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Abstract

Photoreceptor cell degeneration leads to blindness, for which there is currently no effective treatment. Our previous studies have shown
that Lycium barbarum (L. barbarum) polysaccharide (LBP) protects degenerated photoreceptors in rd1, a transgenic mouse model of
retinitis pigmentosa. L. barbarum glycopeptide (LbGP) is an immunoreactive glycoprotein extracted from LBP. In this study, we investigated
the potential protective effect of LbGP on a chemically induced photoreceptor-degenerative mouse model. Wild-type mice received the
following: oral administration of LbGP as a protective pre-treatment on days 1-7; intraperitoneal administration of 40 mg/kg N-methyl-
N-nitrosourea to induce photoreceptor injury on day 7; and continuation of orally administered LbGP on days 8-14. Treatment with LbGP
increased photoreceptor survival and improved the structure of photoreceptors, retinal photoresponse, and visual behaviors of mice with
photoreceptor degeneration. LbGP was also found to partially inhibit the activation of microglia in N-methyl-N-nitrosourea-injured retinas and
significantly decreased the expression of two pro-inflammatory cytokines. In conclusion, LbGP effectively slowed the rate of photoreceptor
degeneration in N-methyl-N-nitrosourea-injured mice, possibly through an anti-inflammatory mechanism, and has potential as a candidate
drug for the clinical treatment of photoreceptor degeneration.
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Introduction the photoreceptors and loss of the ability to convert light
Photoreceptor degenerative diseases are a group of retinal  into electrical signals, ultimately leading to blindness (Cai et
diseases that include retinitis pigmentosa (RP), age-related al., 2019). RP is one of the most common forms of inherited
macular degeneration, Stargardt’s disease, and other inherited  retinal disease, causing degeneration and death of cone and
retina dystrophies. These diseases involve degeneration of rod cells (Hartong et al., 2006) and affecting approximately 1 in
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4000 individuals worldwide (Verbakel et al., 2018). Age-related
macular degeneration is another serious blinding condition,
affecting about 8.7% of older people worldwide (Wong et al.,
2014). The diverse genetic pathophysiology underlying these
retinal degenerative diseases presents significant challenges
in the development of effective treatments. The genetic
basis of these diseases involves various mutations and gene
abnormalities that lead to degeneration and dysfunction of
photoreceptor cells in the retina (Dias et al., 2018; Leinonen et
al., 2023). Several therapeutic approaches aimed at restoring
or compensating for the loss of retinal function have been
developed, such as stem cell therapy, gene therapy, retinal
prostheses, and various drug therapies (Wang et al., 2019).
However, the prospects of such treatments remain uncertain
due to high costs, unpredictable adverse effects, and the
technical difficulty of related surgeries. Therefore, the search
for new treatment options for photoreceptor degeneration
has become urgent.

Lycium barbarum (L. barbarum), commonly known as goji
berry, is a popular traditional Chinese medicine known for
its protective effects on the eyes (Neelam et al., 2021). L.
barbarum polysaccharide (LBP), one of the major active
ingredients of L. barbarum, has been extensively studied
and has shown promising protective effects against various
eye diseases, including glaucoma (Mi et al., 2012), retinal
photodamage (Tang et al., 2018), RP (Wang et al., 2014, Liu et
al., 2018) and diabetic retinopathy (Yao et al., 2018). In recent
years, continuous improvements in the extraction process
have led to the extraction of L. barbarum glycopeptide
(LbGP) from LBP (Tian et al., 1995). LbGP is a glycoprotein
with immunological activity, and the ability to reverse
apoptotic resistance in aging T cells (Yuan et al., 2008), reduce
inflammation and enhance autophagy in a kidney-protective
manner (Zhou et al., 2022). It can also ameliorate aversive
stimuli-induced depression by inhibiting microglial activation
(Fu et al., 2021). However, whether LbGP can protect retinal
neurons against retinal diseases is unclear.

In this study, we explored the protective effect of LbGP against
mouse retinal injury induced by N-methyl-N-nitrosourea
(MNU). MNU is a toxic alkylated substance that induces
specific apoptosis of photoreceptor cells and is widely used
in the chemically induced mouse model of photoreceptor
degeneration (Tao et al., 2015).

Methods

Animals

Male C57BL/6J (C57) mice (specific pathogen-free grade;
weight, ~21 g; age, 7 weeks) were purchased from Liaoning
Changsheng Biotechnology Co., Ltd. (Benxi, Liaoning
Province, China; License No. SCXK (Liao) 2020-0001). During
the experimental period, all mice were kept in the Animal
Breeding Center of Jinan University, which is equipped to
provide standard laboratory conditions (humidity, 40—65%;
room temperature, 18-23°C; dark/light cycle of 12/12
hours). Mice had free access to regular food and water. All
animal experiments performed in this study adhered to the
guidelines set forth by the Association for Research in Vision
and Ophthalmology Statements for the Use of Animals in

Ophthalmic and Vision Research (Association for Research in
Vision and Ophthalmology, 2021), and we made every effort
to minimize the pain and suffering of the study animals.
The Laboratory Animal Ethics Committee of Jinan University
approved the experimental protocol on March 1, 2022
(approval No. IACUC-20220301-08).

Experimental design and drug application

The study animals were arbitrarily divided into three groups:
untreated C57 mice that served as normal controls (Con, n
= 46); MNU-injured mice (MNU, n = 47); and MNU-injured
mice with LbGP treatment (LbGP, n = 47). Randomization of
subjects to groups was not performed. LbGP (powder; purity
> 92.0%; Tianren Goji Biotechnology Co., Ltd., Zhongwei,
Ningxia, China) was dissolved in phosphate-buffered saline
(PBS) containing 0.1% dimethyl sulfoxide (0.1% PBS). Research
has shown that LbGP is effective at doses of up to 100 mg/kg
and is free of adverse effects (Zhou et al., 2022). Accordingly,
in a preliminary experiment, we tested LbGP at doses of 5, 10,
and 20 mg/kg body weight and found slight protection from
photoreceptor degeneration, with more protective effects at
higher doses. Based on the study conducted by Wu (2022),
the protective effect of 50 mg/kg of LbGP was not particularly
significant. Considering both the safety and effectiveness of
the experiment, we have increased the dosage to 100 mg/kg.
The mice were orally fed with LbGP daily for 2 weeks (days
1-14). On day 7, MNU (Shanghai Macklin Biochemical
Technology Co., Ltd, Shanghai, China) solution (40 mg/kg in
normal saline) was injected intraperitoneally to induce specific
photoreceptor degeneration (Yuge et al., 1996; Emoto et
al., 2013; Hayakawa et al., 2020). On day 15, visual behavior
was examined. On day 16, electroretinogram (ERG) tests
were administered, the animals were sacrificed, and retinas
were collected. The detailed protocol for the experimental
procedures is illustrated in Figure 1.

Daily oral feeding of LbGP

| |

Day1 Day7 Day14 Day15 Day16
1 1 1 Il I

Behavior ERG test
Immunostaining

C57 MNU injection

Figure 1 | Experimental design.

Adult C57 mice were orally fed with LbGP daily for 14 days. On day 7, 40 mg/kg MNU
was intraperitoneally injected to induce retinal photoreceptor cell degeneration. On
day 15, visual behaviors were examined, and on day 16, an electroretinogram (ERG) was
recorded, the mice were sacrificed, and retinas were collected for immunostaining. C57:
C57BL/6J mice; ERG: electroretinogram; LbGP: Lycium barbarum glycopeptide; MNU:
N-methyl-N-nitrosourea.

Black-white transition test

On day 15, following 2 weeks of LbGP treatment, we
administered a black-white transition test to evaluate the
ability of the mice to discriminate differences in luminance,
as previously described (Zhang et al., 2022a). The black
and white conversion system, manufactured by Metronet
Technology Co. (Beijing, China), consists of a black box and a
white box, each with dimensions of 16 cm x 16 cm x 25 cm.
The mice move between the two boxes through a small door
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under an opaque baffle. Mice with normal vision tended to
stay in darkness, and thus spent longer periods in the black
box. Infrared cameras were mounted under the lid above each
box to capture the movement of the mice inside. We used
EthoVision XT 8.0 analysis software (Doldus, Wageningen,
Netherlands) to analyze the moving trajectories of mice in
both boxes and to calculate the time spent in both boxes over
a 5-minute test period. The amount of time spent in the black
box was used as an indicator of the luminance discrimination
ability.

Optomotor test

After 2 hours of dark adaptation, the experimental mice
underwent visual acuity testing using an optomotor system
programmed by Matlab 8.0 software (MathWorks, Natick, MA,
USA) (Liu et al., 2021). The mice were placed on a cylindrical
test elevation surrounded by four monitors displaying rotating
sine gratings of different spatial frequencies programmed by
Matlab 8.0. The gratings had a 100% contrast and moving
speed of 12 cycles/s, with increasing spatial frequencies
ranging from 0.1 to 0.6 cycles/degree. The movement of each
animal was videotaped, and any head movement tracking
the rotating gratings was manually recorded as an optomotor
reflex by independent observers. The maximal spatial
frequency of the grating that triggered the optomotor reflex
was considered to represent the visual acuity of the animal.

ERG

To observe the effects of LbGP on retinal function, mice
were subjected to ERG tests on day 16, after an overnight
dark adaptation, using the RETI-scan system (Roland Consult,
Brandenburg, Germany) and following a protocol we
described previously (Zhang et al., 2017). Briefly, the animals
were anesthetized by intraperitoneal injection of a 1.25%
tribromoethanol solution (0.02 mL/g; Merck KGaA, Darmstadt,
Germany) and positioned on a 37°C heating platform. Recording
electrodes were placed on the corneal surface, and ground
and reference needle electrodes were inserted in the tail and
skin near the eye, respectively. The mice were stimulated
with full-field green flashes under dark adaptation (scotopic
vision), with intensities of 0.01, 0.1, and 3.0 cd/m”. Next,
they were light adapted to a green background of 20 cd/m’
for 5 minutes, and the photopic responses to a green flash
with an intensity of 10.0 cd/m?” were recorded. ERG data were
collected and analyzed by RETIport software (Roland Consult,
Brandenburg, Germany). The recorded signal presented as a
negative peak (a-wave, representing the group responses of
photoreceptors) after light onset, followed by a positive peak
(b-wave, representing group responses of bipolar cells). The
a- and b-wave amplitudes were measured by RETI software.
The optimal response for two eyes was chosen as the data for
each mouse. Mice were classified as responsive to light on the
basis of a measurable light-induced ERG response.

Tissue processing

After completion of the ERG test, the still-anesthetized
mice were immediately euthanized by cervical dislocation.
The eyes were removed, enucleated, and immersed in 4%
paraformaldehyde for 30 minutes at room temperature,
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then washed three times with 0.1% PBS buffer solution for 5
minutes each time and dehydrated overnight in 24-well plates
containing 30% sucrose solution. The dehydrated tissues were
placed in boxes containing optimum cutting temperature
compounds (Tissue Tek, Torrance, CA, USA) and immediately
transferred to a freezer at —40°C. Retinas were cryosectioned
longitudinally through the optic disk using a microtome
(Leica Microsystems, Wetzlar, Germany) at 14 um thickness.
The retinal sections were then mounted onto glass slides for
subsequent processing.

Immunofluorescent staining

For staining, retinal sections were treated as follows: three
washes with 0.3% PBS containing 0.3% Triton X-100 (PBST)
for 5 minutes each time; incubation in blocking solution
(3% bovine serum albumin and 5% normal donkey serum in
0.3% PBST) for 2 hours; incubation with primary antibodies
overnight at 4°C: cleaning followed by incubation with the
secondary antibody for 2 hours at room temperature; sealing
and storage in a 4°C refrigerator before imaging. To stain the
cell nuclei, sections were subjected to a 5-minute treatment
with 4',6-diamidino-2-phenylindole before being mounted.
Detailed information on primary antibodies, secondary
antibodies, and fluorescent dyes is listed in Table 1.

Image collection and processing
Immunofluorescence-stained tissues were imaged using a
confocal microscope (Zeiss LSM700, Oberkochen, Germany) or
a fluorescence microscope (Zeiss Axio Imager A2). To evaluate
photoreceptor survival, the thickness and number of cell layers
in the outer nuclear layer (ONL), where the photoreceptor
somas are located, were measured and counted, respectively.
To count the cell layers, a line vertical to the retinal layers was
drawn and the 4',6-diamidino-2-phenylindole-stained nuclei
located on the line were counted. Due to the unevenness of
the retinal ONL during MNU-induced degeneration, the ONL
thickness was measured at 400, 800, 1200, and 1600 um
away from the central point of the optic nerve on both sides.
To assess photoreceptor structure, the outer segment (OS)
length of the cones (stained by opsin) and the OS thickness of
the rods (stained by rhodopsin) were measured at a location
800 um away from the optic nerve center. Also in this region,
we quantified the fluorescence intensity of glial fibrillary
acidic protein (GFAP) and its accumulated fluorescent area as
indicators of the status of Muller glial cells. Different groups of
retinal sections were treated with the same immunostaining
processing and imaging parameters. To access the activation
status of microglia, we counted the number of cells positive
for ionized calcium-binding adaptor molecule-1 (lba-1) within
clusters of differentiation 68 (CD68)-positive cells in three
regions of the retina: the center (400 um), middle (800 um),
and periphery (1200 um) (image size, 624.7 um x 501.22
um). Image-Pro Plus software (Media Cybernetics, Rockville,
MD, USA) was used for all measurements and analysis of
immunofluorescence. Measurements from three retinal
sections were averaged to obtain one value for each mouse.
These values were further averaged to obtain an overall
average value for the entire group.
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Table 1 | Antibody-specific information

Antibody Species Concentration Company Cat# RRID
Rhodopsin Mouse 1:1000 Millipore, Burlington, MA, USA MAB5356 AB_2178961
Opsin Rabbit 1:1000 Millipore AB5405 AB_177456
GFAP Rat 1:1000 Thermo Fisher Scientific, Waltham, MA, USA 13-0300 AB_2532994
Iba-1 Rabbit 1:1000 FUJIFILM WAKO SHIBAYAGI, Shibayagi, Japan 019-19741 AB_839504
CD68 Mouse 1:1000 Abcam, Cambridge, UK ab31630 AB_1141557
Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Donkey 1:1000 Invitrogen, Waltham, MA, USA A-21202 AB_141607
Antibody, Alexa Fluor™ 488

Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary  Donkey 1:1000 Invitrogen A-21206 AB_2535792
Antibody, Alexa Fluor™ 488

Rat IgG (H+L) Highly Cross-Adsorbed Secondary Donkey 1:1000 Invitrogen A-21208 AB_2535794
Antibody, Alexa Fluor™ 488

Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Donkey 1:1000 Invitrogen A-31571 AB_162542
Antibody, Alexa Fluor™ 647

Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Donkey 1:1000 Invitrogen A-31573 AB_2536183
Antibody,Alexa Fluor™ 647

DAPI Fluoromount G Donkey 1:1000 Electron Microscopy Sciences, Hatfield, PA, USA 17984-24

CD68: Cluster of differentiation 68; DAPI: 4',6-diamidino-2-phenylindole; GFAP: glial fibrillary acidic protein; Iba-1: ionized calcium-binding adapter molecule-1; 1gG (H+L):

immunoglobulin G (heavy and light chains).

Real-time quantitative polymerase chain reaction

We used real-time quantitative polymerase chain reaction (RT-
gPCR) to detect changes in the expression of inflammation-
related genes (Sun et al., 2017). Retinas were dissected,
placed in TRIzol™ Reagent (Cat# 15596026; Invitrogen,
Thermo Fisher Scientific, Shanghai, China), and the RNA was
extracted in accordance with the manufacturer’s protocol.
The purity and concentration of RNA were measured using
a NanoDrop 2000C ultra-micro spectrophotometer (Thermo
Fisher Scientific [Shanghai] Co., Ltd, Shanghai, China). A
PrimeScript™ RT kit with gDNA Eraser (Perfect Real Time;
Takara Biomedical Technology [Beijing] Co., Ltd., Beijing, China)
was used to obtain complementary DNA templates (85°C
for 5 seconds), which were then diluted 5-fold with RNase/
Dnase-free water. We designed the primers for qPCR in the
primer library (https://www.ncbi.nlm.nih.gov/tools/primer-
blast/) and synthesized them at Sangon Biotech (Shanghai,
China). Table 2 lists the primers used in this experiment. We
performed real-time RT-qPCR using TB Green® Premix Ex Taq™
[l (Tli RNaseH Plus) (Takara Biomedical Technology [Beijing]
Co., Ltd.) and a LightCycler 480 system (F. Hoffmann-La Roche
Ltd., Basel, Switzerland), in accordance with the operating
instructions. The glyceraldehyde-3-phosphate-dehydrogenase
gene (Gapdh) was used as an internal control. PCR conditions
were as follows: pre-denaturation for one cycle of 95°C for
30 seconds; 40 cycles of 95°C for 5 seconds and 60°C for 30
seconds; one cycle of 95°C for 5 seconds, 60°C for 60 seconds,
and 95°C for 15 seconds; and a final cooling step of 50°C for
30 seconds. We used the comparative Ct method to calculate
fold changes in expression (Livak and Schmittgen, 2001).

Statistical analysis

Although we did not use statistical methods to determine the
sample size, our sample size was similar to that reported in a
previous publication (Xiang et al., 2018). Data are presented
as the mean + standard error of the mean (SEM). Data were
analyzed using a one-way analysis of variance followed by
Tukey’s post hoc test performed by GraphPad Prism version
9.0.0 for Windows (GraphPad Software, Boston, MA, USA;
www.graphpad.com). P values < 0.05 were considered to
indicate statistical significance. The total number of mice
tested in each group is represented by n values.

Table 2 | Real-time polymerase chain reaction primers

Target gene Sequence (5' to 3')

GAPDH Sense: CAT GGC CTT CCG TGT TCCTA
Anti-sense: CCT GCT TCACCACCT TCTTGA T

NF-kB Sense: ACA GAG GCC ATT GAA GTG A
Anti-sense: CGT GGA GGA AGA CGA GAG

HIF-1 Sense: ACC TTC ATC GGA AACTCC AAAG
Anti-sense: ACC TTC ATC GGA AACTCC AAA G

IL-1B Sense: ACC TTC ATC GGA AACTCC AAAG
Anti-sense: ACC TTC ATC GGA AACTCC AAA G

iNOS Sense: AAT GGC AAC ATC AGG TCG GCC ATC ACT
Anti-sense: GCT GTG TGT CAC AGA AGT CTC GAA CTC

CD40 Sense: ACC TTC ATC GGA AACTCC AAAG

Anti-sense: ACC TTC ATC GGA AACTCC AAA G
IL-6 Sense: TAG TCC TTC CTA CCC CAATTT CC
Anti-sense: TAG TCC TTC CTA CCC CAATTT CC

CD40: Tumor necrosis factor receptor; GAPDH: glyceraldehyde-3-phosphate
dehydrogenase; HIF-1: hypoxia inducible factor-1; IL-1B: interleukin-1; IL-6:
interleukin-6; iNOS: inducible nitric oxide synthase; NF-kB: nuclear factor kappa-B.

Results

LbGP improves visual behaviors of MNU-injured mice

To explore the impact of LbGP on the visual behavior of
photoreceptor-degenerative mice, we first examined their
ability to visually discriminate differences in luminance using
a black-white transition box. Because mice tend to remain in
darkness to avoid light, their ability to detect luminance can
be assessed from the amount of time they spend in the black
box. Con group mice stayed longer in the black box than in the
white box, whereas MNU group mice spent essentially equal
amounts of time in both boxes. LbGP treatment restored the
time spent in darkness to that of the Con group (example
of movement trace shown in Figure 2A). Statistically, MNU-
injured mice spent 27.7% less time in the black box than Con
mice, indicating that MNU group mice had an impaired ability
to detect light. In the LbGP-treated group of photoreceptor-
degenerative mice, the residence time in the black box was
extended by 14.0% compared with the MNU group (n = 10, P
< 0.05; Figure 2B).

Next, we tested visual acuity using the optomotor response
test (Figure 2C), which measures the ability of mice to
distinguish fine spatial frequency objects by monitoring head
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tracking in the direction of the rotating gratings. Higher spatial
frequencies (corresponding to thinner gratings) that trigger
an optokinetic response indicate higher visual acuity in the
animals (Milla-Navarro et al., 2022). The results showed a
71.1% decrease in visual acuity in MNU-injured mice compared
with the control, and LbGP treatment increased it 2-fold (n = 6,
P < 0.05, compared to the MNU group; Figure 2D). Therefore,
treatment with LbGP before and after MNU-induced retinal
injury greatly improved visual behaviors in mice.
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Figure 2 | LbGP improves visual behaviors in MNU-injured mice.

(A) Motion trajectories of the mice in black-white transition tests of each group. (B)
Duration of time spent in the black box for each group: Con group, n = 16; MNU group,
n=11; LbGP group, n = 10. (C) lllustration of the optomotor system. (D) Visual acuity

(in cycles per degree, cpd) for each group (n = 6/group). LbGP treatment increased the
time that photoreceptor-degenerative mice spent in the black box, as well as their visual
acuity. Data are expressed as mean + standard error of the mean; *P < 0.05, ***P <
0.001 (one-way analysis of variance followed by Tukey’s post hoc test). Con: C57BL/6)
mice; LbGP: N-methyl-N-nitrosourea-injured mice with Lycium barbarum glycopeptide
treatment; MNU: N-methyl-N-nitrosourea-injured mice without treatment.

LbGP improves retinal light response in MNU-injured mice
Next, we examined the possible effect of LbGP on the retinal
light response using ERG recording. The a- and b-waves in ERG
traces represent the group light responses in photoreceptor
and bipolar cells, respectively. Better retinal responses
correlate with larger amplitudes of a- and b-waves and shorter
latency periods of a- and b-wave peaks (Creel, 2019). Neurons
with good flash response are present in the normal mouse
retina, in both dark- and light-adapted conditions. In our
MNU-injured mice, photoreceptor degeneration led to greatly
reduced or even abrogated light responses that were partially
restored by LbGP treatment (Figure 3A). While 100% of the
Con group mice were clearly responsive to light, only 62%
of MNU group mice and 80% of LbGP group mice exhibited
light responsiveness (Figure 3B). Analysis of the amplitudes
of scotopic a- and b-waves showed that LbGP treatment led
to significant improvements compared to the untreated MNU
group for most flash intensities, although the amplitudes were
still lower than those in the Con group (Scotopic 3.0 a- and
b-waves: P = 0.001 and P = 0.0048, respectively; Figure 3C). At
the light intensity of Scotopic 3.0, LbGP also tended to reduce
the a- and b-wave latencies compared with MNU group mice,
but the differences were not significant (a- and b-waves: P
= 0.6597 and P = 0.9463, respectively; Figure 3D). For ERG
responses under light adaptation, LbGP treatment provided
only minimal improvement in the retinal light response
(Additional Figure 1).
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Figure 3 | LbGP enhances the retinal light responses of photoreceptor-degenerative
mice.

(A) Representative electroretinogram traces of each group to flashes at Scotopic 3.0
cd-s/m’. (B) Proportions of mice with (Con, n = 8; MNU, n = 8; LbGP, n = 10) and without
(Con, n=0; MNU, n = 3; LbGP, n = 2) responsiveness to light in each group. (C) Peak
amplitudes of the a- and b-waves under scotopic conditions for each flash intensity (Con,
n=8; MNU, n =8; LbGP, n = 10). (D) Latency of the a- and b-waves, showing increased
retinal light responses under LbGP treatment (Con, n = 8; MNU, n = 8; LbGP, n = 10).
Data are expressed as mean * standard error of the mean; *P < 0.05, **P < 0.01, ***P
< 0.001 (one-way analysis of variance followed by Tukey’s post hoc test). Con: C57BL/6J
mice; LbGP: N-methyl-N-nitrosourea-injured mice with Lycium barbarum glycopeptide
treatment; MNU: N-methyl-N-nitrosourea-injured mice without treatment.

LbGP preserves retinal structures in MNU-injured mice
Responses assessed by ERG were improved in LbGP-treated
mice, suggesting that LbGP slowed the MNU-induced cellular
degeneration of photoreceptors. Therefore, we examined the
survival and structures of photoreceptors in these mice by
immunostaining. Because the effects of MNU may vary from
the center to the periphery of the retina (Tao et al., 2015),
we examined the morphological changes induced by MNU
at different regions of the retina. Figure 4A and B shows
typical images of a retinal section from the intermediate
region in each group. Compared with the Con group, the
ONL (where the photoreceptor soma are located) was much
thinner, with fewer cell layers, in the MNU group, but showed
improvements in terms of thickness and number of cell layers
in the LbGP group. At 800 um from either side of the optic
nerve center, the number of cell layers and the thickness
of the ONL were significantly reduced in the MNU group
compared to those in the Con group (P = 0.0047) and were
improved in the LbGP group (P = 0.0038; Figure 4C and D).
The 800-um location showed the greatest effects of LbGP:
ONL thickness, which was reduced by 63.9% in the MNU
group compared to that in the Con group, was increased by
72.1% in the LbGP group (n = 8, P < 0.01 compared to the
MNU group; Figure 4D), while the number of cell layers in the
ONL increased by 65.5% in the LbGP group (n =8, P < 0.01
compared to the MNU group; Figure 4C).

We conducted further examinations of the cone and rod
structures by immunostaining the OSs using antibodies against
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opsin and rhodopsin, respectively (Carroll et al., 2012). While
the OS of the cones in the Con group presented as long strips,
those in the MNU group were barely stained, with only a few
dots; however, LbGP restored the morphology of long strips
(Figure 4A). Similarly, the OS of rods showed a clear, thick
layer of immunostaining in the Con group that was greatly
reduced in the MNU group and restored in the LbGP group
(Figure 4B). In the intermediate region of the retina (800 um),
compared with the Con group, measurements of OS thickness
of cones and rods were decreased by 73.5% and 73.7%,
respectively, in the MNU group (n = 8, P < 0.01). By contrast,
compared with the MNU group, the LbGP group showed
increases in cone and rod OS thickness of 143.6% and 86.03%,
respectively (n =8, P <0.01; Figure 4E and F).
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Figure 4 | LbGP improves photoreceptor structure and survival in the MNU-injured
retina.

(A, B) Representative images of retinal sections from the intermediate region of each
group. Opsin (Alexa Fluor™ 488, green; A) and rhodopsin (Alexa Fluor™ 647, red; B)
immunostaining was used to label the outer segment (OS) of the cones and rods,
respectively. Areas of retinal opsin and rhodopsin staining formed elongated or columnar
shapes in the normal control (Con) group, dots or clumps in the MNU group, and long
stripe shapes in the LbGP group retina. The nuclei were stained with 4,6-diamino-2-
phenyl indole (DAPI; blue). Scale bars: 100 um. (C, D) Quantification of the cell layers (C)
and thickness (D) of the outer nuclear layer (ONL). In each group, retinal sections were
evaluated from the center to the peripheral regions. (E, F) Thickness of the OS of cones
(E) and rods (F) in each group. The ONL and OS measurements of the cones and rods
were significantly thinner in the retinas of the MNU group than those in the Con group.
Treatment with LbGP significantly increased these parameters. Data expressed as mean
+ standard error of the mean (Con, n =5; MNU, n = 6; LbGP, n = 8); **P <0.01, ***P <
0.001 (one-way analysis of variance followed by Tukey’s post hoc test). Con: C57BL/6)
mice; DAPI: 4',6-diamidino-2-phenylindole; GCL: ganglion cell layer; INL: inner nuclei
layer; LbGP: N-methyl-N-nitrosourea-injured mice with Lycium barbarum glycopeptide
treatment; MNU: N-methyl-N-nitrosourea-injured mice without treatment; ONL: outer
nuclei layer.

LbGP partially inhibits microglial activation in the MNU-
injured retina
We also investigated possible mechanisms for the protective

NEURAL REGENERATION RES_EARCH i@
www.nrronline.org %%mmf

effect of LbGP on degeneration of the retina. Reactive
gliosis, a hallmark of retinal inflammation, is characterized
by the activation of microglia and Miller cells (Bringmann
et al., 2009). Because LbGP has an anti-inflammatory effect
(Huang et al., 2022), we examined whether LbGP inhibited
reactive gliosis. The activation of microglia was examined
by immunostaining for the activated microglial markers Iba-
1 (markers of microglia) (Kotliarova and Sidorova, 2021) and
CD68 (markers of active microglia) (Slepko and Levi, 1996). In
the normal retinas of Con group mice, there was negligible
expression of Iba-1 and CD68, indicating minimal microglial
activation and phagocytic activity. MNU group mice showed
significantly increased retinal expression of CD68 and lba-1,
indicating increased microglial activation, and a considerable
number of microglia with reactive morphology characterized
by an amoeboid shape. LbGP treatment reduced the
expression of both Iba-1 and CD68 (Figure 5A—C). In all retinal
regions from the center to the periphery, compared to the
MNU group, the LbGP group showed significantly reduced
numbers of Iba-1-positive cells (n = 3, P < 0.05; Figure 5D) and
a tendency for reduced CD68-positive cells (n = 3, P > 0.05,
compared to MNU group, Figure 5E). Therefore, we concluded
that LbGP inhibited the reactivation of microglia in the MNU-
injured retina.
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Figure 5 | LbGP partially inhibits microglial activation in the MNU-injured retina.
(A—C) Representative images of retinal slices stained with Iba-1 (green, Alexa Fluor-488;
top panels, marker for microglia), CD68 (red, Alexa Fluor-647; middle panels, a marker of
activated macrophages and microglia), and DAPI (blue; bottom panels). Microglia in the
retinas of the Con group were essentially quiescent, whereas microglia in the retinas of
the MNU group were activated, with enlarged cytosolic bodies and increased branching.
This activation was attenuated in the retinas of the LbGP group. Scale bars: 100 um. (D, E)
Numbers of Iba-1-positive (D) and CD68-positive cells (E) per image (size, 625 um x 501
um) at the central, middle, and peripheral locations of the retina. LbGP decreased the
number of Iba-1-positive cells. Data are expressed as mean * standard error of the mean
(n =3/group); *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analysis of variance followed
by Tukey’s post hoc test). Con: C57BL/6J mice; DAPI: 4',6-diamidino-2-phenylindole; GCL:
ganglion cell layer; INL: inner nuclei layer; LbGP: N-methyl-N-nitrosourea-injured mice
with Lycium barbarum glycopeptide treatment; MNU: N-methyl-N-nitrosourea-injured
mice without treatment; ONL: outer nuclei layer.
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Next, we observed the status of Miller glial cells, which play
a crucial role in maintaining retinal homeostasis (Bringmann
et al., 2009), in each group. The activation of Miller cells is
indicated by increased GFAP expression in the cell processes
(Bringmann et al., 2006). In Con group retinas, Muller
glial cells did not exhibit any signs of activation, and GFAP
expression was mainly restricted to the astrocytes in the
ganglion cell layer and was accompanied by short dendritic
extensions. In MNU group retinas, there was a marked
increase in GFAP expression in the processes of Miller glial
cells. These processes exhibited strong GFAP immunoreactivity
and extended from the ganglion cell layer to the ONL,
indicating a pronounced activation of Muller glial cells. The
LbGP treatment group showed only a slight decrease in retinal
GFAP expression (n =4, P> 0.05 compared to the MNU group;
Figure 6). We concluded that, in the MNU-injured retina,
LbGP partially inhibited microglial activation but did not affect
Mdller cells.
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Figure 6 | LbGP hardly inhibits Miiller glial cell activation in the MNU-injured retina.
(A) Representative images of retinal sections stained with GFAP (Alexa Fluor-488, green)
and DAPI (blue) for each group. In both the untreated and LbGP-treated MNU-injured
mice, GFAP expression in Muller glial cells was present throughout the retina. Scale bars:
50 um. (B, C) Fluorescence area (B) and intensity (C) of GFAP-positive regions (normalized
to the control) of each group. Data expressed as mean + standard error of the mean
(Con, n=5; MNU, n = 6; LbGP, n = 4); *P < 0.05 (one-way analysis of variance followed

by Tukey’s post hoc test). DAPI: 4',6-Diamidino-2-phenylindole; GCL: ganglion cell layer;
GFAP: glial fibrillary acidic protein; INL: inner nuclei layer; LbGP: N-methyl-N-nitrosourea-
injured mice with Lycium barbarum glycopeptide treatment; MNU: N-methyl-N-
nitrosourea-injured mice without treatment; ONL: outer nuclei layer.

LbGP inhibits pro-inflammatory cytokine expression in the
MNU-injured retina

Because our immunostaining results demonstrated partial
inhibition of retinal inflammation by LbGP, we used RT-qPCR
to further examine its role in the expression of the following
pro-inflammatory factors: nuclear factor kappa-B (NF-kB),
interleukin (IL)-1pB, IL-6, hypoxia-inducible factor-1 (HIF-1),
inducible nitric oxide synthase (iNOS), and CD40. Overall,
compared with the Con group, we observed elevated mRNA
expression of all six pro-inflammatory cytokines in the MNU
group retinas (Figure 7A-F). These changes in the MNU group
were reversed in the LbGP-treated group, which showed
reductions in the mRNA levels of all six pro-inflammatory
cytokines, with significant differences in NF-kB (n =4, P < 0.01;
Figure 7A) and HIF-1 (n =4, P < 0.05; Figure 7D).

Discussion
Our experimental results demonstrated that LbGP improved
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Figure 7 | LbGP decreases the mRNA expression of pro-inflammatory cytokines in
the MNU-injured retina.

(A—F) mRNA expression of the indicated pro-inflammatory cytokines in each group.
LbGP significantly reduced the MNU-induced upregulation of nuclear factor (NF)-

kB and hypoxia-inducible factor (HIF)-1, but not the other cytokines, in the retinas of
photoreceptor-degenerative mice. Data expressed as mean + standard error of the mean
(Con, n=3; MNU, n = 4; LbGP, n = 4); *P < 0.05, **P < 0.01 (one-way analysis of variance
followed by Tukey’s post hoc test). CD40: Tumor necrosis factor receptor superfamily

5; Con: C57BL/6J mice; HIF-1: hypoxia-inducible factor-1; iNOS: inducible nitric oxide
synthase; IL-1B: interleukin-1 beta; IL-6: interleukin-6; LbGP: N-methyl-N-nitrosourea-
injured mice with Lycium barbarum glycopeptide treatment; MNU: N-methyl-N-
nitrosourea-injured mice without treatment; NF-kB: nuclear factor kappa-B.

the morphological structures and survival of photoreceptors
in MNU-induced photoreceptor-degenerative mice. LbGP also
improved retinal photo-response and visual behavior. Taken
together, our results indicated that LbGP effectively protects
photoreceptor structure and retinal function in these mice.

MNU is an alkylating agent that specifically targets and
damages photoreceptor cells in the retina, leading to their
degeneration and loss of function (Tsubura et al., 2011;
Xiong et al., 2016). Therefore, animals injured by MNU have
been commonly applied as good models for human RP and
other photoreceptor-degenerative diseases (Yoshizawa et
al., 1999; Ma et al., 2006; Deng et al., 2021). Other animal
models of photoreceptor degeneration include rd10 and rd1
mice, which carry mutations in Pde6f that lead to defective
phototransduction and subsequent death of rod cells (Chang
et al., 2002). Because variations in PDE6[ are known to cause
clinical RP in patients, these mouse models are commonly
used to study rod-specific degeneration, providing deep
insight into the pathogenesis of RP. However, while both
rd10 and rd1 mice lose most of their rods before reaching
adulthood, clinical RP patients lose vision in adulthood. By
contrast, in MNU models, photoreceptor degeneration can be
induced in adult or even aged mice. Furthermore, because the
extent of MNU-induced injury is dose-dependent, different
stages of RP pathogenesis can be simulated by varying the
dose, which holds clinical significance (Yang et al., 2004).
Hence, the MNU injury model offers valuable insights into the
potential dose-dependent effects of LbGP and its therapeutic
implications for different stages of RP.

We found that the protective effect of LbGP on degenerated
retinas was comparable to that of LBP, from which LbGP
is extracted. A few studies have demonstrated that LBP
administered by oral gavage or intraperitoneal injection
can protect degenerated photoreceptors in various rodent
models of RP, including transgenic mice, such as rd10 and
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rd1 (Wang et al., 2014; Liu et al., 2018), and MNU-injured
rats (Zhu et al., 2016). The dose of LBP ranged from 10 mg/kg
to 400 mg/kg, with improved survival of photoreceptors
reaching 50-80% of that in normal mice (Zhu et al., 2016;
Liu et al., 2018). In our study, 100 mg/kg LbGP restored the
rate of photoreceptor survival to over 60% of that in normal
mice, which is comparable to that with LBP treatment.
Notably, the extent of the protective effect of LbGP and
LBP is dose dependent and is affected by the treatment
timing (pre-treatment vs. treatment at an early or late stage
of degeneration), administration method (oral feeding vs.
intraperitoneal injection), and degeneration model (rats vs.
mice, transgenic vs. chemical-induced injury). Therefore, LbGP
may or may not be more advantageous than LBP. However,
LbGP is an active small molecule peptide extracted from LBP;
thus, it may be more easily absorbed by the human body.
Furthermore, in our study, we administered LbGP by oral
feeding, which is more convenient and clinically appropriate
than intraperitoneal injection. Also, we chose a lower dose
of MNU than the 60 mg/kg used by Zhu et al. (2016), which
led to a slower degeneration of photoreceptors than a high
dose. This is in line with the clinical reality: most patients do
not wait until they lose their vision completely before seeking
treatment but rather seek screening and treatment at an early
stage of vision loss. Therefore, we chose the low dose of MNU
for the retinal injury, aiming to provide timely intervention at
an early stage of the disease and achieve the goal of saving
the subject’s vision. With a comparable protective effect and
better absorbency than LBP, LbGP has good prospects for
clinical application.

LbGP may exert its protective effect through anti-
inflammation. In various RP models (including MNU-induced
injury and transgenic mice), Muller cell proliferation and
microglial activation were reported (Chen et al., 2014; Moon
et al., 2017). Activation of both microglia and Mdller cells can
produce pro-inflammatory effects that act on photoreceptor
cells, thus accelerating their death (Massengill et al., 2018;
Silverman and Wong, 2018). Indeed, increased expression of
pro-inflammatory cytokines was reported in the transgenic
RP mouse model (Liu et al., 2021). In our current research,
LbGP reduced microglial activation in the MNU-injured
retina, and also inhibited the increased mRNA expression
of pro-inflammatory cytokines, including HIF-1 and NF-kB,
demonstrating its anti-inflammatory ability. Similar anti-
inflammatory effects of L. barbarum extracts have been also
reported in studies of retinal diseases, including diabetic
retinopathy (Song et al., 2011) and age-related macular
degeneration (Zheng et al., 2023). It is important to note
that LbGP did not inhibit Muller cell gliosis or decrease the
expression of other pro-inflammatory cytokines (such as
iNOS, IL-1B, CD40, and IL-6), which may have contributed to
the incomplete recovery of photoreceptor-degenerative mice
in the LbGP group. Why the effects of LbGP were different
in microglial cells and Miuller cells is unclear. In our previous
studies in rd10 mice, other protective agents, such as methyl-
3,4-dihydroxybenzoate (Zhang et al., 2017), luteolin (Liu et
al., 2021), and mesenchymal stem cell-derived extracellular
vesicles (Zhang et al., 2022b) showed inhibition of both
microglial and Mdller cells, while LBP inhibited microglial

activation (Wang et al., 2014). However, the effects of LBP on
Mdller cells are rarely reported (Manthey et al., 2017). One
in vitro study using a spinal cord injury model demonstrated
that LBP does not directly affect astrocytes, which are
phenotypically similar to Mdller cells and astrocytes in the
retina (Zhang et al., 2013). This is consistent with our current
findings. Further study may be necessary to elucidate the
reasons for the differential effects of LbGP on various types
of glial cells and the varied expression of pro-inflammatory
cytokines.

The current research has several limitations to consider. First,
our study focused primarily on the anti-inflammatory effect
of LbGP and did not investigate other possible protective
mechanisms. Second, we only examined the effect of LbGP
on MNU-induced photoreceptor degeneration for 14 days;
thus, its potentially protective effect in the long term is
unknown. Third, we pre-treated the mice with LbGP prior
to MNU-induced injury to strengthen its protective effect;
however, clinical treatment can only be applied after the
diagnosis of the disease. It will be important to test whether
the application of LbGP after disease onset also delays
photoreceptor degeneration. A combination of LbGP with
other bioactive components may also be considered to
improve the protective effect. Fourth, additional experiment
groups may add more information to this study, like LbGP
treatment without MNU induction, and LbGP treatment
before MNU induction only and post-induction only. Finally,
the fifth limitation in this study was that only male mice
were used; female mice should have been added to the
experimental group.

In conclusion, our study demonstrated neuroprotective
effects of LbGP in MNU-induced RP model mice, delaying
the degeneration of photoreceptors and preserving retinal
structure and function. Therefore, LbGP holds promise as a
candidate for the clinical treatment of retinal degenerative
diseases.
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Additional Figure 1 The retinal light responses of photoreceptor degenerated mice.

(A) Representative electroretinogram traces of each group to flash at photopic 10.0 cd/m?. (B) Peak
amplitudes (amp) of the a- and b-waves under photopic conditions for each flash intensity. (C) Latency
of the a- and b-waves. Data are presented as mean £ SEM (Con: n = 8, MNU: n =8, LbGP: n = 10). *P
<0.05, **P <0.01 (one-way analysis of variance followed by Tukey’s post hoc test). Con: C57BL/6J
mice; LbGP: N-methyl-N-nitrosourea-injured mice with Lycium barbarum glycopeptide treatment;

MNU: N-methyl-N-nitrosourea-injured mice without treatment.
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