effects associated with R. fascians infection are dependent not on
plant cell transformation but on the expression of virulence-
related genes of the bacterium and on the production of
compounds that interfere with normal plant growth and devel-
opment. The complexity of symptom development is further
demonstrated by the necessary and continuous presence of
the bacteria for the symptom maintenance.””” The R. fascians
virulence is controlled by genes on a plasmid, and three loci
fas, att, and hyp on this linear plasmid have been identified.”*” ">
Evidenced from the observation that deletions of some fas genes
confer a nonvirulent phenotype, the fas operon is thought to
be essential to R. fascians virulence.”” Moreover, one of the genes
within the fas operon has been disclosed to encode an IPT
responsible for CTK biosynthesis like IPTs from Agrobacterium
tumefaciens and Pseudomonas syringae pv savastanoi.”

Recently, three typical CTKs, isopentenyladenine, trans-zeatin,
and cis-zeatin and their 2-methylthio (2MeS)-derivatives, were
identified by CTK profiling of both the virulent R. fascians strain
D188 and its nonvirulent plasmid-free variant D188-5.>** The
CTK levels in strain D188 are much higher than those in its
nonvirulent counterpart, confirming that the linear plasmid is
associated with the virulence production. Furthermore, all bac-
terial CTKs exhibiting synergistic effects in several bioassays
could be perceived by two CTK receptors (AHK3 and AHK4) of
the host plant. In addition, the cis- and 2MeS-derivatives were
shown to be inert to the apoplastic CTK oxidase/dehydrogenase,
with the latter displaying no cytotoxicity at high concentrations,
suggesting that these bacterial CTKs are indispensable for the
persistent tissue proliferation and the maintenance of hosts’
disease symptoms.”®> This can be substantiated by an earlier
finding that R. fascians induces the formation of differentiated
leafy galls as indicated by numerous lateral embryonic buds in the
axils of primordial leaf resulting from the outgrowth suppression,
whereas no differentiated galls can be observed if provoked
by such bacteria as Pantoea agglomerans and Pseudomonas
savastano.””” The fas operon in R. fascians is an excellent example
of a highly regulated pathway required for its virulence and the
generation of a modified array of CTKs. Surprisingly, the fas
operon is also detected in the pathogenicity island (PAI) of
Streptomyces turgidiscabies, the only other bacterial species cap-
able of inducing differentiated leafy galls in aerial plant parts,
which has been proven to result from the acquisition of a
R. fascians-like fas gene.”*

As reported earlier,”***® the nodulating rhizobia can produce

CTKs with the related genes (homologous to the A. tumefaciens
IPT gene) found in the rhizobial bacteria Sinorhizobium meliloti
and Mesorhizobium loti. As accepted, A. tumefaciens is a typical
phytopathogen harboring CTK biosynthetic gene IPT respon-
sible for its gall-initiating capability on host plants. Morphologi-
cally, a nodule is similar to a gall, both being provoked by
excessive productions of CTKs and/or the imbalance (or in-
appropriate ratios) of CTKs and auxins. However, the former is
generant as a result of plant root—rhizobium symbiotic interac-
tion and the latter is generant as a neoplasm derived from the
pathogen infection site of aerial parts. Moreover, the gall induc-
tion by pathogenic A. tumefaciens (a close relative of nodulating
rhizobia) is dependent on CTK biosynthetic genes such as TZS
and IPT that encode, respectively, the enzymes functioning
adaptatively in prokaryotic (bacterial) and eukaryotic (plant)
cells.”®® The presence of such enzymes in pathogens could help
the follow-up investigations concerning the evolution of the root
nodule symbiosis or vice versa as well as how and why some
bacteria ride the fence of the pathogen—symbiont boundary.”®’

Concerning the starting material for the biosynthesis, CTKs
and their biosynthetic precursors were found in the culture
supernatants of several endophytes, such as endophytic fungus
Rhodotorula minuta of Scots pine buds, bacteria Pantoea agglo-
merans of barley seeds, and Methylobacterium extorquens of the
same pine sprout.zgg’289 Moreover, zeatin, a predominant mem-
ber of CTKs, was reported to be produced by many other micro-
bial species including the bacteria Agrobacterium rhizogenes,”°
A. tumefasciens,”®® Paenibacillus polymyxa,”®" Pseudomonas
ﬂuorescens,292 P. syringae,290 and P. solanacearum,”® as well as
the fungi Funalia trogii*>> and Trametes versicolor.””> In addition
to these, some cyanobacteria such as Synechosystis, Oscillatoria,
Phomidium, Chroocidiopsis, and Anabaena species have recently
been identified as new CTK producers. Furthermore, in planta
secretions of CTK by the cyanobacteria might confer the
localized resistance of Arabidopsis thaliana against Pseudomonas
syringae pv tomato DC3000, and of tobacco aganist Pseudomonas
syringae tabaci.”**

As a conclusive presumption, CTKs function across the planta
and microbial world, in addition to their actions toward mam-
malian cells (discussed in section S.1), which would pave a path
for the discovery of new therapeutic agents required urgently for
treating human cancers.

6. GIBBERELLIN

As a major set of plant hormones, gibberellins (GAs) play
significant roles in regulating plant growth and development,
ranging from seed germination and vegetative growth to flower-
ing and flower development.”> Recognized as a big group of
diterpenoids, GAs are derived biosynthetically from geranylger-
anyl diphosphate in plants.*> In spite of a wealth of publications
focusing on the function, structure, biosynthesis, and deficient
mutants of GAs in plants, few reports could be consulted with
regard to their possible roles in mammalian cells until two GA3
analogues A and B, transformed chemically from GA3, were
characterized as potent antitumor agents (Figure 10).”” Further-
more, a recent U.S. patent has revealed that compounds like GAs
and their derivatives can be used for the preparation of a
pharmaceutical composition for treating diabetes and its com-
plications including obesity, micro- and macrovascular diseases,
nephropathy, neuropathy, eye disorder, and diabetic ulcerations.
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GA3 analog A
GAS3 analog B

R1=OH;R2=H§X=H2
Ry =Cl; R, =Me; X=0
Ry=Cl;Rz=Bn; X=0

Figure 10. Structures of gibberellin GA3 and its antitumor analogues
Aand B.

The medicaments result in the normalization of serum glucose
level and physiological performance associated with diabetic
patients.”® These observations suggested that the skeleton shared
by GAs should be of significance in the action of thus-constructed
compounds toward nonplant cells/organisms.

7. BRASSINOSTEROIDS (BRS)

In the late 1970s, brassinolide was identified as the first BR
member from bee-collected rape pollen.”” Following the detec-
tion of brassinolide in all plant species examined to date,”””>*°
BRs collectively refer to plant-generated steroidal hormones that
stimulate plant growth at nano- or micromolar concentrations
with brassinolide and castasterone accepted as the two repre-
sentative BRs possessing &-lactone and cyclohexanone moieties,
respectively (Figure 11). Moreover, BRs have been demon-
strated to occur in almost every part of plants including pollen,
floral buds, fruits/seeds, vascular cambium, leaves, shoots, and
roots.’*® Using sterols as precursors, BRs can be biosynthesized
in vivo, sharing structural similarity to the mammalian steroid
and insect ecdysleroid hormones in the tetracyclic nucleus
coupled with multiple oxidations.

BRs play key roles in regulating a variety of plant physiological
processes such as growth, differentiation, cell elongation, disease
resistance, stress tolerance, and senescence, with brassinolide
being the most potent one.*® They have been demonstrated to
exert stimulatory effects on cell division in numerous plant
species and cell culture lines,**' >* and further disclosed to
stimulate cell division during the early phase of cell cultures,
indicative of their possible roles as rate-limiting factors in cell
cycle induction.*** Moreover, BRs can function in place of
CTXKs since both BRs and CTKs are able to induce cycD3 gene
expression.”” In particular, the 24-epimer of brassinolide, named
24-epibrassinolide (Figure 11), has been extensively investigated
due to its wide-spectrum practical applications in agrochemicals
and available evaluation of potential agricultural utility of a
variety of formulations.**®

7.1. Antitumor Activity

Given that the cellular and molecular mechanisms concern-
ing how BRs act on mammalian cells are almost unknown, the
cytotoxic assays for the effect on mammalian cancerous cell lines
represent a good starting point of the topic. Without affect-
ing normal cells, the natural BRs 28-homocastasterone and
24-epibrassinolide (Figure 11) were demonstrated to inhibit
at micromolar concentrations in a dose-dependent mode
the growth of human breast (MCF-7 and MDA-MB-468) and
prostate cancer cell lines (LNCaP and DU-145). The two BRs
could cause the cell cycle arrest in G; phase for the MCF-7,
MDA-MB-468, and LNCaP cells while triggering apoptosis for

OH 28

brassinolide castasterone

28-homocastasterone

24-epibrassinolide

Figure 11. Structures of brassinolide, 24-epibrassinolide, castasterone,
and 28-homocastasterone.

the MDA-MB-468 and LNCaP cells.** Moreover, the natural
brassinolide was shown to be cytotoxic toward androgen-
independent human prostate cancer PC-3 cells in a time- and
dose-dependent manner. Furthermore, the discerned cancer cell
death appeared to be ascribed to apoptosis as evidenced from a
combination of flow-cytometric analysis, fluorescence, and trans-
mission electron microscopic approaches, which detected as well
the elevated activity of caspase-3 and the downregulation of
antiapoptotic protein Bcl-2, two notable indicators for apoptosis
induction.®® The findings suggested that brassinolide, along with
its analogues, could be of value in the development of the
antitumor drugs.

In addition, both BRs and their synthetic derivatives were
recently investigated using the endothelial primary cells includ-
ing human umbilical vein endothelial cells (HUVEC) and human
mammary epithelial cells (HMEC), demonstrating that some of
the steroidal compounds could inhibit considerably the prolif-
eration and migration of human endothelial cells to result in
apoptosis. In particular, the inhibition of migration is reversely
linked to the development of new blood vessels, the formation of
new tumor centers, and the growth of cancerous tissues.** These
results suggest a potential antiangiogenic activity of BRs on
endothelial cells, thereby facilitating our understandings about
their pleiotropic effects across planta and animal kingdoms.

7.2. Antiviral Activity

Some natural BRs and synthetic analogues were disclosed to
be antiviral in vitro against several pathogenic viruses such as
herpes simplex virus type 1 (HSV-1), arenaviruses, and measles
virus.*>% HSV-1 is the pathogen eliciting human ocular disease
termed herpetic stromal keratitis (HSK), accounting for a leading
risk factor of ocular impairment and blindness.>*” Wachsman et
al. synthesized and bioassayed an array of analogues of the natural
brassinosteroid  (22R,23R,24S)-20,30,22,23-tetrahydroxy-So.-
ergostan-6-one.”> The substantially potent compounds against
HSV-1 were (225,235,245)-20,30,22,23-tetrahydroxy-Sa-ergo-
stan-6-one, (22R,23R)-3f-acetoxy-22,23-dihydroxy-Sa-cholestan-
6-one, (225,23S)-3[3-bromo-22,23-dihydroxy-5a-cholestan-6-
one, and (225,235,245)-3(3-bromo-5a,22,23-trihydroxyergostan-
6-one (the most active one). Moreover, the bioactive BR
derivatives displayed similar selectivity indexes (SI) to that of
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foscarnet (trisodium phosphoformate), a drug prescribed clini-
cally for treating HSV-1 infection.®® In view of the speedy
escalation in the in vivo drug-resistant viral mutants, it is
intriguing that these derivatives exhibited similar activity against
TK" and TK™ HSV-1 strains.*® The antiviral activities of BRs
suggested that they could serve as a novel class of antiviral
compounds, though further work is desired to elucidate the
precise mechanism and the SAR for their antiviral actions toward
human pathogenic viruses. Meanwhile, resembling the antistress
activities of the natural BRs in plant via the induction of the heat
shock protein expression,”'” the synthetic BR analogues were
demonstrated to possess as well growth-promoting activities
in planta® by the classical bioassay using rice lamina inclination
as an indicator.”""

7.3. Immunomodulatory Activity

Because BRs belong to Sa-cholestane steroids, their immu-
nomodulatory effects in mammals may follow both from their
structural similarity to the mammalian steroid hormones mediat-
ing a number of metabolic pathways and from their roles in plants
as immunomodulators when applied at the appropriate con-
centration at certain stages of plant development.”*>*'* The
synthetic brassinosteroid (225,235,245)-3/3-bromo-50,22,23-tri-
hydroxyergostan-6-one was shown to be antiviral because its
administration could reduce the incidence of murine HSK.*’
The action might be attributed to the regulatory effect of the
bromated sterol on immune-mediated stromal inflammation in
vivo rather than a direct antiviral effect because the percentage of
mice with ocular lesions declined substantially S days after the
exposure termination of the synthetic BR. This assumption was
further rationalized by the fact that no substantial differences in
the viral titers of murine eye specimens were discerned among
treated and untreated mice.®” Moreover, the synthetic BR could
impair the HSV-1-induced activation of NF-«B and attenuate
significantly the TNF-at secretion in HSV-1-infected NHC
(a human conjunctival cell line), whereas the compound could
promote the IL-6 production after HSV-1 infection in both cell
types. Moreover, the production of cytokines TNF-a and IL-6
was significantly reduced in a bacterial lipopolysaccharide (LPS)-
stimulated macrophage cell line after treatment with the com-
pound. Both TNF-o. and NF-«B play important roles in the
pathology of HSV-1 infection, and TNF-at generated predomi-
nantly by monocytes and macrophages is crucial to the devel-
opment of the mammalian humoral immune responses, with
which NF-«B is also associated.>'® Furthermore, the virus HSV-1
might induce the activation of NF-«B by interacting with toll-
like receptor (TLR)-2 to generate an array of proinflammatory
cytokines such as TNF-q, IL-153, and IL-6.>"**'® This virus
was found to encompass several consensus-binding sites for
NEF-«B in the promoters, which was employed to enhance
its replication and multiplication.>'® Additionally, HSV-1 was
further demonstrated to induce a durable NF-«B translocation to
the nuclei of NHC and Vero cells.’” These observations
collectively substantiated that (22S,235,24S)-3-bromo-
50,22,23-trihydroxyergostan-6-one could most likely modulate
either as an elicitor or as a suppressor of the immunoinflamma-
tory responses independent of the type of test cells.*®

However, this brominated BR may have other antiviral mech-
anisms such as inhibition on viral protein synthesis and mature
virion formation of vesicular stomatitis virus in Vero cells.>"®
Further investigations are needed to decipher the underlying
mechanism through which BRs and their analogues such as

(228,2385,24S)-35-bromo-50,22,23-trihydroxyergostan-6-one
act in the immune responses in vivo so that they can be precisely
used for treating HSV-1-related diseases such as ocular disorder.
Furthermore, the BR structures are similar in part to those of the
vitamin D series such as vitamin D2 (Figure 12), suggesting that
they could have more biological actions.

8. STRIGOLACTONES

Strigolactones are sesquiterpenes containing a tricyclic lactone
core (A, B, and C rings) in conjuction via an enol ether bond with
an o,,f-unsaturated furanone moiety (D ring) (Figure 13). They
were previously identified both as seed germination stimulants of
the weeds Striga and Orobanche, and as signaling molecules on
hyphal branching of some arbuscular mycorrhiza (AM) fungi.
Inconsistent with the assumed sesquiterpene origin, the strigo-
lactones were indicated to be biosynthesized by the carotenoid
pathway.’'® The strigolactone is predominantly produced in
roots from carotenoid and subsequently translocated to shoots,
where it inhibits subapical shoot outgrowth. Accordingly, the
compound accords with the classical definition of a phytohor-
mone because it is produced in one tissue and translocated to
another where it displays a potent effect on plant growth.

In addition to auxins and CTKs, strigolactones have been
accepted as the third class of phytohormones regulating the plant
shoot branching on the basis of the recognized activities ascer-
tained with the latest advancements in plant molecular, genetic,
and analytic techniques.”® > In 2008, two independent groups
both reported that strigolactones are either themselves phyto-
hormones or the biosynthetic precursors thereof based on their
work with shoot branching mutants of pea (ccd8 mutation) and
rice (d mutation).”””" Supplementation to those mutant plants
with small amounts of strigolactones could rescue the mutant
phenotype that is highly branched as incurred by impairment in
strigolactone synthesis. Accordingly, strigolactone is at least in
close appropinquity to phytohormone if not an actual one.

Another investigation was performed concerning the effect of
GR24 (a strigolactone analogue, Figure 13) on the AM fungus
Gigaspora rosea.”> The GR24 treatment of the fungus resulted in
the activation of fungal oxidative metabolism as evidenced from
the coelevation in the NADH concentration, the NADH de-
hydrogenase activity, and the ATP level of the fungal cell.
Moreover, the genes associated with mitochondrial metabolism
and hyphal growth were upregulated, and the fungal mitotic
activity was stimulated.”® As observed earlier by the same group,
strigolactones might act as a potent and rapid stimulant of cell
proliferation in the AM fungus G. rosea at a concentration as low
as 10~ "> mol/L.**° Furthermore, strigolactones displayed stimu-
latory effects on the spore germination of a set of phylogeneti-
cally distant AM fungi such as G. rosea, Glomus intraradices, and
Gl. Claroideum, with the mechanism suggested to be associated
with a rapid increase in mitochondrial density and respiration.*
Kinetically, strigolactones were shown to trigger expression of
fungal genes related to mitochondrial activity (1 h post-
treatment), followed by increases in the respiration rate (1.5 h
posttreatment) and mitochondrial reorganization (4 h post-
treatment), and finally fungal ramification stimulation (24 h
posttreatment), highlighting that the branching response is the
outcome of a metabolic switch in fungi.**" There are also clear
indications that strigolactones are involved in the signaling
cascade at the presymbiotic stage (e.g., hyphal branching before
fungal contact with the plant roots), and that the strigolactone
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Figure 12. Structures of bioactive BR analogues and vitamin D2.
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Figure 13. Structure of strigolactones (+)-strigol and GR24.

levels are decreased in root exudates once plants are mycorrhizal,
indicating their implication at later stages after symbiosis
establishment.*> However, further investigations are necessary
to elucidate their precise functions during each stage of the AM
symbiosis.

The occurrence of endocellular bacteria is a well-recognized
phenomenon with AM fungi, thus constituting the triple sym-
biotic system (plant—fungus—endocellular bacterium).”* Inter-
estingly, the exposure of fungal spores to strigolactones resulted
in an increased expression of ftsZ gene (a marker gene for
bacterial division), which encodes a major bacterial cytoskeletal
protein, a homologue to the eukaryotic tubulin.”® Tubulin is a
kind of highly conserved protein localized in the centrosome of

eukaryotes ranging from yeast to mammals and is associated with
the assembly of microtubules during the cell cycle. Thus, the
commonness may exist in modulatory mechanisms for fungal cell
mitosis/bacterial cell division. These ascertained activities of
strigolactones highlighted the possibility that this family of phyto-
hormones would exert certain actions toward mammalian cells, for
instance, targeting cytoplasmic or subcellular (i.e., mitochondrial)
receptors associated with lipid catabolism, respiration, and mito-
chondrial biogenesis, as do thyroid hormones.”**

Given that fungi are lower members of eukaryotes, which, along
with animals and plants, constitute the living organisms character-
istic of a cell nucleus within the plasma membrane, it may be
reasonable to anticipate that strigolactones may serve as modula-
tors in mammalian cells for cellular mitosis, mitochondrial biogen-
esis, and respiration metabolism. Although their action toward
mammalian cells awaits investigation, strigolactones could affect
the AM fungal branching, suggestive of their cross-kingdom
actions at least across the planta and microbial communities.

9. ABSCISIC ACID

Abscisic acid (ABA) is a ubiquitous phytohormone that
regulates seed germination, development, and response to the
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abiotic stress adaptation.”*”” As a plant signal molecule, ABA is
perceived and recognized at both the intra- and extracellular
levels, notably mediating important functions in response to abiotic
stresses including salt, cold, drought, and wounding. Compounding
the recent investigations about the ABA-dependent signaling and
transport processes, particularly the identification of an ABA
transporter, the engineering of drought-tolerant plants becomes
a promising means for agronomically significant plants that can
be supposed to survive or thrive in the stressful environment.>**
In addition to helping plants adapt to the abiotic challenges, ABA
has recently been found to improve the growth and development
of some fungi,>* as well as to be protective for the survival of
some animals such as marine sponges,”®” hydroids,'"® and
mammals.'"'** The similarity between these findings is mainly
associated with the ABA-mediated stress response because ABA
seems to regulate both defense responses in plants and immune
functions in animals. Further investigations are desired for
recognizing its targets in nonplant organisms, as well as for
understanding the mechanisms concerning how it modulates
immune-associated processes in animals.

ABA has recently been accepted as an endogenous pro-
inflammatory cytokine in human granulocytes because it acti-
vates granulocyte defensive functions including phagocytosis,
migration, productions of ROS and nitric oxide, chemotaxis, and
chemokinesis. These actions were primarily realized through
a receptor-mediated signaling pathway involving a membrane
PTX (pertussis toxin)-sensitive G-protein/receptor complex,
cAMP overproduction, PKA (protein kinase A)-dependent
phosphorylation of the human ADP-ribosyl cyclase CD38, and
subsequent generation of cADPR (cADP-ribose) that leads to
the elevation of intracellular Ca>* levels.'®"**> This mammalian
signaling pathway is similar to that mediated by ABA in plants.**°
Moreover, this phytohormone stimulates the insulin secretion
of human and murine pancreatic 3-cells and of rat insulinoma cell
lines at nanomolar concentration through a signaling pathway
orthologous to that in human granulocytes.””” The autocrine
production of ABA from glucose-stimulated human and rodent
insulin-releasing cells, along with the release of ABA b(?r activated
inflammatory cells granulocytes'®' and monocytes,'” suggests
that ABA possibly contributes to the network of cytokine
signaling exchange and cross-talk between inflammatory and
pancreatic 3-cells, both playing fundamental roles in the devel-
opment of the metabolic syndromes and type II diabetes.'>'%*

By probing human gene and protein interaction networks,
a total of four protein homologues of Arabidopsis ABA-related
genes including NCOA6 (nuclear receptor coactivator 6, also
called PPAR-interacting protein), DNTTIP2 (deoxynucleoti-
dyltransferase terminal-interacting protein 2), MAPK1/2 or
ERK1/2 (mitogen-activated protein kinase 1), and EDF-1
(endothelial differentiation factor) was identified to anchor in
the PPARy (peroxisome proliferator-activated receptor y) net-
work in mammals. The transcriptional activity of PPARy and
other nuclear receptors is modulated both by ligand binding and
by the recruitment of nuclear receptor coactivators including
NCOAG6 that bridges CBP/p300 (cAMP response element-
binding protein) and PBP (PPARy-binding protein), implying
that ABA may regulate PPARy activity indirectly by interacting
with its coreceptors,'%32%32?

Given the pivotal roles of PPARY in a variety of mammalian
anti-inflammatory and metabolic processes, the observations that
ABA upregulates PPARy expression in vivo, along with the in
vitro elevation of PPARY activity by ABA, may shed light on the
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Figure 14. Structures of abscisic acid, origamicin, and all-trans-retinoic acid.

development of new strategy for the prevention and treatment of
chronic inflammation and autoimmunity diseases. Furthermore,
ABA has also been shown to be antidiabetic based on the finding
that supplementation of ABA into high-fat diets could prevent
the onset of type II diabetes in obese db/db (leptin receptor-
deficient) mice.”*® Consequently, a possible linkage between
ABA-mediated signaling pathway and PPARY-dependent mech-
anisms in mammalian cells may contribute to the antidiabetic
action of ABA without distinct side effects such as excessive
weight gain and fluid retention. The antidiabetic action of ABA in
mammals could be further rationalized by the aforementioned
prevention of ABA in the development and progression of type II
diabetes and associated metabolic syndromes thereof.'>'**

Besides its promising actions in antiinflammation and anti-
diabetic aspects, ABA may also represent a potential cancer
treatment because of its ability to control calcium signaling. Its
cancer-preventive action might be deduced from a patent issued
earlier to Livingston-Wheeler for its application as an anticancer
compound,®" as well as from the recent findings that some
of ABA-activated pathways are mechanistically similar to those
modulated by chemotherapeutic agents that are in current clini-
cal use for cancer treatment, including anticancer drugs stauro-
sporine, doxorubicin, tamoxifen, and etoposide, all killing the
cancer cells by elevating the intracellular Ca®".'* Accordingly,
ABA may be of great potential as a starting molecule for the
development of new therapeutics treating chronic diseases
including inflammation, autoimmunity disorders, diabetes, and
cancers.

As illustrated in Figure 14, ABA is structurally comparable
to all-trans-retinoic acid, which has long been a hot topic of
biomedicine. So far, all-frans-retinoic acid has been proven to
have therapeutic properties against an array of human refractory
diseases such as leukemia®** and Alzheimer’s disease.*** How-
ever, only a few ABA molecular targets like calcium signaling and
G protein-coupled receptors have been identified in vitro in both
plant and animal systems. As a newly recognized endogenous
pro-inflammatory hormone in human granulocytes, ABA was
indicated to stimulate several functional activities of the murine
microglial cell line through the second messenger cADPR and an
increase of intracellular calcium, potentially representing a new
target for anti-inflammatory therapies for treating microglia-
induced tissue damage in the central nervous system.'®"?**
Recently, ABA was found to be a new signal molecule involved
in the development of atherosclerosis, suggesting its important
roles in the antiatherosclerotic therapy.'®

In addition to its actions in plants and animals, ABA and its
analogues were found to affect some microbes. As an application

2752 dx.doi.org/10.1021/cr100061j |Chem. Rev. 2011, 111, 2734-2760



Chemical Reviews

for ABA-based molecular scaffolds for mammalian cellular tar-
gets, a group of 18 different ABA analogues was tested for
inhibiting HCV replication using a cell-based screen involving
subgenomic HCV replicons, showing that origamicin (Figure 14)
gave pronounced antiviral activity through inhibiting folding-
relevant host proteins.335 Recently, the endogenous ABA
level was indicated to regulate nodulation and nitrogen
fixation through decreasing the production of nitric oxide in
nodules.>***7 Furthermore, ABA was demonstrated to contri-
bute to the susceptibility of tomato to the AM fungus.'” In
addition, ABA production controls calcium signaling within the
apicomplexan parasite Toxoplasma gondii, an opportunistic hu-
man pathogen, highlighting its 3potential therapeutic significance
in toxoplasmosis prevention.”>® These data collectively reveal
that ABA and its analogues may possess cross-kingdom actions
that are of potential value in the field of biomedicine.

10. ETHYLENE

Ethylene, widely recognized as the phytohormone associated
with plant growth and development processes such as fruit ripen-
ing, became a focused topic of biochemical and genetic research
in plant sciences several decades ago.'”®'*” In addition to its
actions in planta, ethylene was found to regulate plant—microbe
interactions with its role in the recruitment of culturable en-
dophytic bacteria from native soils."'® This is very important
since some endophytes, while benefiting host plant growth,**
may gradually become a source of functional biomolecules,
presumably as a result of the gene flow during endophytism or
interadaptation between recruited microbes and host plants.>**>*"
In response to abiotic and biotic stresses including attacks from
insects and pathogenic microbes, ethylene normally functions in
plants jointly with other stress-related phytohormones such as
SA and JA,*** while sometimes playing decisive roles includin
modulating cross-talks between SA and JA signaling pathways.>*
Accordingly, it can be presumed that ethylene acts toward
nonplant species mainly in an indirect manner.

11. CONCLUDING REMARKS

Owing to their sessile lifestyle in a complex environment,
plants have to rely on phytohormones and the combination
thereof to regulate the growth and development and to cope with
biotic and abiotic stresses including drought, frigidity, high
irradiation, animal predation, and attacks from microbes and
insects. Similar to animal hormones, classical plant hormones are
small-molecule organic chemicals that can regulate at very low
concentrations physiological and developmental processes as
well as stress adaptations or responses. While plants utilize some
phytohormones to endure the inevitable stresses, some patho-
genic microorganisms can affect the homeostasis or alter the
balance of related phytohormones to antagonize the host im-
mune responses so that they can maximize and speed up their
invasion or colonization.”** This is because two or more inter-
dependent phytohormone pathways may work synergistically or
antagonisticaﬂz through coordinated regulations of common
target genes,”® as exemplified by the recent observation that
the BR si§naling pathways are actually modulated by ABA*
and GA.>" On the whole, the accumulated molecular and
genetic understandings on the topic highlight that the plant
hormones are cross-linked by emerging upstream and/or more
common connections that are not restricted in the plant
kingdom.*** This could explain why some phytohormones are

also active in regulating the physiological processes of nonplant
organisms.

As a matter of fact, the actions of phytohormones toward
mammalian cells have been well substantiated by the recogni-
tions of plant hormones and their analogues as antitumor,
antioxidant, and immunoregulatory and enzyme modulatory
agents. The scaffolds or pharmacophores including their smart
combinations/integrations have been and continue to be im-
portant to the relevant drug discovery as if aspirin and indo-
methin were thoroughly investigated and eventually proven for
the long-time clinic prescription. The health-improving effect of
phytohormones, together with that of other copresent phyto-
chemicals, may be of referential value in explaining at least in part
why a randomly selected vegetarian has normal bone mineral
density and body composition,®*® and why the lifestyle pattern
that includes a very low meat intake is associated with greater
longevity.>* The action of phytohormones toward microorgan-
isms is another important concern since some plant hormones
and their analogues showed pronounced antibacterial, antifungal,
and antiviral activity. This is not only consistent with their
phytoprotective roles in helping plants adapt stresses raised by
numerous microbial pathogens but also valuable in searching for
new antimicrobial agents, necessitated urgently owing to the
drug resistance discerned with most of the existing antibiotics.
Interestingly, some plant hormones benefit the growth of specific
communities of microbes as exemplified by strigolactones that
serve as branching factors for some AM fungi in association
with plant roots where Striga species parasitize."> Plants, as
the starting organisms of the food chain, are able to produce
phytohormones. Some phytohormones and the related inter-
mediates could be absorbed and used by the herbivore as the
defensive arsenal preserved for postoviposition survivals. This is
well illustrated by the observation that JA, SA, and one of its
metabolic precursors, benzoic acid (also a well-known antiseptic
agent), were codetected in eggs of the fruit-feeding fly Rhagoletis
pomonella.®>®

The cross-kingdom actions of phytohormones discussed in
this review may reflect a common cellular machinery possibly
acquired by both plants and mammals during the long-time
coevolution to survive and to grow well in the unfavorable
environmental conditions. At molecular level, numerous genes
and the associated proteins have undergone divergent evolution,
with some genes being extinct, some being silenced, and some
experiencing loss-of-function. Interestingly, a set of impor-
tant events including a lasting increase in cytoplasmic calcium,
the release of ROS, the generation of nitric oxide (NO), the
activation of MAPKSs, and final cellular events such as cytoplasmic
shrinkage, chromatin condensation, and DNA breakdown occur
both in the plant defenses against pathogen assaults and in
mammalian immune responses to pathogen/carcinogen chal-
lenges. Accordingly, further in-depth understandings about the
privileged scaffolds and exact mechanisms of phytohormones in
mammals and plants may be of wide interest and may facilitate
the elucidation of the inherence ubiquitous in living organisms.
In addition, a couple of more fundamental questions awaits the
follow-up endeavor. Concerning the generation, more data are
desired to clarify whether the phytohormones are produced
independently by plants or by a plant—microbe interaction
process, or merely by some plant-associated microbes, since
some plant hormones such as IAA producible by many fungi and
bacteria are also emerging as a microbial metabolic and signaling
molecule.”*" Regarding the verification of new phytohormone
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members, more attention should be paid timely and sophisticat-
edly to “phytohormone candidate” natural products, if learned
from the fact that strigolactone had been “unnoticed” for about
three decades before being recognized as a new plant hor-
mone.**" As to the plant—microbe interaction, the precise role
of phytohormones in the plant resistance and susceptibility to
pathogens deserves more attention because the plant innate
immunity involves perception of PAMPs,**> which is analogous
to Toll-like receptors in mammals.’>® Tt is believed that the
renewed understanding on the topic may offer fresh opportu-
nities for an increased crop production and/or effective controls
of refractory diseases such as cancers and the infections incurred
by emerged and emerging drug-resistant pathogens.
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ABBREVIATIONS

ABA abscisic acid

AKR aldo-keto reductase

AM arbuscular mycorrhiza

AML acute myelogenous leukemia
APL acute promyelocytic leukemia
ATP adenosine triphosphate

BAK1 BRI1-associated receptor kinase 1
BRI1 brassinosteroid-insensitive 1
CAT catalase

Caspase cysteine aspartyl-specific protease
CBM N-(4-chlorobenzoyl)-melatonin
CJ cis-jasmone

COX cyclooxygenase

CTK cytokinin

ERK 1/2 extracellular signal-regulated kinasel/2
Fas factor associated suicide

GA gibberellin

GDEPT gene directed enzyme prodrug therapy
GPx glutathione peroxidase

GR glutathione reductase

GSH reduced glutathione

GUS p-glucuronidase

HCV hepatitis C virus

HRP horseradish peroxidase

HSDs hydroxysteroid dehydrogenases
HSK herpetic stromal keratitis

HSP 72 heat shock protein 72

HSV-1 herpes simplex virus type 1

S-HT S-hydroxytryptamine

i°A N%-isopentenyladenosine

IAA indole-3-acetic acid

IAM indole-3-acetamide

1kB inhibitor of NF-«B

IKK IkB kinase

IPT isopentenyl transferase
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IPyA indole-3-pyruvate

IL interleukin

JA jasmonic acid

JNK Jun N-terminal kinase

KR kinetin riboside

MAPK mitogen activated protein kinase
MEK1/2 MAPK/ERK1/2

MJ methyl jasmonate

mPDF mitochondrial PDF

MSO mitochondrial superoxide

NBT nitroblue tetrazolium

NF-«B nuclear factor-«B

NIN nodule inception

Nod nodulation

NSAIDs nonsteroidal anti-inflammatory drugs
PAH polyaromatic hydrocarbon
PAMPs pathogen-associated molecular patterns
PCD programmed cell death

PDF peptide deformylase

PG prostaglandin

PGD, prostaglandin D,

PGE, prostaglandin E,

PGF,q prostaglandin F,,

PGH, prostaglandin H,

PGHS prostaglandin H synthase, also called COX
PGI, prostaglandin I,

15dPG]J, 15-deoxy-A'>'* PGJ,

P-gp P-glycoprotein

PPARy peroxisome-proliferator-activated receptor-y
PrP prion protein

RNP ribonucleoprotein

ROS reactive oxygen species

SA salicylic acid

SAR structure—activity relationship
SOD superoxide dismutase

TGF-$ transforming growth factor-f3
TNF-a tumor necrosis factor-o.

TRIT1 tRNA-IPT-1

tRNA tRNA

Trp tryptophan

REFERENCES

(1) Fingrut, O.; Flescher, E. Leukemia 2002, 16, 608.

(2) Ishii, Y.; Kiyota, H.; Sakai, S.; Honma, Y. Leukemia 2004, 18,
1413.

(3) Elwood, P. C; Gallagher, A. M.; Duthie, G. G.; Mur, L. A. J;
Morgan, G. Lancet 2009, 373, 1301.

(4) Folkes, L. K.; Wardman, P. Biochem. Pharmacol. 2001, 61, 129.

(5) Lépez, M. A,; Bannenberg, G.; Castresana, C. Curr. Opin. Plant
Biol. 2008, 11, 420.

(6) Siemens, J.; Keller, I; Sarx, J.; Kunz, S.; Schuller, A.; Nagel, W.;
Schmulling, T.; Parniske, M.; Ludwig-Muller, J. Mol. Plant—Microbe
Interact. 2006, 19, 480.

(7) Chen, Z.; Agnew, J. L.; Cohen, J. D.; He, P.; Shan, L.; Sheen, J.;
Kunkel, B. N. Proc. Natl. Acad. Sci. U. S. A. 2007, 104, 20131.

(8) Akhkha, A.; Kusel, J.; Kennedy, M.; Curtis, R. Parasitology 2002,
125, 165.

(9) Akhkha, A; Curtis, R.; Kennedy, M.; Kusel, J. Parasitology 2004,
128, 533.

(10) Cook, C.E.; Whichard, L. P.; Wall, M. E; Egley, G. H.; Coggon,
P.; Luhan, P. A,; McPhail, A. T. J. Am. Chem. Soc. 1972, 94, 6198.

(11) Dun, E. A; Brewer, P. B,; Beveridge, C. A. Trends Plant Sci.
2009, 14, 364.

(12) Akiyama, K.; Matsuzaki, K.; Hayashi., H. Nature 2005, 435, 824.

(13) Umehara, M.; Hanada, A.; Yoshida, S.; Akiyama, K.; Arite, T.;
Takeda-Kamiya, N.; Magome, H.; Kamiya, Y.; Shirasu, K,; Yoneyama,
K; Kyozuka, J.; Yamaguchi, S. Nature 2008, 455, 195.

(14) Lee, S.-W.; Han, S.-W,; Bartley, L. E.; Ronald, P. C. Proc. Natl.
Acad. Sci. U. S. A. 2006, 103, 18395.

(15) Xiao, S; Dai, L. Y,; Liy, F. Q; Wang, Z.; Peng, W,; Xie, D. X.
Plant Cell 2004, 16, 1132.

(16) Mandaokar, A.; Thines, B.; Shin, B.; Lange, B. M.; Choi, G.;
Koo, Y. J,; Yoo, Y. J.; Choj, Y. D.; Choi, G.; Browse, ]J. Plant J. 2006,
46, 984.

(17) Thines, B.; Katsir, L.; Melotto, M.; Niu, Y.; Mandaokar, A.; Liu,
G.; Nomura, K;; He, S.; Howe, G. A.; Browse, J. Nature 2007, 448, 661.

(18) Katsir, L.; Chung, H. S.; Koo, A. J. K;; Howe, G. A. Curr. Opin.
Plant Biol. 2008, 1, 428.

(19) Yeruva, L.; Elegbede, J. A,; Carper, S. W. Anti-Cancer Drugs
2008, 19, 766.

(20) Goldin, N.; Arzoine, L.; Heyfets, A.; Israelson, A.; Zaslavsky, Z.;
Bravman, T.; Bronner, V., Notcovich, A.; Shoshan-Barmatz, V;
Flescher, E. Oncogene 2008, 27, 4636.

(21) Azoulay-Zohar, H.; Israelson, A,; Abu-hamad, S.; Shoshan-
Barmatz, V. Biochem. ]. 2004, 377, 347.

(22) Majewski, N.; Nogueira, V.; Bhaskar, P.; Coy, P. E.; Skeen, J. E.;
Gottlob, K.; Chandel, N. S; Thompson, C. B.; Robey, R. B.; Hay, N. Mol.
Cell 2004, 16, 819.

(23) Pastorino, J. G.; Hoek, J. B.; Shulga, N. Cancer Res. 2005, 15,
10545S.

(24) Hause, B.; Mrosk, C.; Isayenkov, S.; Strack, D. Phytochem. 2007,
68, 101.

(25) Ren, A; Qin, L;; Shi, L; Dong, X;; My, D. S,; Li, Y. X;; Zhao,
M. W. Bioresour. Technol. 2010, 101, 678S5.

(26) Jambois, A.; Lapeyrie, F. Symbiosis 2008, 39, 137.

(27) Antunez-Lamas, M.; Cabrera, E.; Lopez-Solanilla, E.; Solano,
R; Gonzalez-Melendi, P.; Chico, J. M.; Toth, L; Birch, P.; Prichard, L.;
Liu, H.; Rodriguez-Palenzuela, P. Mol. Microbiol. 2009, 74, 662.

(28) Ashraf, M.; Akram, N. A.; Arteca, R. N.; Foolad, M. R. Crit. Rev.
Plant Sci. 2010, 29, 162.

(29) Sotiriou, C.; Lacroix, M.; Lagneaux, L.; Berchem, G.; Body, J.J.
Anticancer Res. 1999, 19, 2997.

(30) Schwenger, P.; Bellosta, P.; Vietor, L; Basilico, C.; Skolnik,
E.Y,; Vilcek, J. Proc. Natl. Acad. Sci. U.S.A. 1997, 94, 2869.

(31) Kopp, E.; Ghosh, S. Science 1994, 265, 956.

(32) Jurivich, D. A.; Sistonen, L.; Kroes, R. A,; Morimoto, R. L
Science 1992, 255, 1243.

(33) Abramson, S. B.; Weissmann, G. Arthritis Rheum. 1989, 32, 1.

(34) Bunce, C. M; Mountford, J. C.; French, P. J.; Mole, D. J;
Durham, J.; Michell, R. H,; Brown, G. Biochim. Biophys. Acta 1996,
1311, 189.

(35) Shiff, S. J.; Qiao, L.; Tsai, L.-L.; Rigas, B. J. Clin. Invest. 1995,
96, 491.

(36) Shiff, S.].; Koutsos, M. L; Qiao, L.; Rigas, B. Exp. Cell Res. 1996,
222, 179.

(37) Hawk, E. T.; Umar, A.; Viner, J. L. Gastroenterology 2004, 126,
1423.

(38) Grilli, M.; Pizzi, M.; Memo, M.; Spano, P. Science 1996, 274,
1383.

(39) Yin, M. J.; Yamamoto, Y.; Gaynor, R. B. Nature 1998, 396, 77.

(40) Prithiviraj, B.; Bais, H. P.; Weir, T.; Suresh, B.; Najarro, E. H.;
Dayakar, B. V.; Schweizer, H. P.; Vivanco, J. M. Infect. Immun. 2008, 73,
5319.

(41) Liao,C.L;Lin,Y.L;Wu,B. C; Tsao, C. H.; Wang, M. C;; Liu, C.1;
Huang, Y. L; Chen, J. H; Wang, J. P,; Chen, L. K. J. Virol. 2001, 75, 7828.

(42) Mazur, L; Wurzer, W. J.; Ehrhardt, C.; Pleschka, S.; Puthavathana,
P; Silberzahn, T.; Wolff; T.; Planz, O.; Ludwig, S. Cell Microbiol. 2007,
9, 1683.

(43) Trujillo-Murillo, K.; Rincén-Sinchez, A. R.; Martinez-
Rodriguez, H.; Bosques-Padilla, F.; Ramos-Jiménez, J.; Barrera-Saldana,
H. A,; Rojkind, M.; Rivas-Estilla, A. M. Hepatol. 2008, 47, 1462.

2755 dx.doi.org/10.1021/cr100061j |Chem. Rev. 2011, 111, 2734-2760



Chemical Reviews

(44) Leeuw, N.J; Swart, C. W.; Ncango, D. M.; Kriel, W. M.; Pohl,
C. H,; van Wyk, P. W. J.; Kock, J. L.E. Can. J. Microbiol. 2009, S5, 1392.

(4S) Kock,J.L.; Sebolai, O. M.; Pohl, C. H.; van Wyk, P. W.; Lodolo,
E. J. FEMS Yeast Res. 2007, 7, 1207.

(46) Wu, H.-S.; Raza, W.; Fan, J.-Q.; Sun, Y.-G.; Bao, W,; Liu, D.-Y,;
Huang, Q.-W.; Mao, Z.; Shen, Q.-R.; Miao, W.-G. Chemosphere 2008,
74, 4S.

(47) Dhanapal, L. P.; Morse, A. N. Water Sci. Technol. 2009, 59,
1823.

(48) Ravirala, R. S.; Barabote, R. D.; Wheeler, D. M.; Reverchon, S.;
Tatum, O.; Malouf, J.; Liu, H,; Pritchard, L.; Hedley, P. E.; Birch, P.R. J.;
Toth, I. K; Payton, P.; San Francisco, M. J. D. Mol. Plant—Microbe
Interact. 2007, 20, 313.

(49) Rho, J. K.; Choi, M. H; Shim, J. H,; Lee, S. Y.; Woo, M. J.; Ko,
B. S.; Chi, K. W,; Yoon, S. C. J. Microbiol. Biotechnol. 2007, 17, 2018.

(50) Quint, M.; Barkawi, L. S.; Fan, K.-T; Cohen, J. D.; Gray, W. M.
Plant Physiol. 2009, 150, 748.

(51) Santner, A,; Estelle, M. Nature 2009, 459, 1071.

(52) Kim, D. S,; Jeon, S. E.; Park, K. C. Cell. Signal 2004, 16, 81.

(53) Kim, D. S.; Kim, S. Y,; Jeong, Y. M,; Jeon, S. E,; Kim, M. K;;
Kwon, S. B.; Park, K. C. Biol. Pharm. Bull. 2006, 29, 1625.

(54) Tsavkelova, E. A; Klimova, S. Yu; Cherdyntseva, T. A,
Netrusov, A. I. Appl. Biochem. Microbiol. 2006, 42, 229.

(55) Kang, K,; Kim, Y.-S.; Park, S.; Back, K. Plant Physiol. 2009, 150,
1380.

(56) Boularot, A; Giglione, C.; Petit, S.; Duroc, Y.; de Sousa, R. A,;
Larue, V.; Cresteil, T.; Dardel, F.; Artaud, I.; Meinne, T. . Med. Chem.
2007, 50, 10.

(57) van Noorden, G. E; Kerim, T.; Goffard, N.; Wiblin, R;
Pellerone, F. I; Rolfe, B. G.; Mathesius, U. Plant Physiol. 2007, 144,
1118.

(58) Kutschera, U.; Niklas, K. J. Naturwissenschaften 2009, 96, 1339.

(59) Haberer, G.; Kieber, J. J. Plant Physiol. 2002, 128, 354.

(60) Tanimoto, S.; Harada, H. Plant Cell Physiol. 1982, 23, 1371.

(61) Bifulco, M.; Malfitano, A. M.; Proto, M. C.; Santoro, A.; Caruso,
M. G.; Laezza, C. Anti-Cancer Agents Med. Chem. 2008, 8, 200.

(62) Werner, T.; Schmtilling, T. Curr. Opin. Plant Biol. 2009, 12, 527.

(63) Phillips, D. A.; Torrey, J. G. Plant Physiol. 1972, 49, 11.

(64) Sturtevant, D. B.; Taller, B. J. Plant Physiol. 1989, 89, 1247.

(65) Cooper, J. B.; Long, S. R. Plant Cell 1994, 6, 215.

(66) Murray, J. D.; Karas, B. J; Sato, S.; Tabata, S.; Amyot, L.;
Szczyglowski, K. Science 2007, 315, 101.

(67) Tirichine, L.; Sandal, N.; Madsen, L. H.; Radutoiu, S.; Albrektsen,
A.S,; Sato, S.; Asamizu, E.; Tabata, S.; Stougaard, J. Science 2007, 315, 104.

(68) Barash, I; Manulis-Sasson, S. Trends Microbiol. 2007, 15, 538.

(69) Sisto, A.; Cipriani, M. G.; Morea, M. Phytopathology 2004,
94, 484,

(70) Vereecke, D.; Cornelis, K; Temmerman, W.; Jaziri, M,;
Van Montagu, M.; Holsters, M.; Goethals, K. J. Bacteriol. 2002, 184,
1112.

(71) Temmerman, W.; Vereecke, D.; Dreesen, R.; Van Montagu,
M.; Holsters, M.; Goethals, K. J. Bacteriol. 2000, 182, 5832.

(72) Maes, T.; Vereecke, D.; Ritsema, T.; Cornelis, K; Thu,
H. N. T.; Van Montagu, M.; Holsters, M.; Goethals, K. Mol. Microbiol.
2001, 42, 13.

(73) Crespi, M.; Messens, E.; Caplan, A. B,; Van Montagu, M.;
Desomer, J. EMBO J. 1992, 11, 795.

(74) Fajkus, J.; Fulneckova, J.; Hulanova, M.; Berkova, K.; Riha, K;
Matyasek, R. Mol. Gen. Genet. 1998, 260, 470.

(75) Swain, S. M.; Singh, D. P. Trends Plant Sci. 2005, 10, 123.

(76) Yamaguchi, S. Annu. Rev. Plant Biol. 2008, S9, 225.

(77) Chen,].B.; Sun, Z. X,; Zhang, Y. L.; Zeng, X. H.; Qing, C.; Liu,
J. P; Li, L;; Zhang, H. B. Bioorg. Med. Chem. Lett. 2009, 19, 5496.

(78) Jenkins, P.J.; Wu, M.; Wu, D. S. Preparation and diabetic use of
gibberellins. U.S. Patent 07435756, 2008.

(79) Schafer, P.; Pfiffil, S.; Voll, L. M.; Zajic, D.; Chandler, P. M,;
Waller, F.; Scholz, U.; Pons-Kuhnemann, J.; Sonnewald, S.; Sonnewald,
U.; Kogel, K. Plant J. 2009, 59, 461.

(80) Newhauser, J. L.; Chory, J. J. Exp. Bot. 2004, 5S, 265.

(81) Clouse, S. D.; Sasse, J. M. Annu. Rev. Plant Physiol. Plant Mol.
Biol. 1998, 49, 427.

(82) Malikova, J.; Swaczynova, J.; Kolaf, Z.; Strnad, M. Phytochem-
istry 2008, 69, 418.

(83) Wu, Y. D.; Lou, Y. J. Pharmazie 2007, 62, 392.

(84) Hoffmannova, L.; Zahler, S.; Kohout, L.; Strnad, M. FEBS J.
2009, 276 (Suppl. 1), 313.

(85) Wachsman, M. B; Lopez, E. M.; Ramirez, J. A.; Galagovsky,
L. R; Coto, C. E. Antiviral Chem. Chemother. 2000, 11, 71.

(86) Wachsman, M. B.; Ramirez, J. A.; Galagovsky, L. R.; Coto, C. E.
Antiviral Chem. Chemother. 2002, 13, 61.

(87) Michelini, F. M; Ramirez, J. A; Berra, A,; Galagovsky, L. R;
Alché, L. E. Steroids 2004, 69, 713.

(88) Michelini, F. M.; Berra, A.; Alché, L. E. J. Steroid Biochem. Mol.
Biol. 2008, 108, 164.

(89) Ehsan, H; Ray, W. K;; Phinney, B.; Wang, X.; Huber, S. C;
Clouse, S. D. Plant J. 2005, 43, 251.

(90) Gomez-Roldan, V.; Fermas, S.; Brewer, P. B.; Puech-Pages, V.;
Dun, E. A; Pillot, J. P.; Letisse, F.; Matusova, R.; Danoun, S.; Portais,
J. -C.; Bouwmeester, H.; Bécard, G.; Beveridge, C. A.; Rameau, C,;
Rochange, S. F. Nature 2008, 455, 189.

(91) Umehara, M.; Hanada, A.; Yoshida, S.; Akiyama, K; Arite, T.;
Takeda-Kamiya, N.; Magome, H.; Kamiya, Y.; Shirasu, K.; Yoneyama,
K; Kyozuka, J.; Yamaguchi, S. Nature 2008, 455, 195.

(92) Lin, H; Wang, R. X,; Qian, Q;; Yan, M. X;; Meng, X. B,; Fu,
Z.M,; Yan, C.Y,; Jiang, B.; Su, Z.; Li, J. Y.; Wang, Y. H. Plant Cell 2009,
21, 1512.

(93) Besserer, A.; Bécard, G.; Jauneau, A.; Roux, C.; Séjalon-Delmas,
N. Plant Physiol. 2008, 148, 402.

(94) Tarkka, M. T.; Sarniguet, A.; Frey-Klett, P. Curr. Genet. 2009,
5§, 233.

(95) Anca, I A;; Lumini, E.; Ghignone, S.; Salvioli, A.; Bianciotto, V.;
Bonfante, P. Mol. Plant—Microbe Interact. 2009, 22, 302.

(96) Christmann, A.; Moes, D.; Himmelbach, A; Yang, Y.; Tang, Y.;
Grill, E. Plant Biol. 2006, 8, 314.

(97) Hirayama, T.; Shinozaki, K. Trends Plant Sci. 2007, 12, 343.

(98) Zocchi, E.; Basile, G.; Cerrano, C.; Bavestrello, G.; Giovine, M.;
Bruzzone, S.; Guida, L.; Carpaneto, A.; Magrassi, R.; Usai, C. J. Cell Sci.
2003, 116, 629.

(99) Zocchi, E; Carpaneto, A; Cerrano, C.; Bavestrello, G.;
Giovine, M.; Bruzzone, S.; Guida, L.; Franco, L.; Usai, C. Proc. Natl.
Acad. Sci. U. S. A. 2001, 98, 14859.

(100) Puce, S.; Basile, G.; Bavestrello, G.; Bruzzone, S.; Cerrano, C.;
Giovine, M,; Arillo, A.; Zocchi, E. J. Biol. Chem. 2004, 279, 39783.

(101) Bruzzone, S.; Moreschi, L; Usai, C.; Guida, L.; Damonte, G.;
Salis, A.; Scarf, S.; Millo, E.; De Flora, A.; Zocchi, E. Proc. Natl. Acad. Sci.
U. S. A. 2007, 104, 5759.

(102) Magnone, M.; Bruzzone, S.; Guida, L.; Damonte, G.; Millo, E.;
Scarfl, S.; Usai, C.; Sturla, L.; Palombo, D.; De Flora, A.; Zocchi, E. J. Biol.
Chem. 2009, 284, 17808.

(103) de Luca, C; Olefsky, J. M. FEBS Lett. 2008, 582, 97.

(104) Muoio, D. M.; Newgard, C. B. Nat. Rev. Mol. Cell Biol. 2008,
9,193.

(105) Bassaganya-Riera, J.; Skoneczka, J.; Kingston, D. G. J;
Krishnan, A;; Misyak, S. A,; Guri, A. J; Pereira, A; Carter, A. B;;
Minorsky, P.; Tumarkin, R.; Hontecillas, R. Curr. Med. Chem. 2010,
17, 467.

(106) Herrera-Medina, M. J.; Steinkellner, S.; Vierheilig, H.; Bote,
J. A. O,; Garrido, J. M. G. New Phytol. 2007, 175, 554.

(107) Sturla, L.; Fresia, C.; Guida, L.; Bruzzone, S.; Scarf, S.; Usai, C.;
Fruscione, F.; Magnone, M.; Millo, E; Basile, G.; Grozio, A.; Jacchetti,
E.; Allegretti, M.; De Flora, A.; Zocchi, E. J. Biol. Chem. 2009, 284, 28045.

(108) Chaves, A. L. S.; de Mello-Farias, P. C. Genet. Mol. Biol. 2006,
29, 508.

(109) Lin, Z.; Zhong, S.; Grierson, D. J. Exp. Bot. 2009, 60, 3311.

(110) Long, H. H; Sonntag, D. G.; Schmidt, D. D.; Baldwin, L. T.
New Phytol. 2010, 185, 554.

2756 dx.doi.org/10.1021/cr100061j |Chem. Rev. 2011, 111, 2734-2760



Chemical Reviews

(111) Camehl, L; Sherameti, L; Venus, Y.; Bethke, G.; Varma, A,;
Lee, J.; Oelmuller, R. New Phytol. 2010, 185, 1062.

(112) Funk, C. D. Science 2001, 294, 1871.

(113) Baker, A.; Graham, I. A,; Holdsworth, M.; Smith, S. M,;
Theodoulou, F. L. Trends Plant Sci. 2006, 11, 124.

(114) Schweighofera, A.; Meskiene, 1. Mol. BioSyst. 2008, 4, 799.

(115) Lee, D.-S.; Nioche, P.; Hamberg, M.; Raman, C. S. Nature
2008, 455, 363.

(116) Berger, S. Planta 2002, 214, 497.

(117) Flescher, E. Cancer Lett. 2007, 245, 1.

(118) Desmond, J. C.; Mountford, J. C.; Drayson, M. T.; Walker,
E. A;; Hewison, M; Ride, J. P.; Luong, Q. T.; Hayden, R. E; Vanin, E. F,;
Bunce, C. M. Cancer Res. 2003, 63, 505.

(119) Wick, M.; Hurteau, G.; Dessev, C.; Chan, D.; Geraci, M. W,;
Winn, R. A;; Heasley, L. E.; Nemenoff, R. A. Mol. Pharmacol. 2002, 62,
1207.

(120) Rotem, R.; Heyfets, A.; Fingrut, O.; Blickstein, D.; Shaklai, M.;
Flescher, E. Cancer Res. 2005, 65, 1984.

(121) Kroemer, G. Oncogene 2006, 25, 4630.

(122) Kroemer, G. Curr. Med. Chem. 2003, 10, 1469.

(123) Debatin, K.-M; Poncet, D.; Kroemer, G. Oncogene 2002, 21,
8786.

(124) Newmeyer, D. D.; Ferguson-Miller, S. Cell 2003, 112, 481.

(125) Fingrut, O.; Reischer, D.; Rotem, R.; Goldin, N.; Altboum, L;
Zan-Bar, L; Flescher, E. Br. J. Pharmacol. 2008, 146, 800.

(126) Nakashima, R. A;; Mangan, P. S.; Colombini, M.; Pedersen,
P. L. Biochemistry 1986, 25, 101S.

(127) Brtko, J.; Thalhamer, J. Curr. Pharm. Des. 2003, 9, 2067.

(128) Zhang,J.W.; Gu,J.; Wang, Z.Y.; Chen, S.].; Chen, Z. J. Biosci.
2000, 25, 275.

(129) Ishii, Y.; Hori, Y.; Sakai, S.; Honma, Y. Cell Growth Differ.
2002, 13, 19.

(130) Ishii, Y.; Kasukabe, T.; Honma, Y. Biochim. Biophys. Acta 2005,
1745, 156.

(131) Igney, F. H.; Krammer, P. H. Nature Rev. Cancer 2002, 2, 277.

(132) Ashkenazi, A.; Dixit, V. M. Science 1998, 281, 1305.

(133) Mathiasen, 1. S.; Hansen, C. M.; Foghsgaard, L.; Jaatiela, M.
Int. ]. Cancer 2001, 93, 224.

(134) Kim, J. H; Lee, S. Y,; Oh, S. Y.; Han, S. L; Park, H. G.; Yoo,
M. A;; Kang, H. S. Oncol. Rep. 2004, 12, 1233.

(135) Oh, S.Y; Kim, J. H.; Park, M. J.; Kim, S. M.; Yoon, C. S.; Joo,
Y.M,; Park, J. S.; Han, S. L; Park, H. G.; Kang, H. S. Int. J. Mol. Med. 2008,
16, 833.

(136) Davies, N. J.; Hayden, R. E.; Simpson, P. J.; Birtwistle, J.;
Mayer, K; Ride, J. P.; Bunce, C. M. Cancer Res. 2009, 69, 4769.

(137) Wallington, L. A.; Durham, J.; Bunce, C. M.; Drayson, M. T.;
Brown, G. Leuk. Res. 1997, 21, 623.

(138) Birtwistle, J.; Haydena, R. E.; Khanima, F. L.; Greena, R. M.;
Pearcea, C.; Daviesa, N. J; Wake, N.; Schrewe, H.; Ridea, J. P;
Chipmana, J. K; Bunce, C. M. Mutat. Res. 2009, 662, 67.

(139) Byrns, M. C.; Duan, L; Lee, S. H,; Blair, I. A;; Penning, T. M.
J. Steroid Biochem. Mol. Biol. 2010, 118, 177.

(140) Fung, K. M.; Samara, E. N.; Wong, C.; Metwalli, A.; Krlin, R.;
Bane, B; Liu, C. Z.; Yang, J. T.; Pitha, J. V.; Culkin, D. J.; Kropp, B. P,;
Penning, T. M.; Lin, H. K. Endocr. Relat. Cancer 2006, 13, 169.

(141) Vihko, P.; Herrala, A.; Harkonen, P.; Isomaa, V.; Kaija, H.;
Kurkela, R.; Li, Y.; Patrikainen, L.; Pulkka, A.; Soronen, P.; Torn, S.
J. Steroid Biochem. Mol. Biol. 2005, 93, 277.

(142) Ji, Q; Chang, L.; Stanczyk, F. Z.; Ookhtens, M.; Sherrod, A.;
Stolz, A. Cancer Res. 2007, 67, 1361.

(143) Hsu, N. Y,; Ho, H. C; Chow, K. C,; Lin, T. Y.; Shih, C. S.;
Wang, L.-S.; Tsai, C. M. Cancer Res. 2001, 61, 2727.

(144) Tai, H. L,; Lin, T. S; Huang, H. H,; Lin, T. Y,; Chou, M. C,;
Chiou, S. H.; Chow, K. C. Oncol. Rep. 2007, 17, 30S.

(145) Lan, Q.; Mumford, J. L.; Shen, M.; DeMarini, D. M.; Bonner,
M. R;; He, X,; Yeager, M.; Welch, R.; Chanock, S.; Tian, L.; Chapman,
R.S.; Zheng, T.; Keohavong, P.; Caporaso, N.; Rothman, N. Carcinogen-
esis 2004, 25, 2177.

(146) Cunningham, J. M.; Hebbring, S. J.; McDonnell, S. K; Cicek,
M. S;; Christensen, G. B.; Wang, L; Jacobsen, S. J.; Cerhan, J. R.; Blute,
M. L,; Schaid, D.J.; Thibodeau, S. N. Cancer Epidemiol,, Biomarkers Prev.
2007, 16, 969.

(147) Figueroa, J. D.; Malats, N.; Garcia-Closas, M .; Real, F. X;
Silverman, D.; Kogevinas, M.; Chanock, S.; Welch, R.; Dosemeci, M.;
Lan, Q.; Tardon, A.; Serra, C.; Carrato, A.; Garcia-Closas, R.; Castano-
Vinyals, G.; Rothman, N. Carcinogenesis 2008, 29, 1955.

(148) Lan, Q.; Zheng, T. Z; Shen, M.; Zhang, Y. W.; Wang, S. S,;
Zahm, S. H.; Holford, T. R.; Leaderer, B.; Boyle, P.; Chanock, S. Hum.
Genet. 2007, 121, 161.

(149) Liu, C.Y.; Hsu, Y. H;; Pan, P. C; Wu, M. T.; Ho, C. K,; Su, L;
Xu, X,; Li, Y.; Christiani, D. C. Carcinogenesis 2008, 29, 984.

(150) Matsuura, K; Shiraishi, H.; Hara, A; Sato, K.; Deyashiki, Y;
Ninomiya, M.; Sakai, S. J. Biochem. 1998, 124, 940.

(151) Straus, D. S.; Pascual, G.; Li, M.,; Welch, J. S.; Ricote, M,;
Hsiang, C.-H.; Sengchanthalangsy, L. L.; Ghosh, G.; Glass, C. K. Proc.
Natl. Acad. Sci. U. S. A. 2000, 97, 4844.

(152) Conti, M. Anti-Cancer Drugs 2006, 17, 1017.

(153) Straus, D. S.; Glass, C. K. Med. Res. Rev. 2001, 21, 185.

(154) Nam, N. H,; Kim, Y.; You, Y. J; Hong, D. H,; Kim, H. M,;
Ahn, B. Z. Bioorg. Med. Chem. Lett. 2002, 12, 1955.

(155) Stefane, B.; Brozi¢, P.; Vehovc, M.; Rizner, T. L.; Gobec, S.
Eur. J. Med. Chem. 2009, 44, 2563.

(156) Chen, Z. G; Tan, R. X;; Cao, L. Green. Chem. 2009, 11, 1743
and related refs cited therein.

(157) Naganuma, M.; Nishida, M.; Kuramochi, K.; Sugawara, F,;
Yoshida, H.; Mizushina, Y. Bioorg. Med. Chem. 2008, 16, 2939.

(158) Herz, W.; Watenabe, H.; Miyazaki, M.; Kishida, Y. J. Am.
Chem. Soc. 1962, 84, 2601.

(159) Flescher, E.; Reischer, D.; Fingrut, O.; Harel, A.; Zan-Bar, 1.
Eur. J. Cancer 2008, Suppl. 3, 428.

(160) Takahashi, F.; Yoshida, R.; Ichimura, K.; Mizoguchi, T.; Seo,
S.; Yonezawa, M.; Maruyama, K .; Yamaguchi-Shinozaki, K.; Shinozaki,
K. Plant Cell 2007, 19, 805.

(161) Traore, K; Sharma, R.; Thimmulappa, R. K.; Watson, W. H,;
Biswal, S.; Trush, M. A . J. Cell Physiol. 2008, 216, 276.

(162) Curtis, M. J.; Wolpert, T. J. Plant ]. 2004, 38, 244.

(163) Errakhi, R.; Dauphin, A.,; Meimoun, P.; Lehner, A.; Reboutier,
D.; Vatsa, P; Briand, J.; Madiona, K; Rona, J. P.; Barakate, M,;
Wendehenne, D.; Beaulieu, C.; Bouteau, F. J. Exp. Bot. 2008, 59, 4259.

(164) Bolwell, G. P.; Wojtaszek, P. Physiol. Mol. Plant Pathol. 1997,
S1,347.

(165) Lamb, C.; Dixon, R. A. Annu. Rev. Plant Physiol. Plant Mol. Biol.
1997, 48, 251.

(166) Mur, L. A. J.; Brown, L. R;; Darby, R. M.; Bestwick, C. S.; Bi,
Y.-M; Mansfield, J. W.; Draper, ]. Plant . 2000, 23, 609.

(167) Heath, M. C. Plant Mol. Biol. 2000, 44, 321.

(168) Pierpoint, W. S. Interdiscip. Sci. Rev. 1997, 22, 48.

(169) Morgan, G. Gut 1996, 38, 646.

(170) Vainio, H; Morgan, G.; Kleihues, P. Cancer Epidemiol,
Biomarkers Prev. 1997, 6, 749.

(171) Klampfer, L.; Cammenga, J.; Wisniewski, H. G.; Nimer, S. D.
Blood 1999, 93, 2386.

(172) Bellosillo, B.; Piqué, M.; Barragén, M.; Castano, E.; Villamor,
N.; Colomer, D.; Montserrat, E.; Pons, G.; Gil, J. Blood 1998, 92, 1406.

(173) McDade, T. P.; Perugini, R. A,; Vittimberga, F. J.; Carrigan,
R. C,; Callery, M. P. J. Surg. Res. 1999, 83, 56.

(174) Kopp, E.; Ghosh, S. Science 1994, 265, 956.

(175) Pierce,]. W.; Read, M. A,; Ding, H.; Luscinskas, F. W.; Collins,
T. J. Immunol. 1996, 156, 3961.

(176) Beyaert, R.; Cuenda, A.; VandenBerghe, W.; Plaisance, S.; Lee,
J. C;; Haegeman, G.; Cohen, P.; Fiers, W. EMBO J. 1996, 15, 1914.

(177) Aeschlimann, J. R. Pharmacotherapy 2003, 23, 916.

(178) De Kievit, T. R.; Parkins, M. D.; Gillis, R. J.; Srikumar, R.;
Ceri, H; Poole, K,; Iglewski, B. H.; Storey, D. G. Antimicrob. Agents
Chemother. 2001, 45, 1761.

(179) Poole, K. J. Mol. Microbiol. Biotechnol. 2001, 3, 255.

2757 dx.doi.org/10.1021/cr100061j |Chem. Rev. 2011, 111, 2734-2760



Chemical Reviews

(180) O’Toole, G. A; Pratt, L. A.,; Watnick, P. I; Newman, D. K;;
Weaver, V. B.; Kolter, R. Methods Enzymol. 1999, 310, 91.

(181) Hentzer, M,; Eber], L.; Nielsen, J.; Givskov, M. BioDrugs 2003,
17, 241.

(182) Hentzer, M.; Givskov, M.; Eberl, L. Microb. Biofilms 2004,
1,118.

(183) Hentzer, M.; Wu, H.; Andersen, J. B.; Riedel, K.; Rasmussen,
T.B.; Bagge, N.; Kumar, N.; Schembri, M. A.; Song, Z.; Kristoffersen, P.;
Manefield, M.; Costerton, J. W.; Molin, S; Eberl, L; Steinberg, P.;
Kjelleberg, S.; Hoiby, N.; Givskov, M. EMBO J. 2003, 22, 3803.

(184) Wu, H; Song, Z.; Hentzer, M; Andersen, J. B.; Molin, S.;
Givskov, M.; Hoiby, N. J. Antimicrob. Chemother. 2004, 53, 1054.

(185) Rahme, L. G.; Ausubel, F. M,; Cao, H. Drenkard, E;
Goumnerov, B. C; Lau, G. W.; Mahajan-Miklos, S.; Plotnikova, J.;
Tan, M. W,; Tsongalis, ].; Walendziewicz, C. L.; Tompkins, R. G. Proc.
Natl. Acad. Sci. U. S. A. 2000, 97, 8815.

(186) Rahme, L.; Stevens, E.; Wolfort, S.; Shao, J.; Tompkins, R;
Ausubel, F. M. Science 1995, 268, 1899.

(187) Waris, G.; Siddiqui, A. J. Virol. 2005, 79, 9725.

(188) Ludwig, S. Future Virol. 2007, 2, 91.

(189) Scholtissek, C.; Muller, K. Arch. Virol. 1991, 119, 111.

(190) Prusiner, S. B. Proc. Natl. Acad. Sci. U. S. A. 1998, 95, 13363.

(191) Marella, M.; Chabry, J. J. Neurosci. 2004, 24, 620.

(192) Brown, D. R; Schmidt, B.; Kretzschmar, H. A. Nature 1996,
380, 34S.

(193) Liu, B.; Hong, J. S. J. Pharmacol. Exp. Ther. 2003, 304, 1.

(194) Baeuerle, P. A.; Henkel, T. Annu. Rev. Immunol. 1994, 12, 141.

(195) Bales, K. R.; Du, Y.; Dodel, R. C.; Yan, G. M.; Hamilton-Byrd,
E.; Paul, S. M. Brain Res. Mol. Brain Res. 1998, 57, 63.

(196) Kim, J. I; Ju, W. K; Choi, J. H; Choi, E;; Carp, R. I;
Wisniewski, H. M.; Kim, Y. S. Brain Res. Mol. Brain Res. 1999, 73, 17.

(197) van Loo, G.; De Lorenzi, R.; Schmidt, H.; Huth, M.; Mildner,
A.; Schmidt-Supprian, M.; Lassmann, H.; Prinz, M. R.; Pasparakis, M.
Nat. Immunol. 2006, 7, 954.

(198) Yang, L; Zhou, X; Yang, J; Yin, X; Han, L; Zhao, D.
J. Neuroimmunol. 2008, 199, 10.

(199) Cisse, M.; Mucke, L. Nature 2009, 457, 1090.

(200) Zhang, Y.; Dufort, I; Rheault, P.; Luu-The, V. J. Mol. Endo-
crinol. 2000, 25, 221.

(201) Lambert, J.J.; Belelli, D.; Hill-Venning, C.; Peters, J. A. Trends
Pharmacol. Sci. 1995, 16, 295.

(202) Higaki, Y.; Usami, N.; Shintani, S.; Ishikura, S.; El-Kabbani,
O.; Hara, A. Chem. Biol. Interact 2003, 143—144, 503.

(203) Eser, D.; Schiile, C; Baghai, T. C.; Romeo, E.; Uzunov, D. P.;
Rupprecht, R. Pharmacol,, Biochem. Behav. 2006, 84, 656.

(204) Wiebe, J. P. J. Dairy Res. 2005, 72, S1.

(205) Deng, H. B.; Adikari, M.; Parekh, H. K; Simpkins, H. Cancer
Chemother. Pharmacol. 2004, 54, 301.

(206) Wang, H.W,; Lin, C. P.; Chiy, J. H,; Chow, K. C.; Kuo, K. T.;
Lin, C. S;; Wang, L. S. Int. J. Cancer 2007, 120, 2019.

(207) Rizner, T. L; Smuc, T.; Rupreht, R;; Sinkovec, J.; Penning,
T. M. Mol. Cell. Endocrinol. 2006, 248, 126.

(208) Selga, E.; Noé, V.; Ciudad, C. J. Biochem. Pharmacol. 2008, 75,
414.

(209) Dhagat, U.; Carbone, V.; Chung, R. P.; Matsunaga, T.; Endo,
S.; Hara, A.; El-Kabbani, O. Med. Chem. 2007, 3, 546.

(210) El-Kabbani, O.; Scammells, P. J.; Gosling, J.; Dhagat, U.; Endo,
S.; Matsunaga, T.; Soda, M.; Hara, A. J. Med. Chem. 2009, 52, 3259.

(211) Dhagat, U,; Endo, S.; Sumii, R; Hara, A,; El-Kabbani, O.
J. Med. Chem. 2008, 51, 4844.

(212) Goodford, P.J. J. Med. Chem. 1985, 28, 849.

(213) Reginato, M. J.; Krakow, S. L.; Bailey, S. T.; Lazar, M. A. J. Biol.
Chem. 1998, 273, 1855.

(214) Wick, M.; Hurteau, G.; Dessev, C.; Chan, D.; Geraci, M. W,;
Winn, R. A;; Heasley, L. E.; Nemenoff, R. A. Mol. Pharmacol. 2002, 62,
1207.

(215) Byrns, M. C.; Penning, T. M. Chem. Biol. Interact. 2009,
178, 221.

(216) Lima, L. M.; Barreiro, E. J. Curr. Med. Chem. 2005, 12, 23.

(217) Thornber, C. W. Chem. Soc. Rev. 1979, 8, 563.

(218) Lu, H; Zou, W. X.; Meng, J. C.; Hy, J,; Tan, R. X. Plant Sci.
2000, 151, 67.

(219) Qureshi, G. A,; Baig, S. M. Biochem. Mol. Biol. Int. 1993, 29,
411.

(220) Bertuzzi, A; Mingrone, G.; Gandolfi, A.; Greco, A. V.; Ringoir,
S.; Vanholder, R. Clin. Chim. Acta 1997, 265, 183.

(221) Hu, T.; Dryhurst, G. J. Electroanal. Chem. 1997, 432, 7.

(222) Mills, M. H; Finlay, D. C,; Haddad, P. R. J. Chromatogr.
Biomed. Appl. 1991, 564, 93.

(223) Candeias, L. P.; Wardman, P.; Mason, R. P. Biophys. Chem.
1997, 67, 229.

(224) Escobar, J. A; Va'squez-Vivar, J.; Cilento, G. Photochem.
Photobiol. 1992, SS, 895.

(225) Rossiter, S.; Folkes, L. K.; Wardman, P. Bioorg. Med. Chem.
Lett. 2002, 12, 2523.

(226) Smith, A. T.; Santama, N.; Dacey, S.; Edwards, M.; Bray, R. C.;
Thorneley, R. N. F,; Burke, J. F. J. Biol. Chem. 1990, 265, 13335.

(227) Connolly, C. N.; Futter, C. E.; Gibson, A.; Hopkins, C. R;;
Cutler, D. F. J. Cell Biol. 1994, 127, 641.

(228) Greco, O.; Dachs, G. U.; Wardman, P.; Folkes, L. K.; Chaplin,
D. J. Proc. Am. Assoc. Cancer Res. 1999, 40, 478.

(229) Mourao, L. R. M. B,; Santana, R. S. S.; Paulo, L. M.; Pugine,
S. M. P,; Chaible, L. M.; Fukumasu, H.; Dagli, M. L. Z.; de Melo, M. P.
Cell Biochem. Funct. 2009, 27, 16.

(230) Rieck, G. C.; Fiander, A. N. Mol. Nutr. Food Res. 2008, 52, 105.

(231) Kus, I; Ogeturk, M.; Oner, H; Sahin, S, Yekeler, H;
Sarsilmaz, M. Cell Biochem. Funct. 2005, 23, 169.

(232) Liu, P,; Hu, Y;; Liu, C.; Liu, C.; Zhu, D. Liver 2001, 21, 384.

(233) Reiter, R. J.; Tan, D. X; Terron, M. P.; Flores, L. J.; Czarnocki,
Z. Acta Biochim. Pol. 2007, 54, 1.

(234) De Melo, M. P,; De Lima, T. M.; Pithon-Curi, T. C.; Curi, R.
Toxicol. Lett. 2004, 148, 103.

(235) Lee, M. D.; Antczak, C.; Li, Y.; Sirotnak, F. M.; Bornmann,
W. G,; Scheinberg, D. A. Biochem. Biophys. Res. Commun. 2003, 312, 309.

(236) Nguyen, K. T.; Hu, X,; Colton, C.; Chakrabarti, R.; Zhu, M. X ;
Pei, D. Biochemistry 2003, 42, 9952.

(237) Serero, A; Giglione, C.; Sardini, A; Martinez Sanz, J;
Meinnel, T. J. Biol. Chem. 2003, 278, 52953.

(238) Shishov, V. A; Kirovskaya, T. A.; Kudrin, V. S.; Oleskin, A. V.
Appl. Biochem. Microbiol. 2009, 45, 494.

(239) Fraikin, G.; Strakhovskaya, M.; Rubin, L. Photochem. Photobiol.
1981, 33, 839.

(240) Oleskin, A. V,; Kirovskaya, T. A.; Botvinko, I. V.; Lysak, L. V.
Mikrobiologiya 1998, 67, 305.

(241) Spaepen, S.; Vanderleyden, J.; Remans, R. FEMS Microbiol.
Rev. 2007, 31, 425.

(242) Sekine, M.; Watanabe, K.; Syono, K. J. Bacteriol. 1989, 171,
1718.

(243) Clark, E; Manulis, S.; Ophir, Y.; Barash, I; Gafni, Y. Phyto-
pathol. 1993, 83, 234.

(244) Morris, R. O. In Plant Hormones; Davies, P. J., Eds.; Kluwer
Academic Publishers: Dordrecht, The Netherlands, 1995; p 318.

(245) Theunis, M.; Kobayashi, H.; Broughton, W. J.; Prinsen, E. Mol.
Plant—Microbe Interact. 2004, 17, 1153.

(246) Byrns, M. C.; Steckelbroeck, S.; Penning, T. M. Biochem.
Pharmacol. 2008, 75, 484.

(247) Byrns, M. C.; Penning, T. M. Chem. Biol. Interact. 2009, 178,
221.

(248) Habjan, S.; Vandenberg, R. J. Neurochem. Res. 2009, 34, 1738.

(249) Kalgutkar, A. S.; Crews, B. C.; Saleh, S.; Prudhomme, D.;
Marnett, L. J. Bioorg. Med. Chem. 2008, 13, 6810.

(250) Skoog, F.; Strong, F. M.; Miller, C. O. Science 1965, 148, 532.

(251) Barciszewski, J.; Massino, F.; Clark, B. F. Int. ]. Biol. Macromol.
2007, 40, 182.

(252) Laten, H. M.; Zahareas-Doktor, S. Proc. Natl. Acad. Sci. U. S. A.
1985, 82, 1113.

2758 dx.doi.org/10.1021/cr100061j |Chem. Rev. 2011, 111, 2734-2760



Chemical Reviews

(253) Choi, B.-H.; Kim, W.; Wang, Q. C;; Kim, D.-C;; Tan, S. N,;
Yong, J. W. H,; Kim, K.-T'; Yoon, H. S. Cancer Lett. 2008, 261, 37.

(254) Cory, S.; Adams, J. M. Nat. Rev. Cancer 2002, 2, 647.

(255) Danial, N. N.; Korsmeyer, S. J. Cell 2004, 116, 205.

(256) Burns, D. M.; Rodi, C. P.; Agris, P. F. Cancer Biochem. Biophys.
1976, 1, 269.

(257) Spinola, M.; Colombo, F.; Falvella, F. S.; Dragani, T. A. Int. J.
Cancer 2007, 120, 2744.

(258) Colombo, F.; Falvella, F. S.; De-Cecco, L.; Tortoreto, M,;
Pratesi, G.; Ciuffreda, P.; Ottria, R.; Santaniello, E.; Cicatiello, L.; Weisz,
A,; Dragani, T. A. Int. J. Cancer 2009, 124, 2179.

(259) Spinola, M.; Galvan, A.; Pignatiello, C.; Conti, B.; Pastorino,
U,; Nicander, B.; Paroni, R;; Dragani, T. A. Oncogene 2005, 24, 5502.

(260) Urbonavicius, J.; Qian, Q; Durand, J. M. B.; Hagervall, T. G.;
Bjork, G. R. EMBO J. 2001, 20, 4863.

(261) Warner, G. J.; Berry, M. J.; Moustafa, M. E.; Carlson, B. A;
Hatfield, D. L.; Faust, J. R. J. Biol. Chem. 2000, 275, 28110.

(262) Laezza, C.; Notarnicola, M,; Caruso, M. G.; Messa, C,;
Macchia, M.; Bertini, S.; Minutolo, F.; Portella, G.; Fiorentino, L,
Stingo, S.; Bifulco, M. FASEB J. 2006, 20, 412.

(263) Takei, K; Sakakibara, H.; Sugiyama, T. J. Biol. Chem. 2001,
276, 26405.

(264) Spinola, M.; Pedotti, P.; Dragani, T. A.; Taioli, E. Clin. Cancer
Res. 2004, 10, 4769.

(265) Chang, Y.; Hacker, B. J. Pharm. Sci. 1982, 71, 328.

(266) Laezza, C.; Caruso, M. G.; Gentile, T.; Notarnicola, M,;
Malfitano, A. M.; Matola, T. D.; Messa, C.; Gazzerro, P.; Bifulco, M.
Int. ]. Cancer 2009, 124, 1322.

(267) Hare, J. D.; Hacker, B. Physiol. Chem. Phys. 1972, 4, 275.

(268) Hakala, M. T ; Slocum, H. K.; Gryko, G.J. J. Cell Physiol. 1975,
86, 281.

(269) Kim, R.; Emi, M.; Tanabe, K.; Murakami, S. Apoptosis 2006,
11, 8.

(270) Oldroyd, G. E. D. Science 2007, 315, 52.

(271) Dewitte, W.; Scofield, S .; Alcasabas, A. A,; Maughan, S. C;
Menges, M.; Braun, N.; Collins, C.; Nieuwland, J.; Prinsen, E.; Sundaresan,
V.; Murray, J. A. H. Proc. Natl. Acad. Sci. U. S. A. 2007, 104, 14537.

(272) Radutoiu, S.; Madsen, L. H.; Madsen, E. B.; Felle, H. H;
Umehara, Y.; Gronlund, M.; Sato, S.; Nakamura, Y.; Tabata, S.; Sandal,
N.; Stougaard, J. Nature 2003, 425, 58S.

(273) Schauser, L.; Roussis, A.; Stiller, J.; Stougaard, J. Nature 1999,
402, 191.

(274) Marsh, J. F.,; Rakocevic, A.; Mitra, R. M.; Brocard, L.; Sun, J.;
Eschstruth, A,; Long, S. R.; Schultze, M.; Ratet, P.; Oldroyd, G. E. D.
Plant Physiol. 2007, 144, 324.

(275) Frugier, F.; Kosuta, S.; Murray, J. D.; Crespi, M.; Szczyglowski,
K. Trends Plant Biol. 2008, 13, 115.

(276) Robert-Seilaniantz, A.; Navarro, L.; Bari, R.; Jones, J. D. G.
Curr. Opin. Plant Biol. 2007, 10, 372.

(277) Zhy, J.; Oger, P. M.; Schrammeijer, B.; Hooykaas, P. J. J;
Farrand, S. K; Winans, S. C. J. Bacteriol. 2000, 182, 3885.

(278) Hogenhout, S. A.; Loria, R. Curr. Opin. Plant Biol. 2008, 11, 449.

(279) Vereecke, D.; Burssens, S.; Simon-Mateo, C.; Inze, D,
Van Montagu, M.; Goethals, K.; Jaziri, M. Planta 2000, 210, 241.

(280) Vandeputte, O.; Oden, S.; Mo, A.; Vereecke, D.; Goethals, K;
El Jaziri, M.; Prinsen, E. Appl. Environ. Microbiol. 2008, 71, 1169.

(281) Manes, C. L. D.; Beeckman, T.; Ritsema, T.; Van Montagu,
M.; Goethals, K; Holsters, M. J. Plant Res. 2004, 117, 139.

(282) Pertrya, 1; Viclavikovd, K; Depuydta, S.; Galuszkad, P.;
Spichal, L.; Temmerman, W.; Stesa, E.; Schmulling, T.; Kakimoto, T.;
Van Montagua, M. C. E;; Strnad, M.; Holsters, M.; Petr Tarkowski, P.;
Vereecke, D. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 929.

(283) Joshi, M. V,; Loria, R. Mol. Plant—Microbe Interact. 2007, 20, 751.

(284) Phillips, D. A.; Torrey, J. G. Plant Physiol. 1972, 49, 11.

(285) Sturtevant, D. B.; Taller, B. J. Plant Physiol. 1989, 89, 1247.

(286) Heinemeyer, W.; Buchmann, L; Tonge, D. W.; Windass, J. D.;
Alt-Moerbe, J.; Weiler, E. W.; Botz, T.; Schroder, J. Mol. Gen. Genet.
1987, 210, 156.

(287) Preston, G. M.; Haubold, B,; Rainey, P. B. Curr. Opin.
Microbiol. 1998, 1, 589.

(288) Omer, Z. S.; Bjorkman, P.; Nicander, B, Tillberg, E;
Gerhardson, B. Physiol. Plant. 2004, 121, 439.

(289) Pirttila, A. M.; Joensuu, P.; Pospiech, H.; Jalonen, J.; Hohtola,
A. Physiol. Plant. 2004, 121, 305.

(290) Akiyoshi, D. E; Regier, D. A.; Gordon, M. P. J. Bacteriol. 1987,
169, 4242.

(291) Timmusk, S.; Nicander, B.; Granhall, U.; Tilberg, E. Soil Biol.
Biochem. 1999, 31, 1847.

(292) Garcia de Salamone, L. E.; Hynes, R. K; Nelson, L. M. Can. J.
Microbiol. 2001, 47, 404.

(293) Yiirekli, F.; Yesilada, O.; Yiirekli, M.; Topcuoglu, F. World J.
Microbiol. Biotechnol. 1999, 15, 503.

(294) Hussain, A,; Hasnain, S.; Roistch, T. Phycologia 2009, No.
Suppl.48, 45.

(295) Hu,J. H; Mitchum, M. G.; Barnaby, N.; Ayele, B. T.; Ogawa,
M.,; Nam, E.; Lai, W. C.; Hanada, A.; Alonso, J. M.; Ecker, J. R.; Swain,
S. M.; Yamaguchi, S.; Kamiya, Y.; Sun, T. P. Plant Cell 2008, 20, 320.

(296) Grove, M.; Spencer, G.; Rohwedder, W. Nature 1979,
281, 216.

(297) Bajguz, A; Tretyn, A. Phytochemistry 2003, 62, 1027.

(298) Zullo, M. A. T.; Adam, G. Braz. J. Plant Physiol. 2002, 14, 143.

(299) Swaczynova, J.; Sisa, M.; Hnilickov4, J.; Kohout, L.; Strnad, M.
Pol. J. Chem. 2006, 80, 629.

(300) Bajguz, A.; Hayat, S. Plant Physiol. Biochem. 2009, 47, 1.

(301) Oh, M. H,; Clouse, S. D. Plant Cell Rep 1998, 17, 921.

(302) Kauschmann, A.; Jessop, A; Koncz, C.; Szekeres, M,;
Willmitzer, L.; Altmann, T. Plant ]. 1996, 9, 701.

(303) Gaudinova, A.; Siissenbekova, H.; Vojtéchova, M.; Kaminek,
M.; Eder, J.; Kohout, L. Plant Growth Regul. 1995, 17, 121.

(304) Miyazawa, Y.; Nakajima, N.; Abe, T.; Sakai, A.; Fujioka, S.;
Kawano, S.; Kuroiwa, T.; Yoshida, S. J. Exp. Bot. 2003, 54, 2669.

(305) Hu, Y,; Bao, E.; Li, J. Plant J. 2000, 24, 693.

(306) Ikekawa, N.; Zhao, Y. J. Brassinosteroids: Chemistry, Bioactivity,
and Applications; Cutler, H. G., Yokota, T., Adam, G, Eds; ACS
Symposium Series 474; American Chemical Society: Washington DC,
1991; p 280.

(307) Wagner, E. K; Bloom, D. C. Clin. Microbiol. Rev. 1997, 10,
419.

(308) Beadle, J. R; Kini, G. D.; Aldern, K. A;; Gardner, M. F,;
Wright, K. N; Richman, D. D.; Hostetler, K. Y. Antiviral Chem.
Chemother. 1998, 9, 33.

(309) Chatis, P. A.; Crumpacker, C. S. Antimicrob. Agents Chemother.
1992, 36, 1589.

(310) Dhaubhadel, S.; Chaudhary, S.; Dobinson, K. F.; Krishna, P.
Plant Mol. Biol. 1999, 40, 333.

(311) Wada, K.; Marumo, S.; Abe, H.; Marishita, T.; Nakamura, R;;
Uchishama, M.; Mori, K. Agric. Biol Chem. 1984, 48, 719.

(312) Bishop, G. J.; Yokota, T. Plant Cell Physiol. 2001, 42, 114.

(313) Ramirez, J. A.; Bruttomesso, A. C.; Michelini, F. M.; Acebedo,
S.L.; Alché, L. E.; Galagovsky, L. R. Bioorg. Med. Chem. 2007, 15, 7538.

(314) Kase, S,; Aoki, K; Harada, T.; Harada, C.; Ohgami, K;
Shiratori, K.; Nishi, S.; Ohno, S.; Yoshida, K. Br. J. Ophthalmol. 2004,
88, 947.

(315) Kurt-Jones, E. A;; Chan, M; Zhou, S.; Wang, J.; Reed, G;
Bronson, R,; Michelle, M.; Arnold, M. M.; Knipe, D. M.; Finberg, R. W.
Proc. Natl. Acad. Sci. U. S. A. 2004, 101, 1315.

(316) Santoro, M.; Rossi, A.; Amici, C. EMBO J. 2003, 22, 2552.

(317) Barquero, A. A; Michelini, F. M.; Alché, L. E. Biochem.
Biophys. Res. Commun. 2006, 344, 955.

(318) Romanutti, C.; Castilla, V.; Coto, C. E.; Wachsman, M. B. Int.
J. Antimicrob. Agents 2007, 29, 311.

(319) Matusova, R.; Rani, K; Verstappen, F. W. A,; Franssen, M. C.
R; Beale, M. H.; Bouwmeester, H. J. Plant Physiol. 2005, 139, 920.

(320) Besserer, A.; Puech-Pages, V.; Kiefer, P.; Gomez-Roldan, V.;
Jauneau, A; Roy, S.; Portais, J.-C.; Roux, C.; Bécard, G.; Séjalon-Delmas,
N. PLOS Biol. 2006, 4, ¢226.

2759 dx.doi.org/10.1021/cr100061j |Chem. Rev. 2011, 111, 2734-2760



Chemical Reviews

(321) Tamasloukht, M.; Sejalon-Delmas, N.; Kluever, A.; Jauneau,
A.; Roux, C,; Becard, G.; Franken, P. Plant Physiol. 2003, 131, 1468.

(322) Garcia-Garrido, J. M.; Lendzemo, V.; Castellanos-Morales, V.;
Steinkellner, S.; Vierheilig, H. Mycorrhiza 2009, 19, 449.

(323) Scheller, K.; Sekeris, C. E. Exp. Physiol. 2003, 88, 129.

(324) Kang, J.; Hwang, J.-U.; Lee, M. Y.; Kim, Y. -Y.; Assmann, S. M;
Martinoia, E.; Lee, Y. Proc. Natl. Acad. Sci. U. S. A. 2010, 107, 235S.

(325) LeBrasseur, N. J. Cell Biol. 2007, 177, 187.

(326) Wu, Y.; Kuzma, J.; Mare'chal, E.; Graeff, R;; Lee, H. C.; Foster,
R.; Chua, N. H. Science 1997, 278, 2126.

(327) Bruzzone, S.; Bodrato, N.; Usai, C.; Guida, L.; Moreschi, L;
Nano, R.; Antonioli, B.; Fruscione, F.; Magnone, M.; Scarfy, S.; De Flora,
A.; Zocchi, E. J. Biol. Chem. 2008, 283, 32188.

(328) Bassaganya-Riera, J.; Hontecillas, R.; Beitz, D. C. Clin. Nutr.
2002, 21, 451.

(329) Qj, C.; Surapureddi, S.; Zhu, Y. J; Yu, S.; Kashireddy, P.; Rao,
M. S.; Reddy, J. K. J. Biol. Chem. 2003, 278, 25281.

(330) Guri, A.].; Hontecillas, R.; Si, H.; Liu, D.; Bassaganya-Riera, J.
Clin. Nutr. 2007, 26, 107.

(331) Livingston, V. Abscisic Acid Tablets and Process. U.S. Patent
3958025, 1976

(332) Nowak, D.; Stewart, D.; Koeffler, H. P. Blood 2009, 113, 3655.

(333) Lee, H.-P.; Casadesus, G.; Zhu, X. W.; Lee, H.-G.; Perry, G.;
Smith, M. A.; Gustaw-Rothenberg, K.; Lerner, A. Expert. Rev. Neurother.
2009, 9, 1615.

(334) Bodrato, N.; Franco, L.; Fresia, C.; Guida, L.; Usai, C.; Salis,
A.; Moreschi, L; Ferraris, C.; Verderio, C.; Basile, G.; Bruzzone, S.; Scarfi,
S.; De Flora, A.; Zocchi, E. J. Biol. Chem. 2009, 284, 14777.

(335) Rakic, B.; Clarke, J.; Tremblay, T.-L.; Taylor, J.; Schreiber, K;
Nelson, K. M.; Abrams, S. R.; Pezacki, J. P. Chem. Biol. 2006, 13, 1051.

(336) Tominaga, A.; Nagata, M.; Futsuki, K; Abe, H.; Uchiumi, T.;
Abe, M.; Kucho, K.; Hashiguchi, M.; Akashi, R.; Hirsch, A. M.; Arima, S.;
Suzuki, A. Plant Physiol. 2009, 151, 196S.

(337) Ding, Y.L, Kalo, P.; Yendrek, C.; Sun, J. H,; Liang, Y.; Marsh,
J. E; Harris, J. M,; Oldroyd, G. E. D. Plant Cell 2008, 20, 2681.

(338) Nagamune, K.; Hicks, L. M.; Fux, B.; Brossier, F.; Chini, E. N.;
Sibley, L. D. Nature 2007, 451, 207.

(339) Long, H. H; Schmidt, D. D.; Baldwin, I. T. PLoS One 2008,
3, €2702.

(340) Tan, R. X.; Zou, W. X. Nat. Prod. Rep 2001, 18, 448.

(341) Shen, L.; Jiao, R. H.; Ye, Y. H; Wang, X. T.; Xu, C,; Song,
Y. C; Zhu, H. L; Tan, R. X. Chem.—Eur. J. 2006, 12, 5596.

(342) Schmelz, E. A; Engelberth, J.; Alborn, H. T.; Tumlinson, J. H.;
Teal, P. E. A. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 653.

(343) Leon-Reyes, A; Spoel, S. H; De Lange, E. S; Abe, H,;
Kobayashi, M.; Tsuda, S.; Millenaar, F. F.; Welschen, R. A. M; Ritsema,
T.; Pieterse, C. M. J. Plant Physiol. 2009, 149, 1797.

(344) Pieterse, C. M. J.; Leon-Reyes, A.; Van der Ent, S.; Van Wees,
S. C. M. Nat. Chem. Biol. 2009, S, 308.

(345) Hardtke, C. S.; Dorcey, E.; Osmont, K. S.; Sibout, R. Trends
Cell Biol. 2007, 17, 485.

(346) Zhang, S. S.; Cai, Z. Y,; Wang, X. L. Proc. Natl. Acad. Sci.
U. S. A. 2009, 106, 4543.

(347) Wang, L.; Wang, Z.; Xu, Y. Y,; Joo, S. —H.; Kim, S. —K_; Xue,
Z.; Xu, Z. H.; Wang, Z. Y.; Chong, K. Plant J. 2009, 57, 498.

(348) Ho-Pham, L. T.; Nguyen, P.L.T.; Le, T. T. T.; Doan, T.A. T;
Tran, N. T.; Le, T. A,; Nguyen, T. V. Osteoporosis Int. 2009, 20, 2087.

(349) Singh, P. N; Sabate, J.; Fraser, G. E. Am. J. Clin. Nutr. 2003,
78, 5268S.

(350) Tooker, J. F.; De Moraes, C. M. J. Chem. Ecol. 2007, 33, 331.

(351) Klee, H. Nature 2008, 455, 176.

(352) Girardin, S. E; Sansonetti, P. J.; Philpott, D. J. Trends
Microbiol. 2002, 10, 193.

(353) Barrat, F. J.; Coffman, R. L. Immunol. Rev. 2008, 223, 271.

2760

dx.doi.org/10.1021/cr100061j [Chem. Rev. 2011, 111, 2734-2760



