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Abstract

In recent years, the pharmacological benefits of herbal extracts have been revisited for their potential
neuroprotective effects in glaucoma. The polysaccharides extracted from the fruits of Lycium
barbarum L., or Lycium barbarum polysaccharides, exert their anti-aging effect through reducing
oxidative stress, modulating the immune response, enhancing neuronal responses, and promoting
cytoprotection. The therapeutic efficacy of Lycium barbarum polysaccharides in preserving retinal
ganglion cells and their functions was demonstrated in a range of experimental models of optic
neuropathies. These include the acute and chronic ocular hypertension models, the partial optic nerve
transection model, and the ischemic-reperfusion injuries model. Based on these findings, Lycium
barbarum polysaccharides appear to be a good candidate to be developed as a neuroprotective agent
for treating multifactorial diseases. This review aims to present a comprehensive review on the latest
preclinical evidence on the pre- and post-treatment benefits of Lycium barbarum polysaccharides in
retinal ganglion cell neuroprotection. The possible mechanisms of Lycium barbarum polysaccharides
mediating retinal ganglion cell neuroprotection will also be described. Moreover, the potential
research gaps in the effective translation of Lycium barbarum polysaccharides treatment into clinical
glaucoma management will be discussed.

Key Words: animal model; complementary and alternative medicine; glaucoma; retinal ganglion

cell; Lycium barbarum polysaccharide; neuroprotection; neuro-rescue; ocular hypertension; post-
treatment; pre-treatment

Introduction

Glaucoma is an irreversible blinding disease that causes compartmentalized
degeneration of the dendrites, axons and/or soma of retinal ganglion cells
(RGC; (Weber et al., 1998; Buckingham et al., 2008; El-Danaf and Huberman,
2015). It typically increases optic nerve cupping causing progressive loss
of functional visual field (Weinreb and Khaw, 2004; Weinreb et al., 2014).
In 2020, glaucoma was the second major cause of global blindness that
affected 3.6 million people and the fourth leading cause of global moderate
and severe visual impairment in 4.1 million adults aged 50 years and above
(GBD Blindness, 2021). It is estimated that glaucoma would affect 112 million
people worldwide by 2040 (Tham et al., 2014). To prevent the onset of severe
vision loss or blindness, early diagnosis and effective management are matters
of serious concern for glaucoma patients and health care professionals.
Even though glaucoma is a multifactorial disease (Salmon, 1999; Omoti
and Edema, 2007; Coleman and Miglior, 2008; Rivera et al., 2008), current
standard treatments depend largely on altering a single risk factor, which
is the elevated intraocular pressure (IOP). Lowering IOP, either by medical,
laser, surgery, or a combination of these approaches, remains the mainstay
of current standard clinical protocol (Migdal, 2000; Parikh et al., 2008; Berlin,
2009a, b; Stamper et al., 2009; Tataru and Purcarea, 2012; Weinreb et al.,
2014). IOP reduction via these approaches has shown to be effective in
preventing or delaying the disease onset in glaucoma suspects and reducing
the rate of disease progression in glaucoma patients in large, multi-center
clinical trials (Collaborative Normal-Tension Glaucoma Study Group, 1998; The
Advanced Glaucoma Intervention Study, 2000; Heijl et al., 2002; Kass et al.,
2002; Garway-Heath et al., 2015).

On the other hand, a proportion of glaucoma sufferers continued to

deteriorate despite well-controlled 10P (Collaborative Normal-Tension
Glaucoma Study Group, 1998; The Advanced Glaucoma Intervention Study,
2000; Heijl et al., 2002; Kass et al., 2002; Garway-Heath et al., 2015). This is
not surprising as there is mounting evidence from human and experimental
glaucoma studies demonstrating the role of various IOP-independent
mechanisms on the neuronal microenvironment and RGC survival. To target
these mechanisms, adjuvant therapeutic approaches, such as complementary
and alternative medicines (CAM), are widely considered to be applied on top
of the current standard IOP lowering treatments (Figure 1). In recent years,
the pharmacological benefits and neuroprotective effects of ancient herbal
extracts on retinal neurons have been revisited. This review describes the
beneficial effects of the polysaccharides from the fruits of Lycium barbarum
L., or Lycium barbarum polysaccharides (LBP), as a neuroprotective agent for
RGC, using preclinical animal models of optic neuropathies. Furthermore,
the challenges in effectively translating LBP neuroprotective therapies
from preclinical to clinical use in terms of glaucoma management are also
discussed.

Search Strategy and Selection Criteria

The literature search was performed in PubMed using the advanced
search builder. The combinations of search or MeSH (Medical Subject
Headings) terms used were Lycium barbarum polysaccharides or wolfberry,
neuroprotection, retinal ganglion cell, ocular hypertension, retinal ischemia,
glaucoma, animal models, pre-treatment, and post-treatment. An additional
filter of English language was included and all the publication dates were
considered. Some articles were also considered from the review article or
similar articles list. The final list comprised of in vivo studies was prepared
after excluding the review articles.
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Figure 1 | An overview of current and prospective treatment approaches for
glaucoma management.

Neuroprotection and Complementary Therapies
in Glaucoma

The rationale for applying neuroprotective therapy in glaucoma

The concept of neuroprotection in glaucoma is derived from the field of
neurodegenerative disease. This is because some characteristics of glaucoma,
including the loss of specific neuronal cells (RGC), the secondary degeneration
of healthy cells, the progressive nature of the disease, apoptotic cell death,
and senility are frequently observed in other central nervous system (CNS)
disorders, such as Alzheimer’s, Parkinson’s and amyotrophic lateral sclerosis
(Gupta and Yucel, 2007; Danesh-Meyer and Levin, 2015). Apoptotic cell death
in glaucoma is triggered by oxidative stress, glutamate excitotoxicity, tumor
necrosis factor-a released from reactive glial cells, and abnormal protein
accumulations, similar to other CNS disorders (Gupta and Yucel, 2007).
Therefore, glaucoma is now being recognized as a neurodegenerative disease
and thus is potentially amenable to neuroprotective therapies. Although the
success of neuroprotective therapies in CNS diseases has been limited (Cheng
et al., 2004), it can still be an effective approach in glaucoma, management as
there is a difference in the site of insult onset between the two. In glaucoma,
neurons undergo compartmentalized degeneration, whereby the axons are
damaged first, followed by the cell bodies (Weber et al., 1998; Buckingham
et al., 2008; El-Danaf and Huberman, 2015). This is different from diseases
like stroke, in which cell bodies are being affected prior to the axons (Weinreb
and Levin, 1999). The time window between axonal and somatic damages in
glaucoma can potentially provide an opportunity for effective neuroprotective
interventions.

Earlier in 1885, the possible role of I0P-independent mechanisms in
glaucomatous progression was proposed by the eminent ophthalmologist and
glaucoma surgeon, Priestley Smith, “The excavation of the disc in glaucoma
is not a purely mechanical result of exalted pressure: it is, in part at least, an
atrophic condition which, though primarily due to pressure, includes vascular
changes and impaired nutrition in the substance of the optic disc... which
may probably progress even though all excessive pressure be removed”
(Girkin, 2001). However, it was not until 1972 that Becker et al. (1972) first
applied non-10P lowering therapy, in the form of diphenylhydantoin (a
sodium channel blocker for treating convulsions) for two months in primary
open-angle glaucoma patients, and demonstrated an improvement in visual
field sensitivity. Subsequently, significant efforts have been undertaken to
understand how IOP-independent disease mechanisms affecting neuronal
survival and the methods to alleviate these effects.

Neuroprotective approaches

Neuroprotection in glaucoma is defined as an approach that slows down
the functional visual field loss by targeting disease mechanisms that are
independent of IOP and is used to supplement IOP-lowering therapies (Levin
and Peeples, 2008; Levin et al., 2017). It is intended to directly treat RGC
through preserving healthy neurons and rescuing damaged neurons, in
addition to treating the primary cause (i.e., IOP elevation). Such interventions
may be more appropriate for patients who have developed increasing visual
field defects and/or neural rim changes despite well-controlled IOP as well
as those who do not respond well to current treatment approaches (Levin,
2003).

Neuroprotective therapies in glaucoma can target different IOP-independent
mechanisms involved in neurodegeneration effectively. This includes
glutamate excitotoxicity (Weber et al., 1995; Perlman et al., 1996; Lagreze et
al., 1998), protein misfolding (McKinnon et al., 2002; Goldblum et al., 2007;
Kipfer-Kauer et al., 2010; Ito et al., 2012; Chiasseu et al., 2016), mitochondrial
dysfunction (Abu-Amero et al., 2006; Kong et al., 2009; Osborne and del
Olmo-Aguado, 2013), oxidative stress (Ferreira et al., 2004; Feilchenfeld
et al., 2008; Gherghel et al., 2013; Goyal et al., 2014; Kimura et al., 2017),
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inflammation and autoimmune disorder (Wax et al., 1994; Tezel et al., 1998;
Wax et al., 1998; Kremmer et al., 2004; Bell et al., 2013; Gramlich et al.,
2013), and neurotrophic factors deprivation (Johnson et al., 2000; Pease et
al., 2000; Quigley et al., 2000; Rudzinski et al., 2004; Knox et al., 2007). They
can also be applied to intervene with the apoptotic cascade (Quigley et al.,
1995; Song et al., 2015) and modulate glial responses (Tezel, 2009). Currently,
none of these interventions have been approved for clinical use.

Complementary and alternative treatments for glaucoma

Aging is one of the major risk factors of glaucoma. The levels of free
radicals and oxidative stress in the cells, which can affect the mitochondrial
energy production and the normal functioning of the neurons, increase
with age (Harman, 1956, 2006). The holistic approaches to improve the
energy deprivation in aging or diseased cells, possibly through maintaining
normal cell functioning, are collectively known as complementary and
alternative treatment (CAM). It is thought that through replenishing the
energy deprivation in age-related disorders, including glaucoma, the disease
progression can be altered. CAM for glaucoma, including vitamin supplements,
herbal medicines, exercise, acupuncture, meditation, therapeutic touch,
and antioxidant-rich diets (Rhee et al., 2001; Parikh and Parikh, 2011), are
thought to improve the patients’ overall physical and mental health. Although
none of these interventions have been approved as a complementary
therapy for glaucoma, one in nine patients reportedly used CAM along
with their conventional therapy (Wan et al., 2012). Vitamin supplements
and herbal medicines are the commonly used CAM among glaucoma
patients. In recent years, many herbal extracts have been studied for their
neuroprotective properties in slowing down the RGC neurodegeneration and
as a complementary treatment. To name a few, Ginkgo biloba extract, LBP,
forskolin extracted from Coleus Forskohlii, curcumin, saffron, Bilberry, and
Marijuana (Adornetto et al., 2020). This review will focus on the preclinical
animal studies that investigated the neuroprotective effects of LBP on RGC
survival using rodent models of optic neuropathies.

Lycium Barbarum Polysaccharides and Retinal
Ganglion Cell Neuroprotection

Properties of Lycium barbarum polysaccharides

The fruit of Lycium barbarum L., commonly known as Wolfberry, is an ancient
anti-aging herbal medicine, that is known for improving functions of liver,
kidney, and eye along with enhancing one’s psychological well-being. The
small reddish-orange fruit contains multiple bioactive components, such as
polysaccharides, carotenoids (especially zeaxanthin), flavonoids, amino acids,
vitamins, fatty acids, and other trace elements (Amagase and Farnsworth,
2011; Jin et al., 2013; Cheng et al., 2014). The polysaccharides extracted from
the fruit consist of 6 types of monosaccharides, namely glucose, arabinose,
galactose, rhamnose, xylose, mannose and galacturonic acid as well as types
of amino acids (Yu et al., 2007). LBP is well studied for its pharmacological
effects on anti-aging (Li et al., 2007; Tang and He, 2013), cytoprotection (Wu
et al., 2006; Yu et al., 2006; Li, 2007; Niu et al., 2008; Cheng and Kong, 2011),
immunomodulation (Gan et al., 2004; Cui et al., 2012), and neuromodulation
(Yang et al., 2012; Chen et al., 2014; Hu et al., 2018). LBP is also able to
combat the effects of fatigue (Zhao et al., 2015), hyperglycemia (Zhu et al.,
2013), hyperlipidemia (Luo et al., 2004), and other induced toxicities (Xin et
al., 2011; Xiao et al., 2012).

Interestingly, LBP is known to target multiple mechanisms that can also
promote neuroprotection in glaucomatous degeneration. LBP has been
demonstrated to be effective in combating glutamate excitotoxicity (Ho et
al., 2009; Shi et al., 2017), protein misfolding (Yu et al., 2005), mitochondrial
dysfunction (Liu et al., 2017), oxidative stress (Wu et al., 2006; Li, 2007; Niu et
al., 2008; Cheng and Kong, 2011; He et al., 2014), and autoimmunity (Gan et
al., 2004), as well as modulating glial cells (Chiu et al., 2009), apoptosis (Wang
et al., 2014b; Xia et al., 2014), and vascular dysregulation (Mi et al., 2012a,
b; Yang et al., 2012). Thus, LBP is considered to be a promising candidate for
treating multifactorial diseases.

The neuroprotective effects of LBP in preserving RGC were studied using
both 10P-dependent and-independent experimental models. These include
rodent models of chronic ocular hypertension (OHT; Chan et al., 2007; Chiu
et al., 2009, 2010), acute ocular hypertension (AOH; Mi et al., 2012a; He et
al., 2014), complete optic nerve transection (CONT; Li et al., 2013), partial
optic nerve transection (PONT; Chu et al., 2013; Li et al., 2013), and ischemic
reperfusion injuries (Li et al., 2011a). While most of them focused on the
prophylactic effects of LBP by pre-treating the animals before the onset of
injury, recent studies have also confirmed the benefits of LBP post-treatment
that is initiated well after the onset of insult. The following sections will
comprehensively review the studies demonstrating the pre-treatment effects
of LBP, followed by its post-treatment effects in various animal models of optic
neuropathies.

The neuroprotective effects of LBP pre-treatment

The effect of LBP pre-treatment on RGC survival has been studied using
both I0P-dependent and-independent rodent models (Table 1). The IOP-
dependent models include the chronic ocular hypertension model and the
acute ocular hypertension model. The chronic ocular hypertension model
involves experimentally inducing a moderate IOP elevation for a long period
(2—-15 weeks). As for the acute ocular hypertension model, extremely high
|OP is being elevated for a short period (60—-120 minutes). Both models result
in the indirect insult of RGC. The I0OP-independent models inflict RGC injuries
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Table 1 | Summary of LBP pre-treatment outcomes in experimental models of optic nerve insult
LBP treatment Functional

Experimental model / species (Duration) Structural outcomes outcomes

Key findings and possible mechanisms of RGC neuroprotection Reference

Chronic ocular hypertension (COH)

Pre-treatment
(=1 to 4 weeks)

Laser photocoagulation of episcleral
and limbal veins in SD rat

LBP preserved RGC at

both week 2 and 4 (n/a)

Pre-treatment
(=1 to 4 weeks)

LBP preserved RGC at n/a
both week 2 and 4

Laser photocoagulation of episcleral
and limbal veins in SD rat

Laser photocoagulation of episcleral Pre-treatment  LBP preserved RGC n/a
and limbal veins in SD rat (=1 to 2 weeks)
Laser photocoagulation of episcleral Pre-treatment  LBP preserved RGC n/a

and limbal veins in SD rat (=1 to 2 weeks)
Acute ocular hypertension (AOH)
AOH of 90 mmHg x 60 minutes in

C57 mouse

Pre-treatment
(=7 to 7 days)

LBP retained ~88% of IRL n/a
thickness and reduced

RGC loss (LBP vs. PBS:

~15% vs. ~38%)

Pre-treatment  n/a n/a
(=7 to 4 days)

AOH of 90 mmHg x 60 minutes in
C57 mouse

AOH of 130 mmHg x 60 minutesin  Pre-treatment LBP reduced RGC loss n/a

SD rat (=7 to 7 days) (LBP vs PBS: ~40% vs.
~70%)
Ischemic-reperfusion retinal injury
Surgically occlusion of right internal ~ Pre-treatment  LBP prevented retinal n/a

carotid artery for 2 hours in C57 (=7 to 1 days) swelling, reduced RGC

mouse apoptosis, and retained
97% of the GCL cell
density
Partial or complete optic nerve
transaction (PONT/CONT)
CONT/PONT in SD rat Pre-treatment  LBP did not prevent n/a

(—1 to 2/4 weeks) primary/secondary
degeneration of RGC

in CONT model, but
improved the RGC

survival at the site of
secondary degeneration

in PONT model

LBP reduced the axonal n/a
loss at the site of

secondary degeneration

Pre-treatment
(=1 to 4 weeks)

PONT in SD rat

Temporal ONT in SD rat Pre-treatment  LBP delayed the n/a
(-1 to 4 weeks) secondary degeneration
of RGC
PONT in SD rat Pre-treatment n/a

(=1 to 4 weeks)

Not assessed LBP treatment (0.01, 0.1, 1, 10, 100, and 1000 mg/kg) exhibited Chan et al., 2007

a U-shaped dose-response on RGC survival. Maximum RGC
protection was achieved at 1 and 10 mg/kg LBP

LBP did not alter the elevated IOP levels

LBP modulated the microglial activation in the inner retinal
layers in a dose-response manner. Moderately activated
microglia observed at 1 and 10 mg/kg LBP offered maximum
RGC protection than highly activated at 1000 mg/kg LBP

LBP modulated retinal crystalline proteins levels (mainly BB2),
which was otherwise downregulated under IOP stress conditions
LBP modulated the expressions of ET-1 and its receptors in both Mi et al., 2012b
RGCs and retinal vasculature, which improved RGC survival

Chiu et al., 2009

Chiu et al., 2010

LBP protected blood retinal barrier by increasing the expression Mi et al., 2012a
of occludin and preserving the tight junctions

LBP maintained the blood vessel density by down-regulating
the expressions of ET-1, receptors of advanced glycation end
products (RAGE), advanced glycation end products, and amyloid
beta protein

LBP reduced AOH-induced retinal gliosis by decreasing the
expressions of glial fibrillary acidic protein (GFAP), glutamine
synthetase, aquaporin-4 (AQP-4), S-100 proteins, iba-1, RAGE
and amyloid precursor protein

LBP enhanced the adaptive Nrf2/HO-1 anti-oxidant pathway
which reduced the rate of ROS generation and improved RGC
survival

Mi et al., 2020

He et al.,, 2014

LBP reduced the level of oxidative stress, the expressions of Lietal, 2011a

GFAP and AQP4, and the blood vessel leakages

LBP upregulated the expressions of oxidative enzyme and insulin Li et al., 2013
growth factor-1, and downregulated the pro-apoptotic JNK
signalling pathway

LBP reduced the activation of microglial/ macrophages in the Lietal., 2015
optic nerve
LBP increased the expression of M2 types of microglia/ Lietal.,, 2019

macrophages, which promoted the levels of anti-inflammatory

cytokines and reduced autophagy levels

LBP treatment resulted in the showed a recovery of inner retinal Chu et al., 2013
functions by mfERG (P1, PhNR) at both sites of primary and

secondary degeneration

AOH: Acute ocular hypertension; AQP: aquaporin; ET: Endothelin; ERG: electroretinogram; GCL: ganglion cell layer; |IOP: intraocular pressure; LBP: Lycium barbarum polysaccharides;
PBS: phosphate-buffered solution; PhNR: photopic negative response; RGC: retinal ganglion cells; SD: Sprague-Dawley.

directly, either by transecting the optic nerve completely or by blocking the
vascular supply to the eye through ligating the common carotid artery for
a certain period of time (120 minutes). In studies that assessed the pre-
treatment benefits, rodents were prophylactically treated with LBP from 7
days before model induction to the end of the study. The LBP solution was
prepared by dissolving a desired amount of LBP powder (as per dosage
requirement) in a phosphate-buffered solution (PBS). The animals were fed
once daily by oral gavage or nasogastric tube.

Chronic ocular hypertension model

The dose-response effect of LBP on retinal ganglion cell survival

Chan et al. (2007) were the first to demonstrate the in vivo neuroprotective
effects of LBP pre-treatment and investigated the dose-dependent efficacy
using six LBP concentrations (0.01, 0.1, 1, 10, 100, 1000 mg/kg) in a glaucoma
rat model. Before OHT induction, adult female Sprague-Dawley (SD) rats were
pre-treated with LBP or the vehicle, PBS, for 1 week. Following this, OHT was
induced by laser photocoagulation of the episcleral and limbal veins twice
(at days 0 and 7). The increased resistance to aqueous outflow in the lasered
eyes led to an IOP elevation, which was ~1.5 times higher than that of the
contralateral control that was maintained for at least 4 weeks. LBP treatment
did not alter I0OP elevation (21.2 + 0.2 mm Hg) and was found to be similar
with vehicle treatment (23.6 + 0.6 mm Hg). While the vehicle-treated group
showed 15 + 1% and 21 + 2% of the RGC loss at weeks 2 and 4 respectively,
1 mg/kg LBP pre-treatment preserved RGC with losses of about 1 + 2% at
week 2 and 6 + 2% at week 4. LBP also showed a U-shaped dose-dependent

relationship on RGC survival. Maximum protection was achieved at 10 mg/kg
LBP, with almost no RGC loss, and 1 mg/kg LBP. Other LBP dosages, both
higher and lower levels, could only alleviate 50% of the RGC loss as compared
with the PBS-treated animals. The authors proposed that LBP protected
RGC by regulating the c-Jun N-terminal kinase (Yang et al., 2014), which was
potentially involved in the apoptotic process. The lower protective effect at
higher dosages could have been resulted from the over-inhibition of the c-Jun
N-terminal kinase pathway, which is detrimental to RGC survival.

The effects of LBP on the modulation of retinal immune cells

Glaucoma-related stress is known to affect RGC survival mainly through
altering neuroinflammation-associated retinal gene expressions (Ahmed et
al., 2004; Steele et al., 2006; Piri et al., 2013). Chui et al. (2009) investigated
the effect of LBP in modulating the activation of retinal microglia, which are
the immune cells of the retina, and subsequent RGC protection. Different
LBP dosages (1, 10, 100, and 1000 mg/kg) were administered and were
continued for 2 weeks post-OHT induction. Laser photocoagulation of limbal
and episcleral veins induced a 1.7 times higher increase in IOP level in this
study. PBS-treated animals showed minimally activated microglia in the inner
retinal layers (i.e., ganglion cell layer, inner plexiform layer, and inner nuclear
layer) but 17% RGC loss at week 2. In LBP-treated animals, a dose-dependent
microglial activation was reported. The microglial cells in the inner retinal
layers were moderately activated at lower dosages of LBP (1 and 10 mg/kg)
and fully activated at higher dosages (1000 mg/kg). However, maximum RGC
protection (1% RGC loss at 1 mg/kg LBP, no RGC loss at 10 mg/kg LBP) was

NEURAL REGENERATION RESEARCH | Vol 18 | No. 12 | December 2023 | 2625



NEURAL REGENERATION RESEARCH
www.nrronline.org

Review

@

only observed in the groups with moderately activated microglia. 10% RGC
loss was detected in the LBP 1000 mg/kg group. LBP at 1 mg/kg maintained a
moderate activation of microglial for at least 4 weeks post-OHT insult with 6.6%
RGC loss as compared with the PBS-treated group that has 21% loss. In the
same study, the protective effects of LBP were also examined under simulated
retinal conditions, wherein retinal microglial activation was either completely
inhibited or maintained in a fully activated state. Animals pre-treated with 10
mg/kg LBP were intravitreally injected with PBS, microglial inhibitor factor,
lipopolysaccharides of bacterial endotoxin (microglial activator) immediately
after the first laser treatment. RGC loss in the microglial inhibitor factor group
was greater (10%) than the PBS group (2%) at week 2. Microglial inhibitor
factor might have attenuated the protective effect of LBP by reducing
microglial activation. On the other hand, the lipopolysaccharides-treated
group revealed that fully activated microglia was associated with a greater RGC
loss (28 %) at the end of week 4. The results suggested that LBP treatment
could modulate microglial activation, and moderate activation is protective to
RGC under OHT induced stress. On the other hand, both minimally and highly
reactive retinal microglia did not offer protection to RGC.

The effects of Lycium barbarum polysaccharides on the regulation of
crystalline proteins

Crystalline proteins are small heat shock proteins, which offer cellular
protection under the conditions of stress. In experimental in vivo models
of glaucoma, certain a and B crystalline protein transcriptions and their
expression levels were significantly down-regulated during the early stage
of 10P elevation (Ahmed et al., 2004; Steele et al., 2006; Piri et al., 2007,
2013). Also, the intravitreal injection of BB2 crystalline protein during the
early phase of I0OP elevation was found to be neuroprotective that slowed
down the retinal nerve fiber layer (RNFL) thinning and RGC loss in a rodent
model of cauterization of episcleral veins (Anders et al., 2017). To investigate
whether LBP could regulate the crystalline proteins in retinal neurons under
IOP stress, the laser OHT model mentioned earlier was applied to induce 10P
elevation in SD rats (Chiu et al., 2010). Although the IOP elevation was similar
between the 1 mg/kg LBP pre-treatment and PBS vehicle control groups,
RGC counts were better preserved in LBP-treated animals (1% RGC loss) than
PBS ones (18% RGC loss) at day 14. Proteomic analysis on samples collected
on day 2 showed significantly increased levels of both a (A and B) and B (A4
and B2) crystalline proteins in LBP-treated OHT retinas as compared with PBS
treatment. However, these changes were not observed in all other normal
controls, including LBP, PBS, and no feeding groups using healthy animals.
Also, an increased immunoreactivity of BB2 crystalline protein in the ganglion
cell layer and the inner nuclear layers on both days 2 and 14 were reported,
as compared with the PBS-treated group that showed relatively weaker
expressions. The study demonstrated that LBP could modulate the crystalline
proteins, mainly BB2, under IOP stress conditions, and this may be one of the
mechanisms through which LBP exerts its RGC protection.

The effects of LBP on endothelin-1 expression

Endothelin-1 (ET-1) is a vasoactive peptide ubiquitously found in the
eye (MacCumber and D’Anna, 1994; Stitt et al., 1996). In recent years,
there is emerging evidence suggesting the potential role of ET-1 in
the pathophysiology of glaucoma. ET-1 is involved in the alteration of
vasoregulation and the activation of inflammatory responses (Good and
Kahook, 2010; Shoshani et al., 2012). The expression levels of ET-1 and its
receptors, ET-A or ET-B, are found to be increased in both human (Wang et
al., 2006) and animal models of glaucoma (Prasanna et al., 2005; Yang et al.,
2007; Minton et al., 2012; McGrady et al., 2017). In experimental models of
IOP elevation, RGC loss was associated with an increased immunoreactivity
of ET-1, ET-A, and ET-B in the inner retinal layers (including the ganglion cell
layer, inner plexiform, and nuclear layers) that were co-localized with glial
activation (Prasanna et al., 2005; McGrady et al., 2017). The loss in RGC was
reduced in ET-B deficient rats (Minton et al., 2012) or in dual ET-A and B
receptor antagonist (Macitentan) treated rats under IOP elevation conditions
(Krishnamoorthy et al., 2018). This implies that regulating the levels of
ET-1 and its receptors can potentially be another approach in glaucoma
management. To understand the effects of LBP on the modulation of the
expressions ET-1 and its receptors as well as its impact on RGC rescue, an
OHT model of laser photocoagulation in SD rats was used (Mi et al., 2012b).
On day 14, increased expressions of ET-1 and ET-B receptors and a decreased
level of ET-A receptors in the retina were detected in PBS-treated animals that
had elevated IOP. On the other hand, LBP treatment resulted in significantly
reduced expressions of ET-1 and ET-B receptors and an increased level of
ET-A receptors. Moreover, LBP treatment resulted in reduced ET-1 and ET-A
receptor expressions and an increased level of ET-B in the retinal vasculature.
This differed from the PBS-treated eyes which showed increased expressions
of ET-1 and ET-A receptor and a decreased level of ET-B receptor in the retinal
vasculature. These results suggested that LBP could alter expressions of
ET-1 and its receptors in RGCs and the vasculature. The combined effects of
these mechanisms may lead to the RGC rescue detected. To summarize, LBP
protected RGCs in COH retinas through moderate activation of microglial cells,
increasing crystalline proteins expression and modulation of the expressions
of ET-1 and its receptors.

Acute ocular hypertension model

AOH is one of the well-established models of ischemic-reperfusion injury
applied to test the efficacy of neuroprotective agents against ischemia-
induced RGC death (Osborne et al., 1999). In this model, the severity of
retinal damage can be controlled by the careful selection of peak IOP and the
duration of exposure. When the IOP in rodents is raised to 155 mmHg, which
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is well above the systolic pressure for 60 minutes, irreversible damage to the
inner retina will be inflicted. If the duration is prolonged for an additional 30
minutes, the damage will be extended to the outer retina (Hughes, 1991;
Selles-Navarro et al., 1996). The efficacy of LBP pre-treatment has been
assessed using AOH models by elevating the IOP to about 90 mmHg in C57
mice or 130 mmHg in SD rats for 60 minutes (Mi et al., 2012a, 2020; He et
al., 2014). An episode of AOH insult (90 mmHg for 60 minutes) in C57 mice
resulted in severely disrupted blood-retinal barrier (BRB), reduced vascular
density, and most importantly, 33% loss in RGC density at day 4 and around
50% reduction in inner retinal layer thickness at day 7 (Mi et al., 2012a). Pre-
treatment with 1 mg/kg LBP maintained the integrity of BRB by increasing
the expression of occludin and preserving the tight junctions. LBP treatment
significantly improved the viability of retinal endothelial and pericytes as
compared with the PBS-treated controls. As a result, the LBP group showed
higher blood vessel density, 88% retention of inner retinal layer thickness,
and only 15% loss in RGC. These neuroprotective effects on the retinal
blood vessel and neurons were attributable to the downregulation of the
expressions of ET-1, receptors of advanced glycation end products, advanced
glycation end products, and amyloid-beta protein in the AOH retina. Recently,
Mi et al. (2020) also showed that LBP significantly reduced the retinal gliosis
in the AOH retina by decreasing the expressions of glial fibrillary acidic
protein, glutamine synthetase, aquaporin-4 (AQP-4), S-100 proteins, iba-1,
receptors of advanced glycation end products, and amyloid precursor protein.
By reducing the expression of glutamine synthetase in astrocytes and AQP-
4 around the blood vessels, LBP treatment resulted in the remodeling of
astrocytes that were associated with the blood vessels.

Oxidative stress is one of the major pathological processes involved in
ischemic-reperfusion retinal injuries which produce excessive reactive oxygen
species (ROS) that result in cell damage or death (Wei et al., 2011). Nuclear
factor erythroid 2-related factor 2 (Nrf2), a transcription factor associated
with the Nrf2/Heme oxygenase-1 (HO-1) anti-oxidation pathway, is activated
by binding to the antioxidant response element. It leads to increased
expressions of anti-oxidative proteins and enzymes that inhibit ROS, and
hence, promote cell protection and survival (Kensler et al., 2007; Kaspar et
al., 2009; Gozzelino et al., 2010). To understand the relationship between LBP
and the Nrf2/HO-1 pathway, He et al. (2014) compared the impact of 1 mg/kg
LBP and PBS treatments in an AOH rat model. After 24 hours of elevated
IOP insult, which was maintained at 130 mmHg for 60 minutes, the PBS-
treated animals showed an early and significant RGC loss (50%) that was
further dropped to 70% at day 7. Although increased expressions of Nrf2 and
HO-1 were detected at 24 hours, they returned to basal levels along with an
increase in ROS level at day 7. As for LBP pre-treatment, the reduced rate of
ROS generation associated with the increased Nrf2 and HO-1 expressions
was maintained up to at least day 7. This delayed the loss of RGC and
retained ~60% of the RGC density at day 7. The absence of such protective
effects was reported in animals co-pre-treated with the HO-1 inhibitor, zinc
protoporphyrin at 20 mg/kg. This is suggestive of the role of LBP in enhancing
RGC survival through the adaptive Nrf2/HO-1 antioxidant pathway. In short,
LBP protected RGCs in the AOH retina by preserving the BRB, retaining the
vascular density, reducing the glial activation, remodeling the astrocytes
surrounding the blood vessels, and decreasing the ROS by enhancing the
Nrf2/HO-1 oxidative pathway.

Vascular model of ischemic-reperfusion retinal injury

Li and co-workers investigated the neuroprotective benefits of LBP in a
vascular model of retinal ischemia through surgically occluding the right
internal carotid artery for 2 hours, followed by 22 hours of reperfusion
(Li et al., 2011a). Vehicle-treated C57 mice showed a swelling of
inner retinal layers, a decrease in ganglion cell layer (GCL) cell density
and an increase in the number of apoptotic cells in the GCL. It also
exhibited elevated glial fibrillary acidic protein expression in the retina,
upregulated AQP4 level in the perivascular region, increased number of
leaky blood vessels (identified as IgG positive signals) located external
to the endothelial vessel lining, and raised oxidative stress levels in the
cell nucleus of GCL as indicated by increased poly (ADP-ribose) and
nitrotyrosine expressions. While the GCL cell density of the vehicle
control was 54% that of the normal control, pre-treatment with 1 mg/kg
LBP prevented retinal swelling and retained 97% of the GCL cell density as
compared with the normal control. The treatment significantly reduced the
levels of oxidative stress, the expressions of glial fibrillary acidic protein and
AQP4 as well as the leakage of blood vessels. The result indicates that LBP
has a protective effect on micro-vessels which is vital for the proper provision
of nutrients to retinal cells, and thus ensuring the preservation of retinal
function.

Optic nerve transection model

In glaucoma, neurons undergo progressive damage and functional loss
despite being treated for the primary cause, IOP elevation (Collaborative
Normal-Tension Glaucoma Study Group, 1998; The AGIS Investigators,
2000; Heijl et al., 2002; Kass et al., 2002; Garway-Heath et al., 2015). Such
secondary degeneration of healthy neurons is thought to result from the
toxic substances released from the primary insult (i.e. the damaged neurons;
Schwartz et al., 1996; Yoles and Schwartz, 1998). Animal models of optic
nerve transection are commonly used to study the effects of neuroprotective
agents against secondary degeneration (Schwartz et al., 1996). In this model,
the superior part of the optic nerve was partially transected (usually 1 mm
behind the eyeball). RGC and axonal loss were not confined only to the
superior retina (primary injury), subsequent loss in the inferior retina was
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also observed due to secondary degeneration (Levkovitch-Verbin et al., 2001,
2003). One study investigated the outcomes of LBP and PBS pre-treatment
in CONT or PONT rats (Li et al., 2013). The RGC densities in the superior
and inferior retina were compared to assess the protective effects of LBP
on secondary degeneration. For CONT animals, an overall decrease in RGC
density was detected at week 1, which was further dropped at week 2. Similar
outcomes were observed in animals treated with different dosages of LBP
(0.1, 1, 10 mg/kg). LBP treatment did not seem to improve RGC survival at
both time points. As for PONT rats, PBS-treated animals showed progressive
neuronal loss at weeks 1 and 4. The degree of loss, reflected by RGC density,
was similar in the superior and inferior retina. LBP treatment at 1 mg/kg
preserved ~18% more RGC density in the inferior retina than that in PBS-
treated control at week 4. The authors also reported increased expressions of
the oxidative enzyme, manganese superoxide dismutase and insulin growth
factor-1 as well as the down-regulation of apoptotic signals associated with
the c-Jun N-terminal kinase pathway. While LBP was unable to prevent
primary or secondary degeneration in the CONT model, it delayed the impact
of secondary degeneration in the PONT model. A subsequent study assessed
the protective effects of LBP at 1 mg/kg on axonal degeneration and the
activation of microglia/macrophages in the PONT model (Li et al., 2015).
Transecting the dorsal part of the optic nerve resulted in a severe axonal
loss at the primary site (i.e. the dorsal region) and the distant secondary
site at the central region, but not in the ventral region. LBP treatment could
significantly preserve axons at the secondary site of degeneration, i.e. the
central region, but not in the primary site. The morphology at the central
region was comparable to the normal optic nerve with a significant reduction
in the activation of microglia/macrophages. Another study also evaluated
the role of LBP in the polarization of microglia/macrophages (M1 and M2)
and autophagy levels (LC3-Il) using a temporal ONT model (Li et al., 2019).
M1 and M2 types of microglia/macrophages produce pro-inflammatory
(inducible nitric oxide synthase) and anti-inflammatory cytokines (Arginase-1)
respectively. These cytokines are involved in the process of tissue damage and
repair. Higher levels of M1 and M2 were detected in the PBS group at week 1.
These levels returned to basal values at week 4, but increased autophagy was
observed. LBP treatment could effectively modulate glial activation and delay
RGC degeneration at week 4 by increasing the M2 polarization and reducing
autophagy.

In terms of retinal functions, which are seldom investigated for LBP
treatments, Chu et al. (2013) characterized these properties using a slow
paradigm multifocal electroretinogram (mfERG) in a PONT rat model. The
first-order kernel response from this mfERG protocol produced three distinct
responses; a small trough (N1) at 25 ms, followed by a peak (P1) at 55 ms
and a photopic negative response (PhNR) at 75 ms. The long-term effects
of PONT on retinal functions were assessed by measuring mfERG at three
time points (weeks 1, 2, and 4) after PONT. To examine the effect of PONT on
regional specific retinal functions (superior and inferior), the responses were
grouped into 5 regions, which were superior, far superior, central, inferior,
and far inferior regions. Following dorsal PONT, P1 and PhNR responses of
PBS-treated animals were reduced significantly in the superior retina at all-
time points. The reductions in P1 responses of the central and inferior regions
occurred gradually at week 4. On the other hand, N1 responses remained
unaffected. With LBP treatment, reductions in P1 and PhNR responses from
the superior regions and enhanced N1 responses were observed at week 1.
Most importantly, prolonged LBP treatment for 5 weeks showed a significant
functional recovery of all retinal responses, including N1, P1, and PhNR,
which were derived from the primary (superior) and secondary sites (central
and inferior) of degeneration at week 4, when compared with vehicle-treated
animals.

In summary, these studies showed that LBP preserved RGCs in both IOP-
dependent and IOP-independent models of optic neuropathy under pre-
treatment conditions. Also, LBP might protect RGC through modulating glial
activation, crystalline proteins, and ET-1 expressions, preserving BRB and
vascular density, and decreasing ROS through enhancing the Nrf2/HO-1
oxidative pathway. These findings demonstrated the potential of LBP as a
neuroprotective agent for glaucoma management.

The neuroprotective effects of LBP post-treatment

To investigate the translational potential of LBP therapy, it is crucial to
dedicatedly study its efficacy at the level of preclinical research comparable
to the clinical trial settings. Most importantly, in clinical trials, therapeutic
drugs are tested on subjects with confirmed or established disease conditions
of varying severity. Therefore, this raises the critical question of whether the
LBP efficacy observed in animals under pre-treatment conditions would yield
similar results when applied in clinical trials, where treatments are often
initiated after the onset of the disease or insult, in other words, under post-
treatment conditions. To mitigate this uncertainty, the LBP post-treatment
outcomes should be evaluated using different animal models.

Recently, the neuroprotective benefits of LBP under post-treatment
conditions were reported in two different rodent OHT models (Table 2).
These included a moderate AOH model (Lakshmanan et al., 2019b) and a
mild chronic OHT (Lakshmanan et al., 2019a). To improve its translational
value, clinically relevant in vivo techniques were applied to characterize
the longitudinal changes in retinal structure and functions upon LBP post-
treatment. These included optical coherence tomography (OCT) imaging and
flash ERG measurements. The ERG measurements include positive scotopic
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threshold response (pSTR), scotopic b- and a-wave responses which are

surrogate measures of ganglion, bipolar and photoreceptor cell functions
respectively.

Acute ocular hypertension model

Some studies have evaluated the efficacy of LBP pre-treatment in AOH insults,
which were established by elevating IOP to about 90 mmHg in mice or 130
mmHg in rats for 60 minutes (Mi et al., 2012a; He et al., 2014). The maximum
follow-up period was 7 days. These induction conditions led to drastic and
irreversible damages to the inner retina as the retinal and choroidal blood
circulations were completely blocked (Zhi et al., 2012). However, sub-ischemic
AOH models in rats can be achieved by choosing IOP above 70 mmHg and
below 90 mmHg as previous studies showed that IOP below 70 mmHg (Bui
et al., 2013) resulted in reversible retinal dysfunction in pSTR, while IOP of 80
mmHg or above would lead to structural changes (Holcombe et al., 2008).
Subsequently, the post-treatment efficacy of LBP over 4 weeks using an AOH
model of 80 mmHg for 120 minutes in SD rats was examined (Lakshmanan et
al., 2019b). Animals in the pre-treatment groups received LBP administration
1 week before the AOH insult, and those in the post-treatment groups
received it in 6 hours post-cannulation. The treatments were continued till
the end of the study. While the animals in the PBS vehicle treatment group
showed ~50% reduction in inner retinal layer (IRL) thickness (i.e. combined
thicknesses of inner plexiform and inner nuclear layer) and ~70% reduction
in GCL cell density, LBP pre-treatments at 1 and 10 mg/kg could retain ~80%
and ~90% of IRL thickness respectively. Well-preserved GCL cell densities
were also observed at week 4. In agreement with the structural findings,
~60% loss in retinal functions associated with ganglion and bipolar cells were
detected in the vehicle treatment group, whereas both pre-treatment groups
could retain ~80% of the functions. LBP post-treatment at 10 mg/kg showed
a delayed but significant preservation of IRL thickness at day 28 (~40% loss)
despite a substantial loss at day 10 (~35%), unlike the vehicle treatment group
which showed a progressive loss (day 10: ~35% loss; day 28: ~50% loss). This
delayed protective effect of LBP is reasonable as treatment was initiated 6
hours after the AOH insult, it may take some time for LBP to reach therapeutic
levels at the neural retina and exert its protective effect. Interestingly, LBP
post-treatment could preserve retinal functions and GCL cell density at a level
comparable with LBP pre-treatment.

Chronic ocular hypertension model

The neuroprotective effects of LBP have been reported in an experimental
model using laser photocoagulation of the limbal and episcleral veins for
up to 4 weeks (Chan et al., 2007). Although sustained IOP elevation can be
achieved through repeated applications of laser, the role of biphasic IOP
change and the complications of repeated procedures, including inflammation
and corneal changes, may affect the results and complicate the interpretation
of the treatment outcomes.

Recently, a minimally invasive, single intervention circumlimbal suture model,
which does not involve intraocular manipulations, has been proposed for
chronic OHT (Liu et al., 2015). After an initial IOP spike during the induction
phase, the model has a moderate IOP elevation that was sustained for 12
to 15 weeks (Liu et al., 2015; Liu and Flanagan, 2017; Zhao et al., 2017).
This provides a long study window for the characterization of treatment
effects. Moreover, the model appears to mimic many features of the clinical
glaucomatous pathology, including progressive RNFL thinning, ganglion cell
dysfunction that is more severe than outer retinal dysfunction, and RGCs
loss. An advantage of this model is that it allows longitudinal measurements
of in vivo retinal structure and function. This can minimize the effects of
confounding factors such as inflammation and corneal changes on the
outcome measures. Hence, this model has been applied in SD rats to study
the neuroprotective effects of LBP pre- and post-treatments (Lakshmanan
et al., 2019a). Pre-treatment with 1 mg/kg LBP was initiated 1 week before
OHT induction. Post-treatment with 1 mg/kg LBP or the vehicle, PBS, was
administered at 5 weeks after the induction and was continued till week 15
(Lakshmanan et al., 2019a). The OHT eyes in all three groups developed a
chronic and mild I0P elevation. The average cumulative I0P of these eyes was
around 35% greater than the fellow controls. Animals receiving PBS vehicle
treatment showed RNFL thinning at week 4 (~23% loss from baseline) that
was sustained up to week 15 (~17% loss from baseline), a gradual reduction
of retinal functions from week 8 to 12 (pSTR: ~40%; b-wave: ~23% loss at
week 15), and ~50% reduction in RGC density at week 15. LBP pre-treatment
delayed the onset and reduced the rate of further RNFL thinning (Week 8:
~11%; Week 15: ~10% loss from baseline). The retention of RGC density and
retinal functions were also maintained up to the end of the study (week 15).
Although significant RNFL thinning was detected at week 4 (~25 % loss from
baseline), post-treatment resulted in the retention of RNFL thickness (~3.5
um, in both OHT and control eyes) from week 8 onwards and was maintained
up to week 15. At the same time, retinal functions related to ganglion and
photoreceptor cells were improved and RGC preservation was achieved. The
level of rescue was comparable with the LBP pre-treatment and sham control
groups.

LBP pre- and post-treatments could successfully preserve the neuronal
structures and functions in both acute (Lakshmanan et al., 2019b) and chronic
OHT (Lakshmanan et al., 2019a) models. The post-treatment approach is
highly relevant to the clinical scenario as patients are more likely to start
their treatment after the diagnosis of glaucoma. In addition, the studies
characterized the longitudinal effects of LBP over a follow-up period up to 15
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Table 2 | Summary of LBP post-treatment outcomes in experimental models of optic nerve insult
Key findings and possible
LBP treatment mechanisms of RGC
Experimental model / Species (Duration) Structural outcomes Functional outcomes neuroprotection Reference

Acute ocular hypertension (AOH)

AOH of 80 mmHg x 120 minutes in
SD rats

Pre-treatment (-1
to 4 weeks)

While LBP pre-treatment preserved ~90%
of IRL thickness, post-treatment delayed
the rate of secondary degeneration and
retained ~60% of IRL thickness

Post-treatment (6 Pre- and post-treatments showed

Ganglion (pSTR) & bipolar
(scotopic b-wave) cell
responses were similarly
preserved under pre- and
post-treatments

Post-treatment with LBP
showed a neuronal rescue
in preserving both the
retinal structure (IRL/RGC)
and function

Lakshmanan et al.,
2019b

hours, post AOH to
4 weeks)

Chronic ocular hypertension

Circumlimbal suture model in SD

rats 15 weeks)

onwards

Post-treatment (5 to Pre- and post-treatments showed
comparable RGC density preservation

15 weeks)

Pre-treatment (—1 to Pre-treatment delayed the onset of RNFL
thinning and also reduced its subsequent
rate of thinning. Post-treatment initiated
after the onset of RNFL thinning (from
week 5) showed an insignificant gradual
increase in RNFL thickness from week 8

comparable GCL cell density preservation

Post-treatment with LBP
showed a neuronal rescue
in preserving both retinal
structure (RGC) and
function

LBP did not alter the
elevated IOP levels

Ganglion (pSTR) & bipolar
(scotopic b-wave) cell
responses were similarly
preserved under pre- and
post-treatments

Lakshmanan et al.,
2019a

I0OP: Intraocular pressure; IRL: inner retinal layer; LBP: Lycium barbarum polysaccharides; pSTR: positive scotopic threshold response; RGC: retinal ganglion cells; SD: Sprague-Dawley.

weeks, which was more extensive than earlier reports on acute (1 week; Mi
et al., 2012a; He et al., 2014) and chronic (4 weeks; Chan et al., 2007) OHT
models. The fellow, normotensive control eyes of the LBP treatment groups
did not show any toxic effect from prolonged treatment over 15 weeks of
study. Both retinal structure and functions of LBP treated eyes were similar
to naive eyes of the sham control or the fellow eyes of the vehicle controls
(Lakshmanan et al., 2019a).

Effects of LBP pre- and post-treatment on halting the RGC degeneration
RGCs undergo compartmentalized degeneration in which dendritic
shrinkage is followed by axonal and somatic degeneration and loss (Weber
et al., 1998; Buckingham et al., 2008; El-Danaf and Huberman, 2015). The
degeneration of each neuronal compartment followed a distinctive timeline.
Under pre-treatment conditions, LBP halted the initial stage of neuronal
degeneration, which involved dendritic and axonal loss, as demonstrated
by the preservation of IRL thickness in the AOH model and RNFL thickness
in the OHT model using OCT. It also arrested the subsequent somatic loss,
as shown by the substantially preserved GCL/RGC cell density and retinal
functions. Under post-treatment conditions, LBP was effective in arresting
the secondary degeneration in AOH (Lakshmanan et al., 2019b). However,
it showed limited effects in reversing the primary damages that led to IRL
thinning in the AOH model and RNFL thinning in the OHT model. These were
related to the reduced rate of progressive IRL loss and the interruption of the
degeneration cascade. As a result, GCL cell density and retinal functions were
retained (Lakshmanan et al., 2019b). Also, LBP post-treatment improved RNFL
thickness, retained RGC density, and improved retinal functions under chronic
OHT conditions (Lakshmanan et al., 2019a). In summary, LBP post-treatment
can achieve “neuronal rescue” upon both acute and chronic OHT insults.
Most importantly, LBP could exert its protective effects in the presence of
elevated IOP in a chronic OHT model.

Limitations in Pre-Clinical Research Outcomes of
Lycium Barbarum Polysaccharides Treatment

Animal models of OHT cannot replicate all aspects of clinical glaucoma.
Therefore, it is important to choose a suitable model for evaluating the
outcomes of LBP treatment to replicate the clinical management of the
disease. The acute and chronic models adopted in LBP studies mimiced ked
one aspect of clinical glaucoma, which is IOP elevation. One limitation of the
ischemia-reperfusion injury model, achieved by raising IOP > 80 mmHg, is
that such high-pressure levels are rarely seen in clinical chronic glaucoma
cases. Although transient I0P spikes as high as 30 or 40 mmHg can occur
during saccadic eye movements or blinking (Edmiston et al., 2014; Turner et
al., 2019), Valsalva maneuver (Rafuse et al., 1994; Palamar et al., 2015; Sun
et al., 2020), swimming goggles usage (Ma et al., 2007; Paula et al., 2016),
wind instruments playing (Schuman et al., 2000; Schmidtmann et al., 2011),
and certain yoga positions (Baskaran et al., 2006), extremely high pressures
are only seen in acute glaucoma. Nevertheless, this model can mimic some
retinal and optic nerve characteristics of glaucoma (Osborne et al., 1999).
These include hypoxia (Holcombe et al., 2008), glutamate toxicity (Sucher et
al., 1997; Nucci et al., 2005), oxidative stress (Liu et al., 2007; Lee et al., 2012),
and apoptotic cell death (Rosenbaum et al., 1997). It is noteworthy that IOP
elevation to 60 mmHg for 8 hours resulted in anatomical and genetic changes
at the optic nerve head that was very similar to the hypertonic saline OHT
model (Johnson et al., 2011; Morrison et al., 2016). Despite these limitations,
triangulating the findings from different glaucoma models allows researchers
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to compare the outcomes of LBP treatments. Consistently, LBP post-treatment
provides clear benefits in treating OHT induced changes, albeit not as strong
as pre-treatment.

As for chronic OHT models, the neuroprotective benefits of LBP pre-treatment
and its possible mechanism were mainly reported in an experimental model
induced by laser photocoagulation of limbal and episcleral veins (Chan et
al., 2007; Chiu et al., 2009, 2010; Mi et al., 2012b). Although this method
could sustain moderate IOP elevation with repeated applications of laser,
the possible role of biphasic IOP change and the complications of repeated
procedures (inflammation and corneal changes) in influencing the study
outcomes cannot be excluded. Secondly, the circumlimbal suture model
adapted in the post-treatment study involved the physical compression of
the globe which results in ocular hypertension, likely through increasing the
episcleral venous pressure (Wong et al., 2021). The suture model in albino
rats (Lakshmanan et al., 2020) produced milder OHT responses than that
in pigmented rats (Liu et al., 2015; Liu and Flanagan, 2017). This suggested
the presence of strain-specific susceptibility to IOP stress. Also, further
immunohistochemistry evaluation can provide more evidence on the possible
role of photoreceptor swelling and inflammatory responses in the thickening
of the outer retinal layer. On top of that, in vivo studies of LBP post-treatment
can further be benefitted from detailed RGC quantification, evaluation of
retinal vasculature/ocular blood flow, and examination of the neuroprotective
mechanisms as in the pre-treatment OHT models. Since IOP stress in rodents
can induce sectorial RGC loss (Soto et al., 2011), estimating such loss using
retinal cross-sections may underestimate the RGC survival rate. While this
can be improved by performing retinal whole mounts, the assessment of
temporal RGC loss requires the sacrifice of experimental animals at different
time points. To overcome this problem, the transgenic mice strain, Thyl-
CFP23Jrs, which expresses cyan fluorescent protein under the control of the
promoter for Thy-1, a cell-surface glycoprotein specifically expressed in RGC
(Murata et al., 2008; Leung et al., 2009), or in vivo confocal neuroimaging
(Sabel et al., 1997; Prilloff et al., 2010) can be applied to facilitate longitudinal
in vivo evaluation of RGCs. Alternatively, the transgenic mouse strain, Thyl-
YFP16Jrs, which expresses yellow fluorescent proteins in RGC under the
control of a Thy-1 promoter, can be used to investigate the effect of LBP in
preserving RGC dendrites, axons, and cell body through the direct tracking
of individual RGCs in a longitudinal fashion (Leung et al., 2011; Li et al.,
2011b). Secondly, as ocular blood flow is known to be reduced in glaucoma
(Flammer et al., 2002; Grieshaber and Flammer, 2005), it can serve as a
potential treatment target. Previously, LBP has been shown to protect RGC
by modulating ET-1 expression in the ganglion cell layer and the vasculature
in an OHT rat model (Mi et al., 2012b). The improvement in RNFL thickness
under post-treatment conditions can potentially be due to the modulatory
effects of LBP on ET-1. Considering the role of ET-1 in regulating the ocular
blood flow, assessing the retinal vasculature and blood flow using clinical
methods, including OCT-microangiography (zZhi et al., 2012) and Doppler
(zhao et al., 2017), can provide further evidence on the protective effects
of LBP against vascular dysregulation in glaucoma. Although the benefits of
LBP post-treatment intervention have been demonstrated using the AOH
and chronic OHT models, further investigations on the mechanisms involved
in neuroprotection should be undertaken. For instance, more efforts are
needed to understand why there was a rebound in RNFL thickness in the
chronic OHT model under LBP post-treatment. Delineating the differences
in the protective mechanisms when LBP interventions are offered involved
at different time points of disease course will be useful in informing future
glaucoma management in clinical settings.
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Future Directions

LBP has demonstrated to be a viable candidate for RGC neuroprotection in
the clinical management of glaucoma based on the encouraging treatment
outcomes in preclinical studies. However, as with other CNS diseases,
barriers that hinder the translation of preclinical neuroprotective therapies
in glaucoma to clinical trials remain. Although a number of neuroprotective
agents and CAM approaches has demonstrated promising outcomes
in preclinical glaucoma studies, only a few of them (e.g. Memantine,
Brimonidine, and different neurotrophic factors) have been studied in
clinical trials and, to date, none of them has been approved for clinical use
in glaucoma management (Liu and Pang, 2013). The failure to replicate
the animal studies results in human trials can mainly be attributed to the
differences in disease models used, the mechanisms of neuronal loss
involved, the study designs applied, the outcome measurements (endpoint)
considered, the dosages of the drug studied, and the differences in the
therapeutic windows involved in preclinical and clinical research (Girkin, 2001;
Goldberg, 2007; Danesh-Meyer and Levin, 2009; Levin and Danesh-Meyer,
2010; Ergorul and Levin, 2013; Liu and Pang, 2013).

LBP pre- and post-treatments exhibited neuroprotection in in vivo glaucoma
models through RGC structural and functional preservation. Till date,
there are no clinical studies demonstrating the efficacy of LBP in glaucoma
patients. However, it is encouraging to note that the treatment benefits
of LBP reported in the retinitis pigmentosa mouse model, rd10 mice, in
preserving the photoreceptor structure and function (Wang et al., 2014a),
was later confirmed in a double-masked, 12-months clinical trial (Chan et
al., 2019). To enable the successful translation of LBP interventions, it is
imperative to identify the potential issues impeding the progress and the
possible measures to be undertaken to improve the rate of success (Girkin,
2001; Cheng et al., 2004; Danesh-Meyer and Levin, 2009; Ergorul and Levin,
2013; Liu and Pang, 2013). Hence, to ensure the translational success of
LBP, as an adjuvant therapy for glaucoma management in clinical settings,
more preclinical studies that employ clinically relevant designs are warranted
(Girkin, 2001; Cheng et al., 2004; Danesh-Meyer and Levin, 2009; Ergorul
and Levin, 2013; Liu and Pang, 2013). First, it is important to investigate the
combined efficacy of LBP and IOP-lowering treatment against the stand-
alone effects of individual therapeutic approaches in preclinical settings. This
can help to delineate the standalone effect of the neuroprotective agents,
which is difficult to be tested in randomized controlled trials as IOP-lowering
therapy is considered to be the clinical standard of treatment. Second, as
glaucomatous changes are frequently observed in patients with normal 10P,
(i.e. normal-tension glaucoma), it is essential to study the neuroprotective
effects of LBP using IOP-independent glaucoma models. These may include
the glutamate aspartate transporters deficient normal-tension glaucoma mice
model and the ET-1 model with induced optic neuropathies. It allows a more
comprehensive characterization of LBP treatment across different glaucoma
treatment scenarios. Third, the therapeutic effects of LBP should be studied
in older animals and in vivo models that represent different comorbidities.
This enables researchers to understand how LBP performs in the presence
of different glaucoma risk factors such as old age and chronic conditions like
hypertension and diabetes mellitus. Fourth, since glaucoma damage can
advance to the higher center (Gupta et al., 2006, 2009; Fukuda et al., 2018),
it is valuable to investigate whether LBP can extend its neuroprotective
effect to the lateral geniculate nucleus and the visual cortex. Fifth, due to
the chronic nature of glaucoma and the need for continuous treatment, it is
important to document the washout effects of LBP on retinal structure and
functions in case of treatment switchover. Sixth, instead of using histological
endpoints, which is common in animal studies, clinical research often uses
in vivo structural and functional assessment to study the rate of loss. Thus,
preclinical studies should be designed to adapt comparable in vivo techniques
for the longitudinal assessment of both retinal structure and function. Lastly,
studies on the evaluation of potential adverse effects of LB are needed.
Currently, our understanding is limited to the interaction of LB with Warfarin
(an anticoagulant; Rivera et al., 2012). As LBP may exhibit hypolipidemic and
hypoglycaemic effects, it is vital to assess whether this interferes with the
medications used in the management of patients with chronic comorbidities.
Therefore, integrative animal models displaying multiple glaucoma risk factors
should be considered for testing the efficacy of LBP at the preclinical level.
Effective scrutiny preclinical level can potentially improve the chances of
successful LBP translation into clinical applications.

Conclusion

LBP is a promising candidate for treating glaucoma. It exhibits neuroprotective
effects in both IOP-dependent and -independent models of RGC
degeneration in preclinical animal studies. The multi-target action of
LBP was demonstrated through its ability to rescue differential neuronal
compartments and retinal functions. Although LBP pre-treatment achieved
better neuroprotection, the beneficial effects offered by post-treatment were
remarkable as well. The promising pre-treatment results support the use of
LBP as preventive medicine for patients who are at higher risk of developing
the disease, such as ocular hypertension or glaucoma suspects. The post-
treatment efficacy provides important evidence for the application of LBP as
an adjuvant neuroprotective therapy for glaucoma patients who are at risk
for progression or show progressive vision loss despite well-controlled IOP.
Further preclinical research is warranted to evaluate the efficacy of LBP post-

0
NEURAL REGENERATION RESEARCH @

www.nrronline.org N\~
treatment in different animal models. Evaluation methods and study designs
closely relevant to clinical settings should be applied. Once LBP proves its

efficacy at all the levels of preclinical scrutiny, it can be further evaluated in
the clinical trial pipeline leading to bedside applications.
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