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Research progress on natural products from traditional Chinese
medicine in treatment of Alzheimer's disease

Jianjun Gao'”, Yoshinori Inagaki3, Xuan Li‘, Norihiro Kokudo', Wei Tangl’z’*

" Department of Surgery, Graduate School of Medicine, The University of Tokyo, Tokyo, Japan;

* Shandong University China-Japan Cooperation Center for Drug Discovery & Screening, Ji'nan, Shandong, China;
* Graduate School of Pharmaceutical Sciences, The University of Tokyo, Tokyo, Japan,

* Department of Cardiology, Weifang Chinese Medicine Hospital, Weifang, Shandong, China.

ABSTRACT: Alzheimer's disease (AD) is a severe
condition in aging societies. Although research on
this disease is advancing rapidly, thus far few very
effective drugs are available for AD patients. The
currently widely used medicines such as donepezil
and galantamine transiently improve the symptoms
of patients with mild to moderate AD. They are
hardly capable of preventing, halting or reversing
the progression of this disease. In the long history
of development of traditional Chinese medicine,
many herbs have been discovered and employed to
treat dementia diseases in clinics in China. In recent
decades, a number of agents were isolated from these
herbs and their efficacies against AD were tested. Some
flavonoids, alkaloids, phenylpropanoids, triterpenoid
saponins, and polysaccharides were demonstrated
to have potential efficacies against AD via targeting
multiple pathological changes of this disease. In this
article, we reviewed research progress on the efficacies
and underlying mechanisms of these agents.

Keywords: Flavonoids, alkaloids, phenylpropanoids,
triterpenoid saponins, polysaccharides

1. Introduction

Alzheimer's disease (AD) is characterized by progressive
deterioration in intellect including memory and cognitive
functions. It is the most common type of dementia among
older people, accounting for 50-75% of all dementia
cases (/). The number of AD patients was estimated at
36 million in 2010 and will triple in the world by 2050 (2).
In China, this figure is estimated at 9 million currently
and the prevalence rate of AD in the population over the

*Address correspondence to:

Department of Surgery, Graduate School of Medicine,
The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo, Japan.

E-mail: TANG-SUR@h.u-tokyo.ac.jp

age of 60 years is 2.43% (3,4). Proportionate increases
over the next forty years in the number of people with
AD will be much steeper in China since it is witnessing
the aging of a society in which the population over the
age of 60 years will account for approximately 31%
(about 400 million calculated on the current population
base) of the whole population by the year of 2050 (5).
These epidemiological data have painted a less than
optimistic outlook in prevention and treatment of this
disease in the world, especially in those countries with a
rapidly aging society such as China.

The currently approved drugs for treatment of
AD, e.g. donepezil, rivastigmine, galantamine, and
memantine, aim to either inhibit acetylcholine esterase to
increase the levels of the neurotransmitter acetylcholine,
or antagonize N-methyl-D-aspartic acid (NMDA)-
type glutamate receptors to prevent aberrant neuronal
stimulation (6,7). These medicines, however, exhibit
modest and transient effects in improving disease
manifestation and could hardly prevent, halt, or reverse
the disease (2). The typical course of AD lasts for a
decade or so, from the mildest stage when the symptoms
like memory problems appear to the most severe stage
when the patients must depend on others for basic
activities of daily living and finally die in a completely
helpless state. The long duration of AD and shortage
of effective or curative treatments bring an enormous
emotional and financial burden on patients, their families
and society.

Exploration of natural active ingredients from
medicinal herbs for treatment of AD has attracted
substantial attention worldwide. Thus far drugs,
including galantamine and huperzine A which originated
from traditional Chinese herbs have been developed
and used in clinics to treat mild to moderate AD (8,9).
In addition to that, various natural agents isolated from
traditional Chinese medicines were reported to have
anti-AD efficacies through diverse mechanisms and
require further investigation. In this article, we give a
retrospective view of the research progress on natural
products isolated from traditional Chinese medicine in
treatment of AD and their underlying mechanisms.

www.ddtjournal.com
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2. Etiology of AD

AD is related with, but shows intrinsic differences
from normal aging (2). The underlying mechanisms
of onset of this disease have not been thoroughly
clarified thus far. Postmortem AD patients demonstrated
atrophy of cerebral tissue, especially loss of neurons
in hippocampus and the base of the forebrain (2). The
most evident characteristics of pathological changes in
the brain of AD patients are extracellular deposits of
B amyloid protein (AB) and an intracellular presence
of neurofibrillary tangles (NFTs). Analyses of genes
in familial AD patients, which probably accounts for
less than 1% of AD cases, have brought important
research progress regarding the mechanisms of
onset of this disease (/0). Studies indicated that the
deposits of AP is correlated with gene variations of
amyloid precursor protein (APP) and/or an abnormal
transformation process (2). APP is encoded by the APP
gene located at chromosome 21 and is transformed to
AB by cleavage with B-secretase. Knockdown of the
gene encoding P-secretase, i.e., f-site APP cleaving
enzyme 1 (BACEI), leads to reduction of AP production
(11). The aggregation and accumulation of A} may
result from increased production of AP, decreased
degradation by AB-degrading enzymes, or reduced
clearance across the blood-brain barrier. The neurotoxic
activities of AP are exerted through mechanisms of cell
apoptosis and/or inflammation in brain tissue. These
research findings suggested promising targets for drug
design. However, since the onset of familial AD is not
prevalent, other hypotheses of pathogenesis, including
hyperphosphorylation of Tau protein, cerebral ischemia,
glutamate excitotoxicity, oxidative stress, mitochondria
damage, and disequilibrium of calcium homeostasis
have also attracted attention and have become acceptable
targets (/2-16).

3. Natural active ingredients against AD

In the past several decades, much research has been done
to evaluate the anti-AD effects of natural agents isolated
from traditional Chinese medicines from perspectives
such as scavenging free radicals, inhibiting lipid
peroxidation, suppressing neuronal apoptosis, enhancing
the function of cholinergic neurons, and/or improving
behavioral abnormalities in experimental animal
models. Some flavonoids, alkaloids, phenylpropanoids,
triterpenoid saponins, and polysaccharides were
demonstrated to have potential efficacies against AD.

3.1. Flavonoids

Flavonoids are a series of compounds that are spread
widely in higher plants and ferns and have attracted
much attention due to their various biological actions
(/7). The characteristic chemical structures of these

compounds is two benzene rings with hydroxyl groups
linked by a three-carbon chain. The most commonly
known biological action of flavonoids is their antioxidant
activity, which could be understood from the reduction
properties of phenol hydroxyls in the chemical structures.
That said, compounds of this type exhibit various
pharmacological effects and clinical efficacies that may
not be solely related to their anti-oxidative activities,
such as effects on the vascular system, inflammatory
response, and estrogen-like effects (/7). These actions
of flavonoids constitute the underlying basis for their
anti-AD effects. Thus far, flavonoids including ginkgo
flavonoids, soy isoflavones, puerarin, total flavonoids
of Baical Skullcap stem and leaf, apigenin, rhodosin,
hyperoside, and liquiritin were reported to have potent
effects against AD (Table 1).

3.1.1. Ginkgo flavonoids

Ginkgo flavonoids are the main constituents in the extract
of Ginkgo biloba (EGB). Ginkgo flavonoids consist
mainly of flavonols such as quercetin, kaempferol,
and isorhamnetin and biflavonoids like ginkgetin,
isoginkgetin, and amentoflavone (/8,/9). These ginkgo
flavonoids have free radical scavenging effects and
could inhibit lipid peroxidation. Studies demonstrated
that mitochondrial DNA from the brain of old rats
exhibited oxidative damage that is significantly higher
than that from young rats (20). In addition, mitochondrial
glutathione was more oxidized and peroxide formation
in mitochondria was higher in old than in young rats
(20). Treatment with EGB could partially prevent the
indices of oxidative damage in brain from old animals
(20). Other studies demonstrated that ginkgo flavonoids
exhibited neuroprotective effects via antioxidant activity
in brain damaged mice caused by ischemia-reperfusion
(21). One randomized, double-blind, placebo-controlled,
and multicenter clinical trial indicated that EGB was safe
and capable of stabilizing and improving the cognitive
performance and the social functioning of AD patients
for 6 months to 1 year (22). Currently, EGB is used in
clinics as a medical drug for treatment of AD in China,
France, and Germany.

3.1.2. Soy isoflavones

Soy isoflavones including daidzin daidzin, daidzein,
genistin, genistein, glycitin, and glycitein (23,24)
attracted much interest in recent years due to its
estrogen-like effects and role in influencing sex hormone
metabolism. Estrogen exerts anti-AD effects through
several mechanisms such as reducing AP production
(25), antagonizing the toxicities of AP (26), promoting
synaptic growth and expressions of nerve growth
factor (NGF) and its receptor (27), etc. Although
estrogen exhibits the various above potential actions, its
application in clinics for treatment of AD is dismal since
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Table 1. Flavonoids isolated from traditional Chinese medicine in treatment of AD

Agents Structures or contents Typical origin Reference
Gingko flavonoids Mixture: mainly including quercetin, kaempferol, Ginkgo biloba L. 18,19
isorhamnetin, and biflavonoids like ginkgetin, isoginkgetin,
and amentoflavone
Soy isoflavones Mixture: mainly including daidzin, daidzein, genistin, Glycine max 23,24
genistein, and glycitin, glycitein
Total flavonoids of
Baical Skullcap stem  Mixture: mainly including scutellarin, baicalin, and chrysin Scutellaria baicalensis Georgi 45,46
and leaf
OH HO,
Puerarin Radix puerariae 40
HOW'
'OH
[o}
Liquiritin Glycyrrhiza uralensis Fisch. 49
Apigenin Apium graveolens 52
Hyperin Hypericum perforatum L. 57
Rhodosin Rhodiola rosea 59

it also causes side effects to non-neuronal cells, such
as increasing the incidence of breast and endometrial
cancer (28-30). Studies demonstrated that phytoestrogens
such as genistein, one of the main ingredients of soy
isoflavones, exerted pharmacological effects in a tissue
specific manner (37). They selectively act on non-
reproductive tissues to a certain degree and thus reduce
the risk of side effects.

Animal studies indicated that soy isoflavones were
capable of improving learning and memory abilities
through influencing the brain cholinergic system
and reducing age-related neuron loss especially in
female rats (32-34). A clinical study demonstrated
that postmenopausal women who undertook estrogen-
replacement therapy had a significantly lower risk for
the onset of AD than women who did not (35). Another
randomized, double-blind, cross-over, and placebo-
controlled trial revealed that soy isoflavones were
safe and had positive effects on cognitive function,
especially verbal memory, in postmenopausal women
(36). The underlying mechanisms of favorable effects
of soy isoflavones on cognitive function were thought
to relate to their potential to mimic the actions and
functions of estrogens in the brain (37), and promote the
synthesis of acetylcholine and neurotrophic factors such

as brain-derived neurotrophic factor (BDNF) and nerve
growth factor (NGF) in the hippocampus and frontal
cortex (38,39). These studies provided evidence for the
potential usefulness of soy isoflavones in treatment of
AD patients.

3.1.3. Puerarin

Puerarin is an isoflavanone glycoside extracted from
species in the family Leguminosae such as Radix
puerariae and is currently used to treat ischemic
cerebrovascular disease and other vascular dysfunctions
in China (40). Studies found that puerarin had potent
effects in improving learning and memory disorders
induced by scopolamine or D-galactose in a mouse model
(41). Yan et al. reported that puerarin protected neurons
against apoptosis in the cortex and hippocampus of AD
rats caused by AP, through downregulating A, and
Bax expression in brain tissues, therefore alleviating the
spatial learning and memory impairment of diseased
animals (42). The anti-AD effects of puerarin were also
suggested to be related to its abilities to decrease lipid
peroxidase levels and increase superoxide dismutase
levels in brain tissues, enhancing cerebral blood flow,
and improving brain microcirculation (43,44).
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3.1.4. Total flavonoids of Baical Skullcap stem and leaf

Baical Skullcap is a frequently used traditional Chinese
medicine. Studies on its active ingredients revealed
that the total flavonoids extracted from the stem and
leaf, mainly including scutellarin, baicalin, and chrysin,
exhibited a series of pharmacological effects such as
anti-inflammation, prevention from myocardial damage
induced by ischemia-reperfusion, and improved cerebral
ischemia (45,46). Regarding its effects against AD,
Zuo et al. found that total flavonoids of Baical Skullcap
stem and leaf were capable of protecting hippocampal
neurons against damage induced by injection of
APB,s.55 into hippocampus in rat (47). The underlying
mechanisms were related to its actions of decreasing the
accumulation of lipid peroxide and proliferation of glial
cells induced by AP,s;s (47). Another study conducted
by Ye et al. demonstrated that the total flavonoids
alleviated memory and learning injury and protected
hippocampal neurons from morphological changes in
AD rats induced by AP,s 55 injection (48). These studies
suggested the potential efficacies of total flavonoids of
Baical Skullcap stem and leaf against AD.

3.1.5. Liquiritin

Liquiritin is an extract from the root of Glycyrrhiza
uralensis Fisch. (49). Yang et al. investigated the
protective effects of liquiritin on primary cultured
rat hippocampal neurons (50). They found that pre-
treatment with liquirtin for 6 h decreased the elevated
levels of intracellular Ca®" concentration and neuron
apoptosis caused by AB,s;s. Liquirtin is also capable
of enhancing the effects of nerve growth factor in
extending neuroaxons (50). It is worth noting that
liquirtin could also specifically inhibit the activity of
acetylcholinesterase and promote the differentiation of
neuronal stem cells into cholinergic neurons (50,57). The
neuroprotective and neurotrophic effects make liquirtin a
promising agent against AD.

3.1.6. Apigenin

Apigenin is a flavone usually obtained from Apium
graveolens (52). It is a potent chelating agent that could
decrease the metal ions participating in radical reactions
and therefore reduce the creation of free radicals (53).
In addition, apigenin could serve as an antioxidant to
scavenge free radicals such as oxygen, nitric oxide
(NO), and superoxide anion. On the other hand, apigenin
possesses estrogen-like effects which are similar to the
actions of estradiol (54). Due to these biological actions,
apigenin was reported to protect human neuroblastoma
cells SH-SYSY against apoptosis induced by oxidative
stress in vitro (55). In vivo, apigenin was found to
improve the memory and learning disorders of aging
mice induced by D-galactose (56).

3.1.7. Other flavonoids

Hyperoside is a flavonol isolated from species of
Hypericum (57). In the mouse ischemia-reperfusion
injury model, hyperoside was shown capable of
inhibiting lactate dehydrogenase activity decline in brain
tissues and obviously improve memory and learning
disorders of model mice (58). Rhodosin is also a
flavonol obtained from the root of Rhodiola rosea (59).
Rhodosin functions as an antioxidant which scavenges
free radicals, reduces the content of lipid peroxide, and
inhibits degeneration of mitochondria in cerebrum cells
and hippocampal pyramidal cells (44). Administration
of rhodosin was reported to be capable of improving the
memory and learning abilities of aging or AD mice (60).

3.2. Alkaloids

Alkaloids are a group of naturally occurring cyclic
compounds with a number of bioactivities that contain
negative oxidation state nitrogen atoms. Compounds
in this category exert anti-AD effects mainly through
increasing the activity of the cholinergic system,
suppressing inflammation, and/or exciting the central
nervous system. Galantamine, an alkaloid isolated from
plants in species of Lycoris, has been widely accepted
as an effective drug for treatment of AD worldwide.
Other alkaloids including huperzine A, sophocarpidine,
clausenamide, arecoline, and securinine are either locally
used as an anti-AD agent in clinics or still at the stage of
studies (Table 2).

3.2.1. Huperzine A

Huperzine A is a reversible and selective cholinesterase
inhibitor isolated from Chinese herb Huperzia serrate
(61). 1t is also an NMDA receptor antagonist which
may reduce glutamate induced damage in brain (62). It
is highly lipid soluble and thus easy to pass through the
blood-brain barrier and distribute to the brain after oral
administration. Animal studies found that it is capable
of enhancing the memory functions of rats (63). Clinical
trials in China have shown that it is similarly effective
compared to galantamine and donepezil, and may
even be safer in terms of side effects (62). It has been
approved and widely used to treat dysmnesia of elder
people, amnesia or AD patients in China since 1994.
In recent years, huperzine A has attracted increasing
attention in the US and European countries for its
potential anti-AD efficacies. A multi-center, double-blind,
placebo-controlled phase II trial, which enrolled 177
participants with mild to moderate AD, was completed
in the US in November 2007 (64). Results of this trial
demonstrated that cognition and activities of daily living
were mildly improved in patients who received 400 pg
of huperzine A twice daily for 16 weeks. However, no
significant changes were noted in overall disease change
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Table 2. Alkaloids isolated from traditional Chinese medicine in treatment of AD

Agents Structures Typical origin Reference
Huperzine A Huperzia serrate 61
Sophocarpidine Sophora flavescens 65
Ph O
L-Clausenamide ., A Ao Clausena lansium (lour) Skeels 67
Ph” by (“H3
MA9701 Arecoline derivative - 69
o}
9
Securinine Securinega suffruticosa 70

/
NI/

or in psychiatric ratings according to the AD Assessment
Scale-Cognitive (ADAS-Cog) scale. Currently, huperzine
A is used as a dietary supplement for memory support in
the US. That said, a Cochrane Database review reported
in 2009, including four randomized, controlled trials in
China involving 474 patients who received 300-500 pg
of huperzine A daily for 8-24 weeks, that huperzine A
is a well-tolerated drug that could significantly improve
cognitive performance and activities on a daily living
scale in patients with AD (62). Given this discrepancy,
further clarifications on the efficacy of huperzine A
against AD are still needed.

3.2.2. Sophocarpidine

Sophocarpidine is isolated from the root of Sophora
flavescens (65). Studies found that sophocarpidine
decreased the expression levels of interleukin-1f in
cerebral cortex and hippocampus and alleviated injury
of mitochondria of hippocampal neuronal cells in an AD
rat model which was established by injection of ibotenic
acid into hippocampus (66). Therefore, the anti-AD
effects of sophocarpidine may be ascribed to its actions
in mitigating inflammation through suppressing the
release of inflammatory cytokines in the brain, thereby
improving the status of injured neuronal cells and
reducing neuron apoptosis.

3.2.3. Clausenamide

Clausenamide is isolated from the leaves of Clausena
lansium (lour) Skeels in the family of Rutaceae [67].
Animal studies demonstrated that L-clausenamide is
capable of improving the spatial discrimination disorders
of rats induced by AP via enhancing the activities of
cholineacetyltransferase of the cortex (68). Further,

L-clausenamide promoted the release of glutamic
acid from synaptosomes of cerebellum, enhanced
the amplitude of long term potentiation (LTP) in the
hippocampus CA1 zone, and increased cerebral cortex
thickness, thereby improving learning and memory
ability of rats (68). It was demonstrated that the nootropic
effect of L-clausenamide is more potent than that of
piracetam (44).

3.2.4. Other alkaloids

Compound MA9701 is synthesized based on the
structure of arecoline which is an alkaloid isolated
from the seeds of Areca catechu. 1t obviously improved
the learning and memory disorder of mice which was
induced by administration of ethanol or scopolamine (69).
These effects of MA9701 were regarded to be related to
its activities in agonizing the M acetylcholine receptor
in the cortex and hippocampus. Securinine is an alkaloid
isolated from the leaves of Securinega suffruticosa
(70). It was demonstrated that securinine is capable of
exciting the central nervous system and antagonizing the
y-aminobutyric acid (GABA) receptor. Administration of
securinine significantly ameliorated the memory hypo-
reproducibility of mice caused by 40% alcohol (71).

3.3. Phenylpropanoids

The phenylpropanoids are a diverse family of organic
compounds that are synthesized by plants from the amino
acid phenylalanine. The characteristics of the chemical
structures of these compounds is that they consist of one
or more structural units of C,-C,. Compounds in this
category that have anti-AD potentials include salvianolic
acid B (SAB), curcumin, schisandrone, schisanhenol,
and osthole (Table 3).
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Table 3. Phenylpropanoids isolated from traditional Chinese medicine in treatment of AD

Agents Structures Typical origin Reference
Salvianolic acid B Salvia miltiorrhiza 72
Curcumin Curcuma longa L. 76
(o]
HO.
Schisandrone 7 O‘ Schisandra chinensis 84
o/
O\
o
/O
L
Schisanhenol HO, Schisandra chinensis 84
P
BN
Osthole | Cnidium monnieri 86
_o 00
>
3.3.1.54B reducing neuronal apoptosis. It was observed under the

SAB, isolated from the root of Salvia miltiorrhiza, is a
representative compound in this category (72). Its anti-AD
effects and mechanisms have been extensively explored
by Zhang and his colleagues (73). They demonstrated a
series of results supporting that SAB is a promising agent
in treatment of neurodegenerative diseases. First, SAB
is a potent natural antioxidant, which could scavenge
superoxide anion and hydroxyl radicals and inhibit lipid
peroxidation. Studies demonstrated that it significantly
decreased the levels of malondialdehyde (MDA), a product
of lipid peroxidation, in the brain tissue of rats which
were treated with FeSO4-cysteine or vitamin C-NADPH
(74). Second, SAB protects the mitochondria of neurons
from being damaged and suppresses neuronal apoptosis
caused by a cerebral ischemia-reperfusion operation. The
investigators indicated that cell apoptosis occurred in the
ischemic area after occluding the cerebral artery for 1 h
ischemia followed by 24 h reperfusion (73,75). Further
studies revealed that this cerebral ischemia-reperfusion
damaged mitochondrial membrane structure and
decreased membrane potential, thus inducing the release of
cytochrome ¢ and causing elevated expression of caspase-3
(73,75). Pretreatment of rats with 10 mg/kg SAB effectively
prevented those alternations of mitochondria and blocked
the apoptosis of brain cells (73). Third, SAB suppresses
the accumulation of A, prevents the mitochondria of
neuronal cell line PC12 being injured by A, 4, thereby

microscope that AP, at a concentration of 100 mg/L
started to assemble and form fibrils when incubated at
25°C for 30 h (73). SAB at a concentration of 10 nmol/L
almost entirely suppressed fibril formation of AB,, (73).
Further studies found that SAB at a concentration range
of 0.01-1 x 10° M inhibited the apoptosis of PC12 cells
caused by AP, (73). In addition, the assembled AP, ;5
was found to be toxic to PC12 cells after 48 h treatment,
which could be significantly alleviated by 1 pmol/L SAB
(73). Fourth, SAB is capable of suppressing the increase
of intracellular calcium and reactive oxygen species
(ROS) caused by AP, Studies demonstrated that the
intracellular concentration of calcium increased from
188 to 326 mmol/L in neuronal cells PC12PS2N1411 after
24 h treatment with A, 4, (73). The levels of intracellular
calcium were reduced to 249 and 233 mmol/L when
incubated with 0.1 x 10° and 1 x 10° mmol/L SAB,
respectively. The AP, caused elevated levels of ROS
in mitochondria were also significantly decreased by the
same concentrations of SAB (73). These studies suggested
the potential value of SAB in treatment of AD. However,
clinical trials are still required to investigate its safety and
anti-AD efficacy.

3.3.2. Curcumin

Curcumin, isolated from the root of Curcuma longa
L., is another representative compound in this category
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(76). Studies in recent years demonstrated that it has a
series of bioactivities such as anti-AD, antitumor, anti-
inflammation, anti-oxidative, and anti-HIV effects.
The underlying mechanisms of anti-AD effects of
curcumin were revealed to include the following aspects.
First, curcumin suppresses the formation of amyloid
plaques. It was found that curcumin is capable of not
only interfering with AP aggregation which leads to
formation of AP fibrils, but also destabilizing preformed
AB fibrils (77). In addition, it was reported that curcumin
suppressed the up-regulation of APP and B-secretase
mRNA levels caused by copper or manganese ions
in a time- and dose-dependent manner (78). Second,
curcumin inhibits AP induced inflammation. Giri et al.
demonstrated that curcumin at a concentration range
of 12.5-25 uM reduced the expression of cytokines
TNFa and IL-1B and chemokines MIP-13, MCP-1,
and IL-8 in monocytes by suppressing the interaction
of early growth response-1 (Egr-1) with AB,,, or
fibrillar AB, 4, (79). Third, curcumin possesses potent
antioxidative effects. Kim ef al. showed that curcumin
protected neuronal cells PC12 and human umbilical
vein endothelial cells from being injured by AP,, due
to its strong antioxidant properties (80). Another study
showed that pretreatment of PC12 cells with 10 pg/mL
curcumin decreased the level of antioxidant enzyme and
DNA damage caused by AB,s;s (81). Fourth, curcumin
inhibits acetylcholinesterase activity. In an in vitro study,
curcumin inhibited the activity of acetylcholinesterase
with an ICy, value of 67.69 uM (82). Given the above
activities of curcumin, thus far at least 6 clinical trials
have been implemented to evaluate the efficacies of
curcumin alone or in combination with other medications
in treatment of AD or cognition impaired diseases (83).
Among these studies, two were completed, one was
terminated for various reasons, and three are under
way. The disclosed results demonstrate no significant
differences in cognitive function between placebo and
curcumin groups. Results of clinical trials currently being
conducted are expected and required to further testify to
the efficacies of curcumin in treatment of AD.

3.3.3. Schisandrone and schisanhenol

Schisandrone is a linan isolated from the fruit of
Schisandra chinensis (84). Studies found that schisandrone

is capable of scavenging superoxide anion free radical
and other ROS including H,0, and ‘OH generated by
the xanthine-xanthine oxidase system and reducing the
production of MDA in the process of lipid peroxidation
(44). In addition, schisandrone significantly suppressed
the oxidative stress and inflammatory response induced by
AP. Furthermore, schisandrone suppressed the elevation of
intracellular calcium induced by AP, thereby maintaining
the intracellular calcium homeostasis equilibrium and
protecting neurons from apoptosis (85). Schisanhenol
is another active ingredient isolated from the fruit of S.
chinensis. It was found to have effects in protecting rat
brain synapses and mitochondria from ROS insult (44).
Further animal studies are required to investigate the anti-
AD effects of schisandrone and schisanhenol.

3.3.4. Osthole

Osthole is a coumarin isolated from plants in the
Umbelliferae family such as Cnidium monnieri (86).
Studies demonstrated that it significantly improved
mouse spatial discrimination and memory disorders
(87). This effect of osthole is thought to be related to
its properties of suppressing lipid peroxidation and
acetylcholinesterase activity in brain tissue of rats. It was
also reported that osthole improved memory impairments
in AlCl;-induced senescence-accelerated mice, which
was ascribed to its actions of enhancing activities of
glutathione peroxidase (GSH-PX) and superoxide
dismutase (SOD) and thus mitigating ROS-induced
neuron injury (88). Previous studies on osthole mainly
focused on its effects in antihypertension, antiarrhythmia,
immunoenhancement, and anti-infection. Its potential
application in treating dysmnesia related diseases such as
AD requires additional investigation in the future.

3.4. Triterpenoid saponins

Triterpenoid saponin is composed of triterpene
sapogenin and saccharide. Triterpenes include a large
group of compounds mostly arranged in a four or five
ring configuration of 30 carbons with several oxygens
attached. Compounds in this category including
Panax notoginseng saponins (PNS), ginsenoside, and
gypenosides were found to exhibit potential anti-AD
activities (Table 4).

Table 4. Triterpenoid saponins isolated from traditional Chinese medicine in treatment of AD

Agents Contents Typical origin Reference

Panax notoginseng saponins Mainly including sapoin monomers Rb1, Rd, and Rgl Panax notoginseng 89

Ginsenosides Mainly including saponin monomers Rbl, Rb2, Re, Panax ginseng C. A. Mey. 92
Rd, Rgl, Re, Rf, and Rg2

Gypenosides Including more than 100 dammarane-type triterpenoid Gynostemma pentaphyllum 95

saponins
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3.4.1. PNS

These saponins belonging to the dammarane type are the
main effective components of Panax notoginseng (89).
PNS exhibits broad biological activities including anti-
inflammation, anti-fibrosis, scavenging free radicals,
anti-aging, etc. Guo et al. reported that PNS increased
learning and memory ability in rat dementia caused
by injection of ibotenic acid into the nucleus basalis of
Meynert (NBM) (90). It was found that PNS alleviated
the neuron injury by AP,s;s, thereby reducing neuron
apoptosis (44). In addition, PNS protected nerve cells
NG108-15 from apoptosis caused by AP via stabilizing
the membrane of nerve cells (44). Furthermore, PNS
also promoted the growth of nerve cells, extended the
length of axons, and enhanced synaptic plasticity (44).
Besides those effects, PNS prevented the reduction of
choline acetyltransferase and thus enhanced the functions
of cholinergic neurons in AD model rats which were
established by intra-peritoneal injection of D-galactose
combined with excitatory neurotoxin ibotenic acid
injection into bilateral NBM (97). These activities
of PNS may constitute the pharmacological basis
responsible for its actions against AD.

3.4.2. Ginsenosides

Ginsenosides, isolated from Panax ginseng C. A. Mey.,
are saponins with broad biological properties (92).
Wang et al. reported that ginsenoside Rgl improved
the learning and memory disorders in AD model mice
induced by AP (93). Mechanisms underlying the anti-
AD effects of ginsenoside include boosting the levels
of acetylcholine in the synaptic cleft, increasing the
numbers of cholinergic receptors, and promoting the
synthesis of nucleic acids and proteins. /n vitro studies
demonstrated that ginsenoside Rgl alleviated ROS injury
on nerve cells and suppressed apoptosis of rat nerve
cells (94). Animal studies demonstrated that ginsenoside
Rgl promoted the development of cranial nerves and
increased the number of synapses and the density of
muscarinic receptors in mice (94). Currently, Radix
Ginseng, as a traditional Chinese medicine, is widely
used to treat dementia diseases including AD in China.
The above studies provide scientific evidence for using
Radix Ginseng as an anti-AD medicine.

3.4.3. Gypenosides

Gypenosides are a series of saponins isolated from
Gynostemma pentaphyllum (95). They exhibit strong
antioxidative properties manifesting as scavenging free
radicals and increasing the levels of SOD in brain tissues.
In addition, gypenosides are capable of stabilizing the
membrane of neurons. /n vivo studies showed that
gypenosides reversed the degeneration of learning and
memory abilities induced by AB, which may be ascribed

to their effects in suppressing the abnormal expression
of cyclins and rectifying the disequilibrium of calcium
homeostasis in hippocampal neurons (96). This evidence
supports the use of Herba Gynostemmatis Pentaphylli in
treatment of AD patients in clinics.

3.5. Polysaccharides

Currently, studies on the anti-AD effects of
polysaccharides mainly focus on their activities in
immunoregulation, antioxidation, and life extension.
For example, sprulina polysaccharides are capable
of improving the symptoms of aging mice caused by
D-galactose (97). Polysaccharides from Cistanche
deserticola increased the hypoxia tolerance and anti-
oxidation action of aging mice (98). Polysaccharides
from Ganoderma lucidum reduced the level of MDA
through enhancing SOD activities in hippocampus of
rats and suppressing the activation of astrocytes caused
by A,s3s via immunoregulatory mechanisms (99).
Rehmannia glutinosa oligosaccharides (RGOs) dose-
dependently enhanced learning and memory ability in
the rat insulted by cerebral ischemia-reperfusion via
reducing the level of glutamic acid in hippocampus and
increasing the levels of phosphorylated extracellular
signal-regulated kinase (ERK) and acetylcholine (100).
In addition, RGOs protected hippocampal neurons from
being injured by glutamic acid, which is related to their
effects in suppressing the excessive intake of glucose by
neurocytes (/00).

4. Conclusion and prospects

In the long history of development of traditional Chinese
medicine, many herbs have been discovered and
employed to treat dementia diseases in China. In recent
decades, with the advancement of chromatographic and
spectroscopic techniques, a number of agents have been
isolated from these herbs and their efficacies against AD
have been tested both in vitro and in vivo. The endeavors,
on one hand, illustrated the principle of evidence-based
medicine to clinically use these medicines to treat AD,
and, on the other hand, discovered many monomer
compositions as promising drugs or lead compounds for
drug design in treatment of AD.

The currently used medications for treatment of AD
are mainly symptom-management drugs. Although they
do improve symptoms such as memory disorders and
play a key role in treatment of AD at present, these drugs
are not capable of reversing the progress of AD. In light
of the pathogenic complexities of AD, it is probably
unlikely that single-target drugs will achieve satisfactory
curative effects. Some agents in categories of flavonoids
and phenylpropanoids exhibit multiple biological
properties that aim to eradicate the root causes of AD
onset and may represent the future direction of new drug
development.
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Some issues also exist in the research and development
of natural agents as anti-AD medicines. The results of
experiments are sometimes difficult to repeat or compare
because it varies for the same herb in methods of isolation
or purification and the contents of effective constituents in
different studies. In addition, effectiveness is hard to define
due to the lack of positive control drugs in some cases.
Research on natural products in prevention and treatment
of AD started late and currently mostly has stayed at the
stage of in vitro and animal studies. In the long run, efforts
should be paid to screen and select optimal crude drugs,
establish regulatory standards, and normalize the evaluation
principles of drug efficacy to open new ways for AD drug
research and development.
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ABSTRACT: A series of new 1,3,4-oxadiazole
and 1,2,4-triazole derivatives were synthesized.
The structures were confirmed by IR, '"H-NMR,
and MS. The compounds were evaluated for their
antiproliferative activity against K562 (human
erythromyeloblastoid leukemia cell line), MDA-
MB-231 (human breast adenocarcinoma cell line),
HT29 (human colon adenocarcinoma grade II
cell line) and HepG2 (human hepatocellular liver
carcinoma cell line) in vitro. The result showed
that 7 compounds displayed inhibitory activities
against K562 with the inhibition rate more than
50%. Especially, compound 5f exhibited the most
potent activity against K562 with 85% inhibition
ratio and could be used as lead compound to search
new 1,3,4-oxadiazole derivatives as antiproliferative
agent.

Keywords: Synthesis, 1,3,4-oxadiazole, 1,2,4-triazole,
antitumor

1. Introduction

It was observed from the literature that 1,3,4-oxadiazole
ring is associated with many types of biological
properties such as anti-inflammatory (/), antibacterial (2),
antifungal (3), antitumor (4), antiviral (), hypoglycemic
(6), anticonvulsant (7), analgesic (8), herbicidal (9), and
insecticidal activities (/0). Another 1,2,4-triazole ring
also shows broad-spectrum bioactivities, e.g., preparation
their derivatives as agrochemical (//), medicinal
fungicides (12), virucides (/3), anticancer drugs (/4),
antimicrobial anti-inflammatory (/5), anticonvulsant
(16), antihypertensive (/7), and plant growth regulators
18).

*Address correspondence to:

Dr. Shaohua Li, Department of Medicinal Chemistry,
School of Pharmacy, Nanchang University, 461 BaYi
Road, Nanchang 330006, Jiangxi, China.
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Chronic myelogenous leukaemia (CML) is a
haematological malignancy caused by a chromosomal
rearrangement that generates a fusion protein, BCR-
ABL, with deregulated tyrosine kinase activity. K562 is
human erythromyeloblastoid leukemia cell line and can
specific express BCR-ABL. Imatinib is an inhibitor of
BCR-ABL tyrosine kinase, function through competitive
inhibition at the ATP-binding site of the enzyme, which
leads to the inhibition of tyrosine phosphorylation of
proteins involved in BCR-ABL signal transduction. It
shows a high specificity for BCR-ABL, the receptor of
platelet-derived growth factor, and c-kit tyrosine kinases,
and is well tolerated. Imatinib has significant activity
against CML which treatment with a interferon had
failed (19).

In view of above mentioned facts and an attempt
to achieve new potent antitumor agents with good
bioavailability and low toxicity, herein, we described
the synthesis and the structure-activity relationship
(SAR) of a series of new 1,3,4-oxadiazole and
1,2,4-triazole derivatives as potential antitumor agents.
Docking simulations were performed using the X-ray
crystallographic structure of the ABL complexed with
imatinib to explore the binding modes at the active site.

2. Materials and Methods
2.1. Chemicals

Target compounds were synthesized via the route
outlined in Scheme 1. Firstly, amino acids (glycine,
L-alanine, L-valine, L-leucine, L-phenylalanine, and
L-serine) were reacted with MeOH to yield amino acids
methyl ester (20), then coupled with carboxylic acids
to obtain amide (2a~2n) and hydrazinolysised to give
hydrazinyl-substituted amide (3a~3n) (27). (1) Cycling
with carbon disulphide yielded the corresponding
1,3,4-oxadiazole derivatives (4a~4n) (22). (a) Reacting
with hydrazine hydrate obtained 1,2,4-triazole
derivatives (5a-1,5n) (23). (b) Reacting with methyl
iodide, ethyl iodide, 3-chlorobenzyl chloride or
chloroacetic acid obtained thioethers (5a-2, Sh, 5j,
5m-1; 5m-2; 5a-3, 5g, 5k). (2) Cycling 3e, 3k with
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Scheme 1. The synthesis of target compounds.

triphosgene obtained new 1,3,4-oxadiazole derivatives
(4e, 4k) (24). The structures of the target compounds
which were evaluated for antiproliferative activity were
confirmed by IR, 'H-NMR, and MS. All of them gave
satisfactory analytical and spectroscopic data, which
were in full accordance with depicted structures.

2.2. Antiproliferation assay (in vitro)

The antiproliferative activity of 1,3,4-oxadiazole and
1,2,4-triazole derivatives was assessed by means of MTT
method (25). Imatinib mesylate was used as the positive
control. To determine cell proliferation, K562 (human
erythromyeloblastoid leukemia cell line), MDA-MB-231
(human breast adenocarcinoma cell line), HT29 (human
colon adenocarcinoma grade II cell line ), and Hep G2
(human hepatocellular liver carcinoma cell line) were
individually plated at density of 1.5 x 10" cells/well, 8.0
x 10° cells/well, 8.0 x 10 cells/well, 4.0 x 10° cells/well,
respectively, in 96-well plates at 37°C in 5% CO, atmosphere.
For MDA-MB-231 cell lines, HT29 cell lines and Hep G2
cell lines, after 24 h of culture, the medium in the wells was
replaced with the fresh medium containing compounds of
certain concentration (1.0 x 10™ mol/L). Three wells were
tested in parallel for each synthesized compounds. After
48 h, 20 pL of MTT dye solution (5 mg/mL in phosphate
buffer, pH7.4) was added to each well and incubated for
4 h at 37°C in 5% CO, for exponentially growing cell
and 10 min for steady-state confluent cells. The formazan
crystals were solubilized with 150 puL of dimethyl sulfoxide
(DMSO) and the solution was vigorously mixed to
dissolve the reacted dye. For K562 cell lines, the medium

containing compounds of certain concentration (1.0 x
10" mol/L) was added. After 48 h, 10 uL of MTT dye
solution (5 mg/mL in phosphate buffer, pH7.4) was added
to each well and incubated for 4 h at 37°C in 5% CO, for
exponentially growing cell. Then a mixed solution (10%
SDS, 5% isobutanol, 0.012 mol/L HCI) was added to each
well for 12 h. The absorbance of each well was read on a
microplate reader (BTR-600 intruments) at 490 nm. The
inhibition ratio on the tumor cells growth by the drugs
was determined by the following formula: inhibition ratio
on the tumor cells growth = (1 — (experimental group OD
value/control group OD value)) % 100%.

3. Results and Discussion

All the synthesized 1,3,4-oxadiazole and 1,2,4-triazole
derivatives were evaluated for their antiproliferative activity
against K562, MDA-MB-231, HT29, and Hep G2 in Table
1. Preliminary result showed that 7 compounds displayed
inhibitory activities against K562 with the inhibition rate
more than 50%. Structure-activity relationship of the
derivatives inhibition the proliferation of K562 was studied.
Comparing 1,2,4-triazole and 5-thioxo-1,3,4-oxadiazole
analogues (5a-1, Sm, 4a~4n), 1,2,4-triazole rings had no
significant effect on the antiproliferative activity, while
5-oxo0-1,3,4-oxadiazole ring (4e, 4k) leaded to increase
in activity. Among alanine analogues (4a, 4c¢, 4d, 4n),
compounds 4c¢ and 4n showed better activity than others,
which indicated that introduction vinylogy and nitro groups
to benzene ring might improve the activity. Compounds
51-1, 51-2, and 5f displayed excellent antiproliferative
activity, which indicated that the substituent attached to
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Table 1. Antiproliferative assay of target compounds and imatinib mesylate (rate%)

Structure Compounds R, R, K562 MDA-MB-231 HT29  Hep G2
Cl
4a -CH, -5 27 21 15 13
4b -CH(CH,), ® 30 17 21 24
4c -CH, {0 57 12 17 15
0 R 4d -CH, —F 30 20 1 17
N
Ry HJ\g NH 4f -CH,CH(CH,), - 36 1 15 10
«S 4g -CH,ph Rasy 42 12 19 13
4h -CH,0H o 37 18 14 16
4 -CH(CH,), e 32 15 18 20
4 -CH,CH(CH,), e 57 12 13 12
4n -CH, —()No, 54 10 16 24
Q By de o 63 21 23 16
RZ)LH Z NH H
4k H ey 48 23 25 15
o0 Ry cl
N 5a-1 CH, 40 12 14 12
. }H)\ﬁ \H :
N Sm _CH, Nagm 13 1 9 14
Cl
o & 5a-2 -CH, ) 12 18 17 7
.
5 - cl
R 2)LHJ\gNN g CH,ph ) 46 16 32 29
{ 5i -CH(CH,), - 36 11 16 20
- 51-1 -CH(CH,), —)-cHy 59 20 29 22
o R,
RQ)LN N 51-2 CH H
NN -CH(CH,), —ycH, 60 13 17 19
_
Cl
o R, 5a-3 -CH, - 17 14 22 23
N
RQAL”J% N . st -CH,CH(CHs), Y- 85 32 23 12
& 5] -CH,CH(CH,), B 34 13 16 14
O Ry cl
R Z)LH N Sa-4 -CH, - 7 12 5 9
~_COOH 513 -CH(CH,), —{)cry 9 8 1 7
Imatinib mesylate 93 92 95 94

the 5-position of 1,3,4-oxadiazole ring had significant
effect on activity, while carboxyl group made compounds
almost lose antiproliferative activity. Compound 5f was
the most potent of all the target compounds with 85%
inhibition ratio. Compared with 4i, compound 4j with
a bulky substituent which connected with chiral carbon
was more potent activity. Substituent in benzene ring
greatly influenced the activity. In addition, all of target
compounds show low activity toward MDA-MB-231,
HT29, and Hep G2. In above four types of tumor cells,
only the K562 can specific express ABL, and the variant
tumor cells showed different sensitivity to anticancer
drugs. So the target compounds exhibited K562
selectivity.

In effort to elucidate the possible mechanism which

the target compounds displayed antiproliferative activity
toward K562 and guide further structure-activity
relationship studies, the preferred pharmacophore docking
studies were carried out via the autodock program.
The interaction of Sf with active site of ABL structure
complexed with imatinib (PDB: 3K5V) is shown in
Figures 1 and 2. Compounds 5f, as imatinib, has been
shown to recognize efficiently active-site of ABL. The
carbonyl group can form hydrogen bond with Asp400
with the distance of 2.81 A. The nitrogen atom of amide
bond forms hydrogen bond with Asp400 and Glu305
with the distance of 2.96 A and 2.78 A, respectively.
The hydrophobic parts of compound are in contact with
nonpolar surface areas of ABL such as Lys290, Ala399,
Phe401, I1e312, Lys304, Val308, and Phe378.
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Figure 1. Molecular docking of compound Sf with
active-site of ABL. Imatinib is represented as green sticks.
Compound 5f is represented as a tube with colored atoms.

Phe 401

Glu 305

Asp 400

Phe 378

yﬂi{/
cL2s = Val 308

Figure 2. Diagram (LIGPLOT) of the hydrogen bonds and
hydrophobic interactions of the compound 5f with active-
site residues in ABL.

4. Conclusion

We designed and synthesized a series of new
1,3,4-oxadiazole and 1,2,4-triazole derivatives. Some of
them showed moderate potency against K562. Especially,
compound 5f exhibited the best inhibitory activity
and could be used as lead compound to search new
1,3,4-oxadiazole derivatives as antiproliferative agents.
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Appendix
Chemistry: general procedures

Unless otherwise noted, materials were obtained
from commercial suppliers and used without further
purification. The solvents of SOCIL,, methanol and
carbonic dichloride have been distilled before use. All
reactions were monitored by thin-layer chromatography

on 0.25 mm silica gel plates (60GF-254) and visualized
with UV light. Melting points were determined using
WRS-1B melting point apparatus and are uncorrected.
The IR spectra were recorded by means of KBr pellet
technique on a SHIMADZU FTIR-8400 spectrometer.
Mass spectra were recorded on a ZQ-4000/2695
equipment in a negative electron spray ionization (ESI)
mode. '"H-NMR was recorded on a Bruker AV-600
MHz spectrometer at room temperature, and chemical
shifts were measured using TMS as internal standard.
Significant 'H-NMR data are reported in the following
order: multiplicity (s, singlet; d, doublet; t, triplet; q,
quartet; m, multiplet) number of protons.

1. General procedure for compounds 1a-f

The compounds (1a-f) were prepared from the
corresponding amino acids (glycine, L-alanine, L-valine,
L-leucine, L-phenylalanine, L-serine). MeOH (200 mL)
was cooled in ice-bath and SOCI, (18 mL, 0.25 mol) was
added dropwise. The reaction mixture was stirred at 0°C
for 1 h and then appropriate amino acid (0.2 mol) was
added, stirred for another 1 h at 0°C, followed by 24 h
at room temperature and then evaporated in vacuum to
dryness, recrystallized from appropriate solvent.

Glycine methyl ester hydrochloride (1a) White
solid; yield: 98%; mp: 175.8-176.8°C; IR(KBr) 3,395,
2,885, 2,685, 2,635, 1,747, 1,585, 1,439, 1,261, 880
cm'; '"H-NMR (600 MHz, DMSO-d,,) & 8.504(s, 3H,
NH;Cl), 3.792(s, 2H, CH,), 3.735(s, 3H, CH,); ESI-MS:
m/z [M — HJ 122.80.

2. General procedure for compounds 2a-n

To a stirred solution of the compounds 1a-f (0.02
mol) in CH,CI, (80 mL) triethylamine (0.04 mol, 5.6
mL) was added, reacted at 0°C for 0.5 h. A solution
of carboxylic acid (0.02 mol) in CH,Cl, (40 mL) was
added, then DCC (0.022 mol, 4.54 g) in CH,CI, (20
mL) was added dropwise. The mixture was stirred for
2 h at 0°C, then allowed to warm to room temperature
for 48 h. The white precipitate (DCU) was removed.
The solution was washed with saturated NaHCO; (30
mL, x3), 10% hydrochloric acid (30 mL, x3), distilled
water (30 mL, x2) in turn, dried with magnesium
sulfate anhydrous, filtered. The solvent was evaporated
in vacuo, and the residue was dissolved in ethyl acetate,
filtered. The ethyl acetate solution was evaporated in
vacuo. The residue was recrystallized from appropriate
solvent.

Methyl 2-(4-chlorobenzamido)acetate (2e) White
solid; yield: 67%; mp: 110.0-112.0°C; IR (KBr) 3,275,
3,090, 3,028, 2,990, 2,947, 2,851, 1,751, 1,651, 1,435,
853 cm'; 'TH-NMR (600 MHz, DMSO-d,) § 9.072(t, J
= 5.7 Hz, 1H, NH), 7.893(m, 2H, ArH), 7.578(m, 2H,
ArH), 4.02(d, J = 2.7 Hz, 2H, CH,), 3.659(s, 3H, CH,);
ESI-MS: m/z [M — H] 225.33.
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3. General procedure for compounds 3a-n

The reaction mixture of compounds 2a-n (10 mmol)
and 80% hydrate hydrazine (20 mmol, 1 mL) in
methanol was refluxed at 85°C overnight, then cooled,
evaporated in vacuo. The residue was recrystallized
from absolute EtOH.
N-(2-hydrazinyl-2-oxoethyl)-4-chlorobenzamide (3e)
White solid; yield: 90%; mp: 214.7-216.5°C; IR (KBr)
3,479, 3,364, 3,302, 3,190, 1,643, 1,547, 1,277, 845
cm'; '"H-NMR (600 MHz, DMSO-d,,) § 9.140(s, 1H,
NH), 8.818(t, / = 5.7 Hz, 1H, NH), 7.895(m, 2H, ArH),
7.551(d, J= 8.4 Hz, 2H, ArH), 4.217(s, 2H, CH,), 3.825(d,
J=6Hz, 2H, NH,); ESI-MS: m/z [M — H] 225.42.

4. General procedure for compounds 4a-d, 4f-j, 41-n

The reaction mixture of compounds 3a-d, 3f-j, 31-n (0.01
mol), KOH (0.01 mol, 0.56 g), carbon disulfide (0.03
mol, 1.8 mL), and ethanol (80 mL) was heated under
reflux until the evolution of H,S ceased (~12 h). Ethanol
was distilled off under reduced pressure and the residue
was dissolved in water and then acidified with dilute
hydrochloric acid (10%). The precipitate was filtered,
washed with water, dried, and recrystallized from ethanol.
(S)-N-[1-(5-thioxo-4,5-dihydro-1,3,4-oxadiazol-2-
yDethyl]-3-chlorobenzamide (4a) White solid; yield:
85%; mp: 163.1-163.3°C; IR (KBr) 3,244, 3,059,
2,943, 2,770, 2,723, 2,554, 1,643, 1,508, 1,061, 806,
725, 683, 656 cm'; 'H-NMR (600 MHz, DMSO-d,) &
14.539(br, 1H, oxadiazole NH), 9.206(d, J = 7.8 Hz,
1H, NH), 7.94(d, J = 1.8Hz, 1H, ArH), 7.856(d, /= 1.8
Hz, 1H, ArH), 7.661(m, 1H, ArH), 7.550(t, J = 7.8 Hz,
1H, ArH), 5.252(m, 1H, CH), 1.546(d, J = 7.2 Hz, 3H,
CH,); ESI-MS: m/z [M — H] 281.32.
(S)-N-[2-methyl-1-(5-thioxo-4,5-dihydro-1,3,4-
oxadiazol-2-yl)propyl]nicotinamide (4b) White solid;
yield: 83%; mp: 163.1-163.3°C; IR (KBr) 3,298, 3,271,
2,966, 1,643, 1,539, 1,342, 710 cm'; 'H-NMR (600
MHz, DMSO-d;) & 14.582(br, 1H, oxadiazole NH),
9.227(d, J = 7.8 Hz, 1H, NH), 9.03(d, J = 2.4 Hz, 1H,
ArH), 8.747(dd, J, = 1.2Hz, J, = 3.6Hz, 1H, ArH),
8.229(m, 1H, ArH), 7.544(dd, J, = 4.8 Hz, J, = 3.0 Hz,
1H, ArH), 4.953(t, J = 8.4 Hz, 1H, CH), 2.308(m, 1H,
CH), 1.033(d, J = 6.6 Hz, 3H, CH,), 0.949(d, J = 6.6
Hz, 3H, CH,); ESI-MS: m/z [M — H] 276.46.
(S)-N-[1-(5-thioxo-4,5-dihydro-1,3,4-oxadiazol-2-yl)
ethyl]-4-methoxylcinnamamide (4c) White solid; yield:
75%, mp: 173.7-175.8°C; IR(KBr) 3,263, 3,071, 2,932,
2,766, 2,341, 1,651, 1,504, 1,173, 826 cm'; 'H-NMR
(600 MHz, DMSO-d;) 6 14.506(br, 1H, oxadiazole NH),
8.722(d, J = 7.8Hz, 1H, NH), 7.538(d, J = 9.0 Hz, 2H,
ArH), 7.44(d, J = 15.6 Hz, 1H, CH), 6.989(d, J = 9.0 Hz,
2H, ArH), 6.48(d, J = 16.2 Hz, 1H, CH), 5.114(t, J= 7.5
Hz, 1H, CH), 3.792(s, 3H, CH,), 1.466(d, J= 7.2 Hz, 3H,
CH,); ESI-MS: m/z [M — H] 303.51.
(S)-N-[1-(5-thioxo-4,5-dihydro-1,3,4-oxadiazol-2-yl)

ethyl]-4-fluorobenzamide (4d) White solid; yield: 80%;
mp 172.4-172.6°C; IR (KBr) 3,256, 3,028, 2,978, 2,374,
2,704,2,611, 1,604, 1,504, 1,150, 814 cm™'; 'H-NMR (600
MHz, DMSO-d;) 6 14.517(br, 1H, oxadiazole NH), 9.1(d,
J =17.8 Hz, 1H, NH), 7.959(m, 2H, ArH),7.312(m, 2H,
ArH), 5.232(t, /= 7.2 Hz, 1H, CH), 1.533(d, /= 7.2 Hz,
3H, CH,); ESI-MS: m/z [M —H] 265.29.
(S)-N-[3-methyl-1-(5-thioxo-4,5-dihydro-1,3,4-
oxadiazol-2-yl)butyl]-4-chlorobenzamide (4f) White
solid; yield: 85%; mp: 155.8-156.3°C; IR (KBr) 3,251,
3,058, 2,960, 2,930, 2,870, 2,766, 2,615, 1,628, 1,485,
1,169, 1,150, 841 cm™'; 'H-NMR (600 MHz, DMSO-d,)
d 14.536(br, 1H, oxadiazole NH), 9.111(d, J = 7.8 Hz,
1H, NH), 7.916(d, J = 8.4 Hz, 2H, ArH), 7.589(d, J =
8.4 Hz, 2H, ArH), 5.214(m, 1H, CH), 2.514(t, J = 1.8
Hz, 1H, CH), 1.916(m, 1H, CH,), 1.763(m, 1H, CH,),
0.929(dd, J, = 6.6Hz, J, = 10.2 Hz, 6H, 2 x CH,); ESI-
MS: m/z [M — H] 323.54.
(S)-N-[2-phenyl-1-(5-thioxo-4,5-dihydro-1,3,4-
oxadiazol-2-yl)ethyl]-4-chlorobenzamide (4g) White
solid; yield: 82%; mp: 224.2-224.3°C; IR (KBr) 3,244,
3,028, 2,920, 2,766, 2,596, 1551, 1,161, 841 cm';
"H-NMR (600 MHz, DMSO-d,) 8 14.569(br, 1H,
oxadiazole NH), 9.226(d, J= 7.8 Hz, 1H, NH), 7.822(dd,
J,=12Hz,J,=4.8 Hz, 2H, ArH), 7.562(dd, J, = 1.2Hz,
J, = 4.8 Hz, 2H, ArH), 7.295(m, 4H, ArH), 7.211(d, J
= 7.8 Hz, 1H, ArH), 5.383(m, 1H, CH), 3.262(m, 2H,
CH,); ESI-MS: m/z [M — H] 357.52.
(S)-N-[2-hydroxy-1-(5-thioxo-4,5-dihydro-1,3,4-
oxadiazol-2-yl)ethyl]—4-chlorobenzamide (4h) White
solid; yield: 80%; mp: 104.8-105.9°C; IR (KBr) 3,564,
3,422, 3,290, 3,055, 2,874, 2,762, 1,656, 1,481, 1,169,
822 cm''; "H-NMR (600 MHz, DMSO-d,) & 14.558(br,
1H, oxadiazole NH), 9.08(d, J = 7.8 Hz, 1H, NH),
7.925(m, 2H, ArH), 7.586(m, 2H, ArH), 5.326(br,
1H, OH), 5.15(dd, J, = 6.6 Hz, J, = 7.2 Hz, 1H, CH),
3.859(ddd, J, = 6.6 Hz, J, = 4.2 Hz, J;, = 15 Hz, 2H,
CH,); ESI-MS: m/z [M — H] 297.47.
(S)-N-[2-methyl-1-(5-thioxo-4,5-dihydro-1,3,4-
oxadiazol-2-yl)propyl]-4-bromobenzamide (4i) White
solid; yield: 87%; mp: 214.5-214.6°C; IR (KBr) 3,263,
3,036, 2,951, 2,909, 2,870, 2,731, 1,651, 1,481, 1,142,
845 cm™'; "H-NMR (600 MHz, DMSO-d,) & 14.573(br,
1H, oxadiazole NH), 9.106(d, J = 8.4 Hz, 1H, NH),
7.842(m, 2H, ArH), 7.723(m, 2H, ArH), 4.923(t, J =
8.1Hz, 1H, CH), 2.312(m, 1H, CH), 1.017(d, J = 6.6
Hz, 3H, CH,), 0.939(d, J = 6.6 Hz, 3H, CH,); ESI-MS:
m/z [M — H] 355.39.
(S)-N-[3-methyl-1-(5-thioxo-4,5-dihydro-1,3,4-
oxadiazol-2-yl)butyl]-4-bromobenzamide (4j) White
solid; yield: 88%; mp: 160.8-161.0°C; IR (KBr) 3,260,
3,058, 2,990, 2,870, 2,743, 2,619, 1,628, 1,497, 1,169,
837 cm'; "H-NMR (600 MHz, DMSO-d,) & 14.537(br,
1H, oxadiazole NH), 9.115(d, J = 8.4 Hz, 1H, NH),
7.844(d, J = 8.4 Hz, 2H, ArH), 7.73(d, J = 9.0 Hz, 2H,
ArH), 5.215(m, 1H, CH), 1.905(m, 1H, CH), 1.759(m,
1H, CH,), 1.684(d, J = 6.0 Hz, 1H, CH,), 0.929(dd, J, =
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6.6 Hz, J,=10.2 Hz, 6H, 2 x CH,); ESI-MS: m/z [M —
H] 369.42.
(S)-N-[1-(5-thioxo-4,5-dihydro-1,3,4-oxadiazol-
2-yl)ethyl]-4-nitrobenzamide (4n) Yellow solid; yield:
81%; mp: 189.6-190.0°C; IR (KBr) 3,344, 3,098, 2,951,
2,746, 1,647, 1,489, 1,150, 845 cm'; "H-NMR(600
MHz, DMSO-d;) & 14.557(br, 1H, oxadiazole NH),
9.429(d, J = 7.8 Hz, 1H, NH), 8.378(m, 2H, ArH),
8.126(m, 2H, ArH), 5.278(t, /= 7.2 Hz, 1H, CH), 1.559(d,
J=1.2 Hz, 3H, CH,); ESI-MS: m/z [M — H] 292.41.

5. General procedure for compounds 4e, 4k

To an ice-bath solution of compounds 3e, 3k (5 mmol)
in 20 mL of water, a solution of triphosgene (5.5 mmol,
1.63 g) in 5 mL of toluene was added dropwise. The
mixture was reacted for 12 h at 25°C. White solid was
formed which was dissolved by adding dropwise of
NaOH (10%). The organic phase was eliminated and
the water phase was acidified by dilute hydrochloric
acid. The white solid formed was filtered, washed with
water, dried and recrystallied from EtOH.

N-[(5-0x0-4,5-dihydro-1,3,4-oxadiazol-2-yl)
methyl]-4-chlorobenzamide (4e) White solid; yield:
90%; mp: 208.6-208.8°C; IR (KBr) 3,283, 3,047, 2,990,
1,747, 1,643, 1,535, 1,092, 845, 760 cm '; 'H-NMR(600
MHz, DMSO-d;) & 12.272(br, 1H, oxadiazole NH),
9.188(t, J = 5.4 Hz, 1H, NH), 7.903(d, J = 9.0 Hz, 2H,
ArH), 7.582(d, J = 9.0 Hz, 2H, ArH), 4.394(d, J = 5.4
Hz, 2H, CH,); ESI-MS: m/z [M — H] 251.43.

N-[(5-0x0-4,5-dihydro-1,3,4-oxadiazol-2-yl)methyl]-
4-methylbenzamide (4k) White solid; yield: 90%; mp:
180.0-180.1°C; IR (KBr) 3,325, 3,109, 3,036, 2,970, 2,924,
2,789, 1,778, 1,643, 1,535, 1,215, 837 cm'; 'H-NMR(600
MHz, DMSO-d,) 6 12.254(br, 1H, oxadiazole NH),
9.011(s, 1H, NH), 7.786(d, J = 8.4 Hz, 2H, ArH), 7.3(d, J
=7.8 Hz, 2H, ArH), 4373(d, /= 5.4 Hz, 2H, CH,), 2.359¢(s,
3H, CH;); ESI-MS: m/z [M — H] 231.40.

6. General procedure for compounds 5a-1,5m

A mixture of compounds 4a, 4m (5 mmol) in absolute
ethanol (20 mL) and 80% hydrate hydrazine (10 mmol,
0.5 mL) was refluxed at 85°C for 8 h. The mixture was
cooled and evaporated in vacuum. The residue was
recrystallized from absolute EtOH.
(S)-N-[1-(4-amino-5-thioxo-4,5-dihydro-1H-1,2,4-
triazol-3-yl)ethyl]-3-chlorobenzamide (5a-1) White
solid; yield: 85%; mp: 218.2-218.7°C; IR (KBr) 3,275,
1,639, 1,535, 1,123, 895, 779, 756 cm '; '"H-NMR
(600 MHz, DMSO-d,) & 13.610(s, 1H, triazole NH),
9.008(d, J = 7.2 Hz, 1H, NH), 7.944(t, J = 1.8 Hz, 1H,
ArH), 7.838(d, J = 2.4Hz, 1H, ArH), 7.621(m, 1H,
ArH), 7.509(t, J= 7.8 Hz, 1H, ArH), 5.593(s, 2H, NH,),
5.262(t, J= 7.2 Hz, 1H, CH), 1.517 (d, /= 7.2 Hz, 3H,
CH,); ESI-MS: m/z [M — H] 295.64.
(S)-N-[1-(4-amino-5-thioxo-4,5-dihydro-1H-

1,2,4-triazol-3-yl)ethyl]-4-methoxybenzamide (5m)
White solid; yield: 77%; mp: 239.6-239.9°C; IR (KBr)
3,279, 3,132, 3,044, 2,955, 1,632, 1,535, 1,177, 845
cm'; "H-NMR (600 MHz, DMSO-d,) & 13.572(s, 1H,
triazole NH), 8.699(d, J = 7.2 Hz, 1H, NH), 7.869(d,
J = 8.4 Hz, 1H, NH), 6.991(d, J = 9.0 Hz, 2H, ArH),
5.589(s, 2H, NH,), 5.251(m, 1H, CH), 3.808(s, 3H,
CH,), 1.506(d, J = 7.2 Hz, 3H, CH,); ESI-MS: m/z [M
—H] 291.64.

7. General procedure for compounds 5a-2, 5g, 5i, 51-
1, 51-2, 5a-3, 51, 5j

To a stirred solution containing the compounds 4a,
4f, 4g, 4i, 4j, 41 (5§ mmol) and KOH (5 mmol, 0.28
g) in 50% aqueous ethanol (20 mL), a solution of
iodomethane (10 mmol, 0.6223 mL), iodoethane (10
mmol, 0.8 mL) or 3-chlorobenzyl chloride (10 mmol,
1.268 mL) in ethanol (5 mL) was added dropwise. After
reacting at room temperature for 8 h, the solid product
was collected by filtration, washed with water and
recrystallized from EtOH.
(S)-N-[1-(5-(methylthio)-1,3,4-oxadiazol-2-yl)
ethyl]-3-chlorobenzamide (5a-2) White solid; yield:
92%; mp: 120.0-120.2°C; IR (KBr) 3,248, 1,643,
1,539, 1,119, 775, 710, 683 cm’; 'H-NMR(600 MHz,
DMSO-d;) 6 9.223(d, J=7.8Hz, 1H, NH), 7.934(t,
J=2.1Hz, 1H, ArH), 7.845(d, J=7.8Hz, 1H, ArH),
7.649(m, 1H, ArH), 7.536(t, J=7.8Hz, 1H, ArH),
5.378(m, 1H, CH), 2.691(s, 3H, CH;), 1.586(d, J
=7.2Hz, 3H, CH,); ESI-MS: m/z [M — H] 295.36.
(S)-N-[1-(5-(methylthio)-1,3,4-oxadiazol-2-yl)-
2-phenylethyl]-4-chlorobenzamide (5g) White solid;
yield: 82%; mp: 146.0-146.2°C; IR (KBr) 3,437, 3,287,
1,643, 1,535, 1,481, 1,323, 1,153, 1,092, 841, 702
cm'; "TH-NMR(600 MHz, DMSO-d,) & 9.249(d, J = 7.8
Hz, 1H, NH), 7.809(m, 2H, ArH), 7.55(m, 2H, ArH),
7.31(d, J = 7.2 Hz, 2H, ArH), 7.269(t, J = 7.8 Hz, 2H,
ArH), 7.195(t, J = 7.2 Hz, 1H, ArH), 5.51(m, 1H, CH),
3.299(m, 2H, CH,), 2.679(s, 3H, CH;); ESI-MS: m/z [M
—HJ 371.55.
(S)-N-[2-methyl-1-(5-methylthio-1,3,4-oxadiazol-
2-yl)propyl]-4-bromobenzamide (5i) White solid; yield:
91%; mp: 161.0-161.7°C; IR (KBr) 3,290, 2,962, 2,874,
2,349, 1,655, 1,531, 1,477, 1,173, 845 cm™'; 'H-NMR
(600 MHz, DMSO-d;) 6 9.107(d, J = 8.4 Hz, 1H, NH),
7.83(dd, J, = 1.8 Hz, J, = 4.8 Hz, 2H, ArH), 7.709(dd,
J,=1.8 Hz, J, = 4.8 Hz, 2H, ArH), 5.069(t, J = 8.4 Hz,
1H, CH), 2.697(s, 3H, CH,), 2.335(m, 1H, CH), 1.019(d,
J = 6.6 Hz, 3H, CH,), 0.901(d, J = 6.6 Hz, 3H, CH,);
ESI-MS: m/z [M — H] 369.37.
(S)-N-[2-methyl-1-(5-methylthio-1,3,4-oxadiazol-
2-yl)propyl]-4-methylbenzamide (51-1) White solid,;
yield: 84%; mp: 122.8-122.8°C; IR (KBr) 3,294, 3,020,
2,955, 2,870, 1,651, 1,531, 1,477, 1,169, 841 cm';
'H-NMR (600 MHz, DMSO-d,) & 8.925(d, J = 7.8 Hz,
1H, NH), 7.798(d, J = 8.4 Hz, 2H, ArH), 7.266(d, J =
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8.4 Hz, 2H, ArH), 5.072(t, J= 8.4 Hz, 1H, CH), 2.699(s,
3H, CH,), 2.360(s, 4H, CH, CH,), 1.023(d, J = 6.6 Hz,
3H, CH,), 0.902(d, J = 7.2 Hz, 3H, CH,); ESI-MS: m/z
[M —H] 303.48.
(S)-N-[1-(5-ethylthio-1,3,4-oxadiazol-2-yl)-2-
methylpropyl]-4-methylbenzamide (51-2) White solid;
yield: 82%; mp: 111.5-111.7°C; IR (KBr) 3,279,
2,966, 2,928, 1,632, 1,543, 1,474, 1,142, 841 cm ';
'H-NMR(600 MHz, DMSO-d,) & 8.928(d, J = 8.4 Hz,
1H, NH), 7.795(d, J= 8.4 Hz, 2H, ArH), 7.289(d, /= 7.8
Hz, 2H, ArH), 5.076(t, J= 8.4 Hz, 1H, CH), 3.233(q, J =
7.2 Hz, 2H, CH,), 2.346(m, 4H, CH, CH,), 1.365(t,J=17.2
Hz, 3H, CH,), 1.023(d, J = 7.2 Hz, 3H, CH,), 0.903(d, J
= 6.6 Hz, 3H, CH,); ESI-MS: m/z [M — H] 317.85.
(S)-N-[1-(5-(3-chlorobenzylthio)-1,3,4-oxadiazol-
2-yl)ethyl]-3-chlorobenzamide (5a-3) White solid;
yield: 90%; mp: 146.0-148.0°C; IR (KBr) 3,240, 3,051,
2,993, 2,936, 1,643, 1,543, 1,331, 1,123, 860, 799, 714,
679 cm'; 'H-NMR(600 MHz, DMSO-d,) § 9.111(d, J =
7.8 Hz, 1H, NH), 7.934(t, ] = 1.8 Hz, 1H, ArH), 7.846(d,
J=17.8 Hz, 1H, ArH), 7.65(m, 1H, ArH), 7.541(m, 2H,
ArH), 7.389(m, 1H, ArH), 7.316(m, 2H, ArH), 5.384(m,
1H, CH), 4.483(s, 2H, CH,), 1.577(d, J = 7.2 Hz, 3H,
CH,); ESI-MS: m/z [M — H] 405.50.
(S)-N-[1-(5-(3-chlorobenzylthio)-1,3,4-oxadiazol-
2-yl)-3-methylbutyl]-4-chlorobenzamide (5f) White
solid; yield: 88%; mp: 99.0-99.1°C; IR (KBr) 3,445,
3,275, 3,067, 2,955, 2,924, 2,874, 1,643, 1,473, 1,173,
799, 729, 683 cm'; 'H-NMR (600 MHz, DMSO-d,) &
9.1(d, J=7.8 Hz, 1H, NH), 7.9(dd, J, = 1.8 Hz, J, = 4.8
Hz, 2H, ArH), 7.572(d, J = 7.8 Hz, 2H, ArH), 7.512(d,
J=1.8 Hz, 1H, ArH), 7.377(m, 1H, ArH), 7.314(m, 2H,
ArH), 5.35(m, 1H, CH), 4.475(s, 2H, CH,), 1.923(m,
1H, CH), 1.772(m, 1H, CH,), 1.637(m, 1H, CH,),
0.917(dd, J, = 6.6 Hz, J, = 12 Hz, 6H, 2 x CH,); ESI-
MS: m/z [M — H] 447.61.
(S)-N-[1-(5-(3-chlorobenzylthio)-1,3,4-oxadiazol-
2-yl)-3-methylbutyl]-4-bromobenzamide (5j) White
solid; yield: 88%; mp: 129.4-129.6°C; IR (KBr) 3,329,

2,962, 2,874, 1,651, 1,528, 1,481, 1,142, 845 cm';
'H-NMR (600 MHz, DMSO-d,) & 9.118(d, J = 7.8 Hz,
1H, NH), 7.831(d, J = 8.4 Hz, 2H, ArH), 7.715(d, J = 8.4
Hz, 2H, ArH), 7.518(s, 1H, ArH), 7.382(d, J = 7.2 Hz,
1H, ArH), 7.315(m, 2ArH), 5.353(m, 1H, CH), 4.478(s,
2H, CH,), 1.929(m, 1H, CH), 1.772(m, 1H, CH,),
1.645(m, 1H, CH,), 0.918(dd, J, = 6.0 Hz, J, = 12 Hz,
6H, 2 x CH;); ESI-MS: m/z [M — H] 493.52.

8. General procedure for compounds 5a-4, 51-3

The compounds 4a, 41 (5 mmol), dissolved in NaOH
solution (10%, 10 mL), was added dropwise to a
solution of chloroacetic acid (10 mmol, 0.945 g), which
was previously neutrallized with saturated Na,CO,
solution(10 mL). The mixture was stirred for 12 h at
room temperature, then acidified by dilute hydrochloric
acid (1 mol/L). The precipitate was filtered, washed
with water, dried and recrystallized from MeOH/H,0.
(S)-N-[1-(5-carboxymethylthio-1,3,4-oxadiazol-
2-yl)-ethyl]-3-chlorobenzamide (5a-4) White solid;
yield: 78%; mp: 164.5-166.6°C; IR (KBr) 3,256, 3,113,
2,997, 2,831, 1,778, 1,647, 1,539, 1,335, 706 cm™';
'H-NMR(600 MHz, DMSO-d) & 12.269(br, 1H, OH),
9.077(d, J = 7.8 Hz, 1H, NH), 7.930(t, /= 1.8 Hz, 1H,
ArH), 7.843(d, J = 7.8 Hz, 1H, ArH), 7.645(m, 1H,
ArH), 7.535(t, /= 7.8 Hz, 1H, ArH), 5.088(m, 1H, CH),
1.475(d, J = 7.2 Hz, 3H, CH,); ESI-MS: m/z [M + H]"
340.75.
(S)-N-[1-(5-carboxymethylthio-1,3,4-oxadiazol-2-
yl)-2-methylpropyl]-4-methylbenzamide (51-3) White
solid; yield: 76%; mp: 160.0-162.0°C; IR (KBr) 3,287,
3,117, 3,032, 2,966, 2,936, 2,827, 1,774, 1,639, 1,539,
1,381, 1,161, 930, 833cm'; 'H-NMR(600 MHz,
DMSO-d,) & 12.291(br, 1H, OH), 8.792(d, J = 8.4 Hz,
1H, NH), 7.8(d, J = 8.4 Hz, 2H, ArH), 7.289(d, J = 8.4
Hz, 2H, ArH), 4.731(t, J = 8.7 Hz, 1H, CH), 2.361(s,
3H, CH;), 2.245(m, 1H, CH), 0.96(dd, J, = 6.6 Hz, J, =
27 Hz, 6H, 2 x CH;); ESI-MS: m/z [M — H] 347.56.
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ABSTRACT: Naturally occurring flavonoids have
been reported to possess antimicrobial activity against
a wide range of pathogens. However, the antimicrobial
action mechanism of these compounds has not yet been
elucidated. This study investigated the mechanism
underlying the antibacterial activity of four flavonoids:
6,8-diprenyleriodictyol (1), isobavachalcone (2),
6-prenylapigenin (3) and 4-hydroxylonchocarpin
(4). In addition, the toxicity of these compounds
was evaluated. Determination of the minimum
inhibitory concentrations (MICs) was performed by
microbroth dilution method. Radiolabeled thymidine,
uridine, and methionine were used to evaluate the
effect of the compounds on the biosynthesis of DNA,
RNA, and proteins while the sensitive cyanine dye
DiS-C3-(5) (3,3'-dipropylthiadicarbocyanine iodide)
was used for the effect on membrane potential.
Bactericidal/bacteriolysis activities were performed
by time-kill kinetic method. In the toxicity study, the
numbers of survivors was recorded after injection of
compounds into the hemolymph of silkworm larvae.
Compounds showed significant antibacterial activity
against Staphylococcus aureus including methicillin-
resistant S. aureus (MRSA) strains with MICs values
ranged between 0.5-128 pg/mL. Depolarization
of membrane and inhibition of DNA, RNA, and
proteins synthesis were observed in S. aureus when
treated with those flavonoids. At 5-fold minimum
inhibitory concentration, compounds reduced
rapidly the bacterial cell density and caused lysis
of S. aureus. Compounds 1, 2, and 4 did not show
obvious toxic effects in silkworm larvae up to 625
pg/g of body weight. Flavonoids from Dorstenia
species, 6,8-diprenyleriodictyol, isobavachalcone, and
4-hydroxylonchocarpin are bactericidal compounds.
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They cause damage of cell membrane, leading to
the inhibition of macromolecular synthesis. Taking
into account the in vivo safety and their significant
antimicrobial potency, these flavonoids are promising
leads for further drug development.

Keywords: Antimicrobial, flavonoids, membrane potential,
macromolecules synthesis, bactericidal/bacteriolysis

1. Introduction

Staphylococcus aureus is still an important pathogen
both in community acquired and hospital associated
infections (/). Clinical isolates of methicillin-resistant S.
aureus (MRSA) have become the most common cause
of infections among the global pathogenic bacteria and
many life-threatening diseases (2). This situation has
created new challenges in the area of drug discovery and
much effort has been undertaken in the area of medicinal
plants since plant sources is highly relevant for the
identification of lead compounds which can result in the
development of novel and safe therapeutic agents. The
potential use of higher plants as a source of new drugs is
still poorly explored and scientists need to continuously
improve the quality and quantity of compounds that enter
the drug development phase to keep pace with other
drug discovery efforts (3). Natural products provide
majority of new drug leads for a variety of human
diseases, most of the leads from natural products that are
currently in development have come from either plant
or microbial sources. Earlier publications have pointed
out that relatively little of the world’s plant biodiversity
has been extensively screened for bioactivity and that
more extensive collections of plants could provide many
novel chemicals for use in drug discovery assays (4).
Many plants of the genus Dorstenia are used in African
and South American folk medicine in the treatment of
illnesses such as, infectious diseases, snakebite, and
rheumaticarthritis (5). Extensive phytochemical studies
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have been carried out on a large number of Dorstenia
species, and a variety of compounds of which flavonoids
have been found widespread and some were found to
exhibit interesting pharmacological activity (6-9). It is
well known that many plant secondary metabolites such
as phenolic acids, flavonoids, quinones, and alkaloids
possess remarkable biological activities. Flavonoids
are found as ubiquitous secondary metabolites in the
plant kingdom. They have been reported to possess
many useful properties, including anti-inflammatory
activity, oestrogenic activity, enzyme inhibition,
antiallergic activity, antioxidant activity, vascular
activity and cytotoxic antitumour activity, antifungal
and antibacterial activities (/0,11). The occurrence of
chalcones and prenylated flavonoids in Dorstenia species
and their antimicrobial activity is well documented (/2-
14). Despite the great number of papers devoted to the
microbial growth inhibiting effect effects of flavonoids,
only a very limited number of studies are pertaining to
the understanding of how these compounds exerts their
antimicrobial activities. In this study, the activity of four
flavonoids, 6,8-diprenyleriodictyol (1), isobavachalcone
(2), 6-prenylapigenin (3), and 4-hydroxylonchocarpin (4)
from Dorsenia species were evaluated against clinical
isolates of S. aureus. The most active compounds (1, 2, and
4) were further investigated to determine their effect on the
membrane potential dissipation and on the biosynthesis of
macromolecules (DNA, RNA, and proteins) in S. aureus.
In addition, the in vivo experiments were performed to
evaluate the possible toxic effect of these compounds using
silkworm, Bombyx mori.

2. Materials and Methods
2.1. Plants and natural compounds

The natural compounds used in this study were obtained
from the chemical bank of the Laboratory of Organic
Chemistry, University of Yaoundé I, Cameroon. They
were isolated from plants of the genus Dorstenia.
6,8-diprenyleriodictyol (1) was isolated from the
aerial parts of D. mannii, isobavachalcone (2) and
4-hydroxylonchocarpin (4) were isolated from the
twigs of D. barteri while 6-prenylapigenin (3) was
isolated from the twigs of D. dinklagei. The isolation
procedure and the structure elucidation of compounds
were performed as previously described (6-9,13,15,16).
Chemical structures of compounds are shown in Figure 1.

2.2. Chemicals and antibiotics

Radiolabelled [methyl-’H]thymidine and [’H]uridine were
purchased from Moravek Biochemical (Brea, CA, USA),
and [S]methionine was purchased from the Institute
of Isotopes (Budapest, Hungary). DiS-C;~(5) (3,3'-dipro
pylthiadicarbocyanine iodide) dye was purchased from
AnaSpec, Inc., Otoole Avenue, USA. Amphotericin

OH
/,L
q,

pOUNeN
= e S
oH O

(2): Isobavachalcone

o

’“r”\rr

(1): 6-8-Diprenyleriodictyol
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\,[ _OH
RN A AOH
- |
X j’L U LY
OH o oR 0

(3): 6-Prenylapigenin
(Flavone)

(4): 4-Hydroxylonchocarpin
(Chalcone)

Figure 1. Chemical structure of compounds.

B, gentamicin, vancomycin, and ampicilllin (Wako
Pure Chemical Industries, Osaka, Japan); rifampicin
and chloramphenicol (Nacalai Tesque, Kyoto, Japan),
norfloxacin and nisin (Sigma Aldrich Chemie Gmbh
Steinheim, Germany) were used as reference antibiotics.

2.3. Antimicrobial assays
2.3.1. Microorganisms and culture conditions

Clinical isolates of methicillin sensitive and methicillin-
resistant S. aureus strains (MSSA1, MRSA3, MRSA4,
MRSA6, MRSA8, MRSA9, MRSAI11, and MRSA12)
and fungi (Candida albicans ATCC10231, Candida
tropicalis pK233, Cryptococcus neoformans H99,
and Cryptococcus neoformans KN99a) were used.
They were obtained from the culture collection of
the Laboratory of Microbiology, Graduate School of
Pharmaceutical Sciences, The University of Tokyo,
Japan. Luria Bertani 10 (LB10) agar medium or Muller-
Hinton agar (MHA) and Sabouraud dextrose agar (SDA)
were used for the activation of bacteria and fungi strains
respectively. They were subcultured in appropriated
agar plates 24 h prior to any antimicrobial test. The
Mueller Hinton broth, Cation-Adjusted with calcium
and magnesium ions (CAMHB) and RPMI-1640 were
used for the minimum inhibitory concentration (MIC)
determination.

2.3.2. MIC determination

MIC was determined by broth microdilution method
following the guidelines of Clinical and Laboratory
Standards Institute (/7,18).

2.4. Antimicrobial action mechanisms study with S. aureus
2.4.1. Membrane permeabilization assay

The effect of the compounds on the membrane potential
was tested using membrane potential-sensitive dye

diS-C3-(5) (19). Briefly, S. aureus MSSA1 was allowed
to grow in LB10 at 37°C to an ODgy, of 0.5-0.6. The
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cell suspension was centrifuged at 10,000 rpm for 10
min and at 4°C, then washed twice in buffer (5 mM
HEPES, pH 7.2; 5 mM glucose) and the ODy, adjusted
to 0.05 with the same buffer. A 2 mL of this suspension
was placed in a 1-cm cuvette; stock solution of
diS-C3-(5) and compounds were added to give a final
concentration of 0.4 uM and 5-fold MIC respectively.
Changes in fluorescence were monitored with FP-6200
spectrofluorometer at an excitation wavelength of 622
nm and an emission wavelength of 670 nm.

2.4.2. Effect on DNA, RNA, and proteins synthesis in S.
aureus

Metabolic incorporation of (methyl-’H)thymidine, (H)
uridine, and (*’S)methionine into cellular DNA, RNA,
and protein respectively, was used to evaluated the
effect of compounds on macromolecules synthesis as
previously described by Ferrari and Widholm (1973)
(20) and modified by Paudel et al. (2012) (21).

2.4.3. Bactericidal and bacteriolysis activities

Bactericidal and bacteriolysis activities were
determined by time-kill kinetic method as described
by Ooi et al. (2009) (22), with slight modifications.
For bacteriolysis experiment, full growth of S. aureus
MSSAT in MHB were diluted 100 times and incubated
at 37°C to produce an ODy, of 0.8 as starting inoculum.
Compounds were added to give a final concentration of
5 x MIC and incubated at 37°C with shaking, then 100
pL were removed from each tube at 0, 15, 30, 60, and
120 min and the optical density measured at 600 nm.
For bactericidal activity, the above mentioned bacteria
suspension was diluted 100 times and incubated at
37°C to produce an ODy,, of 0.3, then at different
time intervals, 100 uL. were removed from each tube;
serially tenfold diluted and plated onto MHA plates, to
determine the viable number of colony-forming units
(cfu) per mL. Samples of 10” cfu/mL were below the

limit of detection. Vancomycin, gentamicin and nisin
were used as positive controls and no-drug tubes were
also included.

2.5. Toxicity study in silkworms

The toxicity of compounds against silkworms was
evaluated as described by Hamamoto et al. (2009) (23).
Briefly, fifth instar silkworm larvae (Bombyx mori)
were fed on the Ist day and reared overnight at 27°C.
The test compounds were dissolved in saline containing
20% DMSO, then 50 pL of various concentrations
were injected into the hemolymph (» = 10 per group),
affording doses of 125, 250, 375, and 625 pg/g of
larvae. After 24 h, the survival rates of silkworms were
recorded.

3. Results

3.1. Antimicrobial activity of flavonoids derived from
Dorsenia plants

Results of the antimicrobial assay are depicted in Table
1. All the compounds showed prominent antimicrobial
activities against the tested fungal and bacterial pathogens.
Compounds 1, 2, and 4 showed significant antibacterial
activity against S. aureus including MRSA strains, with
MICs values ranged between 0.5-16 pg/mL. S. aureus
MSSAT1 exhibited comparable sensitivity towards
compound 1 and two reference antibiotics gentamicin
and norfloxacin (MIC of 0.5 pg/mL). Remarkable potent
antifungal activity was observed against C. neoformans
HO99 strains; MIC of compound 4 against this strain was
similar to that of amphotericin B (MIC of 0.5 pg/mL).
Taking into account the medical importance of the
tested microorganisms, this result can be considered as
promising in the perspective of new antibiotic drugs
development. For natural compounds that significantly
inhibit the growth of microbial pathogens to be an
attractive alternative for conventional antimicrobials for

Table 1. Minimal inhibitory concentration (MIC) of compound 1, 2, 3, 4, and reference antibiotics

MIC (ug/mL)
Microorganisms
(1) 2) 3) (4) Van Gen Nis Rif Amp Chl Nor AmB

S. aureus MSSA1 0.5 2 16 4 0.25 0.5 128 0.015 4 8 0.5 nd
S. aureus MSSA3 4 16 32 1 2 2 - 0.06 32 16 1 nd
S. aureus MRSA4 1 4 32 8 2 64 - 0.03 64 64 0.5 nd
S. aureus MRSA6 4 8 64 4 2 - - 0.12 32 4 2 nd
S. aureus MRSA8 1 4 32 4 2 - 128 0.06 - 16 1 nd
S. aureus MRSA9 4 4 32 4 2 - 128 0.06 64 8 4 nd
S. aureus MRSA11 4 4 32 4 2 1 - 0.12 64 16 2 nd
S. aureus MRSA12 4 4 16 4 1 - 128 0.06 128 8 1 nd
C. albicans ATCC10231 128 — 64 - nd nd nd nd nd nd nd 0.25
C. tropicalis pK233 - - - - nd nd nd nd nd nd nd 0.5
C. neoformans H99 1 2 - 0.5 nd nd nd nd nd nd nd 0.5
C. neoformans KN99a - - - - nd nd nd nd nd nd nd 0.5

Chl, chloramphenicol; Amp, ampicillin; Van, vancomycin; Nor, norfloxacin; Gen, gentamicin; Nis, nisin; Rif, rifampicin; AmB, amphotericin B;

nd, not determined; —, MIC > 128 pg/mL.
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their application in therapy, it is important to establish
the mechanism of their antimicrobial activity.

3.2. Membrane permeabilization assay

Membrane depolarization was determined using
potential-sensitive dye diS-C3-(5). As shown in Figure
2, the addition of compounds 1, 2, and 4 induced an
increase of fluorescence. Cell hyperpolarization results
in uptake of the diS-C3-(5) dye molecules by the cells,
thus decrease the fluorescence, while depolarization
results in the release of dye thus increase the
fluorescence. Membrane depolarization occurred was
lower compared to nisin used as reference antibiotics.

3.3. Effect on DNA, RNA, and proteins synthesis in S.
aureus

The metabolic incorporation of isotope-labeled uridine,
thymidine, and methionine into the corresponding
macromolecules in S. aureus, were examined to
measure the biosynthesis of nucleic acids and protein.
As shown in Figure 3-5, compounds 1, 2, and 4
induced substantial inhibiting effect on macromolecules
synthesis. A slight amount of protein synthesis was
observed in the presence of compound 4. Compounds
inhibited DNA and RNA synthesis to an extent similar
to that of the reference antibiotics norfloxacin and
rifampicin, respectively. Thus, we speculated that, the

60 —+— No drug —s— Nisin

e (2] —=—[4]

% Dye release
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Figure 2. Effect of compounds 1, 2, and 4 on membrane
permeabilization.
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Figure 3. Effect of compounds 1, 2, and 4 on DNA
synthesis.

membrane damaging induced by compounds lead to the
bacterial death.

3.4. Bactericidal and bacteriolysis activities

The result of time-kill assay is presented in Figure 6. A
perusal of this figure shows a rapid decrease of survival
number of S. aureus MSSA1 strain in the presence of
compounds 1, 2, and 4. Survived number cfu/mL of
bacterial cells dropped below the detection limit (100
cfu/mL) after 15 min treatment for compounds 1 and
2. Compared to initial inoculum, compound 4 showed
2-log reduction in cfu counts after 15 min. In contrast,
killing activity by vancomycin and gentamicin was
lower, giving less than 1-log reduction from the control
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Figure 4. Effect of compounds 1, 2, and 4 on RNA
synthesis.
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Figure 5. Effect of compounds 1, 2, and 4 on proteins
synthesis.
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Figure 6. Time-kill curve of compounds 1, 2, and 4 against
S. aureus MSSAL.
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Figure 7. Bacteriolysis activity of compounds 1, 2, and 4
against S. aureus.

even at 120 min. The result of bactericidal activity was
consistent with that of bacteriolysis activity (Figure 7)
which showed a decrease in the optical density of S.
aureus suspension treated with compounds 1, 2, and 4.
After 120 min, compounds 1, 2, and 4 induced a decline
in cell turbidity of 86%, 64%, and 63%, respectively
in bacteria suspension compared to the 0 time value,
indicating the lysis of bacteria cells.

3.5. Toxicity study of compounds in silkworm larvae

The use of silkworms (Bombyx mori) as animal
model to evaluate the toxicity of drug candidates has
been proposed. Evidence is now accumulating that
metabolism pathway in this invertebrate is common
to that of mammals (23). We evaluate toxicity of
compounds 1, 2, and 4 by using this model, no death
or any obvious toxic effect was observed 24 h after
injection of up to 625 ng/g of larvae, of compounds
into silkworm. Based on this result, we concluded for
LD, values of these compounds were larger than 625
ng/g of larvae.

4. Discussion

The present study showed significant antibacterial
activity against S. aureus including MRSA strains,
this result confirm the antimicrobial potency of four
flavonoids from Dorstenia species. Although flavonoids
have been reported to possess interesting activity
against a wide range of microorganisms, no study has
been reported on the activity of 6,8-diprenyleriodictyol,
isobavachalcone, 6-prenylapigenin, and 4-hydroxyl-
onchocarpin against MRSA strains. Although no definite
structure-activity relationship could be determined,
some structural features that might have influenced
the antimicrobial activity can be drawn from the
comparison of the chemical structures of compounds
with different activities. 6-8-Diprenyleriodictyol (1)
was the most active, followed by isobavachalcone
(2), and 4-hydroxylonchocarpin (4). 6-Prenylapigenin
showed the lowest activity among these four flavonoids.
It appears that, in general flavones (compounds 1 and

3), 2'-hydroxyl group and the isoprenoid moiety play
a greater role in increasing the antibacterial activity.
6-8-diprenyleriodictyol was 16x and 32x more active
than 6-prenylapigenin against S. aureus MSSAI,
MRSA4, and MRSAS, respectively. Published literature
indicates that, the addition of an isoprenoid moiety
renders higher activities in the flavonoid molecule than
in the parent compounds from the pharmacological
point of view (24). One of the proposed reasons for the
enhanced biological activities of prenylated flavonoids
is that the prenylation of the flavonoid core increases
the lipophilicity and the membrane permeability of
the compound (25). But this assumption was not
applicable to chalcones. Athough isobavachalcone
carries an isoprenoid moiety, its activity as well as that
of 4-hydroxylonchocarpin were highly selective from
one microbial strain to another. Nonetheless, previous
studies reported that, the antimicrobial inhibitory effect
of chalcones was correlated to the substitution patterns
of the aromatics rings (26).

In membrane depolarization experiment, the
membrane potential-sensitive fluorescent probe
diS-C3-(5), distributes between the cells and the
medium depending on the cytoplasmic membrane
potential; hyperpolarization of the cell is accompanied
by a decrease in fluorescence, and depolarization
produced an increase in fluorescence (27). Our work
reported here confirms the observations reported by
others on the membrane damage effect of flavonoids
compounds (28,29). When considering the overall
results of bacteria viability, lysis, and membrane
depolarisation, it seems that, the killing cell process
induced by our compounds may be firstly due to the
membrane damage, leading to the death of cell. This
sequence of events could be confirmed by the loss
of biosynthetic activity. DNA, RNA, and proteins
synthesis were inhibited in S. aureus when treated with
the flavonoids 1, 2, and 4. A plausible explanation of
this result is that, by damaging cytoplasm membrane,
the compounds might interfere with the energetic
metabolism depending on respiratory chain (30),
since membrane potential is required for the active
uptake of various metabolites and for the biosynthesis
of macromolecules. The membrane potential is
fundamental to the survival and growth of bacterial
cells, it is essential for bacteria to maintain their
capacity for ATP synthesis which is the main energy
source for almost all chemical processes in living
systems. Therefore, our data represents further evidence
that, the loss of membrane potential might affect the
overall bacterial metabolic activity, resulting in some
biosynthetic pathway inhibition, as demonstrated
by the strong inhibition of DNA, RNA, and protein
synthesis. Previously, other flavonoids compounds
(licochalcone A and a flavanone lonchocarpol A) were
reported to inhibit the incorporation of radioactive
precursors into macromolecules (3/). Furthermore, the
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licochalcones A and C were found to inhibit NADH-
cytochrome ¢ reductase in bacteria (32). As stated
by O'Grady (1971) (33), the main problem in any
investigation attempting to elucidate the mechanism
of action of an antibacterial agent is that it is difficult
to distinguish with certainty the primary event from
those that follow. As for most of bactericidal antibiotic
agents, a non specific mechanism could be postulated.
Therefore we undertook to investigate if the action
mode of these flavonoids compounds is bactericidal
or bacteriostatic and to assess in lysis could be
involved in the death of cells. As shown in Figures 6
and 7 compounds reduced rapidly the bacterial cell
density and caused lysis of S. aureus. This observation
suggested that the action of compounds 1, 2, and 4 in
S. aureus could be bactericidal. Our result is supported
by the observation that other flavonoids compounds
such as epigallocatechin gallate and galangin induced
3-log reduction or more in viable counts of S. aureus
(11,34). The rapid bactericidal activity of compounds
1, 2, and 4 suggested a non-specific action mechanism
and that, they might damage bacterial membrane as
demonstrated with other reference antibiotics such as
daptomycin (22).

The toxicity information obtained from this study
is useful in choosing doses for repeat-dose study. It
has been reported that, flavonoids have low toxicity
because they are widely distributed in edible plants
and beverages, and have been used in medicine. When
used as dietary supplements or as pure compounds
in pharmacological doses, flavonoids do not appear
to cause unwanted side effect. Even when raised to
the level of 10% of total caloric intake, flavonoids
supplementation has been shown non-toxic (335,306).
Since the LDy, values are larger than 625 ng/g of larvae,
we concluded that flavonoids compounds herein studied
is likely to be nontoxic. Interestingly, previous study
reported that compounds 1 and 3 were not toxic to
normal human cell AML12 hepatocytes (37). In view of
these observations, our compounds may be considered
for preclinical studies for their use as antibacterial drug
candidates.

Finally, this study has demonstrated that,
flavonoids compounds studied have bactericidal/
bacteriolytic effects on S. aureus; DNA, RNA, and
proteins synthesis are inhibited in the killing process
and membrane permeabilization occurred. On the basis
of these results we can suppose that the mechanism
of action of these compounds is non-specific. Such
information may assist in their optimisation as lead
compound, considering their in vivo low toxicity
evidence here reported. Taking into account the
medical importance of MRSA strains, compounds
1, 2, and 4 can be considered as promising in the
perspective of new antibiotic drugs discovery, with
the possibility of making analogues with improved
pharmacological or pharmaceutical properties.
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ABSTRACT: Sertoli cells, the sole somatic cell type
in the seminiferous epithelium, play an essential role
in spermatogenesis and spermiogenesis by nursing
germ cells for their survival and differentiation as
well as physically inhibiting the entrance of harmful
substances into the seminiferous tubules. Sertoli
cells possess the characteristics of immune cells;
they express pattern recognition receptors, secrete
antimicrobial proteins, and engulf dead or dying cells.
In this study, we determined the mechanism by which
Sertoli cells engulf and kill bacteria compared to that
of macrophages. When the primary cultured Sertoli
cells of rats were incubated with Staphylococcus
aureus, they produced the mRNA of neutrophil
protein 3, an antimicrobial peptide of the a-defensin
family, but not superoxide or nitric oxide, in contrast
to mouse peritoneal macrophages. Sertoli cells
effectively phagocytosed S. aureus in a manner that
was accompanied by cytoskeleton rearrangement
and dependent on phosphatidylinositol 3-kinase.
Engulfed bacteria appeared to stay alive in Sertoli
cells, while they were rapidly killed in macrophages.
These results collectively suggest that Sertoli cells
eliminate bacteria that have invaded the seminiferous
epithelium without evoking inflammation, unlike
macrophages.

Keywords: Bacterial infection, innate immunity,
macrophage, phagocytosis, Sertoli cell

1. Introduction

Mammalian spermatogenesis takes place in the luminal
part of the seminiferous tubules. A permeability
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regulation physically protects the seminiferous
epithelium from the invasion of substances that may
affect tissue homeostasis. This mechanism, called
the blood-testis barrier, is composed of inter-Sertoli
tight junctions (/,2). Sertoli cells, a somatic cell type
in the seminiferous epithelium, play an essential role
in the production of sperm by helping spermatogenic
cells to survive and differentiate (3-6). We previously
showed the existence of immunity in the seminiferous
epithelium against invading bacteria (7). Sertoli cells
possess some of the characteristics of immune cells:
they engulf apoptotic spermatogenic cells (&), produce
antimicrobial proteins (9-13), and express pattern
recognition receptors such as Toll-like receptors (/4-
17). The phagocytosis of apoptotic spermatogenic cells
by Sertoli cells is achieved through the specific binding
of phosphatidylserine exposed on the surface of target
cells to class B scavenger receptor type 1 (SR-BI) of
Sertoli cells (/8-20). Scavenger receptors are known
to serve as receptors in the phagocytosis of bacteria
by mammalian (27/-23) as well as insect (24-26)
phagocytes. These findings allowed us to anticipate the
direct involvement of Sertoli cells in immune responses
against bacteria in the seminiferous epithelium. In the
present study, we examined the phagocytic activity of
Sertoli cells against bacteria and compared it to that of
macrophages.

2. Materials and Methods
2.1. Materials

The monoclonal anti-rat SR-BI antibody, clone 3D12,
was generated in mice as described previously (27).
U0126, SB203580, and SP600125, inhibitors of
signaling pathways leading to the activation of the
mitogen-activated protein kinases (MAPK) ERKI/II,
p38, and JNK, respectively, were purchased from Cell
Signaling Technology (Beverly, MA, USA). Wortmannin
and cytochalasin B, inhibitors of phosphatidylinositol
3-kinase and actin polymerization, respectively, were
obtained from Sigma-Aldrich (St. Louis, MO, USA),
F12-L15 medium and trypsin were from Invitrogen
(Carlsbad, CA, USA), and norepinephrine was from
Meiji (Tokyo, Japan).
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2.2. Culturing cells and bacteria

Rat Sertoli cells were primary cultured as described
previously (18,19). Briefly, the testes of 20-day-old male
Donryu rats were processed to obtain cells contained
in the seminiferous tubules, and the resulting dispersed
cells, which mostly consisted of spermatogenic cells
and Sertoli cells, were maintained with F12-L15
medium supplemented with 10% (v/v) heat-treated fetal
bovine serum and norepinephrine for 3 days at 32.5°C.
Spermatogenic cells lightly attached onto the monolayer
of Sertoli cells were removed by pipetting, and the
remaining Sertoli cells were used in the experiments.
Peritoneal macrophages of thioglycollate-treated
C57BL/6 female mice were prepared and maintained in
cultures as described previously (28). The Staphylococcus
atureus strains, NCTC8325 and Smith, and Escherichia
coli strain, WN5-2, were grown in Luria-Bertani medium
at 37°C, harvested at full growth, washed with phosphate-
buffered saline (PBS), and used in the experiments as
described previously (29).

2.3. Reverse transcription-mediated polymerase chain
reaction

Total RNA was extracted from Sertoli cells by a
conventional acid-phenol method and subjected to
reverse transcription (RT) with oligo d(T) as a primer.
The resulting cDNA was used as a template in semi-
quantitative polymerase chain reaction (PCR). The
oligonucleotides used as primers in PCR were:
5'-AAGAGCGCTGTGTCTCTTGC (forward) and
5'-CAACAGAGTCGGTAGATGCG (reverse) for
the mRNA of rat neutrophil peptide (RNP-3), and
5'-TGAAGGTCGGTGTCAACGGTAAAGGC
(forward) and 5-CATGTAGGCCATGAGGTCCACCAC
(reverse) for the mRNA of glyceraldehyde-3-phosphate
dehydrogenase (G3PDH).

2.4. Determination of nitric oxide and superoxide, level of

phagocytosis of bacteria, and colony-formable bacteria

S. aureus was added to cultures of Sertoli cells or
macrophages (phagocytes:bacteria = 1:1000) for the
assay for nitric oxide and superoxide, and the mixtures
were incubated at 37°C for 30 min. Culture supernatants
were then collected by centrifugation and subjected
to assays for superoxide using Diogenes (National
Diagnostics Inc, Atlanta, GA, USA) and nitric acid by the
Griess method, as described previously (29). In an assay
for phagocytosis, Sertoli cells or peritoneal macrophages
were incubated with S. aureus, which had been surface-
labeled with fluorescein isothiocyanate (FITC), at a ratio
of phagocytes:bacteria of 1:100 at 32.5°C (with Sertoli
cells) or 37°C (with macrophages), and were washed
with PBS to remove unengulfed bacteria. The remaining
cells were treated with 3% (w/v) paraformaldehyde and

ice-cold methanol followed by examination under a
fluorescence phase-contrast microscope, as described
previously (/8). To determine colony-formable bacteria
in phagocytes, Sertoli cells or peritoneal macrophages,
which had been incubated with S. aureus (phagocytes :
bacteria = 1:100) at 37°C for 30 min and washed, were
further maintained and lyzed by incubating with water
for 10 min. The lysates were plated on agar-solidified
Luria-Bertani medium, incubated at 37°C overnight,
and the number of colonies was determined.

2.5. Data processing and statistical analysis

Results from quantitative analyses were expressed
as the mean = SD of the data from at least three
independent experiments. Other data were
representative of at least three independent experiments
that yielded similar results. Statistical analyses were
performed using the two-tailed Student's #-test, and p
values of less than 0.05 were considered significant
and indicated in the figures.

3. Results

3.1. Phagocytosis of S. aureus by primary cultured Sertoli
cells

We first examined the phagocytosis of S. aureus by
primary cultured Sertoli cells. The S. aureus strain
NCTC8325 surface-labeled with FITC was added
to cultures of Sertoli cells, and the mixture was
incubated, washed, and cytochemically examined
for the occurrence of phagocytosis. An image of
fluorescence microscopy showed that Sertoli cells
engulfed many bacteria (Figure 1A, left panels). A
numerical analysis of the data indicated that Sertoli
cell phagocytosis of S. aureus took a relatively longer
period to occur (Figure 1A, right panel). We obtained
similar results with another S. aureus strain, Smith (data
not shown). Phagocytosis of the strain NCTC8325 was
not influenced by an antibody that neutralized SR-BI
or the inhibitors of MAPKS, but was reduced in the
presence of cytochalasin B and wortmannin, inhibitors
of actin polymerization and phosphatidylinositol
3-kinase, respectively (Figure 1B). This suggested
the involvement of cytoskeleton rearrangement in the
phagocytosis of S. aureus by Sertoli cells.

3.2. Increase in a-defensin mRNA, but not superoxide and
nitric oxide in Sertoli cells upon incubation with S. aureus

We next examined the response of Sertoli cells to bacteria
in terms of the production of antimicrobial substances.
RNP-3, an antimicrobial peptide of the a-defensin family,
has been shown to be produced in mammalian testes
(9-13). Therefore, we determined the level of RNP-3
mRNA in Sertoli cells before and after incubation with

www.ddtjournal.com



75 Drug Discoveries & Therapeutics. 2013; 7(2):73-77.

fluorescence

A phase contrast

3 4 ‘-:.:_.,."'
'ﬁ“"“" Z".E{:'fb:
3
g 30 4
0
o
2.2 204
g2
S
8 ¥ 104
4 [
(1]
i
RS . . \
05 1.0 20 4.0 6.0 (h)
B p=0.000322

p=0.000000268

S
;_4.
i)
H

H

[ T S = B & -]
o o o o
1 1 I 1

]

‘70,)@(6\ '? C'o ‘7 U»,g S‘S:C} &Po /?b?}?‘o ‘Jff

[}

Relative phagocytosis (%)

Figure 1. Phagocytosis of S. aureus by Sertoli cells.
Primary cultured rat Sertoli cells were subjected to an assay
for phagocytosis using FITC-labeled live S. aureus (strain
NCTC8325) as targets. (A) Sertoli cells incubated with
bacteria for the indicated periods were washed and examined
under a fluorescence-phase contrast microscope for the
ratio of Sertoli cells that engulfed bacteria. Shown at the
top are phase-contrast and fluorescence views of the same
microscopic field (scale bar, 10 um). Results after numerical
analysis of the data are shown at the bottom. Representative
data from one of three independent experiments that yielded
similar results are shown. (B) Sertoli cells were pre-incubated
with the indicated proteins and chemicals for 30 min prior
to being subjected to an assay for phagocytosis for 2 h. The
concentrations of the supplements are: 50 pg/mL for anti-
SR-BI IgG (aSR-BI) and normal mouse 1gG (control); 10
uM for U0126 (U), SB203580 (SB), SP600125 (SP), and
cytochalasin B; and 0.1 mM for wortmannin. The solvent for
the chemicals was dimethyl sulfoxide. Representative data
from one of two independent experiments with similar results
are presented. NS, difference not significant.

the S. aureus strain NCTC8325 and the E. coli strain
WNS5-2. Total RNA extracted from Sertoli cells was
analyzed by RT-mediated PCR for the level of mRNA.
The intensity of a signal derived from RNP3 mRNA
increased upon incubation with S. aureus and, to a lesser
extent, with E. coli, while G3PDH mRNA, analyzed as
an internal control, did not change after incubation with
either bacterium (Figure 2A). An increase in the level
of RNP-3 mRNA was not influenced when Sertoli cells
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Figure 2. Levels of RNP-3 mRNA in Seroli cells incubated
with S. aureus and E. coli. Primary cultured Sertoli cells
were incubated in the presence and absence of S. aureus
(strain NCTC8325) and E. coli (strain WNS5-2) at ratios of
phagocytes: targets of 1:1000 and 1:3000, respectively, at
32.5°C for 30 min. Total RNA extracted from Sertoli cells was
subjected to RT-mediated PCR, and the final products were
separated on a polyacrylamide gel followed by staining with
ethidium bromide. (A) PCR products derived from the mRNA
of RNP-3 and G3PDH, analyzed as an internal control, were
shown. Data from one of five independent experiments with
similar results are presented. (B) Incubation of Sertoli cells
with S. aureus was performed in the presence of the indicated
protein and chemicals. The symbols and concentrations of
the supplements are the same as those shown in Figure 1B.
Representative data from one of two independent experiments
that yielded similar results are shown.

were incubated with bacteria in the presence of an anti-
SR-BI antibody, the inhibitors of MAPKSs, or an inhibitor
of phosphatidylinositol 3-kinase (Figure 2B).

We next examined the production of radicals in
Sertoli cells after incubation with bacteria. Cultures of
Sertoli cells and mouse peritoneal macrophages were
supplemented with NCTC8325, and culture supernatants
were then examined for the production of nitric oxide
and superoxide. We found that the production of either
substance could not be detected in Sertoli cell cultures,
while both nitric oxide and superoxide were detectable
in the culture supernatants of peritoneal macrophages
(Figure 3), as we reported previously (29). All these
phenomena observed with Sertoli cells after the
phagocytosis of the S. aureus strain NCTC8325 were
reproduced when Smith, another S. aureus strain, was
used as target bacteria (data not shown).

3.3. Impaired killing of S. aureus in Sertoli cells

We then examined how soon engulfed bacteria were killed
in Sertoli cells. Sertoli cells or peritoneal macrophages were
incubated with NCTC8325, washed to remove unengulfed
bacteria, and further maintained. The cells were then lyzed
and analyzed for the presence of colony-formable bacteria
(Figure 4). We found that the number of colonies obtained
from the lysates of Sertoli cells was almost constant in the
2-h incubation after washing. Similar results were obtained
in the reaction using Smith, another S. aureus strain, as
target bacteria (data not shown). In contrast, S. aureus
engulfed by macrophages appeared to be killed in 1 h.
These results indicated that S. aureus engulfed by Sertoli
cells is resistant to killing.
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Figure 3. Production of nitric oxide and superoxide by
Sertoli cells and macrophages incubated with S. aureus.
Sertoli cells and peritoneal macrophages were incubated in
the presence and absence of S. aureus (strain NCTC8325)
(phagocytes:targets = 1:1,000) for 30 min, and culture
supernatants were analyzed for the levels of nitric oxide and
superoxide. Representative data from one of three independent
experiments that yielded similar results are shown.

4. Discussion

We previously reported the existence of immune
responses against invading bacteria in the seminiferous
epithelium (7). Sertoli cells, the sole somatic cell type in
the seminiferous epithelium, possess the characteristics
of immune cells. In the present study, we examined the
mode of action of Sertoli cells in response to bacteria
and compared it to the action of peritoneal macrophages.
We found that Sertoli cells isolated from rat testes and
maintained in primary cultures effectively engulfed S.
aureus, as did macrophages, in a manner accompanied
by cytoskeleton rearrangement. However, engulfed
bacteria were not efficiently killed in Sertoli cells, unlike
those engulfed by macrophages. Sertoli cells produced an
antimicrobial peptide, and not nitric oxide or superoxide
upon incubation with S. aureus, while macrophages
secreted both radical species. Such actions of Sertoli
cells against S. aureus should account, at least partly,
for immunity in the seminiferous epithelium. Regarding
a comparison between the two types of phagocytes,
the responses of Sertoli cells to bacteria were less pro-
inflammatory than those of macrophages.

Authentic immune cells with phagocytic activity
such as macrophages and neutrophils produce radicals
when they encounter and phagocytose invading bacteria.
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Figure 4. Survival of bacteria after engulfment by Sertoli
cells. Sertoli cells and peritoneal macrophages were incubated
with S. aureus (strain NCTC8325), washed, and further
incubated for the indicated periods. The cells were lyzed
and examined for the level of colony-formable bacteria.
Representative data from one of five (with Sertoli cells)
and three (with macrophages) independent experiments that
yielded similar results are presented.

Our findings indicate that Sertoli cells, tissue-restricted
phagocytes, engulf bacteria, but do not actively kill them.
Sertoli cell phagocytosis of bacteria may be interpreted
as a defense mechanism by which pathogens are cleared
without disturbing homeostasis in the seminiferous
epithelium, in which spermatogenesis and spermiogenesis
take place. A certain type of defensin plays a role in sperm
maturation besides antimicrobial activity (30). Therefore,
it is possible that RNP-3 is involved in spermatogenesis
and/or spermiogenesis rather than killing S. aureus.

Sertoli cells retain the apical-basolateral polarity in
primary cultures with the apical side toward the medium
(27). It is thus most likely that Sertoli cells engulfed
bacteria at their apical side in our assay for phagocytosis.
Sertoli cells are responsible for the phagocytic
elimination of spermatogenic cells undergoing apoptosis
(18), and this action of Sertoli cells is necessary for the
effective progress of spermatogenesis (3/,32). Sertoli
cell phagocytosis of apoptotic spermatogenic cells takes
place in the seminiferous epithelium, and SR-BI serves
as a receptor that recognizes phosphatidylserine exposed
on the surface of target cells (/8-20,32). However, SR-
BI may not be involved in the phagocytosis of S. aureus
by Sertoli cells because the antibody that neutralized
the activity of SR-BI had no effect on phagocytosis.
Whatever the receptor for phagocytosis is, it should
recognize bacteria with no aid from immunoglobulin
as an opsonin in the seminiferous epithelium, a site of
immune privilege (33).
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ABSTRACT: Acetaminophen (AP) is widely used
as the antipyretic and analgesic drug in clinic, and it
can induce serious liver injury in the case of excessive
abuse. The present study showed that AP (400 mg/kg)
induced obvious liver injury, while in male mice the
hepatotoxicity induced by AP was much more serious
than in female mice as indicated by the results of
alanine aminotransferase (ALT) activity and reduced
glutathione (GSH) amount. Further, the enzymatic
activity and protein expression of glutamate-cysteine
ligase (GCL) and glutathione peroxidase (GPx) were
all higher in female mice liver than in male after the
administration of AP (200 mg/kg). Meanwhile, AP
(10 mM) decreased GCL and GPx activity in isolated
mouse hepatocytes in the time-dependent manner,
while the inhibitors of GCL and GPx can augment
AP induced-cytotoxicity. Taken together, our results
demonstrate the gender-related liver injury induced
by AP and the important role of GCL and GPx in
regulating such hepatotoxicity.

Keywords: Acetaminophen, gender, hepatotoxicity, GCL,
GPx

1. Introduction

Acetaminophen (AP) also known as paracetamol, is widely
used in clinical as antipyretic and analgesic drug. AP can
induce serious liver injury when it is used overdose, or
even sometimes it is used under the recommended dose.
As AP belongs to the type of over-the-counter (OTC) drug,
so it can be easily purchased by people, and thus leads to
the abuse of this drug. The abuse of AP makes the problem
about it-induced acute liver failure more frequent and thus
becomes a big problem for clinicians. Drug-induced liver
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injury (DILI) has been the serious medical problem and
with significant mortality in clinical situations, among
which AP has been the primary cause of drug-induced
acute liver failure in American (7).

Reduced glutathione (GSH) is an important antioxidant
reducing sulthydryl (-SH) tripeptide, and plays important
roles in counteracting with oxidative stress injury and
maintains cellular redox balance (2,3). Intracellular GSH
and its related enzymes such as glutamate-cysteine ligase
(GCL), glutathione peroxidase (GPx), glutathione reductase
(GR), and glutathione-s-transferase (GST) constitute the
key antioxidant system in body to counteract with oxidative
stress injury (4). AP will be converted into the metabolite
N-acetyl-p-benzoquinoneimine (NAPQI) by liver
cytochrome P450s 2E1 (CYP2E1), CYP1A2, CYP2D6,
CYP3A, efc. (5). Generally, NAPQI will be detoxified by
GSH, while when GSH is exhausted; it will form covalent
binding with macromolecules such as protein or DNA, and
thus leads to acute liver failure (6). N-Acetyl-L-cysteine
(NAC), the precursor of GSH biosynthesis, is generally
used as the antidote to AP-induced hepatotoxicity in clinic
(7,8).

Experimental and clinical research demonstrates
that gender-dependent difference will lead to the big
difference of liver injury caused by exogenous toxins.
There is already report that gender is a critical factor
involved in AP-induced liver injury, and male animals are
more susceptible than female (9). Generally, there is the
difference in metabolic enzymes between male and female,
thus gender is a critical factor affects drug metabolism and
pharmacokinetics, which will contribute to the gender-
dependent hepatotoxicity. But the previous study already
demonstrated that metabolism did not contribute to the
gender-dependent liver injury induced by AP (9). The
present study is designed to observe AP-induced gender-
dependent liver injury, and the potential regulating of GSH
antioxidant system.

2. Materials and Methods
2.1. Chemicals and reagents

B-Actin polyclonal antibody was purchased from Cell
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Signaling Technology (Danvers, MA, USA). Anti-
GPx-1, GCLC/GCLM antibodies were the products of
Santa Cruz Biotechnology Corporation (Santa Cruz, CA,
USA). Peroxidase-conjugated goat anti-Rabbit IgG (H
+ L) and peroxidase-conjugated goat anti-mouse IgG
(H + L) were obtained from Jackson ImmunoResearch
(West Grove, PA, USA). Nitrocellulose membranes
were obtained from Bio-Rad (Hercules, CA, USA) and
enhanced chemiluminescence detection system was
from Amersham Life Science (Buckinghamshire, UK).
GSH, oxidized glutathione (GSSG), and NADPH were
purchased from Roche Diagnostics GmbH (Mannheim,
German). AP, 5, 5'-dithio-bis-(2-nitrobenzoic acid)
(DTNB), glutathione reductase, D,L-buthionine-(S,R)-
sulfoximine (BSO), mercaptosuccinic acid (MA), and
all other reagents unless indicated were obtained from
Sigma Chemical Co. (St. Louis, MO, USA).

2.2. Experimental animals

Specific pathogen free female and male ICR mice (18-22 g
body weight) were purchased from Shanghai Laboratory
Animal Center (Shanghai, China). The mice were fed with
a standard laboratory diet and given free access to tap water.
The animal room was maintained at a temperature of 22 +
1°C with a 12 h light-dark cycle (6:00-18:00) and 65 + 5%
humidity. All mice were received humane care in compliance
with the institutional animal care guidelines approved by
the Experimental Animal Ethical Committee of Shanghai
University of Traditional Chinese Medicine. Both sexes
of mice were divided into 3 groups, vehicle group, the
group treated with AP for 200 and 400 mg/kg body weight
respectively, and each group contained 8 mice.

2.3. Treatments of animals

AP was dissolved in warm saline. Female and male mice
were given a single doses of AP (200 and 400 mg/kg, i.p.)
and solvent control group were treated with warm saline.
Animals were killed 4 h after administration.

All blood was collected for measurement of serum
alanine and aspartate aminotransferases (ALT/AST)
activities. Livers were also collected and washed with ice-
cold saline and then quick-freezed in liquid nitrogen for
further experiments.

2.4. Measurement of GSH levels

Liver reduced and oxidized glutathione levels were
determined by the DTNB assay according to the previous
reported method with a minor modification (/0).
Briefly, mice liver tissues were homogenized in cold
metaphosphoric acid (5%) buffer, and then centrifuged at
10,000 g for 10 min and the supernatant was transferred
to new tubes for detection of glutathione levels. The
reaction mixture contained 1 mM EDTA, NADPH (0.24
mM), glutathione reductase (0.06 units), DTNB (86 uM)

and samples. Yellow 5-thio-2-nitrobenzoic acid (TNB)
formation was monitored at 412 nm. GSSG was measured
by first masking the GSH in the metaphosphoric acid
(5%) buffer with 10 mM 2-vinylpyridine in the presence
of 6% triethanolamine and derivatized in 37°C overnight
as previously described (/7). Protein concentrations were
determined according to the method of Bradford (/2),
using bovine scrum albumin as standard. The levels
of glutathione were calculated based on tissue protein
concentration and expressed as nM per mg protein.

2.5. Enzymatic assays

ALT and AST were determined according to the methods
reported previously (/3). GCL activity was assayed
according to the previous reported method (/4). The
activity of GCL was calculated based on tissue protein
concentration and expressed as U/mg protein. One unit of
GCL activity was equal to the quantity of the oxidation of 1
mM NADPH per min.

GR activity was assayed as described method (/5).
The activity of GR was calculated based on tissue protein
concentration and expressed as mU/mg protein. One unit of
GR activity is defined as 1 mM GSSG catalyzed per min.

GPx activity was assayed according to the previous
reported method (/6). A unit of enzyme activity is defined
as the amount of enzyme catalyzing the formation of 1 uM
of GSH per min, and the activity of GPx was calculated
based on tissue protein concentration.

GST activity was assayed according to previous
reported method (/7). A unit of GST activity is defined as
the amount of enzyme catalyzing the formation of 1 uM of
product per min, and GST activity is defined as the units of

enzyme activity per mg protein.

2.6. Western-blot analysis

Liver tissues were homogenized in lysis buffer
containing 50 mM Tris (pH 7.5), 1 mM EDTA, 150 mM
NaCl, 20 mM NaF, 0.5% NP-40, 10% glycerol, 1 mM
phenylmethylsulfonyl fluoride, 10 pg/mL aprotinin,
10 pg/mL leupeptin, 10 pg/mL pepstatin A and then
centrifuged at 3,000 g for 3 min and the supernatant was
transferred to new tubes. Protein concentrations were
assayed and normalized to equal protein concentration.
Proteins were separated by SDS-PAGE and blots were
probed with appropriate combination of primary and HRP
conjugated secondary antibodies.

2.7. Mice primary hepatocytes isolation

Mice primary hepatocytes were isolated by an improved
two-step perfusion separation as previously described (/8).
Cell viability, as determined by trypan blue exclusion,
was generally > 85%. Freshly isolated hepatocytes were
seeded in 60 mm dishes (1 x 10° cells/dish) or 96-well
plates (2 x 10* cells/well) in M199 containing 10% fetal

www.ddtjournal.com



Drug Discoveries & Therapeutics. 2013; 7(2):78-83. 80

bovine serum, 100 U/mL penicillin/streptomycin, 2 mM
glutamine, 10 ng/mL epidermal growth factor (EGF) and
100 nM dexamethasone and cultured at 37°C with 5%
CO,.

2.8. Determination of cellular GCL and GPx activity

Mice hepatocytes were incubated with AP (5 mM) for 12
and 24 h, and then the cells were harvested with PBS. As
for GCL assay, the cells were lysed with ultrasonication
in lysis buffer (50 mM Tris (pH 7.5), 0.25 M sucrose,
0.1 mM EDTA, 0.7 mM B-mercaptoethanol and 1
mM phenylmethylsulfonyl fluoride) on ice and then
centrifuged at 10,000 g, 4°C for 60 min. The supernatant
of the cells was transferred to new tubes for GCL assay.
The method of cellular GCL activity assay was the
same as described above in the liver tissue. As for GPx
assay, the cells were also lysed with ultrasonication in
PBS and then centrifuged at 3,000 g, 4°C for 3 min. The
supernatant was transferred to new tubes for cellular GPx
activity assay. The method for cellular GPx activity assay
was the same as described above in the liver tissue.

2.9. Cell viability determination

Mouse hepatocytes were pretreated with BSO (200 puM,
pretreated 12 h) or incubated with MA (7 mM) 24 h
after AP treatment. After treated with AP for 48 h, cells
were further incubated with 500 pg/mL 3-(4,5-dimethyl-
thiazol-2-yl) 2,5-diphenyltetrazolium bromide (MTT)
for 4 h. The functional mitochondrial dehydrogenases
in survival cells can convert MTT to blue formazan,
which was dissolved in 10% SDS-5% iso-butanol-0.01
M HCI (79). The optical density was measured at 570
nm with 630 nm as a reference and cell viability was
normalized as a percentage of control. Each experiment
was performed at least three times by using hepatocytes
freshly isolated from different mice.

2.10. Statistical analysis

The results were expressed as means = SEM. Differences
between groups were assessed by one-way ANOVA with
LSD post hoc test. The analyses were carried out using
the SPSS 11.5 software package for Windows. p < 0.05
was considered as statistically significant.

3. Results
3.1. AP-induced liver injury in male and female mice

The elevation of serum ALT and AST activity is the
major indicator for the liver injury (20). As shown in
Figure 1, we can see that AP (400 mg/kg) increased
serum ALT and AST activity. Meanwhile, the increase
of serum ALT activity in male mice was higher than
that in female (p < 0.01).

3.2. Effects of AP on liver GSH and GSSG amounts in
male and female mice

GSH is the liver important antioxidant. As shown in
Figure 2, we found that AP (400 mg/kg) decreased liver
GSH amount, while increased liver GSSG amounts, and
thus led to the damage on the balance of liver GSH and
GSSG. Further, we found that there was a difference
in the basal GSH and GSSG amounts, and they were
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Figure 1. AP-induced liver injury in male and female mice.
(A) ALT activity, (B) AST activity. Data were expressed as
means = SEM (n = 8).  p < 0.001 compared to female mice
under the same treatment.
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Figure 2. Effects of AP on liver GSH and GSSG amounts
in male and female mice. (A) GSH amounts, (B) GSSG
amounts. Data were expressed as means £ SEM (n=28). " p <
0.05, ™ p < 0.001 compared to female mice under the same
treatment.
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both higher in female than in male (p < 0.01, p < 0.05). A Cont AP
With the administration of AP (200 mg/kg), liver GSH
amount was higher in female than in male (p < 0.001),
while there was no difference in male and female after
the administration of AP (400 mg/kg).

Female Male Female Male

3.3. Effects of AP on GCL, GR, GPx, and GST enzymatic
activity in male and female mice

Next, we observed the effects of AP on the enzymatic
activity of GSH-related antioxidant enzymes. The results B —GCLC

in Figure 3 showed that AP (200 mg/kg) decreased liver g™ = o
GCL, GR, GPx, and GST activity in male mice, and S 100
decreased liver GCL, GPx, and GST activity in female E 80
mice. In female mice, GCL and GPx activity were 2 ol
higher than that in male (p < 0.05, p < 0.001). Further, g o |
after the administration of AP (200 mg/kg), GCL and §
GPx activity were higher in female than that in male (p 3 7]
= 0

<0.05, p < 0.01).

Male Female Male Femala
Blank AP

3.4. Effects of AP on GCLC and GPxI protei /
fects of AP on an AL profein expression Figure 4. Effects of AP on GCLC and GPx1 protein

in male and female mice expression in male and female mice. Twenty pg protein
extracts from representative liver tissue were analyzed by

: : : SDS-PAGE and immunoblotting by using GCLC, GCLM,
Further, we observed the expression of catalytic subunit GPx-1, and B-actin antibodies, respectively (A). Percentage of

of GCL (GCLC) and modified subunit of GCL (GCLM), target protein/actin was calculated by comparing to the male

and GPx1 protein. The results of Western blot (Figure control (B). Six-eight mice were used in each gender and tgle
4 sh d that GCLC and GPx1 tei L result represents one of at least three separate experiments. * p
) showe a an X1 protein expression in < 0.05 compared to female mice under the same treatment.

female were higher than in male after treated with AP
(200 mg/kg).
obviously decreased cellular GCL and GPx activities
3.5. GCL and GPx was involved in AP-induced cytotoxicity in cultured mice hepatocytes (p < 0.05, p < 0.001).
in mice hepatocytes Further, BSO and MA, which are the specific inhibitor
of GCL and GPx, both augmented AP-induced
As shown in Figure 5, we found that AP (5 mM) cytotoxicity (p < 0.01, p < 0.001).
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Figure 5. Effects of AP on GCL and GPx activity in
isolated mice hepatocytes. (A) GCL and GPx activity.
Freshly isolated mice hepatocytes were treated with AP (5
mM) for 24 and 48 h. The cells were collected for cellular
GCL and GPx activities assay. The results were expressed
in percentage of control and presented as means + SEM
(n=6),* p <0.05, ** p <0.001 compared to control. (B)
Effect of BSO on AP-induced cytotoxicity. Mice primary
hepatocytes were pretreated with BSO (200 uM) for 12 h, and
then incubated with various concentrations of AP (0, 1, 2.5,
5 mM) for 48 h. The survival cells were determined by MTT
assay. The results were expressed in percentage of control and
presented as means = SEM (n = 6), * p < 0.05, *™** p < 0.001
compared to control, “ p < 0.001 compared with AP alone.
(C) Effect of MA on AP-induced cytotoxicity. Hepatocytes
were treated with various concentrations of AP (0, 1, 2.5, 5
mM) for 24 h, and then incubated with MA (7 mM) in the
presence of AP for another 24 h. The survival cells were
determined by MTT assay. The results were expressed in
percentage of control and presented as means + SEM (n = 6),
** < 0.01, ** p < 0.001 compared with control,  p < 0.01,
" p < 0.001 compared to AP alone.

4. Discussion

DILI is the liver damage caused by the parent drug or its
metabolites, and now it is a serious problem during drug
development and also for the use of many established
drugs. It is reported that about 1,000 kinds of drugs can
cause liver damage, and the severe cases can cause liver
failure and require liver transplantation or even death

(21). Prevention and treatment of DILI has become the
challenging and persistent research topic of international
medical community, pharmaceutical industry, and
medical institution. Among all the drugs, AP overdose is
currently the most frequent cause of acute liver failure in
the United States and Great Britain (22).

In the present study, we found that the elevation of
serum ALT activity induced by AP was higher in male
than in female mice (Figure 1). ALT is the sensitive
indicator of liver injury, and our results confirmed the
previous study that male mice was more sensitive to
AP-induced liver injury (9).

There are already reports that cellular GSH is
important for the detoxification of AP-induced liver
injury (6,7). In the present study, our results showed
that AP (200 mg/kg) had no much effect on GSH
amount in female mice, but in male mice GSH amount
was obviously decreased, and thus led to the significant
difference in GSH amount between male and female
mice. Our results indicate that GSH may be a more
sensitive indicator than ALT/AST for AP-induced liver
injury, as AP of 200 mg/kg can decrease GSH amount
in male mice, but had no effect on serum ALT/AST. Our
results also demonstrate that AP-induced the damage
on GSH redox balance is more serious in male than in
female, and thus male mice is inclined to AP-induced
hepatotoxicity.

In our results we can see that AP (200 mg/kg)
obviously decreased GCL, GPx, GR, and GST enzymatic
activity, and the dose is lower than the dose of 400 mg/
kg, which induced the elevation of ALT/AST. The result
suggests that GCL, GPx, GR, and GST may be the more
sensitive indicators than ALT/AST for AP-induced liver
injury. Further results showed that AP (200 mg/kg)-
induced the decrease of GCL and GPx was higher in male
mice than in female. Also, the results of Western-blot
demonstrated that the expression of catalytic subunit of
GCL (GCLC) and GPx-1 were higher in female than in
male after given AP (200 mg/kg), which may contribute
to its high activity in female mice. GCL and GPx are
both antioxidant enzymes, of which GCL is critical for
the biosynthesis of GSH, while GPx counteracts with
cellular excessive reactive oxygen species (ROS) via
utilizing GSH (23,24). There is already report that GCL
is critical for AP-induced gender-related liver injury
(25,26), and our present results further suggest that GPx
may also be involved in regulating AP-induced gender-
related liver injury.

Next, the results demonstrated the decrease of GCL
and GPx activity after the administration of AP for the
indicated time. Further, BSO and MA, which are the
specific inhibitors of GCL and GPx (26-29), markedly
augmented the cytotoxicity of AP on cultured mouse
hepatocytes. These results indicate the important
roles of GCL and GPx in regulating AP-induced
hepatotoxicity, which may contribute to AP-induced
gender-dependent liver injury.
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Taken together, our results demonstrated the gender-

dependent liver injury induced by AP, further we found
that GCL and GPx was critical for regulating gender-
related difference in the hepatotoxicity induced by
AP. The present study reminds clinic doctors to pay
attention to the gender-dependent liver injury induced
by AP, and also shall consider the individual differences
of liver GSH antioxidant system.
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ABSTRACT: Plants that contain anthracene-
derived compounds such as anthraquinones have
been reported to act as anticancer besides their
use for millennia to treat constipation, but the
mechanism of action is still unfolding. Therefore
we pursue this study to explore a new horizon
in the anticancer property of these agents with
relevance to mitotic arrest. To achieve this goal, the
antimitotic activity of a series of naturally occurring
anthracene-derived anthraquinones including
anthrone, alizarin (1,2-dihydroxyanthraquinone),
quinizarin (1,4-dihydroxyanthraquinone), rhein
(4,5-dihydroxyanthraquinone-2-carboxylic acid),
emodin (1,6,8-trihydroxy-3-methyl-anthraquinone),
and aloe emodin (1,8-dihydroxy-3-hydroxymethyl-
anthraquinone) were evaluated using Allium cepa
root tips. Initial results revealed that the mitosis
was inhibited after 3, 6, and 24 h, respectively,
of incubation with 500, 250, and 125 ppm of
each compound in a dose-dependent manner.
Furthermore, alizarin at 500 ppm was proved to
be the most active compound to arrest the mitosis
after 24 h followed by emodin, aloe emodin, rhein,
and finally quinizarin. Interestingly, this inhibition
of mitosis was irreversible in root tips incubated
with each compound at concentration of S00 ppm
but not with 250 ppm or 125 ppm, where the
roots regained their normal mitotic activity after
96 h post-incubation in water. This re-evaluation
of an old remedy suggests that several bioactive
anthraquinones possess promising anti-mitotic
activity that may have the potential to be lead
compounds for the development of a new class of
multifaceted natural anticancer/antimitotic agents.
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1. Introduction

Every year almost 9 million cancer cases are newly
diagnosed in developing countries where cancer incidence
continues to increase at alarming rates. According
to cancer society statistics, at least one third of these
individuals are not expected to survive the disease, making
cancer the most prevalent cause of death (/). Systemic
chemotherapy forms the mainstay of cancer treatment,
and agents that disrupt mitotic spindle assembly, so
called 'anti-mitotics', have emerged as a new and very
promising strategy in treating a wide variety of cancers.
Traditional anti-mitotic agents include microtubule toxins
such as taxol, other taxanes, and the vinca alkaloids, all
of which have proven successful in the clinic. However,
these compounds act not only on proliferating tumor cells,
but exhibit significant side effects on non-proliferating
cells including neurons that are highly dependent on
intracellular transport processes mediated by microtubules.
On top of that, patient response remains highly
unpredictable, drug resistance is common, and in addition,
toxicity is a problem (2,3). To address these problems,
the search has intensified for more successful therapies
like the classical anti-microtubule drugs, while avoiding
some of the adverse side effects. Because there is still no
safe anti-mitotic agent, the use of nutritional therapy in the
area of drug discovery proved to be an efficient, safe, and
economic tool in health care.

During the last decade, it was reported that many
herbal formulas-containing anthraquinones were
successfully used for treatment of cancer. Emodin,
aloe emodin, and rhein, the most extensively studied
anthraquinones, have been reported to inhibit
proliferation in breast, lung, cervical, colorectal, and
prostate cancers cells (4-7) with little or no cytotoxic
effects in several normal cells, such as human fibroblast-
like lung WI-38 cells, rat heart endothelial cells, rat
hepatic stellate cells, and rat hepatocytes (8). However,
the underlying molecular mechanism(s) involved in the
anticancer effects of anthraquinones is still unfolding. As
such, in the present study, an expansion has been made
to explore the new horizon in anticancer properties of
certain naturally available anthraquinones (Figure 1) with
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Figure 1. Structural characteristic of natural anthracene-
derived compounds, anthrone, aloe emodin, emodin,
alizarin, quinizarin, and rhein.

relevance to mitotic arrest. The approach chosen here
relies on in vitro design since in vivo testing to evaluate
mitosis is often expensive, time consuming, and requires
approval by ethical committees, particularly with
mammalian models. Preliminary antimitotic screening in
the current study was conducted using the Allium cepa
root tip assay, a reliable in vitro system, which reflects
specific effects and allows the selection of promising
antimitotic prototypes. This test was initially used by
(9) in studies on the effect of plant extracts and various
chemical compositions on meristematic cells. Up to
now, it has been widely used for detection of cytostatic,
cytotoxic, and mutagenic properties of different
compounds, including anticancer drugs of plant origin
(10,11). The development and acceptance of such simple
bioassays, convenient to use in-house, with a paucity of
research funds, are urgent in third world nations, where
cultural folk medicines are strongly used safely and
effectively to treat human cancers.

2. Materials and Methods
2.1. Materials

Anthraquinone, anthrone, alizarin (1,2-dihydroxy-
anthraquinone), quinizarin (1,4-dihydroxy-anthraquinone),
rhein (4,5-dihydroxy-anthraquinone-2-carboxylic acid),
emodin (1,6,8-trihydroxy-3-methyl-anthraquinone),
and aloe emodin (1,8-dihydroxy-3-hydroxymethyl-
anthraquinone) were kindly provided by Prof. Dr. A. El-
Gaml, Pharmacognosy Department, Faculty of Pharmacy,
Mansoura University, Mansoura, Egypt.

2.2. Methods

In this study, a modification of Podbielkowska's assay
(12) was introduced as a simple method to evaluate
the effect of drugs on the mitotic process. In order to
eliminate any significant differences during sampling,
a zero time sampling for all bulbs was examined under

the same conditions. Therefore no individual variation
was assumed for each experiment. Allium cepa L. root
tips were selected as a model because their chromosomes
are small in number (16 pairs), large in size, and easily
examined using the light microscope. The roots were
fixed and stained with acetocarmine 1% according to the
method mentioned above. Acetocarmine stained both
DNA and RNA so nearly all parts of the cell were colored
but the chromosomes were stained most heavily because
some of the RNA had been leached out by HCL. Mitotic
percent was calculated in treated roots and statistically
compared with that of controls.

2.2.1. Growing A. cepa L. bulbs

A. cepa L. bulbs were grown in 250 mL dark jars filled
with tap water at room temperature. The water in the jars
were continuously aerated and changed daily until the
roots reached 2-3 cm.

2.2.2. Incubation of compounds

Three bulbs were transferred to the control solution
(tap water only) and four others were transferred to
each test solution for 24 h. Compounds in this study
were dissolved in 1 mL of dimethyl sulfoxide (DMSO)
and the volume was made up to 1 L with tap water to
produce three concentrations; 500, 250, and 125 ppm.
Control solution was prepared by mixing 1 mL of
DMSO with tap water to produce 1 L of this solution.
All prepared solutions were protected from light
during this study. Five roots of three analogous onions
were collected after 3, 6, 12, and 24 h incubation.
Postincubation of 4. cepa L. bulbs in tap water was
continued for the next 24 and 96 h in the dark to
monitor for possible cell recovery.

2.2.3. Microscopical examination

The roots were collected, fixed in 95% ethanol:acetic
acid (3:1, v/v) for 6-12 h and washed with 70% alcohol.
Then they were immersed in ethyl alcohol 95%:1 N
hydrochloric acid (1:1, v/v), fixed again for 5 min,
squashed and finally stained with 1% acetocarmine.

2.2.4. Calculations

For each root sample, the number of meristematic and
total cells present in 5 fields was counted using high
power (x100) light microscopy. Results for 30 readings
were tabulated at different concentrations and times
of incubation. The partial mitotic index is given as the
number of cells in the course of division as a percentage
of all meristematic cells (/3). The percent mitosis (the
number of mitotic cells per one hundred total cells) was
calculated for both control and examined samples and
statistically compared.
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2.3. Statistical analysis

The results were expressed as mean + SE. All analyses
were performed with the GraphPad Prism 3 package.
Intergroup comparison was made by an ANOVA test.
Thereafter, data were checked for skewedness, and an
unpaired #-test was performed if the distribution of the
values was Gaussian. If the distribution was not normal,
a Mann-Whitney test was used. p-values less than 0.05
were considered to be statistically significant.

3. Results

The results revealed that all tested anthraquinones
markedly caused a retardation and/or an inhibition of
mitotic activity observed in the root tips of 4.cepa. This
decrease in the mitotic activity was directly proportional
to the increase of the compound concentration or
prolongation of incubation time. Generally, the inhibition
of mitosis was significantly (p < 0.05) observed after 3 h
incubation with 500 ppm, 6 h incubation with 250 ppm,
and after 24 h incubation with 125 ppm. Furthermore,
cell recovery did not occur with 500 ppm but occured
with 250 ppm and 125 ppm after 96 h post-incubation in
water.

Individually, Figure 2 shows the mean mitotic index
(counted as percentage of control, 0 ppm) in root tip
meristems of 4. cepa during 24 h incubation in the
different concentrations of anthrone, which generally
exists in the fresh plant and then is oxidized by an
anthrone oxidase to anthraquinon. This 24 h-incubation
was followed by 96 h post-incubation in water. As
shown in Figure 2, anthrone at 500 ppm caused ~43%
inhibition of mitotic activity after 24 h incubation,
while 125 ppm of anthrone solution showed the least
retardation effect, 22% inhibition of mitotic activity. In
addition, it was observed that 500 ppm anthrone solution
prevented formation of new healthy roots while this
effect decreased gradually in 250 ppm and 125 ppm.
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Figure 2. Mean mitotic index of A. cepa meristem cells in
control roots (water) and during 24 h incubation followed
by 48 h post-incubation in different concentrations (125,
250, and 500 ppm) of anthrone, counted as percentage of
untreated control, 0 PPM). Five roots of three analogous
onions were taken. Data shown are the mean + SE.

In light of anthron's antimitotic effect, we next sought
to determine whether the addition of functional groups
would modify this antimitotic behavior of anthraone.
Moving over the molecular structure of the selected
anthraquinones, we found that introduction of a hydroxyl
group in ring A of oxidized anthrone significantly
enhanced the anti-mitotic effect of anthraquinones as
depicted in Figures 3-5 for aloemodin, emodin, and
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Figure 3. Mean mitotic index of 4. cepa meristem cells in the
control roots (water) and during 24 h incubation followed
by 48 h post-incubation in different concentrations (125,
250, and 500 ppm) of aloe emodin, counted as percentage of
untreated control, 0 PPM). Five roots of three analogous onions
were taken. Data shown are the mean + SE.
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Figure 4. Mean mitotic index of A. cepa meristem cells in
control roots (water) and during 24 h incubation followed
by 48 h post-incubation in different concentrations (125,
250, and 500 ppm) of emodin, counted as percentage of
untreated control, 0 PPM). Five roots of three analogous
onions were taken. Data shown are the mean + SE.
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Figure 5. Mean mitotic index of A. cepa meristem cells in
control roots (water) and during 24 h incubation followed
by 48 h post-incubation in different concentrations (125,
250, and 500 ppm) of alizarin, counted as percentage of
untreated control, 0 PPM). Five roots of three analogous
onions were taken. Data shown are the mean + SE.
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Figure 6 Mean mitotic index of A. cepa meristem cells in
control roots (water) and during 24 h incubation followed
by 48 h post-incubation in different concentrations (125,
250, and 500 ppm) of quinizarin, counted as percentage
of untreated control, 0 PPM). Five roots of three analogous
onions were taken. Data shown are the mean + SE.
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Figure 7. Mean mitotic index of A. cepa meristem cells in
control roots (water) and during 24 h incubation followed
by 48 h post-incubation in different concentrations (125,
250, and 500 ppm) of rhein, counted as percentage of
untreated control, 0 PPM). Five roots of three analogous
onions were taken. Data shown are the mean + SE.

alizarin, respectively. In Figure 3, aloe emodin, which
has one OH group in ring A, caused ~49% inhibition
of mitotic activity of root tip meristems after 24 h
incubation at a concentration of 500 ppm. Proceeding
further, the addition of a second OH group in ring A
resulted in a substantial increase in anti-mitotic activity
as illustrated by emodin, which showed ~53% inhibition
of mitotic activity of root tip meristems after 24 h
incubation at a concentration of 500 ppm (Figure 4).
Furthermore, the addition of a second OH in an ortho-
substitution had a greater influence on the anti-mitotic
effect than substitution in the meta-position. This is
clearly manifested in alizarin in which the antimitotic
activity was raised to 56% after 24 h at a concentration of
500 ppm (Figure 5). However, the addition of a second
OH in a para-substitution (quinizarin) caused a dramatic
decrease in the antimitotic activity to 35% (Figure 6).
Likewise, introducing a carboxylic group into ring A
also reduced the anti-mitotic effect to 40% as manifested
in rhein (Figure 7). One-way ANOVA was used to test
for statistical differences in the anti-mitotic effect of
500 ppm after 24 h, and the means were significantly
different across the samples (p < 0.05) (Figure 8).
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Figure 8. Mean mitotic index of A. cepa meristem cells in
control roots (water) and during 24 h incubation followed
by 48 h post-incubation in the different concentration
(125, 250, and 500 ppm) of anthrone, aloe emodin, emodin,
alizarin, quinizarin, and rhein, respectively, counted as
percentage of untreated control, 0 PPM). Five roots of three
analogous onions were taken. Data shown are the mean + SE.

4. Conclusion

For many years, laboratories from all over the world
have been working on finding effective therapies
for cancer, a disease of our civilization. Drugs that
interfere with the normal progression of mitosis belong
to the most successful chemotherapeutic compounds
currently used for anti-cancer treatment. In spite of
their clinical success, some limitations remain, such
as high peripheral neurotoxicity, low bioavailability,
poor solubility, complicated synthesis procedures,
and drug resistance conferred by multidrug resistance
transporters and tubulin mutations (/4-16). Therefore,
there has been great interest in identifying novel
antimitotic agents with a new mode of action and
improved pharmacology profiles especially concerning
reduced toxicity. The reemphasis of natural products in
drug discovery has been the subject of recent research
in cancer drug discovery and development, and has
proved to be a valuable, effective, and inexpensive
approach (/7). In the current study, we put forward a
new concept pertaining to the use of natural anthracene-
derived anthraquinones as potential anti-mitotic agents.

Anthraquinones are quinone derivatives of
anthracene found in many species of medicinal plants
that possess a plethora of biological and pharmacological
properties. For years, much interest has been placed
in the development and use of anthraquinones and
its derivatives for the prevention and treatment of
cancer. Emodin and aloe emodin, the most abundant
anthraquinones in rhubarb, are capable of inhibiting
cellular proliferation, induction of apoptosis, and
prevention of metastasis. However, both components
were found to be able to potentiate the anti-proliferation
of various chemotherapeutic agents (/8). To extend
knowledge of the antineoplastic role of anthraquinones,
the current study opens a new horizon of understanding
their properties in fighting cancer by shedding light on
their ability to interfere with mitosis. The anti-mitotic
activity was evaluated using the 4. cepa root meristem
model, commonly known as the allium assay. This assay
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is a rapid, highly sensitive, and reproducible bioassay
for detecting antimitotic events (79).

Among anthraquinone derivatives tested here
hydroxylanthraquinones are also a common structural
moiety of adriamycin and mitoxantrone (common
antitumor drugs). It is known that hydroxy- anthraquinones
containing a poly-aromatic ring structure can bind to
DNA by intercalation and stacking between the base
pairs of DNA double helices (20). Given these properties,
hydroxyanthraquinones represent promising anticancer
agents. This input has originated partly from a study
showing that alizarin, 1,2-dihydroxy-9,10-anthraquinone,
inhibited the growth of syngeneic tumors in treated
recipient animals (27). These initial observations have been
supported by the in vitro and in vivo antineuroectodermal
tumor activity of aloe emodin, a hydroxyanthraquinone
present in Aloe vera leaves, while no appreciable toxic
effects were observed on the animals (22). Moreover,
these findings were reinforced by recent studies showing
that emodin, 6-methyl-1,3,8-trihydroxy-anthraquinone,
has a potential anti-tumor effect on pancreatic cancer
via its dual role in promotion of apoptosis as well as
its suppression of angiogenesis, through regulating the
expression of NF-kB-regulated angiogenesis-associated
factors (23). All of this seemingly overwhelming evidence
has shaped the concept of hydroxyanthraquinones as
antineoplastic agents and several mechanisms have been
proposed regarding their anticancer activity. One refers to
the ability of the drug to intercalate DNA (20) and inhibit
DNA topoisomerase II (24). Another refers to the ability
of the drug to produce free radicals and consequently to
cleave DNA (25). Nevertheless, this study is the first to
demonstrate the antimitotic activity of this group of natural
products, suggesting an additional mode of action for
hydroxyanthraquinones.

It is noteworthy to mention that although the basic
chemical structures of various anthraquinones are similar,
the specific functional groups attached at specific positions,
particularly for the hydroxyl group, can confer remarkably
different bioactivities to the resulting compounds. This
notion is exemplified here by reporting that alizarin, which
is the only hydroxyquinone having a hydroxyl group in
a P position, to be the most active compound to arrest
mitosis followed by emodin, aloe emodin, rhein, and
finally quinzarin. To the contrary, 1-hydroxyanthraquinone
has been reported to be carcinogenic (26). Recently it
has been reported that lucidin, a hydroxyanthraquinone
derivative present in this plant, is mutagenic in bacteria
and mammalian cells. In addition, formation of DNA
adducts in tissue culture and mice after treatment with this
compound has been documented (27).

In the current study, analysis of changes in the
mitotic index when treated with the selected series
of anthraquinones showed that depending on their
concentration, the mitotic activity was reduced or
inhibited. These observations are supported in existing
results concerning animal cells as well as in several human

cancer cells (e.g., hepatocellular, lung, breast, esophagus,
and gastric) in vitro (4-7). They induce apoptosis, have
an anti-angiogenesis effect, and inhibit the invasion
and metastasis of tumor cells (23,28-30). Moreover, the
antitumor activity of anthraquinone was compared to
that of daunorubicin, which is structurally different from
anthraquinone but also contains a quinone moiety (24).

In conclusion, with the continuing need for novel
drug-like lead compounds against the increasing number
of ever-more-challenging molecular cancer targets,
the chemical diversity derived from natural products
will be increasingly relevant for the future of drug
discovery. Therefore, the activity of the studied naturally
anthracene-derived series in inhibiting mitosis followed
by lack of recovery in post-incubation make them
potential leads for antimitotic agents.
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ABSTRACT: Surfactant-free emulsions by adding
jojoba oil, squalane, olive oil, or glyceryl trioctanoate
(medium chain fatty acid triglycerides, MCT) to
electrolytic-reduction ion water containing lithium
magnesium sodium silicate (GE-100) were prepared,
and their physiochemical properties (thixotropy,
zeta potential, and mean particle diameter) were
evaluated. At an oil concentration of 10%, the zeta
potential was —22.3 — —26.8 mV, showing no marked
differences among the emulsions of various types of
oil, but the mean particle diameters in the olive oil
emulsion (327 nm) and MCT emulsion (295 nm) were
smaller than those in the other oil emulsions (452-
471 nm). In addition, measurement of the hysteresis
loop area of each type of emulsion revealed extremely
high thixotropy of the emulsion containing MCT at
a low concentration and the olive emulsion. Based on
these results, since surfactants and antiseptic agents
markedly damage sensitive skin tissue such as that
with atopic dermatitis, surfactant- and antiseptic-free
emulsions are expected to be new bases for drugs for
external use.

Keywords: Surfactant-free emulsions, electrolytic-
reduction ion water, lithium magnesium sodium silicate,
thixotropy, rheology

1. Introduction

Magnesium aluminum silicate is a laminar clay material
and saponite that belongs to the smectite group, markedly
increases viscosity, and shows high thixotropy when
dispersed in various solvents (/). Using these properties,
smectite such as magnesium aluminum silicate or lithium
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E-mail: fishii@my-pharm.ac.jp

magnesium sodium silicate is widely used as a texture
enhancer in cosmetics, color antisettling agent in paints,
catalyst in specific reactions, adsorbent in functional films,
and an anti-dripping agent in adhesives (2).

Electrolytic-reduction ion water (ERI) is ion water
with physically excess electrons that is obtained by
electrolysis of natural water using a special diaphragm
system. Due to its special alkalinity and negatively charged
ions, ERI removes dirt and bacteria as sources of odor
by its detachment action, and, therefore, has cleansing,
deodorizing, bactericidal, and anti-dust effects (3,4).
Unlike synthetic surfactants, ERI does not burden the
environment, and, therefore, is mainly used as a cleansing
agent for various industrial products.

We previously prepared magnesium aluminum
silicate solutions using various solvents including ERI,
and reported their rheology characteristics by measuring
oscillation employing a stress control-type rheometer
(5). Using ERI as a dispersion medium, conversion from
gel to sol occurred at a low frequency (external factor).
In addition, gel was prepared using ERI containing
magnesium aluminum silicate as smectite, and gel
characteristics for various types of salt were evaluated
in detail (6). As a result, the presence of Ca’" made
the system unstable, but uni- and multi-valent cations
excluding Ca™" markedly improved gel stability.

On the other hand, emulsions for medicine such
as creams are generally prepared with lecithin as an
amphoteric surfactant or polysorbate as a nonionic
surfactant. Some surfactants excluding lecithin are known
to induce stimulant dermatitis, and may sometimes cause
allergic symptoms (7). Considering biological safety,
surfactant-free emulsions are optimal. However, without
using surfactants, emulsification itself is difficult, and
temporal stability is poor. Therefore, using the cleansing
effects of ERI, surfactant-free stable emulsions were
prepared, and their functionality was reported (§).
Surfactant-free emulsions prepared with ERI were more
stable and showed a smaller mean diameter than those
containing egg yolk lecithin as a surfactant. These results
suggested that skin-irritating reactions and allergic
symptoms due to surfactants can be reduced by preparing
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surfactant-free stable emulsions using the emulsification
effect of ERI. Therefore, we prepared smectite gel
using ERI as a dispersion medium, and reported its
physiochemical characteristics (3,6).

In addition, to evaluate application to medical drugs,
we evaluated the healing-promoting effects of ERI on
burns and atopic dermatitis, and observed its effectiveness
and alleviation of these symptoms (9-12).

Based on the above reports, ERI compared with
purified water can allow the preparation of drugs with a
drug delivery system (DDS) that can maintain the gel state.
ERI with emulsification characteristics and a gelling drug
maintaining function are useful for preparing controlled-
release transdermal therapeutic drugs.

In this study, we prepared surfactant-free emulsions
by adding various types of oil to ERI containing lithium
magnesium sodium silicate as smectite, and evaluated
their physiochemical characteristics.

2. Materials and Methods
2.1. Materials

ERI containing lithium magnesium sodium silicate (/3)
(GE-100: A. I. System Product Corp., Aichi, Japan), jojoba
oil (Wako Pure Chemical Industries, Ltd., Osaka, Japan),
squalane and olive oil (Kanto Chemical Co., Inc., Tokyo,
Japan), were used as purchased and glyceryl trioctanoate
(medium chain fatty acid triglycerides, MCT, Panacet”
800 were kindly provided by NOF Corporation (Tokyo,
Japan). All the other reagents were of analytical grade.

2.2. Preparation of surfactant-free emulsions

ERI containing 3% lithium magnesium sodium silicate (GE-
100) was mixed with 0.1, 1, and 10% oil (jojoba oil, squalane,
olive oil, or MCT), and samples of various emulsions (100
g) were prepared using an ultrasonic homogenizer (UH-
300: SMT Co., Ltd., Tokyo, Japan) under the following
emulsification conditions: standard horn, 12 @; frequency, 20
kHz; processing time, 5 min, continuously.

2.3. Zeta potential and particle size measurement

The zeta potential and mean particle diameter of oil droplets
in each sample were measured using a zeta potential
analyzer (ZEECOM Z(C-3000M, Microtec Co., Ltd., Chiba,
Japan). Palladium was used as the electrode material of the
measurement cell, and a special quartz cell (width, 10 mm)
fixed with a Teflon block with a distance between positively
biased electrodes of 64 mm and a distance between reference
electrodes of 36 mm was used. Data analysis was performed
using personal computer measurement system software
for ZEECOM ZC-3000. For the measurement of the zeta
potential, oil droplet particles electrophoresed after voltage
application to the positively biased electrode so that 100 V
could be applied to the reference electrode were automatically

tracked, and the zeta potential was calculated from their
electrophoretic mobility using the Smoluchowski equation.
For the measurement of the mean particle diameter of oil
droplets, the cell containing a sample was irradiated with a
laser, and the Brownian motion of particles was measured
per unit of time without voltage application, and the particle
diameter was calculated using the Stokes-FEinstein equation..

2.4. Rheology measurement

For rheology measurement, a shear rete-shear stress-
controlled rheometer RC20 (RheoTec Messtechnik
GmbH, Ottendorf-Okrilla, Germany) as a single
cylindrical rotational viscometer (Brookfield type
viscometer) was used (/4,7/5). Assuming room
temperature, the measurement temperature was adjusted
to 25 £ 0.2°C using a thermostat jacket. The external
diameter of the inner cylinder used for the rheometer was
25.0 mm, the internal diameter of the cup was 26.5 mm,
and their gap was 1.5 mm. For measurement, the shear
velocity was increased at a rate of 2.8 (1/s) per second
until reaching 500 (1/s) in the inner cylinder, maintained
at 500 (1/s) for 28 seconds, and was reduced at a rate of 2.8
(1/s) per second from 500 to 0 (1/s).

3. Results

The results of changes in the thixotropy of ERI containing
3% lithium magnesium sodium silicate (GE-100) are
shown in Figure 1 and Table 1. In Figure 1, the dotted
and solid lines indicate thixotropy before and that after

600 -
500 4

400 4

Shear velocity (1/s)
§

L1 5 10 15 20 25 30
Shearing stress (Pa)

Figure 1. Thixotropic change of lithium magnesium
sodium silicate gels prepared using electrolytic-reduction
ion water (GE-100) sonicated by ultrasonication. Dotted
line: before ultrasonication; solid line: after ultrasonication.
Each linear arrow showed a direction of the hysteresis loop.

Table 1. Effect of ultrasonic treatment on hysteresis loop
area of lithium magnesium sodium silicate gels prepared
using GE-100

Hysteresis loop area  Area ratio
(Pa/s) (%)
GE-100 (before ultrasonication) 1,278 + 33 100
GE-100 (after ultrasonication) 2,042 £ 67 160

GE-100: ERI containing 3% lithium magnesium sodium silicate.
Mean £ SD, SD: standard deviation (n = 3).
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ultrasonication, respectively. Shearing stress clearly
increased after ultrasonication. In addition, as shown
in Table 1, a comparison of thixotropy before and after
ultrasonication showed a 60% increase in the hysteresis
loop area rate after ultrasonication.

Subsequently, 0.1, 1, and 10% oil (jojoba oil,
squalane, olive oil, or MCT) was added to GE-100, and
the mixture was ultrasonicated. Changes in thixotropy
are shown in Figure 2 and Table 2. In Figure 2, with
an increase in the concentration of each type of oil, the
shearing stress decreased. In Table 2 and Figure 3, the
hysteresis loop area also decreased with an increase in the
oil concentration. The rate (%) of the hysteresis loop area
of GE-100 containing each type of oil to that of GE-100
alone (2,042 Pa/s) was the highest for MCT (143%) at a
concentration of 0.1%, and the lowest also for MCT (58%)
at a concentration of 10% (Figure 3). On the other hand,

600 4
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300 4

200 4

e

Shear velocity (1/s) >

600 5

Shearvelocity (1/s) J

0 3 10 15 20 25 30 35 40 45

Shearing stress (Pa)

Shear velocity (1/s) ()

GE-100 containing olive oil showed high rates (134 and
103% at concentrations of 0.1 and 10 %, respectively).

Table 3 shows the zeta potential of oil droplets in each
emulsion. GE-100 containing jojoba oil at concentrations
of 0.1 and 1% showed low values (38.3 and —37.3
mV, respectively). However, the zeta potential did not
markedly differ among the other types of emulsion (range:
—23.4--26.8 mV).

The mean particle diameter of oil droplets in each
emulsion is shown in Table 4. The mean particle
diameter was small for olive oil (250-327 nm) and
MCT (238-295 nm).

4. Discussion

Smectites basically have a 3-layer structure (tetrahedral
layer-octahedral layer-tetrahedral layer) consisting of

600 -

500 4
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—
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2 400 i
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Figure 2. Thixotropic changes of different gels containing various oils. Dotted line: GE-100 + 0.1% oil; thin solid line: GE-
100 + 1% oil; thick solid line: GE-100 + 10% oil. (A): jojoba oil, (B): squalane, (C): olive oil, (D): MCT. Each linear arrow

showed a direction of the hysteresis loop.

Table 2. Thixotropic values of emulsions containing various oils

Hysteresis loop area (Pa/s)

GE-100 + Oil (%) 0.1%

1% 10%

GE-100 only -

GE-100 + jojoba oil 2,419+ 138 (118)
GE-100 + squalane 2,039 + 142 (100)
GE-100 + olive oil 2,741+ 319 (134)
GE-100 + MCT 2,916 + 377 (143)

- 2,042 + 67 (100)
2,219 + 152 (109) 1,842 + 62 (90)
2,178 + 129 (107) 1,485 £ 170 (73)
2,496 + 64 (122) 2,101 + 257 (103)
2,301 + 76 (113) 1,184 + 124 (58)

(): area rate (%); mean + SD, SD: standard deviation (n = 3).
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Figure 3. The relationship between the content rate (%)
of various oils and hysteresis loop area. o: GE-100 + jojoba
oil, m: GE-100 + squalane, A: GE-100 + olive oil, o: GE-100
+ MCT.

Hysteresis loop area ratio (%)

Table 3. Zeta potential of oil droplets in various emulsions

Zeta potential of oil droplets (mV)

GE-100 + Oil (%)

0.1% 1% 10%
GE-100 + jojoba oil -38.3 -37.3 223
GE-100 + squalane -26.9 -31.0 -26.4
GE-100 + olive oil -26.1 -26.5 -25.2
GE-100 + MCT -23.4 -30.5 -26.8

Table 4. Mean diameter of oil droplets in various emulsions

Mean diameter of oil droplets (nm)

GE-100 + Oil (%)

0.1% 1% 10%
GE-100 + jojoba oil 363+£329 573+278 4524244
GE-100 + squalane 355+£610 376+832 471+401
GE-100 + olive oil 250+204 271+267 327+475
GE-100 + MCT 238+ 182 266179  295+299

Mean + SD, SD: standard deviation (n = 220).

an octahedral sheet (composed of a magnesium atom
coordinated by 6 oxygen atoms) sandwiched between 2
regular tetrahedral layers (composed of a silicate atom
surrounded by 4 vertex oxygen atoms) (/). In lithium
magnesium sodium silicate, due to the isomorphous
substitution of some silicate and magnesium ions by
lithium ions in the smectite structure, its surfaces are
negatively charged, resulting in the formation of card-
house structures. These card-house structures produce
viscosity. The dispersion forms a gel with progression
of card-house structures but forms a sol after shear force
application, showing thixotropy. Lithium magnesium
sodium silicate is widely used as a rheology modifier and
texture enhancer, and particularly as a cosmetic material
because it markedly increases viscosity and is highly
thixotropic, well spread over the skin, and non-greasy
(13). In this study, various types of oil were added to this
GE-100, and the physiochemical characteristics of the
emulsions were evaluated.

To evaluate the characteristics of GE-100 first,
rheology measurement was performed before and after
ultrasonication. As can be seen from Figure 1, thixotropy
increased after ultrasonication. This may have been

because honeycomb structures of lithium magnesium
sodium silicate were more finely dispersed, resulting in
denser binding.

Subsequently, various types of oil were added to GE-
100 at 3 concentrations (0.1, 1, and 10%), and thixotropy
was evaluated. With an increase in the concentration
of each type of oil, the hysteresis loop concentration
decreased (Figure 2). This was considered to be due to
inhibition of the formation of card-house structures of
lithium magnesium sodium silicate with an increase in
the percentage of oil.

In addition, thixotropy was compared among GE-100
emulsions containing various types of oil at a concentration
of 0.1 or 1% in terms of the rate (%) of the hysteresis loop
area of GE-100 containing each type of oil expressed as a
percentage of that of GE-100 alone (2,042 + 67 Pa/s) (Table
2). As a result, at a low oil concentration, the hysteresis
loop area rate was more than 100%, showing an increase
in thixotropy. An increase in thixotropy indicates high
viscosity in the static state and low viscosity after shear
force application. When an emulsion is topically applied
to the skin, oil added to GE-100 may allow maintenance
of a highly viscous state, providing moisturizing effects,
and also improve the viscosity and malleability. However,
the hysteresis loop area rate was less than 100% in GE-
100 containing each type of oil at a concentration of 10%.
This suggested that the formation of card-house structures
of lithium magnesium sodium silicate is prevented by oil
with an increase in the oil concentration in GE-100. The
hysteresis loop area rate was the lowest for MCT (58%).
This may have been because MCT is medium chain fatty
acid triglycerides of caprylic acid (8-carbon straight chain
fatty acid), and its viscosity is lower than that of the other
long chain fatty acids. At an oil concentration of 10%, the
hysteresis loop area rate of 10% olive oil was high (103%)
compared with the other types of oil. This may have
been because olive oil is a long chain fatty acid mainly
consisting of oleic acid (monounsaturated 18-carbon fatty
acid), and, compared with MCT, the high viscosity of this
oil itself affects thixotropy. At 20 °C, the dynamic viscosity
of olive oil is about 85 mPa-s, on the other hand, that of
MCT is about 23 mPa-s (16).

Comparison of the zeta potential showed low values in
samples of GE-100 containing 0.1 or 1% jojoba oil (Table
3). Based on the Derjaguin, Landau, Verwey, Overbeek
theory (DLVO theory) (/7,18), these results suggest that
the emulsion containing jojoba oil at a low concentration
is more stable than the other emulsions.

The mean diameter of oil droplets was small in olive
oil and MCT. According to the Stokes equation [I], the
smaller the particle diameter, the lower the particle rise
velocity. Therefore, emulsions of olive oil and MCT with
a small particle diameter may be more stable.

— dZ|P0—P|9 "'[I]
1871

v
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(v: particle fall or rise velocity, d: particle diameter in the
dispersed phase, p and p,: densities of the dispersed phase
and dispersion medium, respectively, g: acceleration of
gravity, 1: viscosity of the dispersion medium).

Based on these results concerning thixotropy and the
particle diameter, when oil at a low concentration (0.1%)
is added, MCT emulsions may be excellent in terms of
texture and stability, and, when oil at a low (0.1%)-high
(10%) concentration is added, olive oil emulsions may be
excellent regarding texture and stability (Tables 2 and 4).

Concerning the reasons for the addition of oil to
GE-100, when emulsions are applied to the skin, the
moisturizing effects of oil can be expected (/9). In
addition, fat-soluble drugs can be added to the oil layer
and used as bases for drugs for external use. In particular,
as a general treatment method for atopic dermatitis, potent
steroids are initially used and changed to weak ones with
the alleviation of symptoms (20). However, as emulsifiers,
synthetic surfactants such as sorbitan sesquioleate and
glyceryl monostearate that markedly damage sensitive
skin tissue are used. In addition, since drugs and cosmetics
contain antiseptics such as paraoxybenzoic acid, which
can cause allergic contact dermatitis and contact urticaria
(7), there is a concern about the influences of their long-
term use on the skin (21).

GE-100 used in this study is ERI containing lithium
magnesium sodium silicate that is frequently used in
cosmetics and improves the texture for topical application
to the skin. To also add the moisturizing effects to this
GE-100, oil was added, and emulsions were prepared.
Various types of oil evaluated in this study are used in
drugs, cosmetics, and foods. Emulsions obtained by
adding each oil can prevent the influences of long-term
use on the skin because of the absence of surfactants as
well as the absence of the necessity of adding antiseptics
due to the bactericidal effects of ERI (S-100) as the main
solvent of GE-100 (4) or adding antioxidative agents such
as dibutylhydroxytoluene, tocopherol, or ascorbic acid due
to the reduction effects of ERI itself (3). Oil-in-GE-100
emulsions are expected to be new bases for external drugs.
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