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More and more attention in the field of drug discovery has been focused on the neuroprotection of natural compounds from traditional
medicinal herbs. Cerebral ischemia is a complex pathological process involving a series of mechanisms, and a framework for the
development of neuroprotectants from traditional herb medicine is a promising treatment for cerebral ischemia. Natural compounds
with the effects of anti-oxidation, anti-inflammation, calcium antagonization, anti-apoptosis, and neurofunctional regulation exhibit
preventive or therapeutic effects on experimental ischemic brain injury. According to the pharmacological mechanisms underlying neu-
roprotection, we evaluated natural products from traditional medicinal herbs that exhibit protective effects on ischemic brain injury and

characterized the promising targets.
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Introduction
Ischemic brain injury, one of the leading causes of death and
adult disability worldwide, has attracted more and more
attention in the field of drug discovery. Cerebral ischemia is
often caused by transient or permanent reduction of cerebral
blood flow initiated by thrombotic or thromboembolic arterial
occlusions. Thrombolytic therapy designed to restore cerebral
perfusion in a timely fashion is considered the main rational
therapeutic strategy for ischemic brain injury™. However,
reperfusion after thrombolytic therapy often leads to a series
of cellular, biochemical and metabolic consequences of cere-
bral ischemia, including intracellular reactive oxygen species
(ROS) generation, calcium overload, excitotoxic cell injury
and inflammation, which ultimately lead to irreversible brain
injury. Many neuroprotective agents are designed to protect
the brain from irreversible injury after ischemia-reperfusion or
to retard the pathological process'™ .

Recent studies have focused on the possible capacity of
natural compounds extracted from fruits, vegetables and bev-
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erages to prevent certain age-related neurological disorders.
Some beneficial phytochemicals, especially polyphenols such
as quercetin, (+)-catechin and resveratrol, display protective
abilities in various animal models of neurological disorders.
The underlying mechanisms include ischemic precondition-
ing, antioxidation, anti-inflammation, inhibition of microglia
recruitment; in terms of underlying mechanisms, the “precon-
ditioning” or “neurohormone” pathways seem most attractive.
Examples of such “preconditioning” or “neurohormone” path-
ways include those involving cell-survival signaling kinases,
the transcription factor NF-E2-related factor 2 (Nrf2) and
cAMP-response element binding protein (CREB), as well as
histone deacetylases of the sirtuin family. Activation of these
pathways might protect neurons against injury by upregula-
tion of antioxidant capacity, neurotrophic factors and protein
chaperones to help cells withstand stress**. In fact, many
effective components extracted from traditional herbs have
been demonstrated to show neuroprotection against ischemic
brain injury in experimental studies. According to the phar-
macological mechanisms elucidated in numerous reports, we
evaluated the natural products that possess protective effects
on ischemic brain injury and characterized the promising tar-
gets for ischemic brain injury.
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Natural compounds with anti-oxidative properties

A growing body of research has reported that a burst of ROS
is produced during ischemia/reperfusion, which leads to the
oxidation of lipids, proteins and DNA and subsequently cel-

7.8 Therefore, much attention

lular damage and apoptosis
has been paid to the rescue of brain injury after ischemia/
reperfusion via inhibition of ROS bursts. In fact, many natu-
ral compounds with antioxidant ability, such as flavonoids
from Scutellaria baicalensis Georgi®, Carnosic acid (CA, found
in the herb rosemary obtained from Rosmarinus officinalis)"",
Curcuma Oil (isolated from powdered rhizomes of Curcuma-
longa Linn)™, Ginkgo biloba extract EGb761", and Cinnamo-
philin (isolated from Cinnamomum philippinense)™, exhibit
significant neuroprotective effects when they are administered
before cerebral ischemia occurs, but the related mechanisms
or targets have been identified for only a few. For instance,
flavonoids from Scutellaria baicalensis Georgi, when either pre-
treated or post-treated, are demonstrated to decrease levels of
malondialdehyde (MDA) and increase the level of superoxide
dismutase (SOD) in the ischemic brains of mice. Aside from
the anti-oxidant effects, flavonoids are also found to inhibit
platelet aggregation, which is important to improve ischemic

. Pretreatment with curcuma oil, isolated from

brain injury
powdered rhizomes of Curcuma longa Linn, significantly
reduces the levels of NO, ROS, ONOO", and mitochondrial
membrane potential™,

There are more and more reports focusing on the precise
mechanisms or direct targets of natural antioxidant com-
pounds protecting against cerebral ischemia. Some natural
compounds exhibit direct regulatory effects on endogenous
antioxidant enzyme systems. For example, Heme oxygenase
(HO) is the rate-limiting enzyme for catabolism of the pro-
oxidant heme. Two isoforms of HO exist: an inducible form
(HO-1) and a constitutively expressed form (HO-2). HO-1
can be induced in response to various noxious stimuli (such
as hypoxia and oxidative stress) and is considered a gene that
protects against I/R injury™**!
philic compound found in the herb rosemary obtained from

. CA, a catechol-type electro-

Rosmarinus officinalis, is shown to be neuroprotective when
injected 1 h prior to MCAO in mice. As a representative elec-
trophile, CA can induce the expression of a set of antioxidant
enzymes, including heme oxygenase-1 (HO-1), NADPH qui-
none oxidoreductase 1 (NQOT1), and c-glutamy]l cysteine ligase
(c-GCL). CAs become electrophilic quinones upon oxidation,
with protective effects against neuronal oxidative stress and
excitotoxicity via binding to specific Keapl cysteine residues
as a direct drug target, and then activating the Keap1/Nrf2
transcriptional pathway. The most attractive advantage of
this agent is that it is a pro-electrophilic compound that can
be activated by the microenvironment of oxidative stress
and only becomes electrophilic at or near the site of ischemic
brain tissues, with lower toxicity to normal tissues"”. The
protective effect of Ginkgo biloba extract on cerebral ischemia
can be abolished in HO-1 knockout mice, suggesting that
HO-1 is the key target of neuroprotection against free radical

damage™. In cerebral ischemia, nitro oxide (NO) plays both
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a protective and a destructive role at different stages of this
complex process. The beneficial effects of NO are related to
the small amount of NO produced by endothelial nitric oxide
synthase (eNOS), which produces significant effects on the
maintenance of cerebral blood flow, prevention of neuronal
injury by activation of the GC-cGMP-PKG pathway, and inhi-
bition of platelet as well as leukocyte adhesion, and therefore
protects against cerebral ischemia” ¥, Refined Qing Kai Ling
(RQKL), an improved injectable multi-component prepara-
tion derived from Qing Kai Ling, shows neuroprotection in
MCAO rats by relieving vascular endothelial cell damage as
well as inhibiting inflammation. More importantly, RQKL
was able to stimulate the post-ischemic expression of eNOS,
which might be an essential part of the neuroprotective
mechanisms of RQKL™. However, the large amount of NO,
which is derived from inducible nitric oxide synthase (iNOS),
harms neurons by producing peroxynitrite after the reaction
with superoxide. Peroxynitrite can inhibit the mitochondrial
respiratory chain, which implicates the involvement of ATP
loss and eventually leads to irreversible cellular damage !\,
Tetrahydroxystilbene glucoside (TSG), an active component
of the rhizome extract from Polygomum multiflorum, has been
reported to attenuate intracellular ROS generation and mito-
chondrial membrane potential dissipation caused by isch-
emia/reperfusion. Interestingly, it can directly upregulate the
expression of sirtl, which is a class III histone deacetyltrans-
ferase that promotes cell survival and subsequently reduces
the expression and activity of iNOS. This in turn induces the
increase in NO production as well as peroxynitrite formation
and results in apoptotic cell death by inhibiting the phospho-
rylation and subsequent degradation of I-xB, thereby ham-
pering the DNA binding of nuclear factor kappa-B (NF-xB)
by sirtl activation™. More evidence has emphasized the
significance of sirtl in promoting cell survival, regulating
lifespan and inhibiting inflammation. Recently, sirt]l has been
introduced for the therapy of neurodegenerative diseases™ **l.
Many natural compounds such as resveratrol, butein and
quercetin, which are known as anti-aging agents, have been
found to directly activate sirt1®, suggesting that sirtl may
be the direct target of many herbal components that exhibit
anti-aging effects. Phosphoinositide 3-kinases (PI3K)/Akt
regulate the survival response against oxidative stress-associ-
ated neuronal apoptosis, which is determined by the balance
between the activity of PI3K and the phosphatase and tensin
homolog (PTEN). Activation of Akt promotes cell survival
and suppresses apoptosis by inhibition of several downstream
substrates, including glycogen synthase kinase-3p3 (GSK3p).
PTEN is a major negative regulator of the PI3K/ Akt signaling
pathway and has been demonstrated to act as an important
mediator of ROS production and mitochondria-dependent
apoptosis™. A recent study reveals that Baicalein (Bai), one
flavonoid extracted from Scutellaria baicalensis Georgi, when
administered either prior to or after ischemia, can significantly
protect against brain injury. Similarly, incubation with Bai
reverses the rapid PTEN dephosphorylation after oxygen-
glucose deprivation (OGD) in cultured hippocampal neurons.



www.chinaphar.com
Wu PF et al

®

1525

PTEN siRNA largely abolished the protection of Bai against
OGD-induced cell injury, which highlighted the critical role
of PTEN signaling in Bai-mediated effects'®”,
enzyme NADPH oxidase is another important target for ROS

The cytoplasmic

production in cerebral ischemia and has received increased
attention in recent years. Excessive activation of the neuronal
N-methyl-D-aspartate receptor (NMDAR) initiates superox-
ide formation and promotes neuronal death. Previous stud-
ies have suggested that mitochondria are the primary source
of NMDAR-induced superoxide production, but there is no
definitive evidence. A recent study revealed that activation
of NADPH oxidase is required for NMDAR-mediated super-
oxide production™!. Interestingly, some natural compounds
inhibit NADPH oxidase. For instance, sinomenine, an alkaloid
extracted from a Chinese medicinal plant, Sinomenium acutum,
which has been used widely in the clinic, apparently inhibits
the activation of microglial NADPH oxidase®™. The ethanol
extract of E rutaecarpa, an anti-inflammatory drug commonly
used in traditional Chinese medicine includes four bioactive
compounds (dehydroevodiamine, evodiamine, rutaecarpine,
and synephrine) and exhibits antioxidative effects by inhibit-
ing NADPH oxidase activity™. These novel medicinal tar-
gets and mechanisms provide innovative clues and can help
researchers to screen drugs for therapeutic intervention in
ischemic brain injury mediated by natural antioxidants.

Some natural antioxidant compounds exhibit therapeutic
effects on brain ischemia in the clinic. For example, cinnamo-
philin, extracted from Cinnamomum philippinense, has been
demonstrated to reduce brain infarction and improve neu-
robehavioral outcome when administered either 15 min before
(pretreatment) or 2 h after the onset of middle cerebral artery
occlusion (MCAO) (postischemic treatment)™. TSG also pro-
tected against brain injury at 2 h after cerebral ischemia™. A
significant effect of curcuma oil (500 mg/kg body wt) given
4 h postischemia was also observed in a rat MCAO model™".
These findings offer beneficial references for the application
of natural antioxidants in clinical treatment of ischemia and
related neuronal diseases.

Natural compounds with anti-inflammatory effects

Inflammation is obvious within several hours during isch-
emia/reperfusion injury; it contributes to secondary damage
caused by the microglial activation and resident perivascu-
lar and parenchymal macrophages, as well as infiltration
of peripheral inflammatory cells. Aside from regulation of
inflammation at the molecular level, progressive ischemic
brain injury is related to several post-injury inflammatory
responses at the cellular level, including neutrophil response
as early as 4 h after ischemia/reperfusion and delayed mac-
rophage infiltration, which occurs several days later. Suf-
ficient evidence has indicated that neutrophils play a key
role in the development of ischemic brain damage, and the
depletion of circulating neutrophils or inhibition of neutrophil
infiltration is demonstrated to ameliorate ischemic cerebral
[32]

injury™. Thus, more and more evidence suggests that anti-

inflammatory treatment might reduce ischemic brain injury

and facilitate recovery'™.

Many bioactive components from
Chinese medicinal plants exhibit significant anti-inflammatory
effects, and recent studies have revealed that some exhibit
neuroprotection against cerebral ischemia. Such compounds
include theaflavin®!, Wogonin (a flavonoid derived from the
root of a medicinal herb, Scutellaria baicalensis Georgi)®, and
Graptopetalum paraguayense E Walther leaf extracts™. Pretreat-
ment with these bioactive components diminishes microglia-
mediated inflammatory activity and neutrophil responses
after brain ischemia.

Few studies have elucidated in detail the precise target for
natural anti-inflammatory agents used to treat cerebral isch-
emia, suggesting that its precise mechanism of neuroprotec-
tion is still far from definite. Recently, several new targets
closely related to inflammation, such as peroxisome prolif-
erator-activated receptor-y (PPARy) and NF-xB, have been
reported to mediate inflammation in activated macrophages
by regulation of gene promoter regions, leading to inflamma-
tory gene transcription”. Some plant-derived compounds
exhibit direct regulation of PPARy and NF-xB. For example,
unique polychlorinated compounds named chlorophyllins
A-C exhibit potent PPARy agonistic effects®! and prenyloxy-
cinnamic acid derivative 4’-geranyloxyferulic acid, obtained
from Acronychia baueri Schott, also increases PPARYy activity

significantly[”]

. Incensole acetate and its nonacetylated form,
incensole (IN), isolated from Boswellia Resin, a major anti-
inflammatory agent in the herbal medical tradition, inhibits
NF-kB activation®”. The anti-inflammatory compound par-
thenolide from the medicinal herb Feverfew (Tanacetum parthe-
nium) directly binds to and inhibits I-B kinase!*"

a flavanone derived from citrus fruits, suppresses NF-xB

. Hesperetin,

activation in both young and old rats through multiple signal

transduction pathways'

. These exciting studies indicate that
nuclear transcription factors may serve as the direct target of
natural anti-inflammatory compounds. More attention should
be paid to the role of these transcription factors in the neuro-

protective effects of natural anti-inflammatory compounds.

Natural compounds with calcium antagonization

ROS bursts and excitatory amino acid toxicity caused by
ischemic reperfusion will lead to intracellular Ca®* overload.
Ca”™ overload in neurons is an essential signal of catastrophic
events leading to irreversible neuronal injury. As a result,
effects of herb components on Ca** overload induced by isch-
emic reperfusion have been studied extensively. Some herb
components, for example, guattegaumerine (bisbenzyliso-
quinoline alkaloid from Guatteria gaumeri)'*” and TSG™, are
found to reduce ischemia induced Ca® overload in neurons.
However, the exact mechanisms have not been elucidated in
most studies. The main pathways of Ca” overload after cere-
bral ischemia and reperfusion are as follows: 1) the depletion
of ATP leads to inactivation of Na",K"-ATPase, an enzyme
regulating ionic concentration gradients for the generation of
action potentials in neurons, with resultant depolarization of
cell membrane potential and further opening of Ca*-perme-
able cation channels such as voltage-gated calcium channels
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(VGCCs)™; 2) the abundant release of excitatory amino acid
activates a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors, thereby further depolarizing the cell
membrane potential and resulting in massive activation of
NMDAR™}, 3) the activation of NMDAR induces NADPH oxi-
dase- or mitochondria pathway-dependent ROS generation,
with subsequent Ca** release from intracellular calcium stores
and influx through transient receptor potential melastatin
(TRPM) channels, mediating ROS-dependant Ca** overload';
4) extracellular acidulation could activate some acid-sensing
ion channels and receptors, especially the Ca® permeable acid-
sensing ion channel 1a (ASIC1a)"*”). Honokiol, a component
of the herb Magnolia officinalis, can attenuate the decrease in
Na®, K*-ATPase activities induced by MCAO, but it has not
been clarified whether the agent exhibits its effect by acting
directly on Na*, K*-ATPase or by attenuating the pathological
inducer®. Use of VGCC blockers has been considered a ther-
apeutic approach for post-stroke neuroprotection in humans
for many years. Previous studies have shown that some iso-
quinoline alkaloids contained in medicinal herbs such as ber-
berine (an alkaloid derived from the herbal medicine Rhizoma
coptidis and palmatine (a flavonoid in propolis) exhibit signifi-
cant and rapid inhibition of voltage-gated calcium currents in

5149, 50]

many native cell . Interestingly, some of these alkaloids

also exhibit neuroprotective effects against several central ner-
vous system diseases”").

There are few reports about the direct inhibition of NMDA
receptor by natural products. Recently, some cation chan-
nels closely related to Ca* overload and selectively activated
in certain pathological conditions have been a focus of drug
development, including ASICs and TRPM. ASICs, especially
ASIC1, which has been reported to be activated by extracel-

W In

lular acidosis, play a key role in ischemic cerebral injury
recent studies, puerarin, extract from Radix puerariae, has been
reported to inhibit ASICs current in both natural cells and
transfected cells, indicating the advantages of isolating novel
ASIC antagonists with low toxicity from natural products®.
Inhibition of TRPM, a Ca**-permeable nonselective cation
channel, increases the resistance of neurons to ischemic death
after brain ischemia and then preserves neuronal morphol-
ogy and function. At present, several lines of evidence have
demonstrated that accumulation of ADP-ribose induced by
oxidative stress has led to the rapid opening of TRPM2 chan-
nels and calcium influx. TRPM2 might be the major path-
way of cellular calcium overload induced by oxidation™.
Blockade of TRPM2 could reduce the cellular injury induced

B4 However, few research efforts have been

by oxidation
conducted to explore compounds isolated from natural prod-
ucts that antagonize ADP-ribose or block TRPM2 channels.
Certain natural drugs are able to decrease the intracellular
Ca”™ overload induced by oxidation. For example, salviano-
lic acid B, isolated from Radix Salviae miltiorrhizae, protects
PC12 cells against hydrogen peroxide-induced intracellular
calcium overload™. More interestingly, the structure-activity
relationship of quercetin, which is abundant in various fruits
and vegetables such as apple and carrot, as well as red wine
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and tea, has been revealed to antagonize hydrogen peroxide-

induced calcium dysregulation in PC12 cells”.

In one study,
hydrogen peroxide induced an intracellular calcium eleva-
tion that could not recover the Ca> levels in PC12 cells, but
quercetin antagonized the effects of hydrogen peroxide in that
cell model. Structure-activity relationships of five flavonoids
were examined and the results indicate that two structural
components, including (i) 3’,4’-hydroxyl (OH) groups in the
B ring and (ii) a 2,3-double bond in conjugation with a 4-oxo
group in the C ring, as well as the polyphenolic structures,
are crucial for the protective effect. Based on the significance
of TRPM channels in calcium overload induced by oxidation,
more attention should be paid to the natural compounds that
antagonize hydrogen peroxide-induced calcium dysregulation
by regulation of TRPM channels. These studies indicate that
the natural products that can antagonize the ischemia-induced
calcium overload might act on these novel targets involving
ASICs and TRPM channels rather than on traditional targets
such as L-type calcium channels and NMDA receptors. Nev-
ertheless, more evidence and further studies are necessary to
support this hypothesis.

Natural compounds with anti-apoptotic effects

Ischemic cerebral injury is known to induce histopathological
damage and related neurological deficits, leading to the acti-
vation of complex neurochemical cascades of cell death, which
are primarily expressed as apoptosis. In principle, these apop-
totic cascades are reversible and form an important aspect of
the penumbra concept, a major target of therapeutic interven-
tions. In general, ischemia and reperfusion induced neuronal
apoptosis can be classified into two types: caspase-dependent
and caspase-independent pathways. Caspases are intracellu-
lar proteases that function as initiators and effectors of apopto-
sis. When activated, caspases cleave a variety of intracellular
proteins, including major structural elements in the cytoplasm
and nucleus, components of the DNA repair machinery,
and a number of protein kinases”. Thus, caspases may be
effective against ischemia-induced neuronal cell apoptosis
by blocking apoptotic cascades with appropriate drugs. An
alkaloid-free ethyl acetate, extracted from the root of Sophora
flavescens, has been reported to protect against focal cerebral
ischemia by decreasing DNA fragmentation and inhibiting
caspase-3 activity directly™. In that study, it was found that
caspase-independent programmed cell death, mediated by the
translocation of apoptosis-inducing factor (AIF) from the mito-
chondria to the nucleus, plays a key role in ischemia. During
ischemia and reperfusion injury, in the case of massive and
irreparable DNA damage, overactivation of Poly(ADP-ribose)
Polymerase-1 (PARP-1) can lead to necrotic cell death caused
by the depletion of NAD+ and ATP, as well as enhance AIF
release from mitochondria™. A series of PARP-1 antagonists
have been developed, some of which have become promis-

(€061 However, the characterization of

ing drug candidates
natural compounds regulating PARP-1 remains to be eluci-
dated. It is thought that berberine performs its anti-apoptotic

effect by inhibiting both caspase-dependent and independent



www.chinaphar.com
Wu PF et al

@

1527

pathways'®. Synergistic inhibition of caspase-dependent and
independent neuronal cell apoptosis is more likely to be effec-
tive as a therapeutic approach for the treatment of ischemia.
Numerous herb drugs have been demonstrated to act on
anti-apoptotic pathways, such as Bcl-2 family proteins. The
abundant expression of Bcl-x; protein in the adult brain is
known to suppress activation of procaspase 9 by forming a
complex with Apafl and to prevent the release of cytochrome
¢ from mitochondria, thus maintaining cell viability. There-
fore, Bcl-x; becomes a promising target for drug intervention
to reduce cell apoptosis'®.
zyl alcohol 30 min before ischemia, one of the major active

Pretreatment with 4-hydroxyben-

phenolic constituents of Gastrodia elata Blume, could antago-
nize cerebral ischemia by increasing Bcl-2 expression and
inhibiting caspase-3 activity, leading to the amelioration of cell

apoptosis in ischemic regions!®.

Direct evidence from pre-
clinical research shows that Ginsenoside Rb1 (gRb1) regulates
the anti-apoptosis signaling pathway, which stimulates the
expression of mitochondrion-associated anti-apoptotic factor
Bcl-x; through the use of reporter plasmids. The transcription
factor signal transducer and activator of transcription 5 (Stat5)
are known to activate Bcl-x; family proteins via binding to the
bcl-x; promoter. The Stat5 responsive element in the bcl-x;,
promoter becomes active in response to gRb1 treatment, sug-
gesting that the Stat5 pathway participates in anti-apoptotic
effects by regulating Bcl-2 indirectly through activation of
gRb1®l. Molecular pharmacology research in this direction
should elucidate the direct target of natural drugs that regu-
late apoptotic signaling pathways.

Natural compounds that affect neurofunctional regula-
tion

Ischemia/reperfusion induces angiogenesis and increases cell
proliferation in the subventricular zone (SVZ), which is home

to neural stem/progenitor cells'*.

In order to amplify the
intrinsic propensity for neuroplasticity and subsequent neuro-
logical recovery, it is necessary to promote basal neurogenesis
and synaptogenesis. Several potential therapeutic agents have
been shown to promote functional outcome after ischemia,
most of which are growth factors such as vascular endothelial
growth factor (VEGF), basic fibroblast growth factor (bFGF),
and brain-derived neurotrophic factor (BDNF). VEGEF is a
major mediator of angiogenesis that stimulates revasculariza-
tion. VEGF receptors have been reported to be upregulated
in the ischemic brain. It is believed that VEGF is beneficial for
the recovery of neurological function after cerebral ischemia,
at least partly because newly formed neuroblasts migrate into
the damaged striatum and survive for several months after
stroke!”.

vide a better microenvironment for angiogenesis and cell pro-
[68]

Cornel iridoid glycoside has been reported to pro-

liferation by increasing VEGF levels™. Treatment with Neu-
roAid (MLC601, MLC901), a traditional medicine, has been
shown to induce neurogenesis in rodent and human cells,
promoting cell proliferation as well as neurite outgrowth,
and to stimulate the development of dense axonal and den-
dritic networks. Furthermore, in in vivo experiments, either

pre-treatment or post-treatment of MCAO with NeuroAid
protects against brain infarction and neurological dysfunc-
tion. As in vitro data and other evidence show that MLC901
indeed increases BDNF expression in cortical neurons, it is
proposed that BDNF plays an essential role in recovery from
ischemia®. The pathological processes of cerebral ischemia
ultimately lead to neurofunctional damage, such as learn-
ing and memory deficits. The extracellular signal-regulated
protein kinase (ERK) cascade is one of the important path-
ways involved in hippocampal synaptogenesis and synaptic
plasticity, which are important for learning and memory!’.
Natural products may act as neurohormetic phytochemicals to
activate ERK and contribute to the restoration of learning and
memory after cerebral ischemia. For instance, ERK activation
is decreased dramatically after ischemic brain injury. Pamela
et al found that bioflavonoid fisetin at the concentration of
1-5 pmol/L significantly promoted ERK activation in the hip-
pocampal CA1 area and enhanced memory for novel objects
in mice”. Cholinesterase inhibitors potentiate the function
of the cholinergic system by inhibiting cholinesterase activity
and thereby enhancing cognition. Some natural products such
as (-)Huperzine A are used as cholinesterase inhibitors in the
clinic”™.  As a result, natural drugs with anticholinesterase
activity may have potential as treatments to facilitate post-
ischemic functional recovery.

Discussion

Since brain ischemia is a complex progressive injury involv-
ing a series of mechanisms such as cell survival and apoptosis,
ROS accumulation, Ca* overload, inflammation, microglia
aggregation, efc, it is difficult to describe the mechanisms of
protective agents against ischemia. Many agents derived from
traditional medicinal herbs act not only on direct targets, but
also on multiple pathways. For instance, Paeoniflorin (PF),
the principal component of Paeoniae radix (used in traditional
Chinese medicine), displays a preconditioning neuroprotective
effect against cerebral ischemia in mice. The related mecha-
nism has been shown to involve multiple factors including the
adenosine 1 receptor/regulator of G protein/K,rp signaling,
the arachidonic acid cascade, the nitric oxide system, neuronal
damage markers, molecules related to mitochondrial dam-
age, mitogen-activated protein kinase, as well as the nuclear

[l Pretreatment with another herb extract

factor-xB pathway
from Choto-san (Gouteng-san), a traditional Kampo medi-
cine, also exhibits antidementia effects and neuroprotection
against ischemia when administered at an appropriate dosage.
The compound acts via the following mechanisms: blockade
of calcium channels, scavenging of free radicals and inhibi-
tion of NMDA receptors. Moreover, some herbal glycoside
recipes have been demonstrated to affect nine genes related
to spatial learning and memory, thereby alleviating ischemic
damage. Considering that multifactorial and progressive
pathophysiological processes are involved in cerebral isch-
emia therefore suggests that drugs binding to multiple targets
or that combinations of drugs that act on single targets may be
more effective in curing ischemia and related cerebral injury.

Acta Pharmacologica Sinica
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Many international pharmaceutical companies have empha-
sized drugs with multiple targets, defined as drugs that pos-
sess at least two definite and independent action targets (eg,
PAN-811)" 7 In contrast to the multiple-target drugs that
attracted the attention of several pharmaceutical companies,
many natural products regulate multiple signaling pathways
without potent effects on direct targets. Thus, it remains
to be determined whether these traditional medicines are
multiple-targeted or non-targeted agents. Theoretically, there
certainly exist exact targets that the drugs act upon directly.
For instance, as mentioned above, some important functional
proteins including Keap1, Sirtl, NF-xB, and Stat5"" > * ¢!
can bind directly to natural compounds. However, many
key functional proteins that mediate the neuroprotection of
natural compounds, such as HO-1 for CA, iNOS for TSG,
PTEN for Bai and Bcl-2 for gRb1" 2%l may not act as the
primary binding targets of these compounds. Multiple signal
pathways are involved in the pathways between direct targets
and ultimate biological effects, including Nrf2, JNK, Akt, and
GSK3"" 221 Tn addition to the discovery of novel functional
molecules and signal pathways in ischemic cerebral injury,
extending the restrictive traditional definition of drug targets
may help to clarify the exact targets of natural products.
Although more and more agents are reported to be poten-
tially effective for ischemia via numerous pathways, as
determined in experimental environments, few display the
same effects in clinic””). The reasons may include the fol-
lowing. First, several agents are difficult to transport across
the blood brain barrier (BBB); it is therefore difficult to mea-
sure their neuroprotective effects. Second, more attention
should be paid to the therapeutic time windows of drugs.
Currently, most researchers still focus on the “precondition-
ing” or preventive application rather than post-ischemic
treatment, which results in a very narrow therapeutic time
window. Post-ischemic treatment is surely more meaning-
ful for patients who have suffered ischemic stroke. Third,
some potential agents show dramatic therapeutic effects on
ischemia; however, therapeutic dosages may produce cellular
toxicity or cause transmitter disorders, leading to severe side
effects. Finally, according to the characteristics of many multi-
component herb-resource agents, the exact mechanisms and
targets remain to be elucidated. It is also difficult to deter-
mine whether the coordination- or single-compound strategy
is more effective. However, this problem may be resolved
by the development of separation techniques. Recent stud-
ies have demonstrated that some of these compounds, such
as paeoniflorin™!, emodin-8-O-B-D-glucoside, baicalin®”,
and curcuma oil™, have the ability to penetrate the blood-
brain barrier and achieve wide distribution in the brain, which
is critical for CNS effects. It is easy to understand that the
highly lipophilic structure of curcuma oil greatly enhances its
access to the brain. However, the passage of glucosides and
flavonoids through the BBB cannot be explained fully by tradi-
tional principles, due to their highly polar structures. Despite
abundant evidence of their neuroprotective effects, little is
known about how these compounds can enter the CNS. A
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recent study has demonstrated that brain endothelial cells,
which form the BBB and are sealed by complex tight junctions
that possess few pinocytotic vesicles but express a number of
specific uptake and efflux transport systems and metabolic
enzymes, may play an important role in the delivery of fla-
vonoids and flavonoid glucosides to the CNS. These brain
endothelial cells enable the BBB to restrict the passage of most
small polar molecules, but selectively take up important polar
molecules including glucose and amino acids. Recent stud-
ies showed that the citrus flavonoids (hesperetin, naringenin)
and their relevant in vivo metabolites (cyanidin-3-rutinoside
and pelargonidin-3-glucoside) can be taken up by two kinds
of brain endothelial cell lines from mice (b.END5) and rats
(RBE4), demonstrating that flavonoids and some metabolites
are able to traverse the BBB®'. These phenomena require fur-
ther research, which may help to resolve the problems related
to the extraction of active components from traditional Chi-
nese drugs to treat CNS diseases. The multiple signal path-
ways and potential targets involved in the neuroprotection of
natural compounds are shown in Figure 1.

In conclusion, development of protective agents from tradi-
tional herb medicine is a promising direction in the treatment
of ischemic cerebral injury and related neurodegenerative dis-
eases. In the future, more attention should be paid to natural
compounds that can transverse the BBB and have wide thera-
peutic time windows, clear pharmacological targets and fewer
side effects.
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