
lable at ScienceDirect

Journal of Ginseng Research 45 (2021) 599e609
Contents lists avai
Journal of Ginseng Research

journal homepage: https: / /www.sciencedirect .com/journal / journal-of-ginseng-
research/
Role of ginseng in the neurovascular unit of neuroinflammatory
diseases focused on the blood-brain barrier

Minsu Kim, Hyejung Mok, Woon-Seok Yeo, Joong-Hoon Ahn, Yoon Kyung Choi*

Department of Bioscience and Biotechnology, Bio/Molecular Informatics Center, Konkuk University, Seoul, Republic of Korea
a r t i c l e i n f o

Article history:
Received 8 July 2020
Received in revised form
28 December 2020
Accepted 17 February 2021
Available online 6 March 2021

Keywords:
central nervous system
ginseng
neuroinflammation
neurovascular unit
regeneration
* Corresponding author. Department of Bioscience
lecular Informatics Center, Konkuk University, Seoul,

E-mail address: ykchoi@konkuk.ac.kr (Y.K. Choi).

https://doi.org/10.1016/j.jgr.2021.02.003
1226-8453/© 2021 The Korean Society of Ginseng. Pub
org/licenses/by-nc-nd/4.0/).
a b s t r a c t

Ginseng has long been considered as an herbal medicine. Recent data suggest that ginseng has anti-
inflammatory properties and can improve learning- and memory-related function in the central ner-
vous system (CNS) following the development of CNS neuroinflammatory diseases such as Alzheimer’s
disease, cerebral ischemia, and other neurological disorders. In this review, we discuss the role of ginseng
in the neurovascular unit, which is composed of endothelial cells surrounded by astrocytes, pericytes,
microglia, neural stem cells, oligodendrocytes, and neurons, especially their blood-brain barrier main-
tenance, anti-inflammatory effects and regenerative functions. In addition, cell-cell communication
enhanced by ginseng may be attributed to regeneration via induction of neurogenesis and angiogenesis
in CNS diseases. Thus, ginseng may have therapeutic potential to exert cognitive improvement in neu-
roinflammatory diseases such as stroke, traumatic brain injury, multiple sclerosis, Parkinson’s disease,
and Alzheimer’s disease.
© 2021 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ginseng is a perennial plant, belonging to the genus Panax and
family Aralliaceae. Three species are more usually applied among
11 different species of ginseng: (1) Panax ginseng, recognized as
ginseng or Korean ginseng, (2) Panax notoginseng, known as Chi-
nese notoginseng, and (3) Panax quinquefolius, identified as Amer-
ican ginseng [1]. Currently, approximately over 150 saponin
monomers, ginsenosides, have been extracted and isolated from
ginseng; pharmacological features of ginsenosides, which are
active compounds, have also been tested [2]. Ginsenosides are
categorized into three groups based on their structural features: the
panaxadiol group, which contains Rb1, Rb2, Rb3, Rc, Rd, Rg3, Rh2,
Rs1, Rs3 and compound K; the panaxatriol group, which includes
Re, Rf, Rg1, Rg2, and Rh1; and the oleanolic acid group, which
comprises Ro (Reviewed in [3]).

The effects of ginseng on pathophysiological conditions have
been reported to be beneficial but sometimes some adverse effects
may possibly stem based on the dose of ginseng, type of compound
within ginseng, its bioavailability, and natural compound-drug in-
teractions [4]. Therefore, ginseng or its isolated components should
be used carefully for the treatment of central nervous system (CNS)
and Biotechnology, Bio/Mo-
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diseases even though ginseng has been shown to have beneficial
effects on neurodegenerative diseases [5].

In this review, we focused on the positive effects of ginseng and
ginsenosides on various CNS injuries. Ginseng and ginsenosides
have been widely used in traditional oriental medicine because of
several medicinal effects such as anti-inflammatory, anti-aging, and
anti-tumorigenic [5e8]. In the CNS, learning andmemory functions
are enhanced by several ginsenosides and red ginseng [9,10];
however, the exact mechanism by which ginseng improves cogni-
tive functions has not been demonstrated. Here, we have attempted
to explain the underlying mechanism of cognitive improvement by
ginseng through focusing on cellular components of neurovascular
unit. Neurovascular unit in the CNS is a coordinated system
constituted by vascular (pericytes and endothelial cells), neuronal
(neurons and neural stem cells (NSCs)), glia (oligodendrocytes,
astrocytes, andmicroglia) cells, and the extracellular matrix [11]. To
better understand the pharmacological effects of ginseng, the role
of ginseng in various neurovascular cells must be dissected. Thus,
we have demonstrated the possible effects of ginseng on cell-cell
communication in the CNS, which is inhibited in relation to
regeneration after neuroinflammatory diseases.

2. Role of ginseng in the CNS repair processing

Neuroinflammation is a popular pathological feature that is
associated with many neurodegenerative diseases such as stroke,
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Fig. 1. Schematic figure demonstrates the possible therapeutic mechanisms of ginseng
and ginsenosides. At the early phase of central nervous system (CNS) injury, ginseng/
ginsenosides may facilitate neuroprotection through anti-inflammatory effects. Then,
at the late phase of CNS injury, ginseng/ginsenosides-mediated recovery of cellular
communication may enhance the formation of functional neural circuit through
regeneration, such as angiogenesis, neurogenesis, and synaptogenesis.
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traumatic brain injury (TBI), multiple sclerosis, Parkinson’s disease
(PD), and Alzheimer’s disease (AD) [12,13]. Such inflammatory
diseases are related to several damage-associated inflammatory
disorders but without microbial pathogens [14]. In the acute phase
Fig. 2. Blood-brain barrier (BBB) integrity is maintained by ginseng/ginsenosides following c
of brain endothelia with other local cells (e.g. pericytes, astrocytes, microglia, neural stem c
proteins are involved in regulation of paracellular permeability. Following CNS injury, expres
altered. Damaged endothelia exhibit markedly increased NF-kB activation, leading to infilt
phages. Additionally, concomitant disruption of functional cellular associations is accomp
astrocytes and M1-polarized microglia, apoptotic pericytes, and neurotransmitter-degraded
AF6, afadin 6; VE-cadherin, vascular endothelial cadherin; NF-kB, nuclear factor k-light-cha
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of such neuroinflammatory diseases, local injury to the brain tissue
often leads to vascular damage, breakdown blood-brain barrier
(BBB), hypoxia/ischemia, death of pericytes, reactive glia formation,
axonal loss, and demyelination [15,16]. Then, the modest recovery
phase contributes to reorganization of function using remaining
intact circuits via the intrinsic pathway and regeneration through
synthesis of new endothelial precursor cells and NSCs, resulting in
the induction of angiogenesis and neurogenesis [17,18]. Hence,
potential therapeutic drugs may require the ability to reduce
inflammation at the acute phase, and to increase regeneration at
the chronic phase of neuroinflammatory diseases (Fig. 1). In this
review, we suggest that ginseng and ginsenosides can act as ther-
apeutic agents for CNS injuries by stimulating both steps (Fig. 1).
Extensive research has supported the beneficial effects of ginseng
and ginsenosides on the reduction of neuroinflammation and the
induction of regeneration.

2.1. Blood-brain barrier by ginseng

The cerebral microvascular barrier (or blood-brain barrier
(BBB)) segregates the CNS from the systemic circulation. Endothe-
lial tight junctions and adherence junctions play critical roles in
BBB function. These junctions are regulated by surrounding cells
(i.e. pericytes and astrocytes) and extracellular signaling pathways
[19e21]. The association of brain microvessels with surrounding
cells such as pericytes, astrocytes, microglia, NSCs, and neurons
results in formation of functional ‘neurovascular units’; these
intercellular networks enhance BBB functional characteristics
[22,23] (Fig. 2). Tight and adherence junctions form a circumfer-
ential zipper-like seal between adjacent endothelia (Fig. 2), block-
ing entry of circulating hydrophilic substances with a molecular
entral nervous system (CNS) injury. The neurovascular unit refers to functional coupling
ells, and neurons) and the extracellular matrix. Endothelial tight junctions and integral
sion patterns - including site and level - of tight junction and integral proteins become
ration of monocytes into the brain parenchyma, where they become activated macro-
anied by breakdown of BBB integrity. Damaged brain parenchyma exhibits activated
neurons. Abbreviations: JAM, junction adhesion molecule; ZO-1, zonula occluden-1;
in-enhancer of activated B cells.
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weight exceeding 180 Da [24]. Tight junction maintenance is
regulated by three major transmembrane proteins: claudins,
occludins, and junction adhesion molecules. These proteins are
associated with cytoplasmic scaffold proteins such as zonula
occludens (ZO-1, -2, and -3), which in turn are anchored to the actin
cytoskeleton [20] (Fig. 2). Several tight junction accessory proteins
such as cingulin, 7H6, and afadin have been identified; these also
regulate vascular permeability [20].

Ischemia/reperfusion injury-mediated release of pro-
inflammatory cytokines (e.g. tumor necrosis factor a (TNFa),
interleukin-1b (IL-1b)) and other soluble mediators (e.g. vascular
endothelial growth factor (VEGF)) trigger paracellular permeability
and tight junction disruption [25,26]. It is in this manner that BBB
tight junctions are disrupted during neuroinflammatory diseases
such as ischemic stroke, TBI, PD, and AD, which result in infiltration
of monocytes into the brain parenchyma, where they become
activated macrophages [20,27]. Endothelial damage, pericyte
apoptosis, glial activation, and inflammatory cytokines exacerbate
central nervous system (CNS) neurodegeneration via uncoupling
normal cell-cell communication [13] (Fig. 2). Ginseng-mediated
preservation of BBB structure and function during neuro-
inflammatory disease is due in part to anti-inflammatory effects,
thereby preventing detrimental (neurodegenerative) signaling
cascades.

2.2. Anti-inflammation by ginseng

Since 2010, much increased studies showing the anti-
inflammatory effects of ginseng and ginsenosides on various cell
and animal models have been published (Reviewed in [6]). Exces-
sive mitochondrial reactive oxygen species (ROS) triggers inflam-
matory cascades [28], which are abolished by ginseng and
ginsenosides in the peripheral nervous system and CNS [29]. In
CNS, synapses are packed with the mitochondria at presynaptic
terminal, and the damaged synaptic mitochondria produces
excessive ROS compared with that of the healthy mitochondria
(Fig. 3AeB), leading to the activation of inflammatory responses
(Fig. 3C). The nucleotide-binding leucine-rich repeat (LRR)-con-
taining (NLR; also known as NOD-like receptors) proteins have
emerged as a key family of sensors and regulators responding to
damage-associated molecular patterns that are produced under
neuroinflammatory conditions [30]. IL-1b and IL-18 are important
mediators of neuroinflammation, and are produced by the
inflammasomes [31]. Inflammasomes are multi-protein cyto-
plasmic complexes that mediate the maturation of IL-1b and IL-18
by activating caspase-1, and are associated with tauopathies in
neurodegenerative diseases [30,32].

Caspase-1 catalyzes more than 70 substrates, including pro-IL-
1b and IL-18 into mature IL-1b and IL-18 [32]. In addition,
apoptosis-associated speck-like protein containing a caspase
recruitment domain-containing protein (CARD) (ASC) dimers
mediating caspase-1 activation can also enhance a pro-
inflammatory form of cell death called pyroptosis [33]. Several
inflammasomes have been identified, including NLRP1 (NOD-, LRR-
and pyrin domain-containing 1), NLRP3 and NLR family and CARD
domain-containing 4 (NLRC4) inflammasome, which recognizes
various danger signals [30]. NLRP3 is activated when it senses
proteins such as misfolded or aggregated prion protein, amyloid-b
(Ab), and a-synuclein [30]. Neuroinflammatory diseases have been
involved in nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB)-NLRP3-IL-1b axis-mediated inflammation [30].
Absent in melanoma 2 (AIM2) inflammasome distinguishes double
stranded DNA, and NLRC4 inflammasome recognizes flagellin [34].
NLRC4 directly associates with pro-caspase-1 through CARD-CARD
interactions, leading to autocatalytic processing of pro-caspase-1 to
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caspase-1 [35]. NLRC4 is involved in non-microbial inflammation,
for example, expression of NLRC4 is enhanced in astrocyte-rich
regions of the human brain during neuroinflammation [36]. In
primary macrophage bone marrow-derived macrophage (BMDM)
cells, IL-1b response to LPS and flagellin is ablated in Nlrc4�/� [36].

Macrophages and microglia are among the most activated cell
types in CNS inflammatory diseases [37]. Macrophages and
microglia are classified into M1, observed in interferon-g (INF-g)-
mediated activation, or M2 type, induced by the T helper 2 cyto-
kines interleukin-4 (IL-4) and IL-13, according to their phenotypes
[38]. Activation of macrophages and microglia can increase the
release of neurotoxic substances such as TNFa and nitric oxide
(NO), leading to the induction of inflammatory processes in the
injured brain region [39]. In the inflammatory phase, ginseng and
ginsenosides downregulate the pro-inflammatory cytokines (i.e.,
TNF-a, IL-1b, and IL-6)) and NF-kB downstream enzymes (i.e.,
cyclooxygenase-2 (COX-2) and inducible NO synthase (iNOS)),
which are related to the activation of M1-polarized macrophages
and microglia (reviewed in [6]). Recently, the role of ginseng and
ginsenosides (i.e., Rb1, Rg1, Rg3, Rh2, and compound K) in the
upregulation of M2-polarized macrophages and microglia has been
investigated during the resolution phase of CNS injuries (reviewed
in [6]).

In addition, astrocytes are an important cell type for NLRP3- and
NLRC4-mediated formation of inflammasomes [36]. Inflammatory
astrocytes can be classified as an A1 type, similar to M1 type in
macrophages andmicroglia. On the contrary, A2 reactive astrocytes
are beneficial as they encapsulate the injury or seal the damaged
BBB by forming a glial scar [40]. Under neuroinflammatory condi-
tions, the A1 type astrocytes demonstrate upregulation of genes
that are detrimental to synapses, whereas, in ischemic conditions,
the A2 type astrocytes facilitate the expression of the genes bene-
ficial to neuronal survival and growth [40].

Ginsenosides - including Rb1, Rg1, and Rg3 - decrease IL-1b
secretion by suppressing NLRP3 inflammasome activation in an
endotoxin-injected inflammatory mouse model [8,41]. In addition,
anti-inflammatory responses to systemically-administered ginseng
have been reported in in vivo CNS injury models [41] as well as in
peripheral nervous system injury [42]. More precise effects of
ginsenosides on anti-inflammation will be introduced in various
CNS cell type.
2.3. Regeneration by ginseng

Regeneration after CNS injury requires angiogenesis, neuro-
genesis, and synaptic plasticity [43]. VEGF is an angiogenic and
neurogenic factor, and a permeability factor [44,45]. Ginsenoside
Rg1 promotes cerebral angiogenesis and formation of new vessels
from existing ones through the hypoxia-inducible factor-1a (HIF-
1a)-VEGF axis in ischemic mice [46]. The upstream signaling
pathway of HIF-1a is phosphatidylinositol-3-kinase (PI3K)-protein
kinase B (Akt)-mammalian target of rapamycin axis [46]. However,
ginsenoside Rh2 inhibits excessive neovascularization and protect
vessels from VEGF or toxic molecules [47]. It is thus tempting to
speculate that ginseng may possess a dual ability to inhibit exces-
sive neovascularization even as it stimulates angiogenesis in
ischemic conditions, via modulation of the HIF-1a-VEGF pathway.
However, additional studies on the angiogenic capacity of ginseng
are required to confirm or disprove this hypothesis.

Korean Red Ginseng treated (100 mg/kg orally) mice group
showed enhanced adult hippocampal neurogenesis, as detected by
doublecortin (DCX, migratory mature NSC marker)-5-Bromo-20-
deoxyuridine (BrdU, de novo DNA synthesis marker) double posi-
tive cells compared with that of the vehicle-treated mice group



Fig. 3. Mitochondrial reactive oxygen species (ROS) triggers neuroinflammation, and this effect is suppressed by ginseng/ginsenosides. (A) At the healthy synapses, mitochondria
are packed in presynaptic terminal, synaptic vesicles are clustered at presynaptic release sites (active zone), and transmitter receptors are clustered in the postsynaptic membrane.
Nerve terminals are coated with processes of oligodendrocytes. (B) At the neurodegenerating synapses, damaged mitochondria produce ROS and synaptic vesicles are reduced in
presynaptic terminal, leading to less transmitter receptors in the postsynaptic membrane. (C) Mitochondrial ROS and neurotoxic materials can exacerbate neuronal functions by
inducing inflammation cascades. Ginseng/ginsenosides can block both the NF-kB signaling and excessive mitochondrial ROS generation, which can reduce the production of pro-IL-
1b, pro-IL18, and inactive NLRP3. Then, NLRP3-ASC-pro-caspase-1 complex is further processed, and active caspase-1 cleaves pro-IL-1b and pro-IL-18 into mature form of IL-1b and
IL-18, respectively. Then, those inflammatory cytokines are released. Abbreviations: IL, interleukin; NLRP3, NOD-, LRR- and pyrin domain-containing 3; ASC, apoptosis-associated
speck-like protein containing a CARD; CARD, caspase recruitment domain-containing protein.

M. Kim, H. Mok, W.-S. Yeo et al. Journal of Ginseng Research 45 (2021) 599e609
[48], suggesting that ginseng may promote normal adult neuro-
genesis. Adult neurogenesis after neuroinflammatory diseases such
as ischemia/reperfusion can be also enhanced by ginseng [49].
During regeneration after CNS injuries, adult neurogenesis
occurred in the subventricular and subgranular zones of the post-
natal rodent brain [12,15]. In humans, new neurons could be
generated in the dentate gyrus of the hippocampus [50]. Saponins
induced the BrdU-nestin (immature NSC marker) double positive
cells when subjected to oxygen glucose deprivation (OGD) [49]. In
addition, Panax notoginseng saponin also promoted in vitro mature
neuronal differentiation, as assessed by neuron specific class III b-
tubulin detection in OGD-conditioned rat hippocampal postnatal
day 1 NSCs [49].

Adult neurogenesis activator combined with brain-derived
neurotrophic factor (BDNF) significantly enhanced the cognitive
functions, which could mimic the effects of exercise on cognition in
an 5xFAD Alzheimer’s mouse model [51]. Similarly, treatment of
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human NSCs with BDNF and ginsenosides (Rg1 and Rb1) promoted
cell survival and neurite outgrowth, and the expression of synaptic
plasticity-related proteins [52]. Rg1 is also involved in BDNF-
mediated neurogenesis and exhibits antidepressant activity
[53,54]. Furthermore, Rg5 was able to ameliorate streptozotocin-
induced loss of BDNF-positive cells in the cerebral cortex and hip-
pocampus [55]. Besides angiogenesis and neurogenesis, ginseng
and ginsenosides also contribute to neuroprotection during stroke,
TBI, multiple sclerosis, PD, and AD [3,56].

3. Functions of ginseng in various cell types in neurovascular
unit

In pathophysiological condition, ginseng plays key roles in anti-
inflammation and in establishing an environment enriched in
neurotrophic factors. In addition, ginseng induces angiogenic and
neurogenic growth factors, cytokines, and molecules. In this
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section, we have discussed the effects of ginseng on each neuro-
vascular cell type in pathophysiological condition. Each cell type
also shows heterogeneity, and their functions and characteristics
can be altered by cellular communications in glia-neuron interface
and vessel-neuron interface.

3.1. Endothelial cells

Anti-angiogenic ginsenoside has been uncovered; however,
most research data demonstrate angiogenic capacities of ginseno-
sides. Rb1 (10 nM) inhibited angiogenesis, which involved the
activation of peroxisome proliferator-activated receptor g and
downregulation of microRNA-33, and thereby stimulating pigment
epithelial-derived factor in human umbilical vein endothelial cells
(HUVECs) [57]. Various ginsenosides (i.e., Rb1, Rb2, Rc, Rd, RF, Rg1,
Rg2, Rg3, Rg5, Rh1, or Rh2) were tested to examine their effect on
proliferation by [3H]thymidine incorporation in HUVECs [58]. Pro-
liferative ability of Rg1, Rg3, or Rg5 (10 mM or 20 mM) was
demonstrated, and Rg5 showed the most prominent effect [58].
Rg5 may activate insulin-like growth factor-1 receptor (IGF-1R) and
its downstream signaling cascade such as the PI3K-Akt-endothelial
NOS (eNOS) pathway, which is similar to the VEGF-mediated
angiogenesis pathway [58]. However, unlike VEGF, Rg5 does not
induce vascular inflammation and permeability [58]. Another study
demonstrates that a low dose of Rg1 (150 nM) induces the pro-
duction of VEGF in HUVECs, which is mediated by the PI3K-Akt
pathway and b-catenin activation [59].

20(S)-Rg3 (15 mM) facilitates in vitro angiogenesis through the
activation of the PI3K-Akt-eNOS pathway in HUVECs; in contrast,
the stereoisomer 20(R)-Rg3 does not have the ability to activate
that signaling axis [60]. 20(S)-Rg3 (10 mg/ml) can inhibit the
mitochondrial caspase pathway, leading to enhanced survival of EC
under serum starvation in HUVECs [61]. Ginsenoside F1 (GF1, 20,
and 40 mM) promotes in vitro, ex vivo, and in vivo angiogenesis by
activating the IGF-1/IGF-1R pathway [62]. The pretreatment with
GF1 (16 mM) diminishes oxidized low-density-lipoprotein-induced
HUVEC cell death, and ameliorates the inflammatory responses by
suppressing the NF-kB translocation from cytoplasm to nucleus
[63]. GF1 (10 mM) or Rh1 (10 mM) inhibited the VEGF-mediated
change in cell permeability in HUVECs and in vivo vascular
leakage through NR4A1 (also known as NAK-1, NGFI-B, Nur77, TIS1,
and TR3), a member of the nuclear receptor superfamily 4 group A
[64]. GF1 and Rh1 may suppress VEGF-mediated TNFa signaling via
NF-kB [64]. Taken together, some ginsenosides may protect endo-
thelial cells against vascular permeability and induce moderate
angiogenesis.

3.2. Astrocytes

Astrocytic endfeet processes communicate with the blood ves-
sels, regulating the BBB formation and angiogenesis in the CNS [65].
Amounts of Ca2þ in the astrocytic endfeet processes can modulate
vascular tone through big conductance potassium channels in the
mouse brain slices [66,67], and consequently supporting O2 supply
to injured ischemic tissues. Activation of acute heme oxygenase-1
(HO-1) can be observed in injured ischemic tissue, contributing
to endogenous anti-inflammation and bioenergetic regeneration in
CNS repair [67,68].

In rat primary astrocytes, Rh1 (300 mM) abolishes H2O2-induced
ROS production and increases the expression of phase II antioxidant
enzymes such as HO-1, catalase, superoxide dismutase 2 (SOD2),
and nicotinamide adenine dinucleotide phosphate (NAD(P)
H):quinone oxidoreductase 1 (NQO1) to regulate the nuclear factor
erythroid 2-related factor 2 (Nrf2)/antioxidant response element
(ARE) signaling pathway [69]. Similarly, protective effects of
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ginseng root extract (0.1, 0.5, or 1 mg/ml) on the antioxidant
enzymatic activities of astrocytes including glutathione content
(reduced GSH and oxidized GSSG forms) can be observed during
exposure to H2O2 [70]. Ginseng root extract influences the activity
of antioxidant defense enzymes such as catalase, SOD, glutathione
peroxidases and glutathione reductase on glutathione content
(GSH and GSSG and red/ox index) and intracellular ROS formation
[70].

Similar to the in vivo ADmodel, treatment of in vitro rat primary
brain astrocytes with Ab plus Rh2 (1 mM) reversed the Ab-mediated
growth suppression of astrocytes [71]. Since astrocytes act as a
bridge between blood vessels and neurons [72], ginseng- and
ginsenosides-induced increase in healthy astrocytes may facilitate
the crosstalk among neurovascular cells, and thus promote angio-
genesis, neurogenesis, and synaptogenesis.

3.3. Pericytes

Pericytes located in the brain and retina play a key role in the
BBB protection, angiogenesis, and neurogenesis, which promotes
neurological recovery [13,15]. GF1, isolated from Panax notoginseng
saponins, increases the proliferation of HUVECs and human brain
microvascular endothelial cells at 20 mM and 40 mM concentrations
[62]. The angiogenic effect of GF1 is confirmed in the in vivo MCAO
model [62]. GF1 also increases pericyte recruitment to the endo-
thelial cells, as assessed by the in vitro Matrigel-based co-culture
assay [62].

Cellular network formation between pericytes and endothelial
cells is facilitated by multiple ligands and their receptors such as
stromal-derived factor-1a (SDF-1a)/C-X-C chemokine receptor type
4 (CXCR4), platelet-derived growth factor B (PDGF-B)/PDGF re-
ceptor b (PDGFRb), angiopoietin 1 (Ang1)/tyrosine-protein kinase
receptor 2 (Tie-2), and heparin-binding epidermal growth factor-
like growth factor (HB-EGF)/Erb-B2 receptor tyrosine kinase 2
(ErbB) (Reviewed in [73]). The crosstalk between pericytes and
endothelial cells through the SDF-1a/CXCR4, PDGF-B/PDGFRb,
Ang1/Tie-2 and HB-EGF/ErbB pathway may be assisted by ginseng
and ginsenosides; however, few studies have examined the effects
of cellular crosstalk in CNS vessels on neuroinflammatory diseases.
Moreover, comparing other cell types, the protective role of ginseng
in healthy pericytes has not been well investigated. Loss of peri-
cytes reveals AD-like neurodegeneration pathogenic steps in APP
overexpressing mice [74]. Thus, further studies are necessary to
elucidate the mechanisms by which ginseng and ginsenosides in-
fluence the functions of pericytes, will represent a novel thera-
peutic target to for the treatment of neuroinflammatory diseases.

3.4. Neural stem cells and neuron

Protection of BBB exerts neuroprotection and boosts cellular
crosstalk [22]. NSCs followed by CNS injury may exhibit crosstalk
with pericytes by localizing in close proximity of the brain peri-
cytes, and this effect can be accelerated by HO-1 byproducts,
consequently leading to neurogenesis [15]. Since ginseng and gin-
senosides can induce HO-1 [6], induced HO-1 may further induces
neurogenesis. Rg1 increases dendritic spine number and hippo-
campal neurogenesis after chronicmild stress, whichmay be due to
activation of the CREB (cAMP response element-binding protein)/
BDNF signaling pathway [53]. Rg1 and Rb1 increases proliferation
and differentiation of neural progenitor cells in dentate gyrus of
hippocampus of normal adult mice and global ischemia model in
gerbils [75]. Rg1 increases BDNF expression and antioxidant
enzyme expression [76], possibly affecting both regeneration and
anti-inflammation. Treatment of human NSCs with Rg1 and Rb1
promotes cell survival and neurite outgrowth and the expression of
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synaptic marker proteins microtubule associated protein-2 (MAP-
2) [52].

In embryonic (E14.5) rat primary neural progenitor cells, 300
mM tert-butylhydroperoxide (t-BHP)-induced oxidative injury can
be diminished by Rb1 (10 mM), but not by Rd, Rg1, and Re [77]. Rb1
may protect neural progenitor cells against oxidative stress by
enhancing the anti-oxidant molecules such as HO-1 through Nrf2-
mediated transcription [77]. The mRNA expression of other phase II
enzymes such as SOD2, NQO1 and CAT is unchanged by Rb1 [78].
Neuroprotective role of Rb1 is not associated with proliferation and
differentiation of neural progenitor cells, because direct treatment
of neural progenitor cells with Rb1 cannot enhance neuronal and
glial differentiation as well as proliferation [78]. Interestingly,
combinatory treatment of 10 ng/ml BDNF with ginsenosides (5 mM
Rg1 and 5 mM Rb1) synergistically induces MAP-2 and synapsin
proteins in humanNSCs [52], suggesting that ginsenosides promote
BDNF-mediated NSCs differentiation into mature neurons
strengthened by synapse connections.

Ginseng and ginsenosides exert beneficial effects on neuronal
survival, axonal outgrowth, and synaptic plasticity that follows
neuroinflammatory diseases. Ginseng extracts partly inhibited the
cyclosporine-induced tau phosphorylation in SY-5Y cells [79]. Rb1
reduced tau phosphorylation at Thr205, Ser396, and Ser404
induced by Ab(25-35) and Ab(1-42) [80]. When SK-N-SH cells (human
neuroblastoma cell) were transfected with Swedish amyloid pre-
cursor protein (SweAPP), Rg3 reduced the levels of Ab(1-40) and
Ab(1-42), probably because of an increase in the gene expression of
neprilysin [81]. Neprilysin is the rate-limiting enzyme in Ab
degradation in the brain [82].

In adult primary hippocampal neuronal cells, 1 mM Rb1 was co-
treated with high glucose (50 mM), and Rb1 was found to protect
neurons against high glucose-mediated endoplasmic reticulum
(ER) stress via downregulation of the glucose synthase kinase 3b or
protein kinase RNA-like ER kinase-mediated C/EBP homologous
protein pathway [83]. In cultured AD cortical neurons, Rb1 and its
metabolic compounds M1 increased the axonal outgrowth, which
appeared to be the maturation step in the reorganization process
and is involved in synaptic plasticity [84]. Rg1 activated the PI3K/
Akt pathway, leading to neuronal survival against 6-
hydroxydopamine (6-OHDA)-induced cell death [85]. In addition,
Rg1 modulated 6-OHDA-induced mitochondria dysfunction by
enhancing the mitochondria membrane potential in human neu-
roblastoma SK-N-SH cells [86]. Hence, the observed effects of
ginseng on axonal outgrowth, neurite extension, and synaptic
plasticity may be involved in the underlying mechanism by which
ginseng improves the regeneration of neural circuits after CNS
diseases.

3.5. Microglia and macrophage

Immune reactions in the neuroinflammatory diseases that are
mediated by microglia and macrophages involve the release of
cytokines that can inhibit extensive regrowth of neurons and
induce BBB protection [37]; therefore, inhibition of excessive
neurotoxic cytokine release from microglia and macrophages may
contribute to neurovascular repair processes.

Korean Red Ginseng extracts have the ability to inhibit the
activation of both NLRP3 and AIM2 inflammasome in BMDM cells
[87]. Rg6 (10, 20, or 50 mM) may augment M2 macrophages by
reducing the expression of TNFa in LPS-induced inflammatory
conditions in BMDMs, and by inducing the secretion of IL-10 in
mice administered with 30 mg/kg LPS 2 h after administering 20
mg/kg Rg6 intraperitoneally [88]. Rg3 enhanced the microglial Ab
uptake, internalization, and digestion. The target for Rg3 appeared
to be macrophage scavenger receptor type A [89]. In macrophage
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cells such as THP-1 (human cell) and RAW264.7 (mouse cell), Rg3
(10 mg/ml) significantly reduced the formation of NLRP3 inflam-
masome and consequent secretion of IL-1b in LPS/nigericin or LPS/
ATP treated cells [41].

In murine N9 microglia cells, two protopanaxadiols (i.e., 0.1-100
mMRd or Rb2) did not affect the lipopolysaccharide (LPS)-mediated
NO production, whereas two protopanaxatriols (10 mM Rg1 or 10
mMRe) reduced the LPS-induced production of NO [90]. In the same
cells, all four ginsenosides, Rg1, Re, Rb2, or Rd, could reduce the
LPS-induced secretion of TNF-a and phosphorylation-based acti-
vation of extracellular signal-regulated kinase (ERK) [90]. Rf (50
mM) reduced the LPS-induced increase in the mRNA expression of
IL-1b, IL-6, and iNOS [91]. Rg5:Rk1 in a 1:1 weight ratio mixture of
ginsenosides that attenuated the LPS-induced production of NO via
downregulation of NF-kB-p38 MAPK-Signal Transducer and Acti-
vator of Transcription 1 axis in RAW264.7 macrophages [92].

4. Role of ginseng/ginsenosides in neuroinflammatory
diseases

Reactive glia cells secrete various inflammatory cytokines that
are detrimental to the neighboring cells, such as neurons and NSCs.
To restore the neural circuit function after CNS injuries, reestab-
lishing cell-cell communication may help to reconstruct neural
circuits through the stimulation of angiogenesis, neurogenesis,
oligodendrogenesis, and synaptogenesis [12,13]. After neuro-
inflammatory diseases, extended and variable phases of adaptive
and maladaptive reactions occur in damaged tissue to reorganize
and recover [93]. In this section, we discuss the therapeutic effects
of ginseng and ginsenosides on neuroinflammatory diseases such
as stroke, TBI, multiple sclerosis, PD, and AD (Table 1). Potential
therapies for CNS injuries should combine multifactorial effects on
acute injury and inflammation along with prolonged multicellular
recovery phenomenon [94].

4.1. stroke

Protective effects of ginseng extracts or ginsenosides on hyp-
oxia/ischemic stroke model have been reported [3]. In middle ce-
rebral artery occlusion (MCAO) (1.5 h) rat model, 10 mg/kg of each
ginsenoside (i.e., Rg1, Rb1, Rh2, Rg3, Rg5, or Re) was administered
via intravenous injection 2 h after reperfusion [95]. Among these,
Rb1 and Rg3 possess greater neuroprotective and anti-
inflammatory effects [95]. In particular, many preclinical studies
have demonstrated that Rb1 plays a beneficial role in ischemic
stroke [96]. Varying concentrations of Rb1 (20 mg/kg to 200 mg/kg)
can improve neurological and vascular functions in the MCAO rat
model through the protection of BBB, permeability reducing effects,
reduction in infarct size, increase in neuroprotective factors (i.e.,
BDNF, growth associated protein 43, SOD, and GSH), and improved
memory functions, as detected via the Morris water maze test
(Reviewed in [96]). Cerebral energy metabolism and regional ce-
rebral blood flow were improved by 5 mg/kg 20(S)-Rg3, adminis-
tered through sublingual vein injection 0.5 h after the onset of
ischemia, when the rat model was subjected to MCAO [97]. Rd (0.1,
1, 10, 50, 200 mg/kg) was applied intraperitoneally 30 min before 2
h MCAO in rat model, and Rd treatment (10, 50 mg/kg) increased
the expression of antioxidant proteins and improved behavioral
ability tested by modified neurological severity scores [98].

4.2. Traumatic brain injury

After traumatic brain injury (TBI), acute mechanical trauma
triggers multiple mechanisms including NLRP3-mediated inflam-
mation and injury, which are then followed by extended and



Table 1
Therapeutic Effects of Ginseng/Ginsenoside on Neuroinflammatory Diseases in the Brain

Disease model Ginseng/
Ginsenoside

Location (Neurovascular Unit) Species Therapeutic effects Reference

Stroke Rb1, Rg3 Brain Rat Neuroprotection
Anti-inflammation

Cheng Z et al, 2019
Shi YH et al, 2020

Rb1 Brain Rat Improved behavioral
abilities
BBB protection
Neuroprotection

Shi YH et al, 2020

Rg3 Brain Rat Improved cerebral blood
flow

Tian J et al, 2005

Rd Brain Rat Anti-inflammation
Improved behavioral ability

Ye R et al, 2011

Traumatic brain injury
(TBI)

Rb1 Brain Rat Neuroprotection Chen W et al, 2016
Saponin Brain (hippocampus) Rat Neuroprotection Ji YC et al, 2005

Multiple Sclerosis Rd Brain Mouse Improved behavioral ability
BBB protection
Increased neurotrophic
factors

Zhu D et al, 2014

Parkinson’s disease (PD) Rg1, Rd Brain (Neuronal cell) Mouse Neuroprotection Chen XC et al, 2005
Rg1 Brain (nigrostriatum) Rat Neuroprotection Xu L et al, 2009
Rg1 Brain (Astrocyte, Microglia,

Neuron)
Mouse BBB protection

Anti-inflammation
Neuroprotection

Heng Y et al, 2016

Rb1 Human neuroblastoma cell Human Neuroprotection Ardah MT et al,
2015

Alzheimer’s disease (AD) Rg1 Brain Mouse Anti-inflammation Chen Y et al, 2020
Re, Rg1, Rg3 Brain Mouse (human APP

overexpression)
Ab reduction Shi YH et al, 2020

Rg1 Brain (hippocampus) Rat Improved behavioral ability
Neuroprotection

Quan Q et al, 2013

Rg1 Brain (hippocampus) Mouse Improved behavioral
abilities
Ab reduction

Shi YQ et al, 2010

Ginseng extract Brain Mouse Enhanced memory
Neuronal plasticity
Anti-oxidation

Zhao H et al, 2009

Rg5 Brain (Cerebral cortex,
hippocampus)

Rat Improved behavioral
abilities
Ab reduction

Chu S et al, 2014
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variable phases of adaptive reactions to injury as the damaged
tissue attempts to adjust and reorganize [15,93]. Ginseng and gin-
senosides may provide novel therapeutic approaches for TBI by
preventing inflammation and facilitating prolonged multicellular
recovery phenomenon [94].

Rg1 could increase cell survival following in vitro ischemia/
reperfusion injury at 10-60 mM, and this effect was partly a result of
the activation of Nrf2/HO-1 axis [99]. Evidence has indicated the
critical role of HO-1 metabolites in diminishing inflammation,
ischemia, oxidation, and more diverse biological functions [13]
even in the TBI mouse model [15]. Rb1 (10, 20, or 40 mg/kg) sup-
pressed the TBI-induced expression of connexin 40 protein via
activation of the ERK1/2 signaling pathway [100]. Adult male
Sprague-Dawley rats were subjected to a controlled cortical impact
injury, and total saponins from ginseng (100 mg/kg or 200 mg/kg)
were administered via intraperitoneal injection right after TBI
injury [56]. The neuroprotective effect of ginseng saponins was
observed at 24 h after injury in the hippocampus [56]. Hence,
further research focused on the anti-inflammatory effects and
regenerative capacity of ginseng and ginsenosides can lead to
therapeutic drug development.
4.3. Multiple sclerosis

Multiple sclerosis displays characteristic prototypical inflam-
matory demyelination in the CNS caused by autoimmune disease.
To study the pathogenesis of multiple sclerosis, experimental
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autoimmune encephalomyelitis (EAE) model was established [101].
In this model, neurovascular disruption could be observed through
the breakdown of BBB, migration of T lymphocytes into the CNS,
demyelination, and axonal loss (reviewed in [102]). Administration
of Rd (40 mg/kg/d) via intraperitoneal injection could improve
neurological behavior, as shown by a decrease in Evans blue-stain
based detection of BBB leakage and IFN-g levels, and upregula-
tion of BDNF and NGF protein levels in the EAE model brain [103].
4.4. Parkinson’s disease (PD)

Damage to the dopaminergic neurons in the substantia nigra
pars compacta is the key characteristic of PD. Ginseng and ginse-
nosides (i.e., Rg1 and Rd) exert a protective effect against the
neuronal cell death caused by 1-methyl-4-phenylpyridinium ion
(MPPþ)-mediated toxicity [5]. Pretreatment of Rg1 or N-ace-
tylcysteine (ROS scavenger) protects neurons of substantia nigra
against MPPþ-induced neuronal loss [104]. Rats were infused
unilaterally with 6-hydroxydopamine (6-OHDA) into the medial
forebrain bundle to cause lesions in the nigrostriatal dopamine
signaling and were treated with 10 mg/kg Rg1 via intraperitoneal
injection (1.5 h after 6-OHDA injections) in the absence or presence
of IGF-IR antagonist (1 h before Rg1 injections) [105]. Administra-
tion of Rg1 diminishes the neurotoxicity, as assessed by the
expression of tyrosine hydroxylase, dopamine transporter, and
anti-apoptotic Bcl-2 protein in the substantia nigra, which are
abolished by IGF-1R antagonist [105]. In addition, oral Rg1
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treatment attenuated 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-induced glial (astrocytic and microglial) acti-
vation and BBB degradation in a PD mouse model [106]. Rb1
demonstrates a stronger ability to disaggregate fibrils and inhibit
the polymerization of a-synuclein, a neurotoxic protein, as
compared the effects of Rg1 and Rg3 [107].
4.5. Alzheimer’s disease (AD)

AD is a neuroinflammatory disease that reveals Ab accumulation
and tau pathology in injured or aged brains [108]. Ab accumulation
may be responsible for BBB disruption by alteration of tight junc-
tion proteins in human AD pathogenesis [109e111]. Individuals
diagnosed with AD show activation of NLRP3 and NLRP1 inflam-
masomes in Ab stimulated peripheral monocytes, and such
migratory peripheral monocytes cross the BBB and accelerate tau
pathology [16]. Ginsenosides (10 mg/kg Rg1, intragastric injection)
may protect senescence-accelerated mouse prone 8 strain (SAMP8)
against the formation of NADPH oxidase 2 (NOX2)-ROS-mediated
inflammasome complex such as NLRP1, ASC, and procaspase-1
[112]. NOX2 is expressed in neurovascular cells (i.e., endothelial
cells and neuron) in the brain, a key source of ROS over-production
in age-related neurodegenerative diseases, including AD [113].

Acute effects of each ginsenoside (25 mg/kg of Re, R1, or Rg3) on
Ab reduction can be detected in the brains of 3-4 month-old female
Tg2576 mice overexpressing the human APP gene containing the
Swedish mutation that causes familial AD [114]. A single, orally
administered Re, Rg1, or Rg3 results in a significant reduction of
Ab(1-42) detected in Tg2576 brains at 18 h post administration of
each ginsenoside [114]. In this study, in vitro cell culture experi-
ments also showed reduction of Ab(1-42) in conditioned medium of
CHO 2B7 cells (Chinese hamster ovary cell line stably transfected
with human bAPP 695wt) after 3 h of ginsenoside treatment [114].
Chronic effects of 100 mg/kg/day or 200 mg/kg/day ginseng on 4-
month-old senescence-accelerating SAMP8 have been investi-
gated by administration of ginseng through drinking water for 7
months [10]. Ginseng exerts protective and regenerative effects
that can be attributed to its antioxidant activity, and effect on the
neuronal plasticity-related proteins including phosphorylation-
based activation of N-methyl-D-aspartate receptor 1, postsynaptic
density 95, PKA, Ca2þ-calmodulin dependent kinase II, and CREB
[10,115]. Improvement of memory function in response to
Table 2
Clinical Trial of the Ginseng/Ginsenosides on CNS Pathogenesis or Cognitive Function

Ginseng/Ginsenoside Conditions Clinical trial number

Ginsenoside-Rd Ischemic Stroke NCT00591084

Ginsenoside-Rd Ischemic Stroke NCT00815763

Ginseng
Ginkgo Biloba

Blood pressure
Cognition

NCT02386852

American Ginseng Root Extract Cognitive change
Cognitive function

NCT03579005

Korean Red Ginseng Extract Brain waves NCT04167449

Hydrolysed Red Ginseng Extract Cognitive function NCT04184388

https://www.clinicaltrials.gov.
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ginsenosides (e.g. Rg1 [116,117] and Rg5 [55]) has also been re-
ported, as detected via the Morris water maze test. This suggests
that ginseng and ginsenosides may repair cognitive functions in
chronic neurodegenerative diseases as well as in acute neuro-
vascular injuries.
5. Clinical trials in human study

Ginseng is one of the best-selling natural products in the world,
which has recently gained popularity in USA, Canada, and Europe,
and Eastern countries [7]. The World Health Organization estab-
lished International Clinical Trials Registry Platform (ICTRP)
demonstrating clinical trial registries and information on clinical
trials conducted around the world (http://apps.who.int/
trialsearch). Since 2005 254 trials have been conducted using
“ginseng or ginsenoside”. More than 10 ginseng trials since 2012
have been reported every year [9]. Phase 0 to 2 and Phase 3 to 4
trials have been reported at approximately 36% and 29%, respec-
tively [9]. Table 2 summarizes recent clinical trials (https://www.
clinicaltrials.gov) focused on the therapeutic effects of ginseng
and ginsenosides in CNS injury and on cognitive function.
6. Perspectives

Most previous studies have focused on anti-inflammatory
functions of ginseng and ginsenosides in neurovascular unit.
Regeneration following CNS injury in higher mammals is very
limited. Thus, investigators should attempt to elucidate the precise
mechanisms that can augment the limited ability of CNS neurons to
recover to normal functions [17,18]. Ginseng and ginsenosides may
play key roles in neurovascular repair by inhibiting vascular leakage
and inflammatory responses and stimulating regeneration after
CNS injuries (Fig. 4). In addition to the intrinsic regenerative
pathway, boosting regeneration through interaction with the sur-
rounding environment and cellular communications may enhance
the regenerative capacity such as angiogenesis, neurogenesis,
synaptogenesis of ginseng. To restore the proper neural circuit after
CNS injuries, further studies on the recovery of glia-neuron
communication in neurovascular systems by ginseng are necessary.
Interventions Phase

- Drug: ginsenoside-Rd 10 mg
- Drug: ginsenoside-Rd 20 mg
- Drug: placebo

Phase 2

- Drug: ginsenoside-Rd
- Drug: placebo

Phase 3

- Drug: Placebo
- Drug: Ginseng
- Drug: Ginkgo Biloba

Early Phase 1

- Dietary supplement: Cereboost™ (Panax quinquefolius)
- Dietary Supplement: Placebo

-

- Dietary Supplement: HRG80
Hydroponic Red Ginseng
- Dietary Supplement:
Conventional Red Ginseng
- Dietary Supplement: Placebo

Phase 4

- Dietary Supplement:
Hydrolysed Red Ginseng
- ExtractDietary Supplement:
Placebo

-

http://apps.who.int/trialsearch
http://apps.who.int/trialsearch
https://www.clinicaltrials.gov
https://www.clinicaltrials.gov
https://www.clinicaltrials.gov


Fig. 4. Possible therapeutic mechanism of ginseng/ginsenosides is the induction of cellular network in neurovascular unit. Ginseng/ginsenosides possess multifaceted repair
mechanisms including anti-inflammation through BBB protection and inhibition of NF-kB signaling and oxidative stress, and induction of healthy mitochondria. In addition,
ginseng/ginsenosides play important roles in the protection of blood-brain barrier, inhibition of apoptosis, and enhancement of cellular interactions. Consequently, functional neural
circuit may be partly restored by ginseng-mediated glia-neuron and vessel-neuron communications, leading to angiogenesis, neurogenesis, synaptogenesis, and remyelination. In
conclusion, ginseng and ginsenosides can contribute to cognitive repair in cases of neurovascular inflammatory diseases.
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