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Background: Age-related macular degeneration (AMD) is one of the major causes of
blindness in the elderly over the age of 60. AMD is divided into dry AMD and wet AMD.
Although there are certain treatment methods for wet age-related macular degeneration
(AMD), there are no effective treatments for dry AMD yet, and finding new drugs or
treatment methods for dry AMD has become a priority. For this purpose, this study
explored Glabridin (Glab), an isoflavane found in the root extract of licorice, which has
never been investigated in relation to eye diseases.

Purpose: To investigate the effect of Glab on the sodium iodate (NaIO3) induced retinal
degeneration in vitro and in vivo.

Methods: In vitro, cell viability and cytotoxicity were tested with methylthiazolyldiphenyl‐
tetrazolium bromide (MTT) assay among the groups of ARPE-19 cells. The cell apoptosis
was tested with Hoechst 33342 staining and flow cytometry. The level of Reactive oxygen
species (ROS) was measured to check the effect on oxidative stress. The protein
expressions of phosphorylation of ERK1/2 and p38 were detected by Western blotting.
In vivo, C57BL/6J mice were pretreated with Glab intraperitoneally for one week and
continued for 4 weeks. NaIO3 was given to mice through tail vein intravenous injection
after 1 week of Glab administration. The retinas of mice were monitored by Optical
coherence tomography (OCT) and electroretinography (ERG) at 1w, 2w, 3w, and 4w,
respectively, followed by H&E staining.

Results: In vitro, the Glab protected the retinal pigment epithelial (RPE) cells against
oxidative stress and apoptosis by inhibiting phosphorylation of ERK1/2 and the p38
MAPK pathway. In vivo, Glab significantly prevented retinal damage by stopping the
progression of retinal degeneration and reducing the formation of deposits on the RPE
layer induced by NaIO3. According to the findings of electroretinogram (ERG), Glab helped
to maintain the normal function of the retina.

Conclusion: Glabridin has a protective effect against retinal degeneration. It is suggested
that Glab be further investigated for the treatment of retinal degeneration diseases.

Keywords: age-relatedmacular degeneration, apoptosis, glabridin, oxidative stress, retinal pigment epithelial (RPE)
cells, sodium iodate
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INTRODUCTION

Among many retinal diseases, age-related macular degeneration
(AMD), is a threat to the vision of the increasing elderly population,
due to the devastating characteristics of irreversible visual damage,
even blindness, incomplete knowledge of cause or mechanism, and
a lack of effective treatment. AMD is generally defined as the loss of
central vision, characterized by the progressive degeneration of the
macula (Lim et al., 2012; Handa et al., 2017). There are two types of
AMD: wet AMD, which can cause the rapid central vision loss
because of abnormal blood vessels growing into the macula and
scarring it by leaking blood or fluid; and dry AMD, which is the
slow loss of vision as the gradual deterioration of macula is caused
by an accumulation of small white or yellowish deposits,
called drusen. Dry AMD affects almost 90% of AMD cases and it
is even considered that the dry form could be a risk factor or
precursor state for wet AMD because most AMD cases typically
start in dry form and progress to wet form (Nowak, 2006; Li et al.,
2018). According to an European report from 2017, although the
prevalence of early AMD increases with age, the prevalence of late
AMD decreases, probably because of healthier lifestyles and the
treatment of wet AMD with anti-vascular endothelial growth factor
(VEGF). Although the implementation of anti-VEGF treatment
seems to be decreasing the prevalence of AMD, it is predicted that
the number of affected persons will still increase in the next two
decades (Colijn et al., 2017). To further decrease the prevalence of
AMD, discovering the treatment options for dry AMD seems to be
the appropriate solution since it remains untreatable.

According to previous studies, dry AMD is mainly characterized
by the formation of drusen that occurs due to toxic accumulations,
either within the retinal pigment epithelial (RPE) cell or at the RPE-
BrM (Bruch’s membrane) interface. Along with other risk factors
(such as aging, smoking, and genetic factors, etc.), oxidative stress
and other stresses cause RPE and photoreceptor (PR) cell death,
leading to toxic accumulations and resulting in sub-RPE drusen
deposits (Ambati and Fowler, 2012; Bowes Rickman et al., 2013). A
major objective in the treatment of AMD is to prevent the
formation of drusen on the retina as soon as the disease is
diagnosed, avoiding the oxidative stress and apoptosis of RPE
cells, since the removal of drusen after formation is not yet possible.

Flavonoids have been reported to have a variety of biological
activities, such as anti-cancer, anti-inflammatory, and cardiovascular
protective effects. Some researchers have studied treatment with
certain flavonoids such as anthocyanins and xanthophylls,
observing that they can significantly reduce the level of ROS, the
phosphorylation levels of ERK1/2 and p38 in ARPE-19 cells, and
increase cell viability (Silván et al., 2016). Other reports have proven
that flavonoids can protect human retinal pigment epithelial cells and
retinal ganglion cells from oxidative-stress induced death (Maher and
Hanneken, 2005; Hanneken et al., 2006). Many types of polyphenols
Abbreviations: Age-related macular degeneration (AMD), Electroretinography
(ERG), Glabridin (Glab), Haematoxylin and eosin (H&E), Mitogen-activated
protein kinase (MAPK), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT), Optical Coherence Tomography (OCT), Outer Nuclear Layer
(ONL), Photoreceptor cells (PR), Reactive Oxygen Species (ROS), Retinal Pigment
Epithelial (RPE) cells, Sodium Iodate (NaIO3).
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and flavonoids are considered to have preventive and therapeutic
effects in age-related eye diseases (Bungau et al., 2019).

Glabridin (Glab) is a bio-available isoflavan, a type of isoflavonoid,
extracted from licorice (Glycyrrhiza glabra L.) root. Many previous
studies have verified that Glab possesses strong antioxidant activity,
anti-inflammation activity, and neuroprotective properties. Recent
studies have also indicated that Glab can prevent injuries in major
organs such as cardiotoxicity, endothelial dysfunction, and acute
lung-injury (Carmeli and Fogelman, 2009; Zhang et al., 2017;
Wang et al., 2018; Huang et al., 2019). The effect of Glab were also
investigated in several cancer cells and Glab was considered to possess
the ability to regulate cell survival and cell proliferation (Huang et al.,
2014; Zhang et al., 2018). However, there are to date, no reports about
the effects of Glabridin on any retinal diseases.

The models of sodium iodate (NaIO3)-induced retinal
degeneration were extensively investigated in different
concentrations, duration, and species in the past. In mouse models,
systemic delivery has been used as an effective method to induce
retinal degeneration associated with the regional loss of retinal
pigment epithelium (RPE), imitating most of the features of dry
AMD (Mizota and Adachi-Usami, 1997; Enzmann et al., 2006; He
et al., 2019). A concentration range of 20~30mg/kg of NaIO3 seems
to be a suitable dosage in inducing central retinal degeneration, with
the characteristics of RPE death and outer nuclear layer (ONL)
apoptosis peaking at day 3 and continuing to decline until day 28
(Zeiss, 2013; Wang et al., 2014). In vitro studies for NaIO3-induced
retinal pigment epithelial cell dysfunction indicate that the
concentration range of 1000~2000 mg/ml could induce oxidative
stress and apoptosis in RPE cells without causing massive cell death
as in high dose exposure (Zhang et al., 2016). In this study, the
concentration of 25mg/kg of NaIO3 was given to the C57BL/6J mice
through tail vein intravenous injections and the concentration of
1200 mg/ml of NaIO3 was used to induce RPE cell dysfunction to
create the appropriate model of dry AMD. The effect of Glabridin on
these models was then investigated in vitro and in vivo.
MATERIALS AND METHODS

Cells and Reagents
Human retinal pigment epithelial cells (ARPE‐19) were purchased
from American Type Culture Collection (ATCC, Manassas, VA,
USA). The Glabridin (purity ≥ 98%) was purchased from the
National Institute for Food and Drug Control (Nanjing, China).
Sodium iodate (NaIO3) was purchased from Sigma Industrial
Company. 3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyl tetrazolium
bromide (MTT), Hoechst 33342, and ROS DCFH-DA staining
were purchased from Beyotime. Trypsin-EDTA, DME/F-12,
penicillin-streptomycin (PS), and Fetal Bovine Serum (FBS) were
purchased from Gibco and Hyclone (Logan, Utah). DMSO was
purchased from Sigma-Aldrich. The materials required for western
blotting were purchased from Bio-Rad and Biosharp. The transfer
Membranes were purchased from Immobilon-P. Anti-ERK1/2, anti-
p-ERK1/2, anti-p38, anti-p-p38, anti-GAPDH, and anti-b-tubulin
were purchased from Abcam. All the essential materials and
machines were provided by the Laboratory of the Ophthalmology
Department of Jinzhou Medical University.
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Cell Culture
Human retinal pigment epithelial cells (ARPE-19) passages 5-10
were used for all experiments. Cells were cultured in 10 cm2 cell
culture dishes in DME-F12 with 10% of FBS and 2% of penicillin-
streptomycin, and incubated at 37 °C with 5% CO2 humidified
atmosphere. The medium was renewed every 2 days.

Cell viability assay
The colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay was used to check cell
viability. ARPE-19 cells were cultured into 96 wells plate and
divided into the control group, sodium iodate (NaIO3) group,
treatment group (Glab+ NaIO3), and Glabridin (Glab) only
group. In the control group, cells were treated only with DME-
F12. NaIO3(1200 mg/ml) was given to the NaIO3 group and
treatment group. At the same time, different concentrations of
Glabridin (2, 4, 8, 16 mM) were given to the treatment group and
Glab only group. After 24 h of incubation, the absorbance cell
viability was evaluated by spectrophotometrically using a
microplate reader (Bio-Rad, iMark™) at 490 nm.

Hoechst 33342 Staining
ARPE-19 cells were seeded into 6-wells plate. The cells were
treated with NaIO3(1200 mg/ml) and Glab(8 mM) and incubated
for 24 hrs. After 24hrs, the wells were washed with PBS three
times and then stained with 2ml of 1mg/ml Hoechst 33342 and
incubated for 30 mins. This whole procedure was performed in
the dark to prevent photoquenching of the fluorescence reagent.
The cells were washed with PBS three times after incubation. A
LAS 4.4 Imaging System was used to take the images. ImageJ
software was used to quantify the condensed nuclei in each group.
Each group was normalized to the control group (control was
taken as 2%, which is the same percentage as the control group in
the flow cytometry results, which enabled easy comparison).

Flow Cytometry
FITC Annexin V Apoptosis Detection Kit with 7-AAD was
purchased from BioLegend. In order to test the antiapoptotic
effect of Glabridin on ARPE-19 cells treated with Sodium iodate
(NaIO3), ARPE-19 cells were seeded into 6-well plates, treated
with NaIO3(1200 mg/ml) and Glab(8mM) and incubated for 24
hrs. Then, the cells were washed with PBS twice, transferred to
1.5 ml microcentrifuge tubes, centrifuged at 4500rpm for 5 mins,
and then resuspended in 100 ml of Annexin V Binding Buffer. The
FITC Annexin V(5 ml) and 7-AAD Viability Staining Solution (5
ml) were then added to each tube. The cells were gently vortexed
and incubated for 15 mins at room temperature in the dark. We
then added 400 ml of Annexin V Binding Buffer to each tube. The
apoptosis of the cells was analyzed by flow cytometry with
NovoExpress Software with proper machine settings.

Measurement of ROS production
Reactive Oxygen Species (ROS) production was assessed using
Dichloro‐dihydro‐fluorescein diacetate (DCFH‐DA) Reagent.
ARPE-19 cells were treated with NaIO3(1200 mg/ml) and Glab
(8 mM) for 24hrs. The staining procedure was performed in the
dark according to the instructions of the DCFH-DA Cellular
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ROS assay kit. The cells were washed with PBS 3 times before and
after incubation with DCFH-DA. The fluorescence images were
obtained by using the LAS 4.4 Imaging System. The fluorescence
intensity of ROS was measured by using ImageJ software and
normalized to the control (control was taken as 100%). The raw
values of each group were divided by the mean value of the
control groups and multiplied by 100.

Western Blot Analysis
ARPE-19 cells divided into control (DME-F12), NaIO3 (1200mg/
ml), and NaIO3+Glab (2, 4, 8mM) and washed with ice-cold PBS,
lysed with RIPA buffer and PMSF, placed in 1.5mlmicrocentrifuge
tubes, vortexed for 20 secs, and then cells were sonicated with
20kHz for 10 secs three times. The tubes were kept on ice
throughout the whole procedure. After sonication, cell lysate
mixtures were centrifuged at 4°C at 12000 rpm for 20 mins.
Then, the supernatant protein lysate was transferred to a fresh
tube on ice. Equal concentration of protein was determined with a
BCA protein assay kit according to the manufacturer’s
instructions, and the samples were denatured by boiling in
loading buffer and PBS at 100°C for 5 mins. 10ml of each sample
was loaded onto an SDS-PAGE gel, run, and then
electrotransferred to the PVDF membrane. The phosphorylation
of ERK1/2 and P38 were determined by Western blotting with
their respective phospho-specific antibodies while GAPDH and b-
tubulin were used as total protein control. The intensities of the
bands were measured by using ImageJ software.

Animals and Drug Administration
30 Male C57BL/6J mice were purchased from Beijing Vital River
Laboratory Animal Technology Co. Ltd., Beijing, China. The
mice had free access to water and standard diet and were
maintained in 22–24°C with a 12 hr light-dark cycle. Mice
were randomly allocated and 5 mice were housed per group.
All animals were randomly grouped, resulting in an equal
number of sample sizes. The group size in our experiments
was chosen based upon our previous experience or studies using
similar experimental protocols. All the studies were designed to
generate groups of equal size, using randomization and blinded
analysis. After 2 weeks of environmental adaptation, mice were
injected intraperitoneally with Glabridin (Ip, 20mg/kg.d) daily
for 1 week in the treatment group before NaIO3 injection. After
1week, NaIO3(25mg/kg) was injected into the tail veins of both
the NaIO3 group and the treatment group. We continued to
administer Glabridin (Ip, 20mg/kg.d) to the treatment group
daily for 4 weeks. Every effort was made to avoid animal suffering
and minimize the number of animals used. All animal
experiments were reviewed and approved by the Experimental
Animal Ethics Committee of Jinzhou Medical University and
conformed to the Guide for the Care and Use of Laboratory
Animals published by the USA National Institutes of Health
(Publication, 8th Edition, 2011).

Optical Coherence Tomograph
(OCT) Imaging
Mice were anesthetized by intraperitoneal injection of
phenobarbital (0.9mg/kg), and their pupils were dilated with
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topical 2.5% phenylephrine. To protect the corneas during and
after the procedure, an ofloxacin eye drop was used. OCT images
were recorded on days 7, 14, 21, and 28 after the intravenous
Sodium iodate Injection using the Micron IV retinal imaging
camera system (Phoenix Research Laboratories, Pleasanton,
CA). The thickness of the retina from OCT images was
measured using ImageJ software.

Electroretinography (ERG)
Electroretinograms (ERGs) were recorded on days 7, 14, 21, and 28
after the Sodium iodate (NaIO3) injection. Mice were maintained in
a completely dark room for 6 hours and then anesthetized with
phenobarbital (0.9mg/kg), and their pupils were dilated with topical
2.5% phenylephrine, and we used an ofloxacin eye drop (as
described above). Clean ERGs recording procedures were
performed following the instructions of Phoenix Research Labs by
using a Micron IV-1 machine from Phoenix Research Labs.
Different flash strengths were used as a stimulus that enabled us
to observe changes in the function of retinas and appropriate flash
strengths (4.4, 5.6, 6.2 cds/m2) were used for further observations.
The a-wave amplitude was measured from the baseline to the
trough of the a-wave. The b-wave amplitude is generally measured
from the trough of the a-wave to the peak of the b-wave.

Histological Analysis (H&E Staining)
After monitoring for 28 days, the mice were euthanized for
histological analyses. The eyes of the mice were enucleated,
embedded in paraffin, and retinal cross section tissues of 5 mm
were sliced for Haematoxylin and eosin (H&E) staining. Images
of the stained tissues were taken under a microscope. The
thickness of the retinal layers from H&E images was measured
using ImageJ software.

Data and Statistical Analysis
All data were included and no outliers were excluded in data
analysis and presentation.

The group size in this study represents the number of
independent values, and the statistical analysis was undertaken
using independent values. We examined cell viability, Relative
ROS, Retinal thickness in OCT results, and ONL thickness in the
Frontiers in Pharmacology | www.frontiersin.org 4
H&E results. Western blotting density analyses were normalized
to the control group for comparison and quantification (control
group was taken as 100%). This data transformation was done by
dividing each raw value by the value of the mean of the control
values, which was then converted to a percentage. All statistical
analyses were calculated with One-Way ANOVA (for
comparison among three or more groups), followed by LSD
and Dunnett’s T3 post hoc tests with the P value < 0.05
considered as the threshold for statistical significance (with F
achieved P < 0.05 and no significant variance inhomogeneity),
using IBM SPSS Statistics 23 for Mac OS software.
RESULTS

Glabridin Reduced Sodium Iodate Induced
ARPE-19 Cell Death In Vitro
A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay was used to evaluate the cytotoxicity of Glabridin.
ARPE-19 cells were treated with the different concentrations of Glab
(2, 4, 8, 16 mM) in 96 wells plate and incubated for 24 h. The results
showed that the concentrations of Glab (2, 4, and 8mM) did not show
toxicity in ARPE-19 cells (Figure 1A). To test the effects of Glab on
NaIO3-induced cell death, ARPE-19 cells were treated with Glab (2, 4,
8, 16mM) and NaIO3(1200mg/ml) at the same time in 96 wells plate
and were incubated for 24h. The results showed that treatment of
1200mg/ml Sodium iodate (NaIO3) significantly reduced the cell
viability compared with the control group, while treatment with 2,
4, and 8mM Glab significantly attenuated NaIO3-induced cell death
compared with the NaIO3 group (Figure 1B). In the concentration of
Glab (16mM), the cell viability slightly decreased compared with Glab
(8mM), which may mean that the toxicity of the drug appeared in the
higher concentrations, and therefore, this concentration(16mM) was
not selected for the next experiments.

Glabridin Attenuated Sodium Iodate
Induced Apoptosis in ARPE-19 Cells
In order to test the anti-apoptotic effect of Glab, ARPE-19 cells
were treated with NaIO3(1200mg/ml) and Glab(8mM) at the
A B

FIGURE 1 | Effects of Glabridin on the viability of ARPE‐19 cells in vitro. (A) methylthiazolyldiphenyl‐tetrazolium bromide (MTT) assay showed that Glabridin had no
toxic effects on ARPE‐19 cells at concentrations of 2, 4, 8 mM. (B) MTT assay showed that Sodium iodate(NaIO3) group, cells treated with NaIO3(1200mg/ml),
significantly decreased the viability of ARPE-19 cells compared with the control group (*P < 0.05) and Glabridin at concentrations of 2, 4, 8 mM significantly increased
the viability of ARPE‐19 cells treated with sodium iodate, compared with NaIO3 group (#P < 0.05).
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same time, and incubated for 24 h, and stained with Hoechst
33342 subsequently. NaIO3 group has a significantly greater
number of apoptotic cells with condensed nuclei (15.37%),
compared with the control group (2%). However, the number
of apoptotic cells in the treatment group with Glab (8mM) were
significantly fewer to 4.84%, compared with the NaIO3

group.(Figures 2A, Ca). To confirm the anti-apoptotic effect of
Glab in NaIO3-induced ARPE-19 cells, cells were treated with
NaIO3 (1200 mg/ml) and Glab (8mM), incubated for 24h. We
used FITC Annexin V Apoptosis Detection Kit with 7-AAD
staining to measure the percentages of apoptotic cells with flow
cytometry. The percentage of late apoptotic cells in the control
group was 1.63% and increased to 14.99% in the SI group (Q2-2
quadrants in Figures 2Ba, b). In the treatment group with Glab
(8mM), the percentage of late apoptotic cells was reduced to
Frontiers in Pharmacology | www.frontiersin.org 5
4.67% (Q2-2 quadrant in Figure 2Bc). This flow cytometry result
showed that treatment with Glabridin could reduce late
apoptotic cells in ARPE-19 cells induced by NaIO3. Statistical
analysis of both Hoechst33342 and flow cytometry proved that
Glab has the anti-apoptotic effect on NaIO3-induced ARPE-19
cells (Figure 2C).

Glabridin Attenuated Sodium Iodate
Induced ROS Production
To evaluate the anti-oxidative effect of Glabridin on NaIO3-
induced ROS production, ARPE-19 cells were treated with
NaIO3(1200mg/ml) and Glab(8mM) at the same time,
incubated for 24 hours and then stained with DCFH-DA. The
results showed that ROS production in the NaIO3 group was
significantly higher than that in the control group. In the
A

B

C

FIGURE 2 | Effects of Glabridin on apoptosis of ARPE‐19 cells in vitro. (A) Hochest 33342 staining of ARPE‐19 cells treated with sodium iodate for 24 h. Yellow
arrows indicate condensed core vs. Red arrows indicate normal core. a, retinal pigment epithelium (RPE) treated with DME-F12 (Control); b, RPE treated with
sodium iodate(1200mg/ml) (NaIO3); c, RPE treated with Glabridin(8mM) plus NaIO3 (Glab(8mM)+ NaIO3). (B) Flow cytometry analysis of apoptosis of ARPE‐19 cells
treated with NaIO3 at a concentration of 1200 mg/ml. The percentage of cells in each quadrant is presented. a, retinal pigment epithelium (RPE) treated with DME-
F12 (Control); b, RPE treated with sodium iodate (NaIO3); c, RPE treated with Glabridin(8mM) (C) Statistical analysis in Hoechst33342 and flow cytometry results; a,
Sodium iodate significantly increased the number of condensed nuclei compared with control (*P < 0.05), while Glab treatment significantly decreased the number of
condensed nuclei compared with NaIO3 group (#P < 0.05). b, Q2-2 quadrant (late apoptosis) of Figure 2B is compared. Sodium iodate significantly increased late
apoptosis of ARPE‐19 cells compared with the control (*P < 0.05), while Glabridin treatment significantly decreased the late apoptosis of ARPE‐19 cells treated with
NaIO3, compared with the NaIO3 group (#P < 0.05).
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treatment group with Glab(8mM), the NaIO3 induced ROS
production was significantly lower than that in the NaIO3

group (Figure 3).

The Protective Effect Of Glabridin
on the Retinal Function According
to ERG Results
Electroretinogram (ERG) images of the retinas of mice were
recorded at 7, 14, 21, and 28 days after NaIO3(25mg/kg) injection
to both the NaIO3 group and Glabridin (Glab) treatment group
to monitor the functional changes of the retina over time and
compare them among groups. Glabridin (Glab) at a
concentration of 20mg/kg was injected intraperitoneally to the
NaIO3 induced mice daily. ERG recordings of the first week after
NaIO3 injection showed that the retinal function began to
deteriorate due to the damage induced by NaIO3 in both
groups, while treatment with Glab(20mg/kg) maintained the
retinal function compared with the NaIO3 group. In the
following weeks, the ERG waves in both groups became
weaker than those of the first week indicating that NaIO3 can
damage the retinal function with time. As NaIO3 continued to
damage the retina in both groups, the retinal function in the
NaIO3 group was very severely damaged in the third week and
the fourth week, whereas treatment with Glab maintained better
retinal function than the NaIO3 group, indicating that Glab can
prevent the retinal degeneration induced by NaIO3 (Figure 4A).
Frontiers in Pharmacology | www.frontiersin.org 6
The amplitudes of both a-wave and b-wave in the NaIO3 group
decreased significantly compared with the control group. The a-
wave and b-wave amplitudes in the Glab treatment group were
higher than those in the NaIO3 group at a significant level,
showing that the retinal function was protected by the Glabridin
(Figure 4B).

The Protective Effect of Glabridin on the
Retina According to OCT Results
Optical coherence tomography (OCT) images of the retinas of
mice were recorded 7, 14, 21, and 28 days after NaIO3(25mg/kg)
injection to both the NaIO3 group and treatment group in order
to monitor the structural changes of the retina with non-invasive
imaging method. Glabridin (Glab) at a concentration of 20mg/kg
was injected intraperitoneally to these NaIO3 induced mice daily.
In the OCT images of the first week, the damage to the retina was
seen as the thickness of the retina of both the NaIO3 group and
treatment group with Glab(20mg/kg) began thinner than that of
the control group and the shadows of bulging deposits in the RPE
layer began to appear. Although the differences in NaIO3 and
Glab treatment groups in the first week and the second week
were not very obvious at first, from the third week the damage to
the RPE layers and accumulation of deposits in the NaIO3-
induced model group was significant and the thickness of the
retina was significantly reduced, compared with the control
group. In contrast, in the treatment group with Glab(20mg/kg)
A

B

FIGURE 3 | Effects of Glabridin on the production of reactive oxygen species (ROS) in ARPE‐19 cells treated with sodium iodate. (A) Dichloro‐dihydro‐fluorescein
diacetate (DCFH‐DA) staining of ARPE‐19 cells after 24 h of sodium iodate and Glab treatment. a, retinal pigment epithelium (RPE) treated with DME-F12 (Control);
b, RPE treated with sodium iodate(1200mg/ml) (NaIO3); c, RPE treated with Glabridin(8mM) plus NaIO3 (Glab(8mM)+NaIO3). (B) ROS levels were significantly
increased in the NaIO3 group compared with the control group (*P < 0.05), while Glabridin(8mM) significantly decreased ROS levels in ARPE‐19 cells treated with
NaIO3, compared with NaIO3 group (#P < 0.05).
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to NaIO3-damaged retina, even after the third week and the
fourth week, the thickness of the retina was preserved and
protected staying almost the same as the first week and the
second week. The shadows of deposits were also not significantly
seen. These OCT results showed that the NaIO3 induced model
group continuously inflicted damage to the retina, over time
mimicking the retinal degeneration of dry AMD, while the
treatment group with Glab significantly protected the retina by
reducing the damage induced by NaIO3, maintaining the
thickness of the retina and reducing bulging deposits (Figure 5).

Histological Results
After monitoring the retinas of mice with OCT and ERG for 4
weeks, the mice were euthanized and the eyes were harvested to
check the histological changes using Haematoxylin and Eosin
(H&E) staining. One study about the direct effect of NaIO3 on
the retina reported that in the histological examination,
disorganization of PRs and significant thinning of the entire
retina, especially the ONL, were observed along with large
regions of complete RPE loss, which had expanded over time
(Wang et al., 2014). Our results also showed that the retinal
injury induced by NaIO3(25mg/kg) after 4 weeks was significant
in the retinal pigment epithelium (RPE) layer, rods, and cones
layer (R&CL) (also known as photoreceptors(PR) layer), and the
outer nuclear layer (ONL), as the arrangement of cells in all these
layers was disordered in the NaIO3 model group along with the
formation of bulging deposits (swelling and bundling of RPE
cells) on the retinal pigment epithelium (RPE), in comparison
Frontiers in Pharmacology | www.frontiersin.org 7
with the control. The arrangement of cells in all those layers was
improved in the treatment group with Glab(20mg/ml), and the
structure of the RPE layer was significantly protected by reducing
the number of deposits compared with the NaIO3 model group
(Figure 6). These histological findings supported the findings of
non-invasive imaging of OCT and ERG.

Expression of Phosphorylation Of ERK1/2
and P38 In Western Blotting Results
ERK1/2 and P38 MAPK pathway regulates cell proliferation, cell
differentiation, and cell death and is reported to be closely related
to oxidative stress, inflammation, and aging. The Western
blotting results showed that the phosphorylation of ERK1/2
and P38 were significantly increased in the NaIO3 group
compared with the control. In the treatment group of Glab(4,8
mM), the phosphorylation of ERK1/2 and P38 was significantly
decreased compared with the NaIO3 group (Figure 7).
DISCUSSION

Since dry AMD is untreatable, the best current options are to slow
down or stop the progress of the disease. Following the present
understanding of AMD mechanisms, retinal pigment epithelial
(RPE) cell injury plays a very important role in the pathogenesis of
AMD. This study investigated a preventive method for AMD at
the cellular level, by considering the effects of Glabridin (Glab) in
ARPE-19 cells damaged by sodium iodate (NaIO3). Glab
A B

FIGURE 4 | Effects of Glabridin on the retinal function after sodium iodate (NaIO3) treatment in vivo. (A) Electroretinography (ERG) images of changes in the retinal
function of mice within four weeks after NaIO3 injection and Glab treatment. a, retina of normal mice (Control); b, retina treated with NaIO3(25mg/kg) (NaIO3); c, retina
treated with Glabridin(20mg/kg) plus NaIO3 (Glab+NaIO3). The degeneration of retinal function in the retina of mice treated with NaIO3 was significantly seen
throughout 4 weeks. The amplitudes of the waves in the Glab+NaIO3 treatment group were significantly higher than those in the NaIO3 group throughout 4 weeks
suggesting that the retinal function in the retinas of mice treated with Glab was protected from retinal damage induced by NaIO3. (B) From the first week to the
fourth week, the amplitudes of a-wave and b-wave in both the NaIO3 group and Glab+NaIO3 group were significantly lower than those in the control group
(*P < 0.05). The amplitudes of both a-wave and b‐wave in the Glab+ NaIO3 group were significantly higher than those in the NaIO3 group (#P < 0.05).
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prevented the excessive overproduction of reactive oxygen species
(ROS), suggesting that Glab can prevent oxidative stress in RPE
cells. Hoechst33342 results showed that Glab could prevent the
apoptosis of ARPE-19 cells and flow cytometry results supported
that Glab can reduce apoptotic cells induced by NaIO3.

To detect and monitor the damage on the retina and how
much Glab can prevent the retinal injury caused by NaIO3,
optical coherence tomography(OCT), and electroretinography
(ERG) of the retinas of the mice were recorded every week up
Frontiers in Pharmacology | www.frontiersin.org 8
until 28 days. OCT results showed that in the first week of NaIO3

injection, the layers of retina began to be disordered in both the
NaIO3 and the treatment group and the shadows of the deposits
on the RPE layer started to appear in the NaIO3 group. In the
second week, the retinal layers in the treatment group were also
damaged by NaIO3 but were not as bad as those of the NaIO3

group. In the third and fourth weeks, the protective effect of Glab
could be seen significantly in the treatment group compared with
the NaIO3 group. The retinal thickness became so thin in the
A

B

FIGURE 5 | Effects of Glabridin on the thinning of retina and deposits on the retinal pigment epithelial (RPE) layer of the retina monitored with non-invasive imaging
in vivo. (A) Optical coherence tomography(OCT) measurement of the effects of Glabridin on the retinas of mice within four weeks after NaIO3 injection and Glab
treatment. a, retina of normal mice (Control); b, retina treated with NaIO3(25mg/kg) (NaIO3); c, retina treated with Glabridin(20mg/kg) plus NaIO3 (Glab(20mg)+NaIO3).
The changes in the thickness and layers of the retina could be seen. The shadows of deposits were significantly seen on the RPE layer in the NaIO3 group, while
they were not that obvious in the Glab+NaIO3 group. (B) From the first week to the fourth week, the thinning of the retina was worse week after week in the NaIO3

group, compared with the control group (*P < 0.05). Although the degeneration became worse in the NaIO3 group, the thickness and layers of the retina in the Glab
+NaIO3 group remained better than that of the NaIO3 group throughout four weeks showing the most significant difference in the third week and fourth week,
compared with the NaIO3 group (#P < 0.05).
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NaIO3 group while treatment with Glab maintained the
thickness of the retina to almost the same extent as in the first
and second week. The shadows of deposits in the treatment
group were also fewer than those in the NaIO3 group.

In ERG images, a-wave and b-wave amplitudes in the
treatment group were higher than those in the NaIO3 group
throughout 4 weeks. The a-wave, initial corneal-negative
deflection, derived from the cones and rods of the outer
photoreceptor layers, is a measure of the photoreceptor
response, and the b-wave, corneal-positive deflection, is
derived from the inner retina, predominantly Muller and ON-
bipolar cells. The b-wave is the most common component of the
ERG used in the clinical and experimental analysis of human
retinal function (Asi & Perlman, 1992; Berrow et al., 2010). There
were obvious changes in both the a-wave and b-wave amplitudes,
which became lower with time, demonstrating that NaIO3

damaged the retinal function gradually and caused
degeneration very severely in the fourth week. In contrast, the
amplitudes of the a-wave and b-wave in the treatment group with
Glab were significantly higher and maintained at almost the
same level as the first week, even 4 weeks after the NaIO3

injection. The results of the non-invasive investigation with
both OCT and ERG supported the fact that Glab could
maintain the morphology as well as the function of the retina.
In H&E staining, the photoreceptor cells (PR) layer and outer
nuclear layer (ONL) were severely disrupted and a large number
of deposits were seen on the RPE layer in the NaIO3 group. In the
treatment group with Glab, only a little disruption in the PR layer
Frontiers in Pharmacology | www.frontiersin.org 9
and a significantly lower number of deposits on the RPE layer
were seen, compared with the NaIO3 group. The histological
findings supported the results of the non-invasive OCT and
ERG. These results indicate that NaIO3(25mg/kg) severely
damaged the retina of the C57BL/6J mice mainly in the ONL,
PR, and RPE layers after 4 weeks, and that Glabridin (Ip, 20mg/
kg.d) could relieve the progression of this damage and prevent
retinal degeneration over time.

The mitogen-activated protein kinase (MAPK) pathway
transduces signals to the cell nucleus to regulate transcription and
influences cell proliferation, differentiation, and apoptosis through
activation of the protein kinase cascades (Morrison, 2012; Jiang and
Tang, 2018). ERK1/2 (extracellular signal-regulated protein kinase)
is a member of the MAPK family and has an important role in
delivering extracellular signals to the nucleus, and thus regulating
the cell cycle, cell proliferation, and cell development. There is
evidence that ERK1/2 is closely associated with cell aging (Zou et al.,
2019). The ERK1/2 pathway is assumed to be a direct regulator of
the visual cycle and a critical component of the viability of RPE and
photoreceptor cells (Pyakurel et al., 2017). One study has suggested
that ERK1/2 activation triggers RPE cell death in dry AMD, acting
in accordance with the chronic nature of AMD progression (Dridi
et al., 2012). Another main member of the MAPK pathway, p38 is
more responsive to stress stimuli ranging from osmotic shock and
ionizing radiation to cytokine stimulation. In mammalian cells, the
p38 isoforms are strongly activated by environmental stresses and
inflammatory cytokines but not appreciably by mitogenic stimuli.
Many other studies have indicated that p38 activity is critical for
A

B C

FIGURE 6 | Effects of Glabridin on the retinal layers and number of deposits on the retinal pigment epithelial (RPE) layer as seen in H&E staining in vivo.
(A) Haematoxylin and eosin (H&E) staining of the retina on day 28 after NaIO3 and Glab treatment. a, retina of normal mice (Control); b, retina treated with NaIO3

(25mg/kg) (NaIO3); c, retina treated with Glabridin (20mg/kg) plus NaIO3 (Glab(20mg)+NaIO3). The arrangement of cells in the outer nuclear layer (ONL), rods and
cones layer (R&CL), and retinal pigment epithelium(RPE) layer were significantly disordered in the NaIO3 group, compared with the control group, while Glab
significantly attenuated the disorder of those layers induced by NaIO3 in Glab+NaIO3 group, compared with NaIO3 group. (B) The thickness of ONL, the most
severely damaged layer, was compared among groups and the results showed that NaIO3 significantly reduced the thickness of ONL, compared with the control
group (*P < 0.05), while Glab significantly protected the layers and increased the thickness of ONL, compared with NaIO3 group (#P < 0.05). (C) Both NaIO3 and
Glab+NaIO3 groups significantly increased the number of deposits on the RPE layer, compared with the control group (*P < 0.05), however, Glab significantly
decreased the number of deposits on the RPE layer in the Glab+NaIO3 group, compared with NaIO3 group (#P < 0.05).
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oxidative stress, aging, and inflammatory response (Lee et al., 1994;
Roux and Blenis, 2004). In the present study, the RPE cell death
induced by NaIO3 increased the phosphorylation levels of ERK1/2
and p38 whereas the phosphorylation levels of ERK1/2 and p38
were decreased when treated with Glab. This finding indicated that
Glabridin, a flavonoid extracted from licorice root, could prevent
RPE cell death by inhibiting the phosphorylation of ERK1/2 and the
p38 MAPK pathway.

Although we found that Glab protected against NaIO3 induced-
RPE and retina injury, some of the limitations of this study need to
be addressed. The method of extended intraperitoneal
administration of Glab was used in this study, however, the
pharmacokinetic parameters of Glab in the retina were not
obtained. It is necessary to study its delivery/penetration into the
retina by administering the drug intravitreally. The high and
extended dose of NaIO3 used in this study would likely cause
inflammation in the RPE cells and retina, the inflammatory
cytokines should be measured to define the anti-inflammatory
effects of Glab. Furthermore, the mechanisms of how Glab works
on retinal degeneration are still unknown and needed to be studied
in areas other than ERK1/2 and the p38 MAPK pathway. The
mitochondrial ROS (MitoSOX) activation of Caspase 3 and other
possible signaling pathways should also be studied in further
experiments. Therefore, the findings in this study are preliminary,
and further work is needed to address the role of inflammation,
pharmacokinetics after ocular administration, and there need to be
more stringent studies on other signaling pathways in the future, to
gain a better understanding of Glab’s utility in dry AMD.
Frontiers in Pharmacology | www.frontiersin.org 10
As seen in this study, while NaIO3 worsens the retinal damage
week by week, Glabridin could prevent retinal degeneration and
maintain it in the same condition as the first week of damage
induced by NaIO3. This indicates that while retinal degeneration
progresses over time, Glabridin could delay or even stop the
progress. According to available evidence, the main features of
dry AMD are mainly associated with oxidative stress and the
apoptosis of RPE cells caused by aging. ERK1/2 and the p38
MAPK pathway are closely related to those features. This study
proved that Glabridin could prevent the retinal degeneration and
RPE cell death caused by NaIO3 with the mechanism of
inhibiting the phosphorylation of ERK1/2 and p38 MAPK, and
suggested that further experiments should be done on this drug,
examining its potential use and clinical applications for the
prevention and treatment of dry AMD.
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FIGURE 7 | Effects of Glabridin on the protein expression of phosphorylation of ERK1/2 and p38 in ARPE‐19 cells treated with sodium iodate(NaIO3) by Western
blot detection. Control: retinal pigment epithelial (RPE) cells treated with DME-F12 only, NaIO3: RPE cells treated with NaIO3(1200 mg/ml), 2,4,8: RPE cells treated
with different concentrations of Glab (2,4,8 mM) plus NaIO3(Glab+NaIO3). (A) Effects of Glabridin on the phosphorylation of ERK1/2. (B) The expression of
phosphorylated ERK1/2 was significantly increased in the NaIO3 group, compared with the control group(*P < 0.05), while Glabridin significantly decreased the
phosphorylation of ERK1/2 at the concentration of 4 and 8 mmol, compared with NaIO3 group (#P < 0.05). (C) Effects of Glabridin on the phosphorylation of p38. (D)
The expression of phosphorylated p38 was significantly increased in the NaIO3 group, compared with the control group (*P < 0.05), while Glabridin significantly
decreased the phosphorylation of p38 at the concentration of 4 and 8 mmol, compared with NaIO3 group (#P < 0.05).
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