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Counteraction of Nogo-A and
axonal growth inhibitors by green
tea polyphenols and other natural
products

Neuronal injuries such as stroke, traumatic brain injury, and spinal
cord injury are leading causes of major disability and death. Chronic
therapy for these neuronal injuries requires the promotion of axonal
regeneration from the remaining neurons (Schwab and Strittmatter,
2014). However, the local environment in the central nervous system
(CNS) is unfavorable to this regeneration due to the presence of my-
elin-derived axonal growth inhibitors such as Nogo-A, myelin-asso-
ciated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein
(OMgp). In addition, chondroitin sulfate proteoglycans (CSPGs)
associated with astroglial scarring also inhibit axonal regeneration after
neuronal injury. Several studies support the role of Nogo-A in limiting
axonal regeneration. It has two distinct domains with antineuritogenic
potential: N-terminal amino-Nogo and C-terminal Nogo-66, a 66 ami-
no acid containing domain. Strittmatter and his associates identified a
cell surface glycosyl phosphatidylinositol-anchored membrane protein,
NgR1, as a receptor for Nogo-66 (Schwab and Strittmatter, 2014). Later
studies have revealed that MAG, OMgp, and CSPGs also bind to NgR1
which may mediate their inhibiting activity on the axonal growth.
NgR1 signals through interaction with p75 neurotrophin receptor
(p75NTR) or a homologous protein, TROY, as well as a transmembrane
protein, LINGO-1. The association between p75NTR and Rho-GDI
leads to the release of RhoA and its activation. RhoA in turn activates
its effector, Rho-associated protein kinase (ROCK). This ultimately
leads to actin-cytoskeletal reorganization, which results in the collapse
of growth cones and inhibition of neurite outgrowth (Figure 1).

Current approaches to overcome Nogo-A and need for natural prod-
ucts: Currently, there are no clinically proven synthetic neuroregenera-
tive drugs for recovery from neuronal injuries. Various pharmacological
agents acting through different mechanisms are currently being evalu-
ated for blocking NgR1 or its downstream signaling to enhance axonal
sprouting and functional recovery from stroke and spinal cord injury
(Schwab and Strittmatter, 2014). Some examples include antibodies to
block Nogo-A, Nogo-66 antagonistic peptides, NgR1 decoys, inhibitors
to prevent RhoA and ROCK activities, and inosine to activate Mst3b
protein kinase. Furthermore, agents that elevate intracellular cAMP are
also being evaluated for inhibiting the antineuritogenic action of No-
go-A. An alternative and complementary approach to the development
of synthetic drugs for stroke is to evaluate the efficacy of inexpensive
and safe natural compounds and to elucidate their mechanisms of ac-
tion to optimize their therapeutic effects.

Green tea polyphenols for the treatment of neuronal injuries: Green
tea (Camelia sinesis), one of the most popular and widely consumed
beverages in the world, may be well-suited for treating these neuronal
injuries. Epidemiologic data suggest that daily consumption of green
tea could prevent the onset of ischemic stroke (Kokubo et al., 2013).
The polyphenols present in green tea have been shown to mediate its
beneficial effects. Green tea polyphenols (GTPP) include both galloy-
lated polyphenols epigallocatechin-3-gallate (EGCG) and (-)-epicat-
echin-3-gallate, as well as nongalloylated polyphenols, (-)-epigallo-
catechin and (-) epicatechin. EGCG, the major polyphenol present in
GTPP, has neuroprotective, neurorescue, and neuroregenerative prop-
erties (Mandel et al., 2005). Both EGCG and unfractionated GTPP have
been shown to decrease the extent of neuronal injury when admin-
istered during or immediately after ischemic brain injury in rodents
(Hong et al., 2000). In addition, recent studies have presented evidence
that GTPP and EGCG may enhance functional recovery after stroke
and spinal cord injury in experimental models (Tian et al., 2013).
EGCG exhibits antioxidant activity in vitro, which may have some

significance to neuroprotection. However, the effective antioxidant
activity requires a concentration of EGCG two orders of magnitude
higher than that reached in the plasma (<1 pM) following green tea
consumption (Gundimeda et al., 2015). In contrast, only low micromo-
lar or submicromolar concentrations of EGCG are required for induc-
tion of cell signaling significant for neuroprotection, neurorescue, and
neuroregeneration (Mandel et al., 2005). EGCG may elicit some of its
actions at low concentrations due to its high affinity binding to some
cellular proteins. Tachibana and his associates have identified a high af-
finity binding of EGCG (Kd of 40 nM) to the 67-kDa laminin receptor
(67LR), a nonintegrin-type cell surface-associated receptor (Tachibana
et al., 2004). 67LR was originally discovered as a laminin-binding pro-
tein involved in cancer cell invasion and is currently being targeted for
cancer prevention by EGCG. We have previously reported a neuropro-
tective role for 67LR in mediating EGCG-induced preconditioning of
neuronal-like cells against cell death induced by oxygen-glucose depri-
vation (Gundimeda et al., 2012).

GTPP counteracts the antineuritogenic action of Nogo-A: Recently,
we have shown that low concentrations of unfractioned GTPP and
submicromolar concentrations of EGCG can prevent both the neurite
outgrowth inhibiting activity and growth cone collapsing activity of
Nogo-66 in the NGF-differentiated Neuroscreen-1 neuronal cells (Gun-
dimeda et al., 2015). In addition, we found a synergistic interaction
among GTPP constitutents. Studies reveal that the preventive action
of EGCG is mediated through its binding to high-affinity cell-surface
receptor 67LR. A series of experiments supported a possible second
messenger role of H,0, in EGCG-mediated prevention of the antineu-
ritogenic action of Nogo-66. Furthermore, a steady state generation of
exogenous H,0, alone in micromolar concentrations mimicked EGCG
action. However, the H,0,-mediated anti-Nogo-66 actions do not
require 67LR suggesting H,0, may bypass 67LR and block the signal-
ing pathway induced by Nogo-A. Among the proteins involved in the
downstream signaling of Nogo-A, RhoA is one of the redox sensitive
targets. Therefore, it is possible that H,O, generated in response to re-
ceptor-mediated actions of EGCG may inhibit RhoA through a redox
sensitive mechanism and thereby block Nogo-A action (schematically
depicted in Figure 1). Certainly, further studies are needed to under-
stand the novel mechanism by which EGCG/GTPP can prevent the
antineuritogenic action of Nogo-A.

Although both EGCG and GTPP are effective in preventing the
antineuritogenic action of Nogo-A, they cannot block the antineuri-
togenic action of MAG in Neuroscreen-1 neuronal cells (Gundimeda
et al,, 2015). In this context, it is interesting to note that MAG also acts
through binding to NgR2 and other receptors in addition to NgR1.
Since CSPGs act, in part, by binding to NgR1 and activation of RhoA
(Schwab and Strittmatter, 2014), it is interesting to determine whether
EGCG may also inhibit their antineuritogenic action.

GTTP stimulation of adult neurogenesis — possible by a negative
modulation of Nogo-A: Besides enhancing neuritogenesis, GTPP may
also increase adult neurogenesis. Some studies have shown an increase
in adult neurogenesis and survival of neural stem cells by EGCG (Wang
et al,, 2012). Given that Nogo-A/NgR1 inhibits neurogenesis (Rolando
etal,, 2012), GTPP may enhance neurogenesis by blocking the Nogo-A/
NgR1 signaling pathway. Furthermore, GTPP potentiates the neurito-
genic action of brain-derived neurotrophic factor (BDNF) (Gundimeda
et al., 2014). Besides enhancing neuritogenesis, BDNF also enhances
neurogenesis. Moreover, BDNF has been shown to block Nogo-A
action in vitro. Therefore, GTPP either directly or indirectly through
neurotrophins may block Nogo-A/NgR1 signaling and thereby enhance
both adult neurogenesis and axonal growth and can improve neuronal
plasticity and functional recovery after neuronal injuries.

Other natural products counteracting Nogo-A and other axonal
growth inhibitors: Besides GTPP, Nogo-A/NgR1 may be counteracted
by a variety of natural products causing functional recovery after neu-
ronal injuries. A recent review discussed intervention of Nogo-A action
by a variety of Chinese medicines (Qin et al., 2012). The Fujian tablet (a
mixture of extracts from buckwheat, barrenwort, and cassia seed) has
been demonstrated to inhibit the expression of Nogo-A, thereby promot-
ing neurogenesis (Liu et al., 2011). An administration of the Fujian tablet
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Figure 1 Schematic presentation of proposed mechanisms by which GTPP
and other natural products counteract Nogo-A and other axonal growth
inhibitors.

Binding of Nogo-A and other axonal growth inhibitors to NgR1 receptor
complex leads to activation of RhoA and its effector, RhoA-associated protein
kinase (ROCK). This ultimately leads to reorganization of actin cytoskeleon,
causing growth cone collapse and neurite outgrowth inhibition. EGCG bind-
ing to its cell-surface receptor leads to activation of NADPH oxidase and an
increase in the generation of H,0, (Gundimeda et al., 2012). Either endoge-
nously generated H,O, in response to EGCG treatment or exogenous H,O,
alone prevents the antineuritogenic action of Nogo-A (Gundimeda et al.,
2015). We hypothesize that H,0, may accomplish this directly through inhib-
iting RhoA by either inducing its redox modification or enhancing tyrosine
phosphorylation-mediated activation of p190RhoGAP, an endogenous inhib-
itor of RhoA. Various natural products from Chinese medicines may decrease
the expression of Nogo-A and/or NgR1 and enhance axonal regeneration (Qin
et al., 2012). Daidzein, a soy isoflavone, blocks the antineuritogenic action of
MAG by inducing arginase and polyamine synthesis (Ma et al., 2010). 67LR:
67-kDa laminin receptor; EGCG: epigallocatechin-3-gallate; GTPP: green tea
polyphenols; MAG: myelin-associated glycoprotein; NADPH: nicotinamide
adenine dinucleotide phosphate; NgR1: Nogo-66 receptor 1; OMgp: oligo-
dendrocyte myelin glycoprotein.

significantly decreased Nogo-A expression at various stages following
cerebral infarction in rats (Qin et al., 2012). Another study witnessed
the same effect and also demonstrated that lowering Nogo-A expres-
sion in the cervical spinal cord could greatly improve motor function
following focal cerebral ischemia in rats (Qin et al., 2012). Similarly,
panaxtrial saponins, found in ginseng roots, may also act to downregu-
late the expression of Nogo-A. Rats that were given panaxtrial saponins
immediately after focal ischemia-reperfusion injury exhibited lower
levels of Nogo-A-immunoreactive cells. Further, the Zuogui pill (which
contains extracts from rehmania root, wolfberry, and yam) and Yougui
pill (which additionally incorporates extracts from cinnamon) promote
axonal regeneration by not only reducing the expression of Nogo-A
and its receptor NgR1, but also by increasing nerve growth factor, a
crucial factor in neuritogenesis (Qin et al., 2012).

Another natural product, daidzein, is a soy isoflavone that protects
CNS neurons from the neurite outgrowth-inhibiting activity of MAG
(Ma et al., 2010). In a novel study, Ma and associates screened a library of
small molecular drugs for transcriptional induction of arginase 1, which
has demonstrated protective effects on motor and sensory neurons
during trophic factor deprivation and axonal growth inhibition respec-
tively. Preconditioning hippocampal cells with daidzein before exposing
them to MAG prevented its antineuritogenic action (Ma et al., 2010).
Additionally, daidzein effectively promoted neuritogenesis in vivo and
was able to cross the blood-brain barrier. Amphotericin B, a microbial
product which is used as an antifungal drug, has been shown to inhibit
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not only myelin-derived axonal growth inhibitors Nogo-A and MAG,
but also glial-scar-derived CSPGs (Gao et al., 2010). However, amphoter-
icin B cannot effectively cross the blood-brain barrier. In addition, it is
too toxic. Therefore, EGCG, daidzein and other natural products which
have been shown to cross the blood-brain barrier and are safe may be
useful for further development as effective neuroregenerative agents.

GTPP and other natural products discussed in this article may in-
tervene the actions of Nogo-A and in some cases other axonal growth
inhibitors such as MAG and CSPGs, thereby stimulating both axonal
growth and neurogenesis. These neuroregenerative agents may be po-
tential candidates for evaluating their efficacy in enhancing functional
recovery after neuronal injuries in humans. Furthermore, identifying
molecular targets for these natural products, such as 67LR in the case of
EGCG, could open new avenues for developing novel therapeutic drugs
for stroke and other neuronal injuries.
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