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Purpose: Intraocular pressure (IOP) is currently the only modifiable risk factor for
glaucoma, yet glaucoma can continue to progress despite controlled IOP. Thus,
development of glaucoma neurotherapeutics remains an unmet need. Scutellarin is
a flavonoid that can exert neuroprotective effects in the eye and brain. Here, we
investigated the neurobehavioral effects of scutellarin treatment in a chronic IOP
elevation model.

Methods: Ten adult C57BL/6J mice were unilaterally injected with an optically
clear hydrogel into the anterior chamber to obstruct aqueous outflow and induce
chronic I0P elevation. Eight other mice received unilateral intracameral injection of
phosphate-buffered saline only. Another eight mice with hydrogel-induced unilateral
chronic IOP elevation also received daily oral gavage of 300 mg/kg scutellarin. Tonometry,
optical coherence tomography, and optokinetics were performed longitudinally for 4
weeks to monitor the IOP, retinal nerve fiber layer thickness, total retinal thickness, visual
acuity, and contrast sensitivity of both eyes in all three groups.

Results: Intracameral hydrogel injection resulted in unilateral chronic IOP elevation
with no significant inter-eye 0P difference between scutellarin treatment and untreated
groups. Upon scutellarin treatment, the hydrogel-injected eyes showed less retinal
thinning and reduced visual behavioral deficits when compared to the untreated,
hydrogel-injected eyes. No significant difference in retinal thickness or optokinetic
measures was found in the contralateral, non-treated eyes over time or between
all groups.
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Zhu et al. Neurobehavioral Effects of Scutellarin on Experimental Glaucoma
Conclusion: Using the non-invasive measuring platform, oral scutellarin
treatment appeared to preserve retinal structure and visual function upon chronic
IOP elevation in mice. Scutellarin may be a novel neurotherapeutic agent for
glaucoma treatment.

Keywords: glaucoma, intraocular pressure, scutellarin, retina, optokinetics
INTRODUCTION chronic elevation of IOP while preserving optical media

Glaucoma is a chronic neurodegenerative disease involving
progressive loss of retinal ganglion cells (RGC) and injuries
to their dendrites and axons (1). It is the leading cause of
irreversible blindness in the world (2). While intraocular pressure
(IOP) is currently the only clinically modifiable risk factor,
glaucoma can continue to progress even after IOP is controlled
(3). Thus, development of effective neurotherapeutics is of
paramount importance to further slowdown the progression
of the disease beyond IOP control in order to reduce
its prevalence.

Several in vitro and in vivo experiments have attempted to
demonstrate the potentials of neuroprotective medications for
glaucoma. These include the use of alpha 2 adrenergic agonists
(e.g., brimonidine) (4), prostaglandin-related compounds (e.g.,
tafluprost) (5), N-methyl-D-aspartate receptor antagonists (e.g.,
memantine) (6), calcium channel blockers (e.g., nilvadipine)
(7), choline precursor (e.g., citicoline) (8), brain-derived
neurotrophic factors (9), and plant extracts [e.g., ginkgo
biloba (10), xanthophylls, and flavonoids (11)]. However, their
effectiveness on glaucoma patients has been controversial (12),
and the side effects of some of these medications remain a
concern (13). Among the plant extracts that have been identified
as potential candidates for protective effects, Erigeron breviscapus
is a multifunctional traditional Chinese herb that has been
used to treat various diseases in the brain and body of both
humans and experimental animal models (14). Scutellarin, a
flavone glucuronide (5,6,4 -trihydroxyflavone-7-O-glucuronide),
is one of the major constituents of Erigeron breviscapus (15).
It has been reported to exert protective effects on the brain
(16) via translocation of the apoptosis-inducing factor pathway
(17), and increase in cell survival, proliferation, and contraction
(18). In ophthalmic studies, scutellarin promoted the survival
of cultured rat retinal neurons at high concentrations (19).
Scutellarin was also found to preserve, at least in part, the
visual field of post-surgical open-angle glaucoma patients with
controlled IOP (20). For acute IOP elevation and retinal hypoxia
models, scutellarin inhibited the inflammatory reactions by
mediating the nucleotide-binding oligomerization domain-like
receptor protein 3 (NLRP3) inflammasome-signaling pathway
in vivo and in vitro (21). It also promoted RGC survival while
down-regulating abnormal retinal microglia activation (21).
Despite such initial evidence, well-controlled experiments on
the neuroprotective effects of scutellarin on chronic glaucoma
remain lacking.

To date, pre-clinical testing of glaucoma neurotherapeutics
has been limited by existing experimental models that allow

clarity for non-invasive and longitudinal evaluation of
the structure and function of the visual system. Recently,
we have developed a novel experimental glaucoma rodent
model that satisfies the above requirements via intracameral
injection of an optically clear, cross-linked hydrogel (22, 23).
In the current study, we used this experimental model in
combination with non-invasive imaging and behavioral
assessments to investigate if scutellarin is neuroprotective
against chronic experimental glaucoma. We hypothesized that
oral scutellarin treatment ameliorates the effects of retinal
thinning and visual functional deficits induced by chronic
IOP elevation.

METHODS

Animal Preparation

All experimental procedures were approved by the Institutional
Animal Care and Use Committee at New York University
Grossman School of Medicine, and investigators followed
guidelines from the Association for Research in Vision and
Ophthalmology’s statement for Use of Animals in Ophthalmic
and Vision Research. Thirty C57BL/6] mice (Jackson Laboratory,
Bar Harbor, Maine) aged 15-18 weeks old were housed under
a 12-h light/dark cycle with standard chow and water available
ad libitum, and were assigned to three groups of 10 each via
a random number table. Mice in Group 1 received unilateral
intracameral injection of hydrogel only (Hydrogel group).
Mice in Group 2 received unilateral intracameral injection of
phosphate-buffered saline (PBS) only (PBS group). Mice in
Group 3 were unilaterally injected with the hydrogel into the
anterior chamber along with daily oral gavage of scutellarin
at 300 mg/kg/day for 3 consecutive weeks, beginning at 1
week prior to hydrogel injection until 2 weeks post-injection
(Hydrogel+-Scutellarin group) (Table 1). The contralateral eyes
were untreated and served as an internal control. A non-invasive
in vivo measurement system was developed for longitudinal
assessments of IOP via tonometry, retinal thickness via optical
coherence tomography, and visual function via optokinetic
behavioral testing immediately before, and at 3 days (IOP only),
and 1, 2, 3, and 4 weeks after intracameral hydrogel or PBS
injection (Table 1). For Group 3, the same in vivo measurements
were performed at an additional time point at 1 week before
intracameral hydrogel injection (i.e., before daily oral scutellarin
treatment began). Throughout the experiments, the researchers
did not know which eye had been injected until group data
analyses were to be performed.
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TABLE 1 | Overall experimental timetable.

Experimental procedures/ —1 week 0 week 3 day 1 week 2 week 3 week 4 week
Time after intracameral injection

Tonometry Group 3 only All All All All All All
Optical coherence tomography Group 3 only All - All All All All
Optokinetics Group 3 only All - All All All All
Intracameral hydrogel or PBS - All - - -
injection

Daily scutellarin treatment Group 3 only Group 3 only Group 3 only Group 3 only Group 3 only - -

-Group 1: Hydrogel-only group.
-Group 2: Phosphate-buffered saline (PBS) group.
-Group 3: Hydrogel+Scutellarin group.

-Sample size (N) for tonometry/optical coherence tomography/optokinetics — visual acuity (VA): Group 1 = 10; Group 2 = 8; Group 3 = 8.

-N for optokinetics — contrast threshold (CT): Group 1 = 9; Group 2 = 8; Group 3 = 4.

Intracameral Hydrogel or PBS Injection

All mice were anesthetized with an intraperitoneal injection
of a 5:1 ketamine/xylazine cocktail at 0.01 mL/g body weight
(Henry Schein, NY). The side for unilateral intracameral
injection in each animal was selected randomly by a coin
toss. Proparacaine and tropicamide were then topically applied
to the randomly chosen eye to induce analgesia and pupil
dilation followed by intracameral injection with 2 pL of a
1:1 mixture of vinyl sulfonated hyaluronic acid and thiolated
hyaluronic acid (Groups 1 and 3) or PBS (Group 2) via
a glass micropipette (BLAUBRAND®, BR708709-1000EA).
The functionalized hyaluronic acid mixture was heat-sensitive
and became gelatinous in the anterior chamber since body
temperature triggered chemical crosslinking of the polymers.
This solidified hydrogel obstructed the aqueous outflow, thereby
causing a sustained increase in IOP with long-term preservation
of a transparent optical media for at least 4 weeks. Antibiotic
ointment was applied topically immediately after injection, and
ophthalmic hydrogel was applied to the surface of the eye without
intracameral injection. A successful intracameral injection was
judged by the absence of iris penetration, lens abrasion, and other
traumatic damage. One mouse in Group 1 presented hyphema
during intracameral injection as a result of unintentional needle
injury to the iris, and was replaced by a spare mouse of the same
age in the same cohort. Two mice in Group 2 and two mice in
Group 3 did not survive through the entire study period due
to other concerns including needs of euthanasia from fighting
wounds. These four animals were not replaced and none of their
incomplete data was included in the statistical analyses.

Intraocular Pressure Measurements Using

Tonometry

The IOPs of both eyes were measured under inhaled isoflurane
anesthesia using a rebound tonometer (TonoLab, Icare, Finland)
within 5min after the animal was knocked down. The IOP of
both eyes was measured alternately for each mouse and repeated
10 times for each eye. Each of the 10 IOP values was derived
by default settings of the TonoLab tonometer using six single
IOP readings, whereby the highest and lowest IOP readings were
excluded, and the remaining four readings were averaged. All

IOP measurements were taken in the afternoon between 1 and
3 p.m. The IOP difference between eyes (AIOP) was calculated
as the IOP of the injected eye minus that of the contralateral non-
injected eye for each mouse (24), and was used for between-group
comparisons at each time point to account for any physiological
fluctuations on both eyes.

Retinal Thickness Evaluation Using Optical

Coherence Tomography

The optic nerve head regions of both eyes of all mice
were scanned linearly using spectral-domain optical coherence
tomography (Bioptigen, Leica Microsystems, Germany). The
retinas were segmented using a custom-written software (25, 26)
to determine the retinal nerve fiber layer (RNFL) thickness and
total retinal thickness (TRT) along a sampling ring band of 0.234-
0.324 mm radius centered on the optic nerve head (Figure 2A).
RNFL thickness was defined as the average distance between the
ILM and the ganglion cell layer within the ring band (Figure 2B).
TRT was defined as the average distance between the internal
limiting membrane (ILM) and the Bruch’s membrane (BM)
within the ring band (Figure 2B).

Visual Function Assessment Using

Optokinetic Behavioral Testing

Visual function was assessed using an OptoMotry optokinetic
virtual-reality device (CerebralMechanics, Lethbridge, Alberta,
Canada) in each awake, freely moving mouse to quantify the
visual acuity (VA) and contrast sensitivity for both eyes over
time. Each mouse was first habituated in the optokinetic testing
device for 5min. It has been shown that when one eye is
closed, only motion in the temporal-to-nasal direction for the
contralateral eye evokes the tracking response (27). Thus, the
visual capabilities of each eye can be measured under binocular
conditions simply by changing the direction of rotation of the
visual presentation. Using the OptoMotry system, clockwise and
anti-clockwise rotations were alternately presented to examine
the left and right eyes, respectively in the same mouse during
the same experimental session. The VA testing involved an
increasing spatial frequency of sine wave grating starting from
0.042 cycles/degree (c/d) at a constant drift speed of 0.12°/s at
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100% contrast. VA was identified as the highest spatial frequency
that the mice could track. Contrast sensitivity testing involved
a decreasing image contrast from 100% with a constant spatial
frequency of 0.103 c¢/d. Contrast threshold (CT), which is the
inverse of contrast sensitivity was determined from this testing,
with a higher CT implicative of worse visual function. Both VA
and CT measurements used a simple staircase method and ended
when the optokinetic response could no longer be elicited.

Statistical Analysis

Comparisons of IOP, AIOP, TRT, RNFL, VA and CT were
conducted between experimental groups over time using two-
way ANOVA and post-hoc Tukeys multiple comparisons
correction tests. Prior to intracameral hydrogel injection in
Group 3, comparisons of each parameter before and after
oral scutellarin administrations were conducted using paired ¢-
tests. Correlation analyses between cumulative AIOP and other
parameters at the end time point, and linear regressions between
time and TRT, RNFL, VA and CT were also conducted. All
statistical analyses were conducted with GraphPad Prism version
9 (GraphPad Software Inc., La Jolla, CA, USA). Data were
presented as mean =+ standard error of mean (SEM). P < 0.05
was considered to be statistically significant.

RESULTS

Chronic IOP Elevation Was Induced After
Intracameral Hydrogel Injection With No

Effects From Scutellarin

The hydrogel-injected eyes in Groups 1 (FigurelA) and
3 (Figure 1C) had significantly higher IOP levels than the
contralateral, non-treated eyes irrespective of scutellarin
treatment (ANOVA, p < 0.05), while both eyes of the PBS group
(Group 2, Figure 1B) had comparable IOP levels (ANOVA, p >
0.05). When comparing IOP of individual eyes, both the injected
eyes and the contralateral non-treated eyes exhibited significant
IOP differences between the three groups (ANOVA, p < 0.05).
When comparing AIOP over time (Figure 1D), significant group
differences were observed between the PBS group (Group 2) and
the two hydrogel groups (Groups 1 and 3) after intracameral
injection. No apparent AIOP difference was found between
hydrogel-only group (Group 1) and hydrogel+scutellarin
group (Group 3) at any experimental time point. No significant
IOP difference was observed before and after oral scutellarin
treatment prior to intracameral hydrogel injection in Group 3
(Supplementary Figure 1).

Oral Scutellarin Treatment Reduced
Retinal Thinning Under Hydrogel-Induced
Chronic IOP Elevation

Figures 2A,B illustrate the regions of interest for measuring
retinal thicknesses in both the en face image (Figure2A) and
the corresponding cross-sectional b-scan images in different line
scans (Figure 2B). Figure 2C shows the cross-sectional retinal
images from both injected and contralateral, non-treated eyes
of a representative mouse in each of the 3 groups. The injected

eye of the hydrogel-only group (Group 1) showed apparent inner
retinal thinning over time, whereas less apparent retinal thinning
was observed in the injected eye of the hydrogel+scutellarin
group (Group 3). Quantitatively, relative to the PBS-injected eye
in Group 2, RNFL thickness (Figure 3A) and TRT (Figure 3C)
significantly decreased in the hydrogel-injected eye of Group 1
only without scutellarin treatment at each post-injection time
point, whereas no statistically significant RNFL thickness or TRT
change was observed in the hydrogel-injected eye of Group 3 after
scutellarin treatment (p > 0.05). RNFL thickness and TRT of the
injected eye in Group 3 were also significantly higher than those
in Group 1 after hydrogel injection. In the hydrogel-only group,
the cumulative AIOP was linearly correlated to RNFL thickness
(R? = 0.607, p = 0.008) and TRT (R? = 0.401, p = 0.049) at 4
week post-injection. No apparent difference in RNFL thickness
or TRT was found between the three groups in the injected eye
at 0 week before intracameral injection (Figures 3A,C), or in the
PBS-injected eye and non-treated eye over time (Figures 3B,D).

Oral Scutellarin Treatment Ameliorated
Visual Acuity Decrease and Contrast
Threshold Increase Under

Hydrogel-Induced Chronic IOP Elevation
The longitudinal profiles of VA and CT for each group are
shown in Figures 3E-H, respectively. Relative to the PBS-
injected eye in Group 2, VA of the hydrogel-injected eye in
Group 1 progressively declined upon intracameral hydrogel
injection, whereas upon oral scutellarin treatment in Group 3, VA
of the hydrogel-injected eye apparently decreased more slowly
than that of Group 1 without scutellarin treatment (Figure 3E;
Supplementary Figure 2). VA of the injected eye in Group 3 was
also significantly higher than that of Group 1 at 4 weeks after
intracameral hydrogel injection (Figure 3E). CT of the hydrogel-
injected eye in Group 1 was significantly higher than that of
PBS-injected eye in Group 2 at each post-injection time point
(Figure 3G). In contrast, CT of the hydrogel-injected eye in
Group 3 was significantly lower than that in Group 1 at 4 weeks
after intracameral injection (Figure 3G). Cumulative AIOP was
not correlated to visual acuity or contrast threshold in any groups
(p > 0.05). No apparent VA or CT change was observed in
the PBS-injected eye in Group 2 throughout the experimental
period (Figures 3E,G). No significant change in VA or CT was
found in the non-treated eye between all three groups over time
(Figures 3EH).

DISCUSSION

In the current study, we applied oral scutellarin treatment
to our recently developed experimental glaucoma model, and
demonstrated the preservation of retinal structure and visual
function by scutellarin via non-invasive assessments over
time. This crosslinking hydrogel model produces chronic IOP
elevation while preserves optical media clarity in the long term
(22). The transparency of the bioinert hydrogel allows not only in
vivo optical imaging of the retina but also longitudinal evaluation
of awake optokinetic responses, both of which are important for
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FIGURE 1 | Intraocular pressure (IOP) profiles after unilateral intracameral injections in adult C57BL/6J mice. IOP values of both injected (gray bar) and contralateral,
non-treated eyes (white bar) are shown in the hydrogel-only group (Group 1) (A), phosphate-buffered saline (PBS) group (Group 2) (B) and hydrogel+scutellarin group
(Group 3) (C). Hydrogel-injected eyes in both Groups 1 and 3 (A,C) developed sustained elevation of IOP relative to the non-treated eyes (ANOVA, p < 0.05), while
the PBS-injected eye in Group 2 did not differ in IOP levels from the non-treated eye (ANOVA, p > 0.05). (D) The inter-eye IOP difference (AIOP, injected minus
non-injected eye) was significantly higher in both the hydrogel-only group (dark gray bar) and the hydrogel+scutellarin group (light gray bar) when compared to the
PBS group (white bar), but was not significantly different between hydrogel-only and hydrogel+scutellarin groups. Ow: 0 week, pre-injection; 3d: 3 days post-injection;
1w to 4w: 1 week to 4 weeks post-injection. Data were represented as mean + SEM. Post-hoc Tukey’s multiple comparisons correction tests between groups in (D):

*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.

understanding glaucomatous neurodegeneration and treatment
effects. Here, given that scutellarin did not significantly affect
IOP changes after intracameral hydrogel injection, our results
may help expedite the development of neuroprotective therapies
for glaucoma and other neurodegenerative diseases beyond
IOP control.

Scutellarin, a multifunctional flavonoid, has been shown
to exert protective effects on diabetes (28, 29), inflammation
(30), tumors (31), and multiple organ diseases in the kidney,
lung, and liver (32, 33). Within the central nervous system,
scutellarin treatment displayed antioxidant and metal-chelating
neuroprotective properties against Alzheimers disease (34).
Scutellarin has also been shown to alleviate hypoxia-induced
cognitive impairment by promoting the proliferation and
differentiation of neural stem cells in a mouse model (35).
Chronic IOP elevation can induce ischemia and hypoxia of the
optic nerve and its surrounding retinal tissue (36-38) causing

retinal cell loss or neurodegeneration, which may lead to inner
retinal thinning (39, 40). On the other hand, scutellarin can
improve the axoplasmic flow and blood supply of the optic nerve
(41), as well as the growth promotion and apoptosis inhibition of
RGCs (42).

Scutellarin is also suggested to protect against a cascade
of inflammatory events caused by glaucoma. In experimental
glaucoma, models of chronic IOP elevation by intracameral
microbead injection (43), acute IOP elevation by anterior
chamber perfusion (21), and optic nerve crush (44) indicated
the involvements of NLRP3 inflammasome activation during
retina and optic nerve head damage, whereas pharmacological
inhibition of NLRP3 (43) and inhibitor of Fas receptor (45)
have been suggested as potential neuroprotective therapeutics
in glaucoma. Given a recent experimental glaucoma study
demonstrating increased expression of tumor necrosis factor-
o, interleukin-1f (IL-1B) and IL-17A protein in the mouse
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FIGURE 2 | Optical coherence tomography of the mouse retina over time. (A) en face image showing the optic nerve head (ONH) and a sampling band (orange) of
0.234 to 0.324 mm radius centered on the ONH for measuring retinal nerve fiber layer (RNFL) thickness and total retinal thickness (TRT). (B) Two representative
cross-sectional retinal B-scan images corresponding to the linear scans #1 (through the optic nerve) and #2 (around the optic nerve) in (A). The RNFL (red bracket),
inner limiting membrane (ILM; white line), and Bruch’s membrane (BM; blue line) were outlined using a custom-written automated segmentation algorithm. RNFL
thickness was defined as the distance between white and red lines, and TRT was defined as the distance between white and blue lines. Only the thicknesses within
the orange sampling band were measured and averaged for each eye for further analyses. (C) Cross-sectional retinal images from both injected and contralateral,
non-treated eyes of a representative mouse in each of the 3 groups at 0 week (Ow; pre-injection), 1 week (1w) and 4 weeks (4w) after unilateral intracameral injection.
Note the clear images indicating the transparency of the ocular media comprising the hydrogel. Note also the apparent inner retinal thinning in the injected eye of the
hydrogel-only group (Group 1; red arrows), and less apparent retinal thinning in the hydrogel+scutellarin group (Group 3; green arrows). No obvious retinal change

was observed in the injected eye of the PBS group and in the non-treated eyes of all three groups.

retina after hydrogel-induced chronic IOP elevation (46),
whereas scutellarin may inhibit the inflammatory processes of
retinal neurodegeneration through the NLRP3 inflammasome
signaling pathway, including NLRP3, apoptosis-associated
speck-like protein containing a caspase recruitment domain,
cleaved caspase-1, IL-1f, and IL-18 (21), it is possible that the
mechanism of the reduced retinal thinning in our scutellarin-
treated, hydrogel-injected eyes involved intervention of
neuroinflammation via the NLRP3 inflammasome pathways.
Scutellarin was also found to inhibit abnormally activated
microglia and provide protection against neurodegeneration in
the eye and the brain (21, 47, 48). Future research is warranted
to examine if scutellarin may reduce inflammatory events in
experimental chronic glaucoma (49, 50) and its associated
damages to the retina and the optic nerve.

In terms of functional recovery, scutellarin has been shown
to improve neurological functions in Alzheimer’s disease mouse
models (51) and in rats with cerebral ischemia (52, 53). Using
multifocal electroretinogram, Erigeron breviscapus extract was
also found to improve the impaired visual function of persistently
elevated IOP in rats induced by episcleral vein cauterization (54).
Our optokinetics results of ameliorated VA or CT aggravation in
the scutellarin-treated, hydrogel-injected eyes further supported
the role of oral scutellarin treatment in improving visual
behavioral responses upon experimental glaucoma. While the

exact mechanisms underlying the visual improvements remain to
be elucidated, potential candidates may include mediation of the
potassium (55) and calcium ions (56, 57). For example, flavonoid
extracts of Erigeron breviscapus can suppress outward potassium
currents in rat RGCs (55), which may help prevent RGC injury
and vision loss caused by glaucoma. In addition, scutellarin may
modulate intracellular calcium jon concentrations and voltage-
gated calcium channels in the smooth muscle cells of vasculature
(56), whereas systemic calcium ion antagonism can constantly
improve visual field function in glaucoma patients (57). Further
experimentations are necessary to determine the physiological
basis of the observed visual recovery along with its linkage to the
integrity of the neuroretina and visual pathway in more depth.
Scutellarin administration was found to exert protective
effects in a dose-dependent manner (29, 58). We chose our
current dosage of 300 mg/kg/day for 3 weeks with reference to
similar flavonoid studies (59-61) in an attempt to maximize the
delivery of scutellarin to the eye and the neural tissues. We have
also attempted a low-dose pilot study (n = 5) using 50 mg/kg/day
scutellarin treatment before formal experiments following a prior
study (21), and did not observe obvious differences in visual
behavioral responses from no scutellarin treatment (ANOVA
p > 0.05, not shown). Therefore, the higher 300 mg/kg/day
dose was chosen in the current formal experiments. Scutellarin
was found to be minimally toxic or non-toxic in rodents up
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0.001, **p < 0.0001.

FIGURE 3 | white bar) and hydrogel+scutellarin group (Group 3, light gray bar). The scutellarin-treated, hydrogel-injected eyes in Group 3 showed less RNFL (A) and
TRT (C) thinning, and reduced visual behavioral deficits (E,G) when compared to the untreated, hydrogel-injected eyes in Group 1. Such differences became more
apparent toward the later stages of the experimental period. No significant change in RNFL thickness (B), TRT (D), visual acuity (F), or contrast threshold (H) was
observed in the non-treated eyes of all three groups or in the injected eye of the PBS group (A,C,E,H) (o > 0.05). Ow: O week, pre-injection; 1w to 4w: 1 week to 4
weeks post-injection. Data are represented as mean + SEM. Post-hoc Tukey’s multiple comparisons correction tests between groups: *o < 0.05, **p < 0.01, **

*

D <

to 500 mg/kg/day (62), suggesting that our current dosage had
a sufficient margin of safety for therapeutic use. Besides, we
did not observe significant differences in body weight between
the 3 groups in the current experiments (ANOVA p > 0.05,
not shown). Scutellarin was suggested to protect visual function
in glaucoma patients with controlled IOP at a lower oral
dosage than the current study (20), whereas no side effect of
scutellarin treatment on the eye has been illustrated in theory or
reported in practice (63). At a high scutellarin dosage of more
than 10 g/kg, systemic adverse effects including hypoactivity,
loss of appetite, and asthenia were observed in mice which
disappeared within 48 h (62), while another human study found
rare occurrence of adverse drug reactions such as rash, chills
and fever upon systemic scutellarin administration (63). Future
studies are foreseen that expand upon the current findings
to determine the dose-dependent effects of oral scutellarin
treatment on vision preservation as well as potential adverse
events in the eye.

There are several limitations for the experiments in the
current study, one being the potential physiological fluctuations
from anesthesia on IOP measurements. We expected that such
effect was small, since we measured IOP soon after knocking
the animals down from isoflurane induction, while all IOP
measurements were taken in the same period between 1 pm
and 3 pm to minimize diurnal variation. However, since not
only the injected eyes but also the contralateral non-treated eyes
exhibited significant IOP differences between the three groups,
cautions should be noted when interpreting the IOP levels of
individual eyes. Comparing the inter-eye IOP difference allowed
us to evaluate the extent of IOP elevation induced by intracameral
hydrogel injection more specifically and accurately, accounting
for any physiological fluctuations on both eyes. Future studies
may consider awake IOP measurements after training to further
improve reliability and consistency (64).

With respect to the effects of oral scutellarin treatment on
IOP, we compared IOP levels in Group 3 during the week
of oral scutellarin treatment prior to hydrogel injection, and
did not observe any significant differences before and after
scutellarin treatment (Supplementary Figure 1). In addition,
no significant difference in other parameters (i.e., RNFL
thickness, TRT, VA and CT) was observed before and
after oral scutellarin administration in Group 3 prior to
hydrogel injection (Supplementary Figure 1). These findings
suggest that 1 week of oral scutellarin treatment did not
substantially affect the retinal structure or visual function
in healthy adult mice. However, cautions should still be
noted about the possibility that the slightly lower baseline
IOP observed in the scutellarin-treated animals than the
control groups may account for some of the protective

effects observed in the experimental group. In addition, more
evidence is needed to determine the possibility of secondary
reduction of IOP elevation by oral scutellarin treatment after
hydrogel injection.

Since scutellarin has been shown to exhibit unique
pharmacokinetic behaviors in humans and animals that
cannot be explained by the classical compartment model (65),
how oral scutellarin administrations and the corresponding
neurotherapeutic findings can be translated into the
pharmacological activities and concentrations of scutellarin in
the target brain tissues such as the visual system compartments
remains unclear (63). To the best of our knowledge, the most
relevant rodent brain drug distribution studies showed that
22% of orally and 29% of tail vein administered radiolabeled
breviscapine (an extract mixture of Erigeron breviscapus
with >90% scutellarin) reached the rat brain tissues when
it was administered at a dose of 0.4 mg/kg (66). Despite
the limited studies, rodents are considered as a preferred
animal model for translating scutellarin studies to humans,
as the model better mimics the pharmacokinetic behaviors
and bioavailability of scutellarin in humans relative to other
species (63). In addition, upon oral scutellarin administration,
substantial amounts of scutellarein (i.e., the aglycone form of
scutellarin) are present in the blood of both humans and rodents
(65). In future studies, plasma measurements of scutellarin
and scutellarein, as well as local examination of the NLRP3
inflammasome signaling pathway may help examine more
specifically the therapeutic effects, pharmacokinetics, and
pharmacological activity of the drug. Since scutellarin has
been reported with a relatively low bioavailability upon oral
administration (65), solutions can also be exploited to enhance
oral delivery efficacy of scutellarin to glaucoma models or
patients, such as the use of vitamin B12 derivatives-modified
nanoparticles (67).

Given that the course of the disease deterioration in glaucoma
is chronic and endures for years, further studies with higher
frequencies of experimental measurements, longer periods of
experimental follow-ups and large sample sizes can help to
determine the safety and effectiveness of long-term scutellarin
oral treatment, while histological and immunohistochemical
studies would help further investigate the mechanisms
underlying the in vivo findings observed in the current
study. Future studies may also include electroretinography to
provide additional functional endpoints to the visual behavioral
optokinetic assessments. Future experimental designs can
also consider post-IOP elevation treatment only or combined
IOP lowering and scutellarin treatment for stronger clinical
relevance. Overall, this preliminary but potentially important
study demonstrated the use of a non-invasive measuring
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platform to examine retinal thinning and visual behavioral
deficits after hydrogel-induced chronic IOP elevation, as
well as the positive role that scutellarin played on retinal
structure and visual function under chronic experimental
glaucoma. Scutellarin may be a possible candidate as a novel
neurotherapeutic agent for glaucoma treatment beyond
IOP control.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by NYU
Grossman School of Medicine’s Institutional Animal Care and
Use Committee (IACUC).

AUTHOR CONTRIBUTIONS

JZ, CL, GW, JSS, WW, and KC: study conception and design. JZ,
AS, KA, VA, JRS, EY, and YYu: data collection. JZ, KA, EY, YYa,
HI, and KC: data analysis and interpretation. JZ, JRS, EY, YYa, HI,

REFERENCES

1. Almasieh M, Wilson AM, Morquette B, Vargas ] LC, Di Polo A. The molecular
basis of retinal ganglion cell death in glaucoma. Prog Retin Eye Res. (2012)
31:152-81. doi: 10.1016/j.preteyeres.2011.11.002

2. Tham YC, Li X, Wong TY, Quigley HA, Aung T, Cheng CY. Global
prevalence of glaucoma and projections of glaucoma burden through 2040:
a systematic review and meta-analysis. Ophthalmology. (2014) 121:2081-
90. doi: 10.1016/j.0phtha.2014.05.013

3. Susanna R Jr., De Moraes CG, Cioffi GA, Ritch R. Why do people (still) go
blind from glaucoma? Transl Vis Sci Technol. (2015) 4:1. doi: 10.1167/tvst.4.2.1

4. Wheeler LA, Woldemussie E. Alpha-2 adrenergic receptor agonists are
neuroprotective in experimental models of glaucoma. Eur ] Ophthalmol.
(2001) 11:30-35. doi: 10.1177/112067210101102S03

5. Schultz C. Tafluprost for the reduction of interocular pressure in open
angle glaucoma and ocular hypertension. Ophthalmol Eye Dis. (2011) 3:13-
9. doi: 10.4137/OED.S4253

6. Cheung W, Guo L, Cordeiro MF. Neuroprotection in glaucoma:
drug-based  approaches.  Optom  Vis  Sci. ~ (2008)  85:406—
16. doi: 10.1097/OPX.0b013e31817841e5

7. Araie M, Mayama C. Use of calcium channel blockers for glaucoma. Prog Retin
Eye Res. (2011) 30:54-71. doi: 10.1016/j.preteyeres.2010.09.002

8. Faiq MA, Wollstein G, Schuman JS, Chan KC. Cholinergic nervous system
and glaucoma: from basic science to clinical applications. Prog Retin Eye Res.
(2019) 72:100767. doi: 10.1016/j.preteyeres.2019.06.003

9. Johnson JE, Barde YA, Schwab M, Thoenen H. Brain-derived neurotrophic
factor supports the survival of cultured rat retinal ganglion cells. J Neurosci.
(1986) 6:3031-8. doi: 10.1523/JNEUROSCI.06-10-03031.1986

10. Cybulska-Heinrich AK, Mozaffarieh M, Flammer J. Ginkgo biloba: an
adjuvant therapy for progressive normal and high tension glaucoma. Mol Vis.
(2012) 18:390-402.

11. Sena DE  Lindsley K. Neuroprotection for
glaucoma in adults.  Cochrane  Database  Syst  Rev.
1:CD006539. doi: 10.1002/14651858.CD006539.pub4

treatment  of
(2017)

GW, JSS, and KC: manuscript writing. All authors have read and
approved the final manuscript.

FUNDING

This work was supported in part by the National Institutes of
Health RO01-EY028125 (Bethesda, Maryland); BrightFocus
Foundation G20190103 (Clarksburg, Maryland); State
Scholarship Fund, China Scholarship Council No. 201908110347
for visiting Ph.D. student in the USA (China); Research to
Prevent Blindness/Stavros Niarchos Foundation International
Research Collaborators Award (New York, New York); and an
Unrestricted Grant from Research to Prevent Blindness to NYU
Langone Health Department of Ophthalmology.

ACKNOWLEDGMENTS

The authors would like to thank Nicole Colwell, M.D. for her
technical support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.
2021.681169/full#supplementary-material

12. Shih GC, Calkins DJ. Secondary neuroprotective effects of hypotensive drugs
and potential mechanisms of action. Expert Rev Ophthalmol. (2012) 7:161-
75. doi: 10.1586/e0p.12.13

13. Mei N, Guo X, Ren Z, Kobayashi D, Wada K, Guo L. Review of ginkgo
biloba-induced toxicity, from experimental studies to human case reports.
J Environ Sci Health C Environ Carcinog Ecotoxicol Rev. (2019) 35:1-
28. doi: 10.1080/10590501.2016.1278298

14. Zhu JT, Choi RC, Li J, Xie HQ, Bi CW, Cheung AW, et al. Estrogenic
and neuroprotective properties of scutellarin from erigeron breviscapus: a
drug against postmenopausal symptoms and Alzheimer’s disease. Planta Med.
(2009) 75:1489-93. doi: 10.1055/s-0029-1185776

15. Liu Q, Shi Y, Wang Y, Lu ], Cong W, Luo G, et al. Metabolism profile of
scutellarin in urine following oral administration to rats by ultra performance
liquid chromatography coupled to time-of-flight mass spectrometry. Talanta.
(2009) 80:84-91. doi: 10.1016/j.talanta.2009.06.031

16. Lin LL, Liu AJ, Liu JG, Yu XH, Qin LP, Su DF. Protective effects of scutellarin
and breviscapine on brain and heart ischemia in rats. ] Cardiovasc Pharmacol.
(2007) 50:327-32. doi: 10.1097/FJC.0b013e3180cbd0e7

17. Zhang HE Hu XM, Wang LX, Xu SQ, Zeng FD. Protective effects
of scutellarin against cerebral ischemia in rats: evidence for inhibition
of the apoptosis-inducing factor pathway. Planta Med. (2009) 75:121-
6. doi: 10.1055/s-0028-1088368

18. Wang J, Zhang L, Liu B, Wang Q, Chen Y, Wang Z, et al
Systematic  investigation of the Erigeron breviscapus
for treating cerebrovascular disease. ] Ethnopharmacol.
224:429-40. doi: 10.1016/j.jep.2018.05.022

19. Zhang Y, Sheng YM, Meng XL, Long Y. [Effect of caffeic acid, seopoletin
and scutellarin on rat retinal neurons in vitro]. Zhongguo Zhong Yao Za Zhi.
(2005) 30:907—9. doi: 10.3321/j.issn:1001-5302.2005.12.008. (in Chinese).

20. Zhong Y, Xiang M, Ye W, Cheng Y, Jiang Y. Visual field protective
effect of erigeron breviscapus (vant.) hand. Mazz. Extract on glaucoma
with controlled intraocular pressure: a randomized, double-blind, clinical
trial. Drugs R D. (2010) 10:75-82. doi: 10.2165/11539090-00000000
0-00000

mechanism
(2018)

Frontiers in Medicine | www.frontiersin.org

August 2021 | Volume 8 | Article 681169


https://www.frontiersin.org/articles/10.3389/fmed.2021.681169/full#supplementary-material
https://doi.org/10.1016/j.preteyeres.2011.11.002
https://doi.org/10.1016/j.ophtha.2014.05.013
https://doi.org/10.1167/tvst.4.2.1
https://doi.org/10.1177/112067210101102S03
https://doi.org/10.4137/OED.S4253
https://doi.org/10.1097/OPX.0b013e31817841e5
https://doi.org/10.1016/j.preteyeres.2010.09.002
https://doi.org/10.1016/j.preteyeres.2019.06.003
https://doi.org/10.1523/JNEUROSCI.06-10-03031.1986
https://doi.org/10.1002/14651858.CD006539.pub4
https://doi.org/10.1586/eop.12.13
https://doi.org/10.1080/10590501.2016.1278298
https://doi.org/10.1055/s-0029-1185776
https://doi.org/10.1016/j.talanta.2009.06.031
https://doi.org/10.1097/FJC.0b013e3180cbd0e7
https://doi.org/10.1055/s-0028-1088368
https://doi.org/10.1016/j.jep.2018.05.022
https://doi.org/10.3321/j.issn:1001-5302.2005.12.008
https://doi.org/10.2165/11539090-000000000-00000
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Zhu et al.

Neurobehavioral Effects of Scutellarin on Experimental Glaucoma

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zhu ], Chen L, Qi Y, Feng ], Zhu L, Bai Y, et al. Protective effects of Erigeron
breviscapus hand.- Mazz. (EBHM) extract in retinal neurodegeneration
models. Mol Vis. (2018) 24:315-25.

Chan KC, Yu Y, Ng SH, Mak HK, Yip YWY, van der Merwe Y, et al.
Intracameral injection of a chemically cross-linked hydrogel to study
chronic neurodegeneration in glaucoma. Acta Biomater. (2019) 94:219-
31. doi: 10.1016/j.actbio.2019.06.005

van der Merwe Y, Murphy MC, Sims JR, Faiq MA, Yang XL, Ho LC,
et al. Citicoline modulates glaucomatous neurodegeneration through
intraocular  pressure-independent control. Neurotherapeutics. (2021).
doi: 10.1007/s13311-021-01033-6. [Epub ahead of print].

Roubeix C, Godefroy D, Mias C, Sapienza A, Riancho L, Degardin J,
et al. Intraocular pressure reduction and neuroprotection conferred by bone
marrow-derived mesenchymal stem cells in an animal model of glaucoma.
Stem Cell Res Ther. (2015) 6:177. doi: 10.1186/s13287-015-0168-0

Gabriele ML, Ishikawa H, Schuman JS, Ling Y, Bilonick RA, Kim ]S,
et al. Optic nerve crush mice followed longitudinally with spectral domain
optical coherence tomography. Invest Ophthalmol Vis Sci. (2011) 52:2250-
4. doi: 10.1167/i0vs.10-6311

Ho LC, Wang B, Conner IP, van der Merwe Y, Bilonick RA, Kim SG,
et al. In vivo evaluation of white matter integrity and anterograde transport
in visual system after excitotoxic retinal injury with multimodal MRI and
OCT. Invest Ophthalmol Vis Sci. (2015) 56:3788-800. doi: 10.1167/iovs.1
4-15552

Douglas RM, Alam NM, Silver BD, McGill TJ, Tschetter WW, Prusky GT.
Independent visual threshold measurements in the two eyes of freely moving
rats and mice using a virtual-reality optokinetic system. Vis Neurosci. (2005)
22:677-84. doi: 10.1017/50952523805225166

Mei X, Zhang T, Ouyang H, Lu B, Wang Z, Ji L. Scutellarin alleviates blood-
retina-barrier oxidative stress injury initiated by activated microglia cells
during the development of diabetic retinopathy. Biochem Pharmacol. (2019)
159:82-95. doi: 10.1016/j.bcp.2018.11.011

Mei XY, Zhou LY, Zhang TY, Lu B, Ji LL. Scutellaria barbata attenuates
diabetic retinopathy by preventing retinal inflammation and the decreased
expression of tight junction protein. Int ] Ophthalmol. (2017) 10:870-7.
doi: 10.18240/ij0.2017.06.07

ZhangL, Sun S, Li W, Zhang W, Wang X, Yang SY. Effect of scutellarin inhibits
collagen-induced arthritis through TLR4/NF-kB-mediated inflammation. Mol
Med Rep. (2017) 16:5555-60. doi: 10.3892/mmr.2017.7292

Sun G, Li G, Li X, Zhu Y, Su Z, Wang X, et al. Scutellarin induces apoptosis
and autophagy in NSCLC cells through ERK1/2 and AKT signaling pathways
in vitro and in vivo. ] Cancer. (2018) 9:3247-56. doi: 10.7150/jca.25921

Tan ZH, Yu LH, Wei HL, Liu GT. Scutellarin protects against
lipopolysaccharide-induced ~acute lung injury via inhibition of
NF-kappaB activation in mice. ] Asian Nat Prod Res. (2010)
12:175-84. doi: 10.1080/10286020903347906

Tan ZH, Yu LH, Wei HL, Liu GT. The protective action of scutellarin
against immunological liver injury induced by concanavalin A and its effect
on pro-inflammatory cytokines in mice. ] Pharm Pharmacol. (2007) 59:115-
21. doi: 10.1211/jpp.59.1.0015

Simunkova M, Alwasel SH, Alhazza IM, Jomova K, Kollar V, Rusko M, et al.
Management of oxidative stress and other pathologies in Alzheimer’s disease.
Arch Toxicol. (2019) 93:2491-513. doi: 10.1007/500204-019-02538-y

Wang WW, Han JH, Wang L, Bao TH. Scutellarin may alleviate cognitive
deficits in a mouse model of hypoxia by promoting proliferation and neuronal
differentiation of neural stem cells. Iran ] Basic Med Sci. (2017) 20:272—
9. doi: 10.22038/1JBMS.2017.8355

Liu HH, Zhang L, Shi M, Chen L, Flanagan JG. Comparison of laser and
circumlimbal suture induced elevation of intraocular pressure in albino CD-1
mice. PLoS ONE. (2017) 12:e0189094. doi: 10.1371/journal.pone.0189094
Wei X, Yu Z, Cho KS, Chen H, Malik MT, Chen X, et al. Neuroglobin is an
endogenous neuroprotectant for retinal ganglion cells against glaucomatous
damage. Am J Pathol. (2011) 179:2788-97. doi: 10.1016/j.ajpath.2011.08.015
Jassim AH, Fan Y, Pappenhagen N, Nsiah NY, Inman DM. Oxidative stress and
hypoxia modify mitochondrial homeostasis during glaucoma. Antioxid Redox
Signal. (2021). doi: 10.1089/ars.2020.8180. [Epub ahead of print].

Chao WH, Lai MY, Pan HT, Shiu HW, Chen MM, Chao HM. Dendrobium
nobile lindley and its bibenzyl component moscatilin are able to protect retinal

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

cells from ischemia/hypoxia by dowregulating placental growth factor and
upregulating norrie disease protein. BMC Complement Altern Med. (2018)
18:193. doi: 10.1186/s12906-018-2256-z

Yang Q, Cho KS, Chen H, Yu D, Wang WH, Luo G, et al. Microbead-induced
ocular hypertensive mouse model for screening and testing of aqueous
production suppressants for glaucoma. Invest Ophthalmol Vis Sci. (2012)
53:3733-41. doi: 10.1167/iovs.12-9814

Zhu'Y, Jiang Y, Liu Z, Luo X, Wu Z. [The affect of Erigeron breviscapus (Vant.)
hand-Mazz on axoplasmic transport of optic nerve in rats with experimentally
elevated intraocular pressure]. Zhonghua Yan Ke Za Zhi. (2000) 36:289-91.
doi: 10.3760/j:issn:0412-4081.2000.04.014. (in Chinese).

Jia L, Liu Z, Luo X. [The effect of qing guang kang on the metabolism of
retinal ganglionic cells in rats after artificial acute high intraocular pressure].
Zhonghua Yan Ke Za Zhi. (1995) 31:129-32.

Krishnan A, Dua M, Mitchell CH, Lu W, Gregory-Ksander MS.
Pharmacologic inhibition of the nLRP3 inflammasome - a novel
neuroprotective therapy for glaucoma. In: ARVO 2019: Association for
Research in Vision and Ophthalmology Annual Meeting 2019. Vancouver, BC
(2019). p. 2256

Puyang Z, Feng L, Chen H, Liang P, Troy JB, Liu X. Retinal ganglion cell loss is
delayed following optic nerve crush in NLRP3 knockout mice. Sci Rep. (2016)
6:20998. doi: 10.1038/srep20998

Krishnan A, Kocab AJ, Zacks DN, Marshak-Rothstein A, Gregory-Ksander
M. A small peptide antagonist of the Fas receptor inhibits neuroinflammation
and prevents axon degeneration and retinal ganglion cell death in
an inducible mouse model of glaucoma. J Neuroinflammation. (2019)
16:184. doi: 10.1186/s12974-019-1576-3

Chen J, Sun J, Yu H, Huang P, Zhong Y. Evaluation of the
effectiveness of a chronic ocular hypertension mouse model induced
by intracameral injection of cross-linking hydrogel. Front Med. (2021)
8:643402. doi: 10.3389/fmed.2021.643402

Wang SX, Guo H, Hu LM, Liu YN, Wang YE Kang LY, et al
Caffeic acid ester fraction from erigeron breviscapus inhibits microglial
activation and provides neuroprotection. Chin J Integr Med. (2012) 18:437-
44. doi: 10.1007/s11655-012-1114-y
Block ML, Hong JS. Microglia
neurodegeneration: multiple triggers with a common mechanism. Prog
Neurobiol. (2005) 76:77-98. doi: 10.1016/j.pneurobio.2005.06.004

Bosco A, Steele MR, Vetter ML. Early microglia activation in
a mouse model of chronic glaucoma. J Comp Neurol. (2011)
519:599-620. doi: 10.1002/cne.22516

Bosco A, Crish SD, Steele MR, Romero CO, Inman DM, Horner PJ,
et al. Early reduction of microglia activation by irradiation in a model of
chronic glaucoma. PLoS ONE. (2012) 7:e43602. doi: 10.1371/journal.pone.
0043602

Zeng YQ, Cui YB, Gu JH, Liang C, Zhou XF. Scutellarin mitigates Ap-induced
neurotoxicity and improves behavior impairments in AD mice. Molecules.
(2018) 23:869. doi: 10.3390/molecules23040869

Fang M, Yuan Y, Lu J, Li HE, Zhao M, Ling EA, et al. Scutellarin
promotes microglia-mediated astrogliosis coupled with improved
behavioral function in cerebral ischemia. Neurochem Int. (2016)
97:154-71. doi: 10.1016/j.neuint.2016.04.007

Liu G, Tang G, Liang W, Wang Z, Xu W, Fan G, et al. PK-PD
correlation of Erigeron breviscapus injection in the treatment of cerebral
ischemia-reperfusion injury model rats. ] Mol Neurosci. (2021) 71:302-
24. doi: 10.1007/s12031-020-01651-3

Lu XJ, Zhang FW, Cheng L, Liu AQ, Duan JG. Effect on
multifocal ~ electroretinogram in  persistently elevated intraocular
pressure by Erigeron breviscapus extract. Int ] Ophthalmol. (2011)
4:349-52. doi: 10.3980/j.issn.2222-3959.2011.04.04

Yin S, Wang ZE Duan JG, Ji L, Lu XJ. Extraction (DSX) from
Erigeron  breviscapus ~ modulates  outward  potassium  currents
in rat retinal ganglion cells. Int ] Ophthalmol. (2015) 8:1101-
6. doi: 10.3980/j.issn.2222-3959.2015.06.04

Zhu BH, Ma L, Pan XD, Huang YL, Liu J. Scutellarin induced ca(2+)
release and blocked KCl-induced ca(2+) influx in smooth muscle cells
isolated from rat thoracic artery. J Asian Nat Prod Res. (2008) 10:583-
9. doi: 10.1080/10286020801966633

and  inflammation-mediated

Frontiers in Medicine | www.frontiersin.org

August 2021 | Volume 8 | Article 681169


https://doi.org/10.1016/j.actbio.2019.06.005
https://doi.org/10.1007/s13311-021-01033-6
https://doi.org/10.1186/s13287-015-0168-0
https://doi.org/10.1167/iovs.10-6311
https://doi.org/10.1167/iovs.14-15552
https://doi.org/10.1017/S0952523805225166
https://doi.org/10.1016/j.bcp.2018.11.011
https://doi.org/10.18240/ijo.2017.06.07
https://doi.org/10.3892/mmr.2017.7292
https://doi.org/10.7150/jca.25921
https://doi.org/10.1080/10286020903347906
https://doi.org/10.1211/jpp.59.1.0015
https://doi.org/10.1007/s00204-019-02538-y
https://doi.org/10.22038/IJBMS.2017.8355
https://doi.org/10.1371/journal.pone.0189094
https://doi.org/10.1016/j.ajpath.2011.08.015
https://doi.org/10.1089/ars.2020.8180
https://doi.org/10.1186/s12906-018-2256-z
https://doi.org/10.1167/iovs.12-9814
https://doi.org/10.3760/j:issn:0412-4081.2000.04.014
https://doi.org/10.1038/srep20998
https://doi.org/10.1186/s12974-019-1576-3
https://doi.org/10.3389/fmed.2021.643402
https://doi.org/10.1007/s11655-012-1114-y
https://doi.org/10.1016/j.pneurobio.2005.06.004
https://doi.org/10.1002/cne.22516
https://doi.org/10.1371/journal.pone.0043602
https://doi.org/10.3390/molecules23040869
https://doi.org/10.1016/j.neuint.2016.04.007
https://doi.org/10.1007/s12031-020-01651-3
https://doi.org/10.3980/j.issn.2222-3959.2011.04.04
https://doi.org/10.3980/j.issn.2222-3959.2015.06.04
https://doi.org/10.1080/10286020801966633
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Zhu et al.

Neurobehavioral Effects of Scutellarin on Experimental Glaucoma

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Kitazawa Y, Shirai H, Go FJ. The effect of ca2(+) -antagonist on visual
field in low-tension glaucoma. Graefes Arch Clin Exp Ophthalmol. (1989)
227:408-12. doi: 10.1007/BF02172889

Xiong LL, Du RL, Xue LL, Jiang Y, Huang J, Chen L, et al. Anti-colorectal
cancer effects of scutellarin revealed by genomic and proteomic analysis. Chin
Med. (2020) 15:28. doi: 10.1186/s13020-020-00307-z

Hu S, Chen Y, Wang ZEF, Mao-Ying QL, Mi WL, Jiang JW, et al. The
analgesic and antineuroinflammatory effect of baicalein in cancer-
Induced bone pain. Evid Based Complement Alternat Med. (2015)
2015:973524. doi: 10.1155/2015/973524

Zhao Z, Zhao J. [Effect of baicalin on rat cardiac function during acute
respiratory distress syndrome]. J Environ Occup Med. (2011) 28:517-20. (in
Chinese).

Lee G, Kim H, Lee H, Shin M, Hong M, Bae H. Effects of Scutellaria
barbata on cisplatin induced nephrotoxicity in mice. Mol Cell Toxicol. (2010)
6:255-59. doi: 10.1007/s13273-010-0035-0

Li X, Wang L, Li Y, Bai L, Xue M. Acute and subacute toxicological
evaluation of scutellarin in rodents. Regul Toxicol Pharmacol. (2011) 60:106—
11. doi: 10.1016/j.yrtph.2011.02.013

Wang L, Ma Q. Clinical benefits and pharmacology of scutellarin:
a  comprehensive  review.  Pharmacol — Ther. (2018)  190:105-
27. doi: 10.1016/j.pharmthera.2018.05.006

Ding C, Wang P, Tian N. Effect of general anesthetics on IOP in elevated
IOP mouse model. Exp Eye Res. (2011) 92:512-20. doi: 10.1016/j.exer.2011.
03.016

Huang JM, Weng WY, Huang XB, Ji YH, Chen E. Pharmacokinetics of
scutellarin and its aglycone conjugated metabolites in rats. Eur ] Drug Metab
Pharmacokinet. (2005) 30:165-70. doi: 10.1007/BF03190615

Shi SL, Xu LY, Wu JJ, Li CY, Ge WH, Dai WY. [Comparison of the
distribution of breviscapine in the brain by different administration routes].

Yao Xue Xue Bao. (2009) 44:515-8. doi: 10.3321/j.issn:0513-4870.2009.05.014.
(in Chinese).

Wang J, Tan J, Luo J, Huang P, Zhou W, Chen L, et al. Enhancement
of scutellarin oral delivery efficacy by vitamin bl2-modified amphiphilic
chitosan derivatives to treat type il diabetes induced-retinopathy. J
Nanobiotechnol. (2017) 15:18. doi: 10.1186/s12951-017-0251-z

67.

Conflict of Interest: YYu and CL have patents filed related to this study
(Induction of chronic elevation of intraocular pressure with intracameral cross-
linking hydrogel US 20150250815). YYu was employed by the company Pleryon
Therapeutics Limited.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Zhu, Sainulabdeen, Akers, Adi, Sims, Yarsky, Yan, Yu, Ishikawa,
Leung, Wollstein, Schuman, Wei and Chan. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org

11

August 2021 | Volume 8 | Article 681169


https://doi.org/10.1007/BF02172889
https://doi.org/10.1186/s13020-020-00307-z
https://doi.org/10.1155/2015/973524
https://doi.org/10.1007/s13273-010-0035-0
https://doi.org/10.1016/j.yrtph.2011.02.013
https://doi.org/10.1016/j.pharmthera.2018.05.006
https://doi.org/10.1016/j.exer.2011.03.016
https://doi.org/10.1007/BF03190615
https://doi.org/10.3321/j.issn:0513-4870.2009.05.014
https://doi.org/10.1186/s12951-017-0251-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Oral Scutellarin Treatment Ameliorates Retinal Thinning and Visual Deficits in Experimental Glaucoma
	Introduction
	Methods
	Animal Preparation
	Intracameral Hydrogel or PBS Injection
	Intraocular Pressure Measurements Using Tonometry
	Retinal Thickness Evaluation Using Optical Coherence Tomography
	Visual Function Assessment Using Optokinetic Behavioral Testing
	Statistical Analysis

	Results
	Chronic IOP Elevation Was Induced After Intracameral Hydrogel Injection With No Effects From Scutellarin
	Oral Scutellarin Treatment Reduced Retinal Thinning Under Hydrogel-Induced Chronic IOP Elevation
	Oral Scutellarin Treatment Ameliorated Visual Acuity Decrease and Contrast Threshold Increase Under Hydrogel-Induced Chronic IOP Elevation

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


