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Abstract: Glutamate is the major excitatory neurotransmitter in the central nervous system, and its
signaling is critical for excitatory synaptic transmission. The well-established glutamate system
involves glutamate synthesis, presynaptic glutamate release, glutamate actions on the ionotropic
glutamate receptors (NMDA, AMPA, and kainate receptors) and metabotropic glutamate receptors,
and glutamate uptake by glutamate transporters. When the glutamate system becomes dysfunc-
tional, it contributes to the pathogenesis of neurodegenerative and neuropsychiatric diseases such as
Alzheimer's disease, Parkinson's disease, depression, epilepsy, and ischemic stroke. In this review,
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based on regulating glutamate signaling, we summarize the effects and underlying mechanisms of
natural constituents from Chinese herbal medicines on neurological disorders. Natural constituents

from Chinese herbal medicine can prevent the glutamate-mediated excitotoxicity via suppressing
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presynaptic glutamate release, decreasing ionotropic and metabotropic glutamate receptors expres-
sion in the excitatory synapse, and promoting astroglial glutamate transporter expression to increase

glutamate clearance from the synaptic cleft. However, some natural constituents from Chinese

DOI: herbal medicine have the ability to restore the collapse of excitatory synapses by promoting presyn-
aptic glutamate release and increasing ionotropic and metabotropic glutamate receptors expression.
These regulatory processes involve various signaling pathways, which lead to different mechanistic
routes of protection against neurological disorders. Hence, our review addresses the underlying
mechanisms of natural constituents from Chinese herbal medicines that regulate glutamate systems
and serve as promising agents for the treatment of the above-mentioned neurological disorders.
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1. INTRODUCTION

Glutamate is the predominant excitatory neurotransmitter
involved neural differentiation, migration, survival, and syn-
aptic plasticity in the mammalian central nervous system
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(CNS) [1, 2]. Glutamate mediates synaptic action by activat-
ing ionotropic and metabotropic receptors [2-4]. Tonotropic
glutamate receptors are ligand-gated ion channels that are
also referred to as the fast synaptic response to glutamate and
include o-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA), N-methyl-D-aspartate (NMDA), and kainite
(KA) receptors [5]. Glutamate also activates a family of G-
protein-coupled receptors, known as metabotropic glutamate
receptors (mGluRs), which are responsible for the slow
modulatory response to glutamate [6]. Under the pathologi-
cal conditions, excessive glutamate in the synaptic cleft can
induce neuronal death by activating glutamate receptors [7].
High-affinity glutamate transporters, also known as excita-

©2020 Bentham Science Publishers



Chinese Medicine Regulates Glutamate Signaling

tory amino acid transporters (EAATSs), mainly located on
astrocytes are responsible for the uptake of excess glutamate
in the synaptic cleft to maintain levels at a relatively safe and
low range. In addition, the global glutamate system plays a
role in the maintenance of the normal excitatory synaptic
network in the CNS [8].

In the past, as the most important therapeutic treatment,
herbal medicines have been widely used in East Asian coun-
tries such as China, Japan, and Korea. Chinese herbal medi-
cine, together with acupuncture, autonomy, and Chinese
massage are called traditional Chinese medicine (TCM)
therapies. Recently, TCM supports insightful strategies in
treating neurologic diseases, and a variety of active ingredi-
ents of Chinese herbal medicine have been proven to specifi-
cally modulate glutamate targets for improving neurologic
disorders [9-11]. To completely overview the effects of these
natural constituents on neurological diseases through regulat-
ing glutamate signaling, we gathered the relevant literature
since 2000, and a majority of these studies were concentrated
around the last three years. First, we reviewed the overall
glutamate signaling and synaptic transmission, which are
mainly involved in glutamate synthesis, glutamate release,
glutamate transmission, and glutamate clearance. Secondly,
we draw forth the brief underlying mechanism of the dys-
functional glutamate system in neurological diseases such as
Alzheimer's Disease (AD), Parkinson's Disease (PD),
Amyotrophic Lateral Sclerosis (ALS), depression, and
stroke. Afterwards, we described the active ingredients of
Chinese herbal medicine targeting glutamate signaling in
different processes (glutamate release, glutamate receptors,
and glutamate transporters). Then, we reviewed the clinical
use of natural constituents from Chinese herbal medicine in
neurological diseases. In the end, we provide a summary and
prospect for the potential usage of these natural constituents
for the treatment of neurologic disorders.

2. GLUTAMATE METABOLISM, GLUTAMATE
RECEPTORS, AND GLUTAMATE TRANSPORTERS

Generally, glutamate is produced from 2-oxoglutarate
through two pathways, one involving the reductive amina-
tion of 2-oxoglutarate with ammonium via glutamate dehy-
drogenase (GLUD) and the other involving the glutamate
synthase-catalyzed reductive amination of 2-oxoglutarate
using glutamine as the nitrogen donor [12, 13]. Glutamine
synthetase catalyzes the ATP-dependent amidation of gluta-
mate using ammonium as a nitrogen source to produce glu-
tamine, which mainly involves protein and lipid synthesis,
and cellular energy. As the key compound, glutamate is es-
sential for the cellular metabolism of many organisms, in-
cluding nitrogen assimilation, amino acid biosynthesis, and
cofactor production, and it also contributes to the biosynthe-
sis of nonribosomal peptide and polyketide natural products
[14, 15]. Glutamate is stored in presynaptic vesicles by an
uptake system through vesicular glutamate transporters
(vGIuTs), and three vesicular glutamate transporters (vGluTs
1-3) have been identified [16]. Glutamate-loaded vesicles
were removed through synapsin phosphorylation upon pro-
tein kinases A (PKA), protein kinases C (PKC), or CaM
kinase II (CaMKII)-activated, and then these vesicles were
transformed to the release-ready pool [17]. Subsequently,
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glutamate vesicle docking and fusion with the presynaptic
plasma membrane are thought to be mediated by the soluble
N-ethylmaleimide-sensitive factor attachment protein recep-
tor (SNARE) complex, and synaptotagmin mediates the
Ca®"-dependent step of glutamate exocytosis to the synapses
[18].

In the synapses, glutamate plays a critical role in the ex-
citatory neurotransmission, and this action is mainly medi-
ated by its binding to the ionotropic and metabotropic gluta-
mate receptors. Generally, NMDA receptors mainly elicit
long-term plasticity, such as long-term potentiation and long-
term depression (LTP/LTD) [19], and these assemble as ob-
ligate heteromers to form GIuN1, GIluN2A, GIluN2B,
GIluN2C, GluN2D, GIluN3A, and GluN3B subunits. Besides
glutamate, NMDA receptor activation also requires glycine
or serine binding simultaneously to the channel, and these
receptors are sensitive to pH, and relief of acute voltage-
dependent block by Mg”' [20]. In addition, the NMDA re-
ceptors have a relatively high permeability to Ca®’, allowing
prolonged entry of Ca®" into neurons [20]. AMPA receptors
play a critical role in the fast excitatory synaptic transmis-
sion and plasticity [21], and these assemble as obligate ho-
momers to form GluAl, GluA2, GluA3, and GluA4
subunits. In response to the fast excitatory transmission, the
trafficking, single-channel conductance gating, and pharma-
cology of postsynaptic AMPA receptors are under dynamic
regulation [22]. KA receptors also mediate a minor contribu-
tion to the synaptic transmission [23] and assemble as ho-
momers or heteromers of GluK1 (also called GluR5), GluK2
(also called GIuR6), or GluK3 (also called GluR7), and
GluK4 and GluKS5. The ionotropic signaling of KA receptors
is mainly responsible for membrane depolarization and the
synaptic current at postsynaptic synapses, whereas me-
tabotropic signaling is mainly responsible for presynaptic
facilitation and inhibition of neurotransmitter release [23]. In
addition, glutamate also acts on the mGluRs, which activate
G protein-coupled or G protein-independent pathways [6].
According to the sequence homology and downstream sig-
naling activation, eight mGluRs subtypes have been charac-
terized and divided into three subgroups. Group I mGluRs
are formed by mGluR1 and mGluR5, which can induce Ca®"
release from intracellular stores. Group I mGluRs are mostly
located at postsynaptic sites, and these are positively coupled
to Ggq11. These receptors mainly modulate neuronal excit-
ability via activation of cellular PKC cascades [24, 25].
Group II mGluRs consist of mGluR2 and mGluR3, and
Group III mGluRs comprise mGluR4, mGluR6, mGIluR7,
and mGIuRS8. Both Groups II and IIT mGluRs downregulate
adenylyl cyclase via G, and function as autoreceptors that
inhibit the presynaptic release of glutamate or Gamma-
Aminobutyric Acid (GABA) [26].

Since the extracellular glutamate concentrations need to
be kept at a low level to limit tonic activation of postsynaptic
glutamate receptors, excessive glutamate in the synaptic cleft
can induce the neuronal death due to overstimulation of glu-
tamate receptors. The excessive glutamate is mainly taken up
by the glutamate transporters located in astrocytes. Thus far,
five mammalian EAATs have been characterized: GLAST
(glutamate/aspartate transporter, also called EAAT1), GLT-1
(glutamate transporter-1, also called EAAT2), EAACI (exci-
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tatory amino acid carrier-1, also called EAAT3), EAAT4,
and EAATS [27-29]. Both GLT-1 and GLAST are primarily
located on astrocytes and are mainly responsible for the
clearance of glutamate in the CNS [30-32]. Glutamate was
then converted to glutathione and later synthesized glutamate
in neuron through the glutathione metabolic pathway. As a
neuronal glutamate transporter, EAACI is mainly expressed
in the postsynaptic neuronal membrane and may have anti-
oxidative effects [30]. EAAT4 is expressed at low levels by
Purkinje cells in the cerebellar molecular layer, whereas
EAATS is expressed at low levels in the neurons and astro-
cytes of the retina [30].

Homeostatic glutamate signaling is maintained by the
normal regulation of glutamate metabolism, glutamate recep-
tors, and glutamate transporters (Fig. 1). Excitotoxicity is
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specified by excitatory amino acids induced neuronal dam-
age, and glutamate-mediated excitotoxic damage [33, 34].
Neuroscientists proposed the ionic mechanism of excitotox-
icity, induced by glutamate overstimulating postsynaptic
ionotropic glutamate receptors. Glutamate induces neuronal
Ca®" overload via overactivating the NMDA receptors, with
the production of reactive oxygen species and reactive nitro-
gen radicals. Glutamate also induces Na' influx by overacti-
vating AMPA and KA receptors, with acute osmotic swel-
ling of nerve cells [35, 36]. Both these harmful cascades then
lead to neuronal death mainly through the dysfunction of
calcium homeostasis, which plays a critical role in the proc-
ess [34]. In addition, glutamate can also stimulate mGluRs to
strengthen the calcium influx mediated by NMDA receptors
[37]. Briefly, actions of glutamate on mGluRs activate the
intracellular Phospholipase C (PLC) and induce the hydroly-
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Fig. (1). Glutamate metabolic pathways in the central nervous system. Upon presynaptic biosynthesis, glutamate is stored in vesicles
through vGluTs, and glutamate-loaded vesicles were removed through activation of PKA, PKC, or CaMKII. Glutamate is released to the
synapses through the SNARE complex. Then glutamate actions on postsynaptic glutamate receptors, ionotropic and metabotropic glutamate
receptors (mainly NMDAR, AMPAR, and mGluRs), through direct binding or phosphorylation. Downstream signaling involves mTOR,
ERK, Akt, or CaMKII. Excessive synaptic glutamate is uptaken through glutamate transporters located in astrocytes (mainly GLT-1 and
GLAST), and to a less extent, through neuronal EAAC1. (4 higher resolution / colour version of this figure is available in the electronic

copy of the article).
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sis of PLC into inositol triphosphate (IP3) and diacylglycerol
(DAG). Afterwards, IP3 induces intracellular Ca*" release
and DAG activates PKC, leading to additional dysfunction
of calcium homeostasis. Thus, glutamate-mediated neurotox-
icity mediates neuronal death [38, 39].

3. DYSFUNCTIONAL GLUTAMATE SYSTEM IN
NEUROLOGICAL DISEASES

Dysfunctional glutamate system plays a crucial role in
the pathogenesis of neurodegenerative diseases and neuro-
psychiatric diseases such as AD, PD, ALS, depression and
stroke [40].

AD is the most common form of dementia, which ac-
counts for 60-70% of cases in subjects over 65 years of age.
The neuropathological characters of AD are extracellular 3-
Amyloid (AB) plaques and phosphorylated tau-associated
intraneuronal neurofibrillary tangles (NFTs) [41]. It has been
shown that excessive activation of NMDA receptors may
enhance the localized vulnerability of neurons in a manner
consistent with AD neuropathology [42;. The transcellular
spread of AP could impair neuronal Ca*" homeostasis and
mitochondrial function, thus leading to neuronal vulnerabil-
ity to glutamate excitotoxicity [43]. AP oligomers could af-
fect glutamate receptors through several pathways, firstly,
AP oligomers binding to synapses via interacting with
AMPA receptors, NMDA receptors, or metabotropic gluta-
mate receptors (such as mGluR5) [44-46]. These receptors
may also integrate such multi-protein receptor complex to
function as a receptor for AP oligomers. Secondly, AB oli-
gomers change the surface expression of glutamate receptors
via abnormal trafficking or degradation, which is detrimental
to synaptic transmission and plasticity [47, 48]. Thirdly, AP
oligomers cause dysfunctional glutamatergic transmission
which involves AP oligomers increasing intracellular cal-
cium levels through overactivation of NMDA receptors, and
accumulation of glutamate at the synaptic cleft mediated by
AP oligomers-reduced glutamate transporters expression and
function [49-51]. Accumulation of glutamate could also
overactivate NMDA receptors and induce cell death. Thus,
pathogenic AP oligomers cause synapse failure and neuronal
death by affecting glutamate receptors in AD [52, 53]. PD is
a common chronic movement disorder in the elderly and the
hallmarks include the progressive degeneration of dopa-
minergic (DA) neurons in the pars compacta of the substan-
tia nigra (SNpc) and the formation of Lewy bodies. It has
been substantially shown that motor incoordination and dy-
skinesias in PD were closely associated with the increased
glutamate levels in the basal ganglia [54]. As mentioned
above, glutamate excitotoxicity could induce DA neuron
death. However, dopaminergic denervation also induces dys-
functional presynaptic glutamate release and further exacer-
bates DA neuron death [55]. ALS is an adult onset fatal neu-
rodegenerative disease characterized by progressive muscle
paralysis induced by motoneurons degeneration in the motor
cortex brainstem and spinal cord. Glutamate excitotoxicity is
considered to be the core factor in the ALS pathophysiology.
It is well established that glutamate-mediated neurotoxicity
contributes to motor neuron death, and motor neuron hyper-
excitability is also obvious in the SODI“”** ALS mouse
models [56, 57]. Moreover, glutamate transporters, responsi-
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ble for the glutamate clearance, were found to be signifi-
cantly decreased in the spinal cord of ALS patients and ani-
mal models [58, 59]. Right now, riluzole, which possesses
anti-glutamatergic properties, is the only drug approved as a
neuroprotective agent for ALS.

Depression is a chronic and debilitating illness. It has
been reported that a dysfunctional glutamatergic system, as
well as malfunction in the glutamate clearance and metabo-
lism, have been reported in the depression pathophysiology
[60, 61]. Chronic stress, attributed to the experimental and
clinical depression, promotes glutamate release. Previous
studies have shown that treatment with antidepressants could
decrease plasma glutamate levels in subjects with depression
and regulate glutamate receptors via reducing the NMDA
receptor function by decreasing the expression of its subunits
and by potentiating AMPA receptor-mediated glutamate
transmission [62]. Thus, treatments targeting NMDA recep-
tors and the glutamate neurotransmitter system have shown
benefits in treating depression [63]. Stroke is a leading cause
of human mortality and disability, and most cases of stroke
are considered ischemic. Usually, glutamate-induced excito-
toxicity happens in minutes due to the fast increase of ex-
tracellular glutamate level [64]. As the sudden occlusion of
blood flow, the neuronal and astroglial membrane potentials
were broken down due to the lack of energy supply. In neu-
rons, the subsequent membrane depolarization induces pre-
synaptic glutamate release. While in astrocytes, energy de-
pletion decreased the glutamate transporters expression.
Both effects lead to an increase in extracellular glutamate
[65]. Thus, the excess amount of synaptic glutamate over-
stimulating its receptors leads to excitotoxicity and makes
neurons susceptible to death [66].

Generally, we summarize the underlying mechanisms of
the dysfunctional glutamate system in neurological diseases. In
the early stages of neurological disease, glutamate-induced
excitotoxicity contributes to neuronal death by overstimulat-
ing glutamate receptors, which subsequently results in Ca®"
overload. However, the amyloid plaques, phosphorylated
tau, and o-synuclein may trigger synaptic loss and abnormal
distribution of glutamate receptors [67]. As a result, the dis-
ruption of the normal glutamate signaling via glutamate re-
ceptors is implicated in a wide range of neurologic diseases
[30, 68, 69]. Because of this, the glutamate system has ulti-
mately emerged as a leading focus for novel drug discovery
for neurological disorders. This review discusses the effects
of the active ingredients from Chinese herbal medicine on
neurological disorders by targeting glutamate signaling.

4. REGULATION OF GLUTAMATE-MEDIATED
SIGNALING BY THE NATURAL CONSTITUENTS
FROM CHINESE HERBAL MEDICINE

4.1. Chinese Herbal Medicine and Glutamate Receptors

4.1.1. Chinese Herbal Medicine and Ionotropic Glutamate
Receptors

4.1.1.1. Chinese Herbal Medicine and NMDA Receptors

Huperzine A, a compound originally isolated from the
Chinese medical herb Huperzia serrata, has been approved for
the treatment of AD in China [70]. Although it has been proven
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to be a potent, reversible, and selective inhibitor of Acetyl-
cholinesterase (AChE), huperzine A also modulates the glu-
tamatergic system [71]. Previously, huperzine A pretreat-
ment was found to reduce glutamate-induced calcium mobi-
lization and neuronal death by activating the Brain-Derived
Neurotrophic Factor (BDNF)/TrkB-dependent PI3K/Akt/mTOR
signaling pathway [72, 73], and then several groups found
huperzine A can attenuate glutamate or NMDA-induced exci-
totoxicity by blocking NMDA ion channels and subsequent
Ca®" mobilization [74, 75]. Moreover, bis(12)-hupyridone
(B12H), derived from the natural compound huperzine A, has
also been shown to be a mild NMDA blocker [76]. By blocking
NMDA-induced excitotoxicity, huperzine A imparts neuro-
protective effects on AD and status epilepticus [72, 75]. Kim
et al. reported that ginsenosides (ginsenoside Rbl, Rc, Re,
Rf, and Rgl) can inhibit Ca®>" currents and ACm in rat adre-
nal chromaffin cells [77]. Subsequently, their group revealed
that ginsenoside Rg3 is a competitive NMDA receptor an-
tagonist, and Rg3 elicits its effect in a glycine concentration-
dependent manner [78, 79]. In addition, although weaker than
Rg3, Rh2 has been suggested to inhibit intracellular Ca®"
[79], and S-isomer of Rh2 (SRh2) acts as a noncompetitive
NMDA receptor antagonist at the polyamine-(or spermine-)
binding site, unlike Rg3 that acts on the glycine-binding site
[80]. In their study, 20(S)-ginsenoside Rh2 (20(S)-Rh2) along
with 20(S)-ginsenoside Rg3 (20(S)-Rg3) showed the highest
NMDA receptor inhibitory effect on cultured hippocampal
neurons [80]. Radad et al. showed that although ginsenosides
Rgl and Rbl can prevent glutamate-induced dopaminergic
neuronal death, these compounds failed to antagonize
NMDA receptor over-activation by glutamate at the early
stage [81]. Our recent work exhibited that Rb1 may decrease
the NR2B subunits expression to prevent excitotoxicity in
the prefrontal cortex in a PD model [82]. The contradictory
results may be due to the cellular model and the time point of
glutamate addition. Moreover, Rbl may also regulate the
synaptic glutamate system via the o-synuclein and GABA
system in PD [83, 84]. Ginsenoside Rbl, together with Rc
and Rg5, has also been shown to protect primary medium
spiny striatal neurons from glutamate-induced intracellular
Ca®" concentrations and glutamate-induced apoptosis [85].
As mentioned above, NR2A and NR2B receptors are the main
forms of NMDA containing receptors in the CNS. However,
they function differentially due to the higher affinity of NR2B
than NR2A for glycine. It has been shown that NR2A is in-
volved in cell survival and LTP, whereas NR2B activation
leads to cell death and LTD [86, 87]. Additionally, NR2A is
almost synaptic and NR2B is almost extrasynaptic [88, 89].
Notoginsenoside R1 (NTR1) is the main active ingredient in
Panax notoginseng, and NTR1 has been shown to protect
cultured neurons from glutamate-induced excitotoxicity by
modulating NMDA receptors that are composed of
NR1/NR2B subunits, rather than NR1/NR2A subunits [90].
Rhynchophylline (RIN), a significant active component of
Uncaria rhynchophylla, can prevent AP;.4;-induced excito-
toxicity in the dentate gyrus region, which is mediated by the
excessive activation of extrasynaptic NR2B expression, and
subsequent Ca®" overload [91]. These actions contribute to
the neuroprotective effects of RIN on AD [91]. RIN could
also inhibit the persistent sodium current (In,p) and NMDA
receptor current by downregulating Na,1.6 and NR2B ex-
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pression, and then RIN suppresses the neuronal hyperexcita-
bility in several types of epilepsy [92]. Oxymatrine, which is
derived from Sophora flavescens Ait, protects cortical neu-
rons from NMDA-induced neurotoxicity by downregulating
NR2B expression and calcium overload in a cerebral ischemic
model [93], and this mechanism also contributes to the neu-
roprotective effects of senegenin, a component of Polygala
tenuifolia in hepatic ischemia-reperfusion [94]. Magnesium
lithospermate B (MLB) is a major component of the aqueous
extract of Salvia miltiorrhiza Bunge, and MLB imparts neu-
roprotective effects on traumatic brain injury by inhibiting
the NMDA receptor-mediated neurotoxicity through a cyclic
adenosine monophosphate (cAMP)-dependent mechanism
[95]. Isoliquiritigenin has been shown to bind to NMDA
receptors and inhibit the glutamate-induced increase in Ca®"
influx and has been suggested to be a novel NMDA receptor
antagonist in kampo medicine yokukansan for the treatment
of AD, dementia with Lewy bodies, and other forms of se-
nile dementia [96]. Gastrodin, an important component de-
rived from the Chinese herb Gastrodia elata Blume, has been
reported to reduce complete Freund's adjuvant (CFA)-induced
upregulation of NR2A and NR2B receptors and CaMKII-a
in the anterior cingulate cortex [97]. Moreover, gastrodin
decreased the activation of astrocytes and microglia and the
induction of TNF-a and IL-6 in CFA-injected mice, which
contributes to its analgesic and anxiolytic effects [97].

4.1.1.2. Chinese Herbal Medicine and AMPA Receptors

As the major active agent of 4. tatarinowii Schott, [3-
asarone has been proven to improve learning memory defi-
ciency and suppress AP neurotoxicity in an APP/PS1 mice
model of AD. Their study also clarified the neuroprotective
effects of B-asarone, which involves the upregulation of syn-
aptophysin and GluR1 [98]. ESP-102, an extract from Angel-
ica gigas, Saururus chinensis, and Schisandra chinensis, has
been used as herbal medicine and dietary supplement in Ko-
rea [99]. Kim et al. found that ESP-102 treatment signifi-
cantly increases LTP induction in the hippocampal slice, and
can also recover the scopolamine-suppressed BDNF and
GluR2 protein levels, suggesting that ESP-102 is a novel
herbal ingredient with memory-enhancing as well as neuro-
protective effects [100]. As stated above, Rgl, which pre-
vents glutamate-induced neuronal death, might not act by
antagonizing NMDA receptors [81]. Zhu ef al. reported that
30 days of ginsenoside Rgl treatment enhances long-term
memory and LTP induction in middle-aged animals and the
underlying mechanism involves the upregulation of p-Akt,
BDNF, and GIuR1-AMPA receptor in the hippocampus
[101]. Thus, the neuroprotective effects of Rgl in improving
memory function may mainly involve regulating AMPA
receptor expression. Depression is a common neurological
disorder that involves dysfunctional glutamate signaling
[60], and several natural medicines derived from Chinese
herbal medicine exert antidepressant effects by regulating
glutamate signaling. Puerarin is an isoflavonoid derived from
Radix puerariae, a traditional Chinese medicine with many
clinical effects. Recently, Puerarin has been reported to acti-
vate AMPA receptors-induced mTOR signaling pathway,
increase BDNF release, as well as increase GluR1 phos-
phorylation at its PKA site and facilitate AMPA receptors
membrane insertion. These effects seem to suggest that it
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may be potentially used for the treatment of depression
[102]. Total saikosaponins is the major ingredient of Bupleu-
rum yinchowense. Recently, Sun et al. elucidated that total
saikosaponins upregulated the phosphorylation expression of
GluR1 Ser 845 and its downstream regulators ERK, Akt, and
mTOR in the hippocampus [103]. The AMPA receptor-
mTOR signaling pathway may thus be involved in the anti-
depressant-like and anxiolytic effects of total saikosaponins
[103]. Lentinan is a polysaccharide isolated from the fruit
body of Shiitake, and recently it has been reported that the
antidepressant-like effects of lentinan were due to the en-
hanced prefrontal cortical expression of phosphorylation of
AMPA GluR1 S845 and dendritic cell-associated C-type
lectin-1 (Dectin-1), which is an immune regulator and recep-
tor for lentinan [104]. 3’-Deoxyadenosine (3’-dA, Cordy-
cepin), one of the major bioactive metabolites in the Cordy-
ceps militaris, was identified to produce the rapid antide-
pressant effects by enhancing GluR1 S845 phosphorylation
in the prefrontal cortex and hippocampus, and cordycepin
modulates GluR1 synaptic localization in a subtype-specific
and brain region-specific manner [105].

Other than regulating NMDA receptors, gastrodin can
also inhibit CFA-induced inflammatory responses by down-
regulating GluR1-APMA receptor expression and then exert
analgesic and anxiolytic effects on neurological disorders
[97]. Dencichine is one of the non-protein amino acids in the
roots of Panax notoginseng that can improve cytosolic cal-
cium influx and thromboxane A, (TXA,) release [94]. But it
also partakes in the decrease of intracellular cAMP produc-
tion, ultimately contributing to platelet aggregation [106].
Most importantly, the hemostatic effect of Dencichine is
mainly mediated by AMPA receptors on platelets [106].

4.1.2. Chinese Herbal Medicine and Metabotropic Gluta-
mate Receptors

Compared to ionotropic glutamate receptors, few studies
have shown the effects of Chinese herbal medicine on the
metabotropic glutamate receptors. Wang et al. identified
several new benzofuran-type stilbene glycosides from Cortex
Mori Radicis, and using the molecular-docking method, they
found that these glycosides can bind to the mGluR1 via aro-
matic group and the hydroxyl group [107]. Thus, these com-
pounds may be beneficial in the treatment of AD, PD, and
other neurologic diseases [107]. As a major bioactive com-
ponent of Radix Paconiae alba, paconiflorin has been proven
to suppress the glutamate-induced elevation of intracellular
Ca®" levels and protect against glutamate-induced neuronal
death [108]. Paconiflorin-inhibited intracellular Ca®’ in-
volves negatively modulation of mGIuRS, rather than
NMDA or AMPA receptors, and paconiflorin may be poten-
tially used in the treatment of febrile seizures [108]. Using
allosteric modulators research, Jiang et al. determined that
thesinine-4'-O-B-d-glucoside, nigrolineaxanthone-P, and
nodakenin may be potentially used as mGIluR1 negative al-
losteric modulators. However, further investigations are nec-
essary to confirm their neuroprotective effects using various
neurological disease models [109].

4.2. Chinese Herbal Medicine and Glutamate Release

Ginsenosides Rgl and Rb1, which are the active ingredi-
ents of Panax ginseng, can promote the glutamate release
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through different mechanisms. Although both Rgl and Rbl
that promote glutamate release require the phosphorylation
of synapsins, Rgl undergoes a CaMKII-dependent signaling
pathway, and Rbl undergoes a PKA-dependent signaling
pathway [110-112]. Thorajak et al. also reported that aged
garlic extract (AGE), a garlic (4llium sativum L.) product,
attenuates the impairment of the working memory by modu-
lating cholinergic, glutamatergic, and GABAergic systems in
an Apj.4-induced animal model [113]. AGE increases
vGluTl1, rather than vGluT2, in the hippocampus of the AB;.4,-
induced AD rat model, suggesting that AGE may affect pre-
synaptic glutamate release by regulating the expression ve-
sicular glutamate transporters [113]. Moreover, some com-
pounds from herbal medicine inhibit presynaptic glutamate
release, such as tanshinone ITA, a major active constituent of
Salvia miltiorrhiza Bunge, which has been shown to sup-
press glutamate release from cortical synaptosomes [114].
Tanshinone ITA-mediated inhibition of glutamate release
may be involved in the alteration of the synaptosomal
plasma membrane potential and downstream modulation of
Ca®" influx [114]. In addition, tanshinone IIA may also di-
rectly regulate Ca®" entry via Cav2.2 (N-type) and Cav2.1
(P/Q-type)-associated  voltage-dependent Ca’"  channels
(VDCCs) [114]. Echinacoside, a phenylethanoid glycoside
extracted from Herba Cistanche. Lu et al. showed that echi-
nacoside can diminish 4-aminopyridine (4-AP)-evoked glu-
tamate release from rat cerebrocortical nerve terminals in a
Ca®'-dependent manner, without altering the synaptosomal
membrane potential [115]. Besides, echinacoside that inhib-
its Ca*" entry also reduces PKC activity and may be utilized
in the treatment of epilepsy [116]. Acacetin, a natural fla-
vone derived from Clerodendrum inerme (L.) Gaertn has
been proven to inhibit glutamate release via the Cav2.2 and
Cav2.1 channels and can prevent kainic acid-induced neuro-
toxicity in the hippocampus [117]. Galangin is also the major
component of flavonoids Alpinia officinarum Hance and has
been shown to improve the neurological deficits in a middle
cerebral artery occlusion (MCAQO) model by decreasing se-
rum glutamate concentrations [118]. In addition, galangin
regulates GLUDI to inhibit glutamate production and sup-
press glutamate excitotoxicity in ischemic stroke [118].
Oxyresveratrol from Smilacis chinae rhizome has been
shown to prevent Ap,s.3s-induced neuronal cell death by in-
terfering with the glutamate release and inhibiting the eleva-
tion of cytosolic calcium concentrations in primary cultured
cortical neurons [119]. Ban et al. also reported that other
active components from Smilacis chinae rhizomes, catechin,
and epicatechin, can also inhibit glutamate release in the
same manner [120]. Besides promoting glutamate release,
total ginsenosides extracted from Panax ginseng have also
been shown to attenuate spatial memory impairment by de-
creasing glutamate and aspartic acid levels in the hippocam-
pus and cortex in an AD animal model, suggesting that gin-
senoside can regulate glutamate levels [121].

4.3. Chinese Herbal Medicine and Glutamate Transporters

Glutamate transporters are mainly responsible for the
clearance of excess glutamate to suppress and prevent exci-
totoxicity. Xu et al. showed that schisantherin B, a bioactive
of lignans isolated from Schisandra chinensis (Turcz.) Baill,
could increase GLT-1 expression and decrease tau hyper-
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phosphorylation to protect against AP_4;-induced cognitive
decline in a mouse AD model [122]. Recently, this group
reported that schisantherin B can increase GLT-1 expression
via the PI3K/Akt/mTOR pathway to improve the short-term
learning and memory impairment in depression [123]. MLB
has also been shown to protect the rat brain from excitatory
neurotoxicity during cerebral ischemia-reperfusion injury by
regulating the miR-107/GLT-1 pathway [124]. Alpha-
asarone, the effective component of Acorus tatarinowii
(Schott), can promote glutamate uptake and inhibit EAACI-
mediated currents to reduce excitatory neuronal activity
[125]. Moreover, both ginsenosides Rd and Rb1 have been
shown to promote glutamate uptake and increase GLT-1
expression via PI3K/Akt/NF-«kB signaling, and Rb1 can pro-
tect against glutamate excitotoxicity in PD and ischemic
animal models [82, 126, 127]. Intriguingly, Ginsenoside Rd
is the main hydrolyzed product of ginsenoside Rb1, Rb2, and
Rc [128, 129], suggesting that Rbl and Rd may share the
essential domain regulating glutamate transporter GLT-1.

We list the potential underlying mechanisms of these natural
constituents in various neurological disorders in Table 1.

Thus, evidence of neuroprotection observed in these
natural constituents from Chinese herbal medicine may sug-
gest their action on the glutamate signaling in neurological
disorders. It is evident that excitotoxicity is related to the
generation of free radicals produced as consequences of acti-
vation of nitric oxide synthase (NOS), and oxidative stress in
mitochondria. Nitric oxide (NO) is the free radical and mes-
senger molecule in the CNS, and several studies indicated
that NO is linked to neuronal cell death [130, 131]. Usually,
NO combines with the superoxide anion to form peroxyni-
trite (ONOQ") that damages DNA and results in neuronal death.
Also, glutamate receptor-mediated calcium influx provides a
mechanistic link between excitotoxic damage and NO-
mediated cell death [132]. Moreover, glutamate receptor over-
stimulation is the main mediator to intracellular oxidative
stress [133]. Neuroinflammation is a key pathological process
in neurological disorder [134, 135], and strategies against
neuroinflammation showed neuroprotective outcomes [136-
138]. Elevations in extracellular glutamate can trigger chronic
neuroinflammatory reactions, leading to secondary damage
to the brain [139]. The natural constituents from Chinese
herbal medicine also show neuroprotective roles against ni-
tric oxide, oxidative stress, and inflammation via multiple
pathways. For example, berberine could attenuate depres-
sive-like behaviors via inhibiting NF-kB-mediated neuroin-
flammation and downstream iNOS [140] and isoacteoside (a
phenylethanoid isolated from Monochasma savatieri Franch.
ex Maxim) could suppress iNOS-induced inflammation via
blocking toll-like receptor 4 dimerization, which activates
the MyD88-TAK1-NF-«B/MAPK signaling pathway [141].
Furthermore, icariin (a natural flavonoid compound isolated
from famous Chinese herb Epimedium brevicornum) could
suppress pro-inflammatory factors, oxidative stress, and neu-
ronal apoptosis via mitochondrial apoptotic pathway [142].

5. CLINICAL USE OF NATURAL CONSTITUENTS
FROM CHINESE HERBAL MEDICINE

It is reported that natural constituents derived from herbal
medicine showed neuroprotective effects in various neuro-
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logical disorders by targeting the glutamate system. How-
ever, these natural constituents studies based on clinical tri-
als have been very limited. Here, we provide the currently
available clinical trials on these natural constituents.

5.1. Huperzine A

As we told above, huperzine A can attenuate glutamate
or NMDA-induced excitotoxicity and is now approved for
the treatment of AD in China. Several randomized clinical
trials (RCTs) of huperzine A for the treatment of AD indi-
cated that it has some beneficial effects on the improvement
of cognitive function in patients with AD by valuating the
Mini-Mental State Examination (MMSE), Hastgawa Demen-
tia Scale (HDS), and other scales [143-146]. Moreover, hu-
perzine A can improve daily life activities, and global clini-
cal assessment in participants with AD. There are no previ-
ous trails that have reported severe adverse events of hu-
perzine A. Overall, these studies suggest huperzine A is a
potential treatment for AD.

5.2. Ginsenoside Rb1

Recently, we, along with other groups, indicated that
ginsenoside Rbl protects neurons from glutamate-induced
excitotoxicity, and shows benefits in PD mouse models [82-
84]. However, only a few clinical trials of Rb1l have been
reported. Kim et al. performed the pharmacokinetic analysis
of Rbl and compound K by orally administering healthy
human individuals with red ginseng extract. They found the
maximum plasma levels of compound K were significantly
higher than those of Rb1, which provides evidence that intes-
tinal microflora plays a pivotal role in transforming Rbl to
compound K [147]. Though some groups investigated the
effect of Rb1 on insulin secretion and plasma glucose levels
in healthy human individuals [148], there is still a dearth of
clinical trials investigating the effect of Rbl in neurological
diseases. Recently, our groups have started the clinical trials
on Rbl in patients with PD, and we hope to provide some
significant information for treating the neurodegenerative
disease like PD.

5.3. Beta-asarone

There is only one clinical study investigating the effects
of B-asarone in AD as of now. In this study, Chang et al.
reported that the combined application of P-asarone and
tenuigenin could improve the efficacy of memantine in pro-
moting the cognitive function of moderate-to-severe AD
patients [149]. However, this is a small-scale clinical trial,
and they did not identify the specific role of f-asarone in this
study. Though interesting, further large-scale, multicenter,
and randomized studies are needed.

5.4. Tanshinone ITA

Several RCTs investigated the effects of tanshinone ITA
on the stroke and coronary artery disease (CAD) patients.
They reported that tanshinone IIA treatment could improve
neurologic functional outcomes for acute ischemic stroke
patients following recombinant tissue plasminogen activator
(rt-PA) treatment by reducing the blood-brain barrier (BBB)
leakage and damage [150]. Furthermore, tanshinone IIA can
reduce elevated high-sensitivity C-reactive protein (hs-CRP)
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Table 1. Natural constituents from chinese herbal medicine in regulating glutamate signaling in neurological disease.
Name Source Experimental Setting/Model Effect/Mechanism Refs.
Ginsenoside Rgl Panax ginseng Cerebral cortex from male SD rats Promotion in glutamate release through the activation of PKA [110]
Primary hippocampal neuron from Promotion in glutamate release via a CaMKII-dependent sig- [111]
C57BL/6 mice naling pathway
Hippocampal slice from male Enhancement in long-term memory and LTP through regulat- [101]
C57BL/6 mice ing the PI3K/Akt pathway
Pregnant OF1/SPF mice Prevention in glutamate-induced dopaminergic neuronal death [81]
Ginsenoside Rbl Panax ginseng Cerebral cortex from male SD rats Promotion in glutamate release through the activation of pro- [110]
tein kinase A
PC12 rat pheochromocytoma cells Proliferation in PC12 cells via a mediation of adenylate cy- [112]
clase—dependent PKA signaling pathway
MPTP induced PD mice model Increase in GLT-1 and decrease in NR2B subunit to prevent [82]
the excitotoxicity in the prefrontal cortex
Regulation the synaptic glutamate system via a-synuclein and | [83, 84]
GABA system
Striatal medium spiny neurons from Inhibition in glutamate-induced apoptosis and glutamate- [85]
YAC128 mice induced intracellular Ca** concentrations
Pregnant OF1/SPF mice Prevention in glutamate-induced dopaminergic neuronal death [81]
Cerebral ischemia model in SD rats Increase GLT-1 expression, inhibit NMDAR expression and [127]
Ca®* overload, and reduce the release of cytochrome C
Ginsenoside Rg3 Panax ginseng | Cultured hippocampal neurons from | Protection of NMDA-induced neuronal death via competitive [78]
16-18-day-old SD rats interaction with the glycine-binding site of NMDA receptors
Ginsenoside Rh2 Panax ginseng | Cultured hippocampal neurons from Inhibition of intracellular Ca™ [79]
neonatal SD rats
20(S)-Ginsenoside | Panax ginseng | Cultured hippocampal neurons from | Inhibition NMDA receptor via its interaction with polyamine- [80]
Rh2 16-18-days SD rats binding sites
Ginsenoside Rc Panax ginseng Striatal medium spiny neurons from Inhibition in glutamate-induced apoptosis and glutamate- [85]
YAC128 mice induced intracellular Ca** concentrations
Ginsenoside Rg5 Panax ginseng Striatal medium spiny neurons from Inhibition in glutamate-induced apoptosis and glutamate- [85]
YAC128 mice induced intracellular Ca** concentrations
Ginsenoside Rd Panax ginseng Focal cerebral ischemia model in Promotion of glutamate clearance by upregulating GLT-1 [126]
SD rats expression through PI3K/Akt and ERK 1/2 pathways
Total ginse- Panax ginseng AICl; and D-Galactose induced AD Decrease in glutamate and aspartic acid levels in the hippo- [121]
nosides model in Wistar rats campus and cortex
Notoginsenoside Panax notogin- Cortical neurons from 15-day-old Protection in glutamate-induced excitotoxicity by modulating [90]
R1 seng ddY mouse embryos NMDA receptor
Aged Garlic Allium sativum ABj.4-induced AD model in Wistar | Decrease in the impairment of working memory via modulat- [113]
Extract (AGE) L. rats ing cholinergic, glutamatergic, and GABAergic systems
Tanshinone IIA Salvia miltior- Cerebral cortex from SD rats Suppression of glutamate release from cortical synaptosomes [114]

rhiza Bunge

through the synaptosomal plasma membrane potential and
downstream modulation of Ca*" influx

Regulation of Ca®" entry via Cav2.2 and Cav2.1-associated
VDCCs

(Table 1) contd....
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chinensis

pal slice from fetal SD rats

protein levels

Name Source Experimental Setting/Model Effect/Mechanism Refs.
Echinacoside Herba Cistanche Cerebral cortex from SD rats Decrease in 4-AP evoked glutamate release without altering the [115]
synaptosomal membrane potential
Hippocampal slice from SD rats Inhibition in Ca* entry through reducing PKC activity [116]
Acacetin Clerodendrum Hippocampus from SD rats Inhibition in glutamate release via Cav2.2 and Cav2.1 channel [117]
inerme (L.) Gaertn and prevention in kainic acid-induced neurotoxicity in the
hippocampus
Galangin Alpinia officinarum | Middle cerebral artery occlusion Decrease in the glutamate concentration in the serum [118]
Hance (MCAO) model in SD rats Regulation in glutamate dehydrogenase 1 to inhibit the gluta-
mate production and suppress the glutamate excitotoxicity
Oxyresveratrol Smilacis chinae AB,s.3s-induced neurotoxicity on Prevention in the Ap,s.3s-induced neuronal cell damage by [119]
rhizome cultured cortical neurons from interfering with the increase of Ca*" and inhibiting glutamate
SD rats release
Catechin/ Epi- Smilacis chinae AB,s.3s-induced neurotoxicity on Inhibition in glutamate release [120]
catechin rhizome cultured cortical neurons from
SD rats
Huperzine A Huperzia serrata Immortalized mouse hippocam- Reduction in glutamate-induced calcium mobilization and [72-73]
pal HT22 cells neuronal death via activating BDNF/TrkB-dependent
PI3K/Akt/mTOR signaling pathway
NMDA seizure model in rats Attenuation in glutamate or NMDA-induced excitotoxicity by [74-75]
blocking the NMDA ion channel and subsequent Ca>" mobili-
zation
Bis (12)- Huperzine A Primary hippocampal neurons Protection of CGNs against glutamate-induced neuronal toxic- [76]
hupyridone from 18-day-old SD rat embryos ity via activating the a7nAChR/PI3-K/Akt pathway
(BI12H)
Rhynchophylline Uncaria rhyncho- ABj.4o-induced impairment in SD | Activation of extrasynaptic GluN2B-NMDAR expression, and [91]
phylla rats subsequent Ca** overload
Lithium—pilocarpine-induced Inhibition in the Ix,p and NMDA receptor current via down- [92]
status epilepticus model in SD regulating Nav1.6 and NR2B expression
rats
Oxymatrine Sophora flavescens | Middle cerebral artery occlusion Neuroprotective effect via down-regulation of NR2B contain- [93]
Ait model in C57BL/6 mice ing NMDA receptors and up-regulation of Bcl2 family
Senegenin Polygala tenuifolia Hepatic ischemia-reperfusion Neuroprotective effect through increasing NR2B expression [94]
model in SD rats
Magnesium Salvia miltiorrhiza Weight-drop device-induced Neuroprotective effect through inhibiting the NMDA receptor- [95]
lithospermate B Bunge traumatic injury model in SD mediated neurotoxicity
rats
Isoliquiritigenin Kampo medicine Cortical neurons from 18-day- Inhibition of NMDA receptors and glutamate-induced increase [96]
yokukansan old SD rat embryos in Ca*" influx
Gastrodin Gastrodia elata Complete Freund’s adjuvant- Reduction in the activation of astrocyte and microglia and the [97]
Blume injected model in mice induction of TNF-o and IL-6
Analgesic and anxiolytic effect of inhibition inflammatory
response via downregulating GluR1-AMPA receptor
B-Asarone A. tatarinowii APPswe/PS1dE9 double trans- Neuroprotective effect via upregulating of synaptophysin and [98]
Schott genic male mice GluR1 expression
ESP-102 Angelica gigas, Male ICR mice and cortical Neuroprotective effect against neuronal cell death and cogni- [99]
Saururus chinensis neurons from SD rats tive impairment
and Schisandra . . . .
Cortical neurons and hippocam- Recover in the scopolamine-suppressed BDNF and GluR2 [100]

(Table 1) contd....
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Name Source Experimental Setting/Model Effect/Mechanism Refs.
Puerarin Radix puerariae Male C57BL/6J mice Antidepressant effect in activation of AMPA receptors-induced [102]
mTOR signaling pathway via increasing BDNF release and
facilitating AMPA receptors membrane insertion
Total sai- Bupleurum yin- Chronic corticosterone treatment | Antidepressant-like and anxiolytic effects and increase in syn- [103]
kosaponins chowense model in ICR and C57BL/6J aptic proteins expression via inducing AMPA receptor and
mice subsequent mTOR signaling pathway
Lentinan Lentinus edodes Male CD-1 mice used as the Antidepressant-like effect via enhancing the prefrontal cortical [104]
(Berk) Sing rapid and robust antidepressant expression of phosphorylation of AMPA GIuR1 S845 and
model Dectin-1
3’- Cordyceps Militaris Male CD-1 mice used as the Antidepressant-like effect via enhancing GluR1 S845 phos- [105]
Deoxyadenosine rapid and robust antidepressant phorylation in the prefrontal cortex and hippocampus
model
Dencichine Panax notoginseng Tail bleeding model in male Elevation of the cytoplasmic concentration of calcium, and [106]
Wistar rats secretion of TXA,and decrease in the level of intracellular of
AMPA
Benzofurantype Cortex Mori Radi- Molecular-docking method Bind with the mGluR1 via aromatic group and the hydroxyl [107]
stilbene gly- cis group
cosides
Paeoniflorin Radix Paeoniae Febrile seizures model in male Suppression in glutamate-induced elevation of intracellular [108]
alba Lewis rats Ca®" through inhibiting mGIluR5
Thesinine-4'-O- Borago officinalis Allosteric modulators research Potential mGluR1 negative allosteric modulators [109]
B-d-glucoside (Boraginaceae)
Nodakenin Angelica decursiva Allosteric modulators research Potential mGluR1 negative allosteric modulators [109]
Schisantherin B Schisandra chinen- ABj.4-induced AD model in Increase in GLT-1 expression and decrease in the tau hyper- [122]
sis (Turcz.) Baill mice phosphorylation
Chronic unpredictable mild Increase GLT-1 expression via PI3K/Akt/mTOR pathway [123]
stress depression model in male
KM mice
Magnesium Salvia miltiorrhiza Focal cerebral I/R injury model Neuroprotective effect in excitatory neurotoxicity via regula- [124]
lithospermate B Bge. in male SD rats tion of the miR-107/GLT-1 pathway
Alpha-asarone Acorus tatarinowii Females clawed toad Xenopus Promotion in glutamate uptake and inhibition of EAACI- [125]
(Schott) laevis mediated current to reduce excitatory neuronal activity

and other circulating inflammation markers in CAD patients
[151,152].

5.5. Puerarin

As we mentioned above, puerarin could activate AMPA
receptors-induced mTOR signaling pathway. Recently,
Zheng et al. evaluated the efficacy and safety of the puerarin
injection for the treatment of acute ischemic stroke. They
reported that puerarin injection could improve the neurologi-
cal deficit and decrease the hemorheology index and fibrino-
gen in patients with acute ischemic stroke [153]. Their study
suggests that puerarin injection may be effective and rela-
tively safe in the clinic for treating acute ischemic stroke
[153]. However, Liu et al. reported there was no enough
evidence to show puerarin is effective in treating patients
with ischemic stroke [154].

Though the above natural constituents have been studied
in various RCTs, we have to say that there is still a dearth of

clinical trials investigating the effect of other natural con-
stituents from herbal medicine on various neurological dis-
orders. Therefore, further large-scale RCTs on these natural
constituents with long-term follow-up are needed to address
these issues.

CONCLUSION AND PERSPECTIVES

For centuries, herbal medicine was widely used for dis-
ease treatments in many countries. The use of medicinal
plants predates ordinary medicines (especially synthetic
drugs) synthesized by laboratories and pharmaceutical com-
panies. Herbal and synthetic drugs have distinctive qualities
for treating medical conditions. There are some clear advan-
tages to the use of natural products. First, these natural prod-
ucts represent chemical novelties and they can generate lead
drug candidates for complex targets as compared with other
sources. Secondly, these natural constituents possess a
chemical diversity unmatched by any synthetic chemical
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collection, and usually, they can possess bi- and tri-
dimensional complex structures yet could be absorbed and
metabolized by the human body [155]. Thirdly, the con-
sumption of naturally derived constituents will promote
fewer side effects because of the natural antioxidant proper-
ties [156]. Antioxidants are known to have protective roles
against free radicals and help in decreasing toxicity levels. In
contrast, synthetic drugs usually possess highly processed
chemicals that our bodies may not recognize potentially
leading detrimental reactions. Last but not least, the advan-
tage of using herbal medicine is its cost-effectiveness. Gen-
erally, herbal medicine costs less for companies to produce
and for patients to buy, while synthetic compounds cost
more to make. Nevertheless, the use of naturally derived
molecules as a source of new medicines also presents some
challenges [157]. Compared with synthetic compounds, it
may be physically difficult to have access to the natural habi-
tats and the processes of isolating, purifying, and chemically
characterizing active compounds are time-consuming. Plants
may only thrive in certain regions making its accessibility
geographically limiting. Secondly, compared with the
chemical structure of synthetic compounds, the great struc-
tural complexity of natural molecules makes it difficult to
synthesize analogous lead compounds. Lastly, the medicinal
plants are usually collected from wild environmental popula-
tions. Therefore, quality control is an important issue, which
directly influences the purity of the herbal ingredient being
extracted [158]. In theory, extraction processes may poten-
tially lead to a loss or reduction of the desired compound.

This review summarizes the active ingredients from Chi-
nese herbal medicine that have been reported to protect
against glutamate-induced excitotoxicity in various neuro-
logical disorders. These natural medicines achieve their neu-
roprotective effects mainly through regulating glutamate-
associated signaling, including presynaptic glutamate release
and ionotropic and metabotropic glutamate receptors’ activ-
ity and expression. Majority of the studies reporting the
herbal effects on glutamate signaling are related to memory,
cognition, and mentation, suggesting that these natural con-
stituents from Chinese herbal medicine may serve as the
candidates for the treatment of neurodegenerative and neuro-
psychiatric diseases, such as AD, PD, depression, epilepsy,
and ischemic stroke. In this study, we reviewed the recent
RCTs on these natural constituents in neurological disorders.
We noticed that several studies demonstrated that natural
constituents showed benefits in improving the cognitive
function and neurological deficit in patients with AD or
stoke. These RCTs results are consistent with the experimen-
tal results we mentioned in this study, suggesting these natu-
ral constituents may be potential drugs in treating neurologi-
cal diseases. However, we should also point out that the
quality of most clinical studies using natural constituents is
relatively poor, and the scale of some RCTs is quite small.
Hence, further systemic and large-scale RCTs on these natu-
ral constituents are required. Intriguingly, since our series of
studies reported the neuroprotective of ginsenoside Rbl in
the PD mouse model recently [82-84], we have started mul-
ticenter, randomized, and double-blind clinical trials on Rb1
in patients with PD in China. We hope to provide insights for
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developing herbal constituents, like ginsenosides Rbl, as
efficacious and safe drugs for PD in the future. However,
there are still several essential issues to overcome before
these natural molecules from Chinese herbal medicine could
be accepted as therapeutics for neurological disorders. How
can the lead compound be precisely screened from the mas-
sive Chinese herbal medicines targeting glutamate signaling
in different neurological disorders? How do the natural con-
stituents pass through the BBB to enhance their efficacies?
Are the natural constituents from Chinese herbal medicine
disease-specific, brain region-specific, or glutamate receptors
subtype-specific? Moreover, we think it is rational and nec-
essary to explore the molecular interactions between the
molecules and the various binding sites on the glutamate
receptor subunits. Hence, the natural constituents from Chi-
nese herbal medicine are promising therapeutics in treating
neurological diseases.

LIST OF ABBREVIATIONS
AMPA

a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid

BDNF = Brain derived neurotrophic factor
CaMKII = CaM kinase 11

cAMP = Cyclic adenosine monophosphate
EAATSs = Excitatory amino acid transporters
GLUD = Glutamate dehydrogenase

LTP = Long-term potentiation

mGluRs = Metabotropic glutamate receptors
NMDA = N-methyl-D-aspartate

PKA = Protein kinases A

PKC = Protein kinases C

TCM = Traditional Chinese medicine
VDCCs = Voltage-dependent Ca®* channels
vGluTs = Vesicular glutamate transporters
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