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 Background: Over-exposure to visible white light can cause retinal damage. Lotus seedpod proanthocyanidins (LSPCs) pos-
sess a variety of biological activities, including potent antioxidant and protective effects. Herein, this study ob-
served whether LSPCs can protect against light exposure-induced retinal damage.

 Material/Methods: We randomly separated 40 Prague-Dawley rats into a control group, a light exposure-induced retinal injury 
model group, and low-dose (50 mg/kg), medium-dose (100 mg/kg), and high-dose (100 mg/kg) LSPCs groups. 
Light-induced retinal damage models were established by 5000±200 Lx light treatment for 6 h. Five days and 
0.5 h before the light treatment, rats in the LSPCs groups were separately administered 50, 100, and 200 mg/kg 
LSPCs by gavage. After 7 days, H&E staining of retinal sections was performed and the thickness of the ONL 
was measured. Oxidative stress-related markers and antioxidant enzymes were measured in serum by bio-
chemical testing. TUNEL staining of retinal sections was also performed. Apoptosis-relevant proteins were ex-
amined by RT-qPCR and western blotting. GFAP expression was examined with immunohistochemistry.

 Results: Our H&E staining showed that LSPCs can prevent retinal degeneration following light exposure. Histological 
analysis showed a significant reduction in the ONL thickness of light exposure-induced retinal injury rats, but 
LSPCs substantially improved the ONL thickness. LSPCs markedly ameliorated the light-induced increase in lev-
els of MDA, NO, and NOS, and decrease in activity of GSH-Px and SOD. Moreover, LSPCs treatment alleviated 
light-induced retinal apoptosis and limited the light-induced increase in GFAP expression.

 Conclusions: LSPCs effectively attenuated light-induced retinal damage through antioxidative stress, anti-apoptosis, and 
neuroprotective effects.
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 Abbreviations: LSPCs – lotus seedpod proanthocyanidins; H&E – Hematoxylin and Eosin; ONL – outer nuclear layer; 
MDA – malondialdehyde; NO – nitric oxide; NOS – nitric oxide synthase; GSH-Px – glutathione peroxi-
dase; SOD – superoxide dismutase; TUNEL – Terminal-deoxynucleoitidyl Transferase-Mediated Nick-End 
Labeling; RT-qPCR – real-time quantitative polymerase-chain reaction; HRP – horseradish peroxidase; 
IHC – immunohistochemistry; GFAP – glial fibrillary acidic protein
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Background

Light is the basic element needed for vision and modulating 
circadian rhythms, but excessive light has negative effects on 
the survival of a variety of types of retinal cells [1]. Increasing 
evidence suggests that excessive visible white light exposure 
can cause human retinal damage, which is the major cause of 
age-related macular degeneration (AMD) occlusion and progres-
sion [2]. Unfortunately, there are no effective drugs against AMD 
and preventive drugs are needed. Thus, it is of importance to 
develop effective drugs against light-induced retinal damage.

Proanthocyanidins are natural polyphenols widely found in com-
mon foods such as cereals, fruits, vegetables, and wines [3,4]. 
Figure 1 depicts the chemical formula of proanthocyanidins. 
They possess excellent antioxidant activity and multiple bio-
logical activities, which have been applied in food, cosmetics, 
and medicine [5-7]. The lotus seedpod is an inedible part of 
the plant Nelumbo nucifera Gaertn [8]. Lotus seedpod is anoth-
er important source of proanthocyanidins, as is grape seed [9]. 
Lotus seedpod proanthocyanidins (LSPCs) have been success-
fully extracted and characterized as a variety of molecules, in-
cluding catechin/epicatechin monomers, dimers, trimers, and 
tetramers, as well as quercetin glucuronide [10]. Among these, 
catechin and epicatechin are the basic units, while dimers are 
the main ingredient [11]. LSPCs display potent antioxidant abili-
ty as well as strong protective effects on human health [12]. For 
instance, LSPCs can effectively protect against methyl-mercuric 
chloride damage-induced neurotoxicity through improving the 
antioxidant defense ability by modulating the Nrf2/HO-1 path-
way, and can also inhibit the mitochondrial-mediated apopto-
sis pathway [12]. LSPCs can ameliorate d-galactose-induced 
cognitive impairment and brain aging in senescent mice, sug-
gesting the therapeutic role of LSPCs in treating Alzheimer 
disease [13]. LSPCs ameliorate learning and memory damage 
in mice with amnesia induced by scopolamine [14]. LSPC can 

modulate the NO/ADMA/DDAH pathway through suppressing 
oxidative stress to alleviate insomnia in rats [15].

Although previous research has suggested a variety of phar-
macological activities LSPCs, the protective effects of LSPCs 
on light-induced retinal damage are still unclear. Hence, this 
study observed the cytoprotective mechanisms of LSPCs against 
LSPCs on light exposure-induced retinal injury in rats. Our find-
ings could expand the medicinal use of lotus root, while LSPCs 
have potential to preventive light-induced retinal damage.

Material and Methods

Animals

Forty clean-grade Sprague-Dawley rats (20 males and 20 fe-
males) were obtained from the Jinhua Laboratory Animal Center 
(Zhejiang, China). The age of the rats was 6-8 weeks and the 
weight was 180±20 g. The rats were adapted for 1 week in 
an alternating light-dark environment at 22±2°C, and 55±10% 
humidity. All rats were allowed to move freely.

Construction of a Light-Induced Retinal Damage Model

LSPCs (purity >98%) were isolated from lotus seedpods. All rats 
were randomly divided into a control group, a light-induced ret-
inal damage model group, a low-dose LSPCs group, a medium-
dose LSPCs group, or a high-dose LSPCs group, with 8 rats in 
each group. Five days before the light treatment, rats in the low-
dose LSPCs group, medium-dose LSPCs group, and high-dose 
LSPCs group were separately administered 50 mg/kg LSPCs, 100 
mg/kg LSPCs, or 200 mg/kg LSPCs by gavage. Meanwhile, rats 
in the light-induced retinal damage model group and control 
group were given an equal volume of 0.9% normal saline by ga-
vage. At 0.5 h before light treatment, administration by gavage 
was performed in each group again. Rats in the light-induced 
retinal damage model group, low-dose LSPCs group, medium-
dose LSPCs group, and high-dose LSPCs group were subjected 
to 5000±200 Lx light treatment in a custom-designed light box 
for 6 h. After the illumination was completed, the treated rats 
were returned to the original light-dark cycle lighting environ-
ment and kept for 1 week. On the 7th day after light treatment, 
the rats were anesthetized and blood was taken from the orbit-
al venous plexus. Finally, the rat was euthanized and the eye-
balls were taken out. All the experimental procedures were per-
formed in line with the protocols approved by the Institutional 
Animal Care and Use Committee of Jinhua Polytechnic (2019020).

Hematoxylin & Eosin (H&E) Staining

Eyeball tissue was fixed by 4% paraformaldehyde (Servicebio, 
Wuhan, China) for 12 h. Part of the cornea was taken out and 
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Figure 1.  The chemical formula of proanthocyanidins. 
PowerPoint (version 2020; Microsoft, USA) was used to 
create the picture.
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fixed again for 8 h. After dehydration and paraffin embedding, 
the tissue was sectioned into 5-μM slices. After that, H&E stain-
ing of retina tissues was carried out. The sections were stained 
by hematoxylin (#B600020; Proteintech, Wuhan, China) for 5 
min. Afterwards, the section was rinsed with alkaline PBS for 
2 min to return to the blue. After being rinsed under running 
water for 3 min, the sections were stained by eosin (Sigma, 
USA) for 10 min at room temperature. The sections were then 
quickly washed with distilled water, followed by 70%, 80%, 
and 90% ethanol. Then, the sections were treated with 95% 
ethanol for 30 s and 100% ethanol for 3 min, twice each, and 
then treated twice by xylene (#10023418; China National 
Pharmaceutical Group Corporation) for 5 min. Neutral gum was 
used to mount the film. Images were acquired under a BX53 
microscope (Olympus, Japan). The thickness of the outer nu-
clear layer (ONL) distant from optic nerve head was calculated.

Biochemical Testing

The blood from orbital venous plexus was ultracentrifuged at 
4°C and the supernatant was harvested. Kits of malondialde-
hyde (MDA; #A005-1), nitric oxide (NO; #A013-2), nitric ox-
ide synthase (NOS; #A014-2), glutathione peroxidase (GSH-
Px; #A014-2), and superoxide dismutase (SOD; #A001-3) were 
purchased from Nanjing Jiancheng Bioengineering Institute 
(China). According to the manufacturer’s instructions, the ac-
tivity or level of MDA, NO, NOS, GSH-Px, and SOD was deter-
mined with an enzyme-linked immunosorbent assay (ELISA) 
spectrophotometry reader.

Terminal-Deoxynucleoitidyl Transferase-Mediated Nick-End 
Labeling (TUNEL)

The TUNEL Apoptosis Detection Kit (FITC; #ATK00001) was 
purchased from Atagenix Company. The paraffin tissue sec-
tions were deparaffinized in xylene for 20 min at room tem-
perature. Fresh xylene and dewax were changed for another 
20 min. Then, the sections were soaked by gradient ethanol 
(100%, 95%, 80%, and 70%) at room temperature. The sec-
tions were rinsed with PBS for 5 min as well as permeabilized 
by 0.02 μg/μl Proteinase K solution for 15-20 min. Then, the 
sections were washed with PBS 3 times (5 min each time). The 
positive control group was treated with 10 U/ml DNase I, while 
the negative control group was treated with an equal volume of 
1× DNase I Buffer. Each group was also treated with 1× DNase 
I Buffer and incubated for 10 min. Then, excess liquid was re-
moved and the slide was washed by deionized water. TUNEL 
solution was prepared, including the following ingredients: 1× 
equilibration buffer, fluorescein-12-dUTP nucleotide, recom-
binant TdT enzyme, and ddH2O. The sections were treated by 
TUNEL reagent in the dark for 60 min and immersed in PBS so-
lution twice at 37°C. After absorbing the excess water on the 
sections, 0.05 μg/μl DAPI (#D9542; Sigma, USA) was added 

dropwise to the sections. After immersion, anti-fluorescence 
quenching mounter was used to mount the sections. Images 
were acquired under an UltraVIEW VoX & IX81 fluorescence mi-
croscope (Olympus). The excitation wavelength range was 450-
500 nm, and the emission wavelength range was 515-565 nm.

Real-Time Quantitative Polymerase-Chain Reaction 
(RT-qPCR)

Total RNA was extracted from eyeball tissues via Trizol re-
agent (#9109; TaKaRa, Dalian, China), which was quantified 
by Nanodrop2000 spectrophotometer (Thermo Fisher, USA). 
Extracted RNA was reverse transcribed to synthesize cDNA with 
an iScript cDNA Synthesis Kit (#1708890; Bio-Rad, USA) under 
the following 20-μL reverse transcription system: 4 μL5× iScript 
Reaction Mix, 1 μL iScript Reverse Transcriptase, and 1 μg RNA 
template and nuclease-free water. On the CFX Connect fluores-
cence quantitative PCR instrument (Bio-Rad, USA), RT-qPCR was 
then presented under the following 10-μL reaction system: 5 μL 
iTaqTM universal SYBR Green supermix (2×), 1 μL forward and 
reverse primers, 2 μL DNA template, and 2 μL H2O. The reaction 
procedure was as follows: at 95°C for 5 min, 40 cycles of 95°C for 
10 s, and 60°C for 30 s. The melting curve temperature was 65°C 
to 95°C. Table 1 lists the primer sequences of Caspase-3, p53, 
Bcl-2, and Bax. The mRNA expression of the above genes was 
determined using the 2–DDCt method with b-actin as a reference.

Western Blotting

Eyeball tissues were ground to powder in a mortar with addi-
tion of liquid nitrogen. The tissues were lysed using RIPA ly-
sate (Beyotime, China) on ice for 0.5 h and transferred to an 
EP tube. Then, the samples were ultrasonicated for 3 min and 
centrifuged at 12 000 g at 4°C for 20 min. The supernatant 
samples were then moved in another EP tube. Using BCA kits 
(Beyotime), the protein concentrations were quantified. The 

Primer Sequence (5’-3’)

Rat-b-actin-forward CTGTGTGGATTGGTGGCTCT

Rat-b-actin-reverse CAGCTCAGTAACAGTCCGCC

Rat-Caspase-3-forward TTGGAACGGTACGCGAAGAA

Rat-Caspase-3-reverse ACACAAGCCCATTTCAGGGT

Rat-p53-forward GCGTTGCTCTGATGGTG

Rat-p53-reverse CCGAAAAGTCTGCCTGTC

Rat-Bcl-2-forward CTGGTGGACAACATCGCTCT

Rat-Bcl-2-reverse GCATGCTGGGGCCATATAGT

Rat-Bax-forward GGGCCTTTTTGCTACAGGGT

Rat-Bax-reverse TTCTTGGTGGATGCGTCCTG

Table 1. Primer sequences for RT-qPCR.
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samples were added to 5×SDS loading buffer (#S8010; Solarbio, 
China) and boiled at 100°C for 5 min. Afterwards, the sample 
was separated via 8% SDS-PAGE and transferred onto PVDF 
membranes for 1.5 h. The membrane was sealed by 5% milk/
TBST for 1 h. Primary antibody was diluted with 1% BSA/PBST 
according to the recommended dilution ratio. The membrane 
was incubated by primary antibody against cleaved Caspase-3 
(1: 1000; #9664T; CST, USA), Caspase-3 (1: 1000; #9662S; CST), 
p53 (1: 1000; #60283-2-lg; Proteintech, Wuhan, China), Bcl-2 (1: 
1000; #26593-1-AP; Proteintech) and Bax (1: 1000; #60267-1-
AP; Proteintech) at 4°C overnight and incubated with horserad-
ish peroxidase (HRP)-labeled goat anti-rabbit secondary anti-
body (1: 5000; #SA00001-2; Proteintech) at room temperature 
for 1 h. The protein bands were developed and analyzed us-
ing the ChemiDoc™XRS+ Gel imaging system (Bio-Rad, USA).

Immunohistochemistry (IHC)

IHC kits (#KIHC-5) were purchased from Proteintech, Inc. The 
paraffin-embedded sections were deparaffinized and hydrated, 
then incubated with 3% hydrogen peroxide for 10 min at room 
temperature. After antigen retrieval, the sections were blocked 
with goat serum (#C0265; Beyotime) for 20 min. The sections 
were incubated with primary antibody against glial fibrillary 
acidic protein (GFAP; 1: 100; #ab7260; Abcam, USA) at 37°C 
for 90 min. The sections were incubated with HRP-labeled sec-
ondary antibody (1: 200; #SA00001-2; Proteintech) for 30 min 
at 37°C. The sections were developed and reacted with a color 
developing agent (DAB) for 10 min. The degree of color was as-
sessed under an IX71 microscope (Olympus, Japan). The color 
reaction was terminated by addition of distilled water. Nuclei 
were counterstained by hematoxylin (#B600020; Proteintech) 
for 5 min, and rinsed with running water for blueing. After de-
hydration, the sections were sealed with neutral gum.

Statistical Analysis

All analyses were performed using GraphPad Prism software 
(version 8.0.1; Graph Pad; San Diego, CA, USA). Eight rats were 
set in each group, which were adequate and representative. 
Data are expressed as mean±standard deviation. Statistical 
analyses were conducted with one-way analysis of variance 
(ANOVA) or Turkey’s post hoc test. P<0.05 was set as the cri-
terion for statistical significance.

Results

LSPCs Preserve Retinal Degeneration Following Light 
Exposure

To investigate the efficacy of LSPCs treatment in preventing 
light-induced retinal damage, histological analyses were carried 

out using H&E staining. Figure 2 shows the structure of retina 
of the rats from the control group was complete, the nerve fi-
bers were arranged neatly, and the ganglion cell gap was clear. 
The retinal nerve fibers of the light exposure-induced retinal 
injury rats were not arranged neatly, the interstitium had ede-
ma, the cell layer was vacuolated, and the number of retinal 
ganglion cells was significantly reduced. The optic nerve fibers 
of the rats in the low-dose and medium-dose LSPCs groups 
were irregularly arranged, the fibrous interstitium was par-
tially edematous, and occasionally vacuoles were found. The 
structure of retina of the rats in the high-dose LSPCs group 
was complete and the cells were arranged neatly. These find-
ings suggest the protective effects of LSPCs retinal morphol-
ogy following light exposure.

LSPCs Preserve Retinal Morphology in Light-Induced 
Retinal Damage Rats

The ONL thickness was measured at 1920, 1680, 1440, 1200, 
960, 720, 480, and 240 μm superior and inferior to the op-
tic nerve head according to H&E staining of retinal sections. 
Compared with the control group, a pronounced reduction in 
the thickness of ONL was found in the light-induced retinal 
damage model group (Figure 3A, 3B). In contrast, low-, me-
dium-, and high-dose LSPCs prominently increased the thick-
ness of ONL of light-induced retinal damage model rats in a 
dose-independent manner (Figure 3A, 3B). Hence, our find-
ings indicate the protective effects of LSPCs retinal morphol-
ogy following light exposure.

LSPCs	Exert	an	Antioxidative	Effect	On	Light-Induced	
Retinal Damage

Biomarkers of oxidative stress – MDA, NO, and NOS – were 
measured in serum of rats in all groups. Compared with the 
control group, we observed a substantial increase in serum 
MDA, NO, and NOS levels in the light-induced retinal damage 
model group (Figure 4). Low-dose LSPCs did not alter serum 
MDA levels but distinctly decreased serum NO and NOS lev-
els in the light-induced retinal damage model rats. Moreover, 
medium- and high-dose LSPCs substantially decreased serum 
MDA, NO, and NOS levels in the light-induced retinal dam-
age model rats. Two antioxidant enzymes – GSH-Px and SOD 
– were also tested in serum samples. A substantial decrease 
in serum GSH-Px and SOD activity was seen in the light ex-
posure-induced retinal injury model group in comparison to 
the control group (Figure 4). Low-dose LSPCs did not affect 
GSH-Px or SOD activity in the serum of light-induced retinal 
damage model rats. However, serum GSH-Px and SOD activi-
ty was distinctly increased by medium- and high-dose LSPCs 
in light-induced retinal damage model rats. Thus, the results 
of this study show an antioxidative effect of LSPCs on light-
induced retinal damage.
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Figure 2.  Protective roles of LSPCs on retinal structure in light-induced retinal damage rats. Histological analysis was carried out 
utilizing H&E staining. Representative images of H&E staining of control, light exposure-induced retinal injury model, low-
, medium-, and high-dose LSPCs groups were shown, separately. Magnification, 100× or 200× bar value, 50 or 100 μm. 
Olympus software (version 2.2; Olympus, Japan) was used to create the pictures.
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LSPCs Alleviate Retinal Apoptosis Following Light Exposure

TUNEL staining of retinal sections was used for assessing cell 
apoptosis in retinal tissues. Compared with the control group, 
a significant increase in retinal apoptosis was found in the light 
exposure-induced retinal injury model rats (Figure 5). In con-
trast, low-, medium-, and high-dose LSPCs substantially reduced 
light-induced retinal apoptosis. Apoptotic and pro-apoptotic bio-
markers were measured with RT-qPCR. We observed a marked 
increase in the mRNA expression of apoptotic Caspase-3, p53, 
and Bax in the light exposure-induced retinal injury model rats 
compared with the control group (Figure 6A-6C). Low-, me-
dium-, and high-dose LSPCs markedly reduced the mRNA ex-
pression of Caspase-3 and Bax in retinal tissues with light-in-
duced damage. However, low- and medium-dose LSPCs did not 
alter the light exposure-induced increase in mRNA expression 
of p53 in retinal tissues. A substantial reduction in the mRNA 
expression of p53 was induced by high-dose LSPCs in retinal 

tissues with light-induced damage. Moreover, compared with 
the control group, we observed a significant decrease in the 
mRNA expression of pro-apoptotic Bcl-2 in the light-induced 
retinal damage model group (Figure 6D). Low-dose LSPCs 
did not affect the mRNA expression of pro-apoptotic Bcl-2 in 
light exposure-induced retinal tissues. In contrast, the mRNA 
expression of pro-apoptotic Bcl-2 was markedly elevated by 
medium- and high-dose LSPCs in the light exposure-induced 
retinal injury model rats. This research also measured the ex-
pression of apoptotic and pro-apoptotic biomarkers with west-
ern blotting. Our results demonstrated that the expressions of 
pro-Caspase-3, cleaved Caspase-3, p53, and Bax proteins were 
markedly higher in the light exposure-induced retinal injury 
model rats in comparison to the control group (Figure 7A, 7B). 
Nevertheless, low-, medium-, and high-dose LSPCs all sub-
stantially reduced the expressions of pro-Caspase-3, cleaved 
Caspase-3, p53, and Bax proteins in light exposure-induced ret-
inal tissues, in a dose-independent manner. The pro-apoptotic 
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Figure 3.  LSPCs improved retinal morphology of light exposure-induced retinal injury rats. (A) The thickness values of outer nuclear 
layer (ONL) were measured at 1920, 1680, 1440, 1200, 960, 720, 480, and 240 μm superior and inferior to the optic nerve 
head in control, light-induced retinal damage model, low-, medium-, and high-dose LSPCs groups. Compared with the control 
group, **** P<0.0001; compared with model group, # P<0.05; ## P<0.01; ### P<0.001; #### P<0.0001. (B) The mean of thickness 
value of ONL was calculated in each group. **** P<0.0001. GraphPad Prism software (version 8.0.1; Graph Pad; San Diego, CA, 
USA) was used to create the pictures.
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Figure 4.  Treatment of LSPCs decreased oxidative stress in light-induced retinal damage rats. Serum MDA and NO levels as well as 
serum NOS, GSH-Px, and SOD activities were quantified in control, light-induced retinal damage model, low-, medium-, and 
high-dose LSPCs groups. Ns – not significant; ** P<0.01; *** P<0.001; **** P<0.0001. GraphPad Prism software (version 8.0.1; 
Graph Pad; San Diego, CA, USA) was used to create the pictures.

protein Bcl-2 and Bcl-2/Bax ratio were also measured. We ob-
served a marked reduction in Bcl-2 expression and Bcl-2/Bax 
ratio in the light exposure-induced retinal damage models in 
comparison to controls (Figure 7A, 7B). In contrast, low-, me-
dium-, and high-dose LSPCs markedly increased Bcl-2 expres-
sion and Bcl-2/Bax ratio in light exposure-induced retinal tis-
sues. Collectively, LSPCs alleviated retinal apoptosis following 
light exposure.

LSPCs	Has	Neuroprotective	Effects	On	Light-Induced	
Retinal Damage

Müller glia cell reactive gliosis, which can have a neuropro-
tective effect in the early stage following injury, was evaluat-
ed through IHC staining for GFAP, a marker for reactive Müller 
cells and astrocytes. Compared with the control group, GFAP 
expression was substantially increased in the light exposure-
induced retinal damage model group (Figure 8). Following 
treatment with LSPCs, GFAP expression was markedly re-
duced in the light exposure-induced retinal damage models. 
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Figure 5.  Treatment of LSPCs ameliorated light-induced cell apoptosis in vivo. TUNEL-positive cells were labeled in retinal sections. 
Representative photos of TUNEL staining of retinal sections from control, light-induced retinal damage model, low-, medium-, 
and high-dose LSPCs groups were shown, separately. Magnification, 100×. Bar value, 100 μm. Olympus software (version 2.2; 
Olympus, Japan) was used to create the pictures.

This indicated that LSPCs had neuroprotective effects in light 
exposure-induced retinal injury.

Discussion

In this study, LSPCs effectively ameliorated light-induced reti-
nal damage through the repeated instillation of LSPCs before 
the irradiation. Furthermore, LSPCs substantially suppressed 
the formation of oxidative stress-related markers and exert-
ed anti-apoptosis and neuroprotective effects in the retina. 
Although previous studies have demonstrated that LSPCs pos-
sess potent antioxidant ability and protective effects on human 
health [12], this study shows for the first time that LSPCs have 

physiologically and morphologically protective effects against 
light-induced retinal damage.

Retinal tissues are susceptible to oxidative stress due to their 
unique fatty acid composition and high oxygen consump-
tion [16]. Oxidative stress participates in AMD, which is a ma-
jor risk factor for visual loss as aging progresses [17]. Lipid 
peroxidation products like MDA, NO, and NOS can attack pro-
tein, DNA, and phospholipid, causing abnormal function of the 
retinal pigment epithelium and injury of photoreceptor cells 
[18]. Evidence suggests that dietary therapy with antioxidants 
can delay AMD development [19]. Oxidative stress is the ma-
jor cause of neurodegeneration, which exerts critical roles in 
retinal degenerative disease [20]. In the present study, the 
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Figure 6.  Treatment of LSPCs exerted an anti-apoptosis effect in light exposure-induced retina. (A-D) RT-qPCR was utilized for 
examining the expression of Caspase-3, p53, Bax and Bcl-2 mRNAs in retina from control, light-induced retinal damage 
model, low-, medium-, and high-dose LSPCs groups. Ns – not significant; ** P<0.01; *** P<0.001; **** P<0.0001. GraphPad 
Prism software (version 8.0.1; Graph Pad; San Diego, CA, USA) was used to create the pictures.

light-induced retinal damage model rats displayed increased 
serum levels of the oxidative stress-relevant biomarkers MDA, 
NO, and NOS, as well as reduced activity of the antioxidant en-
zymes GSH-Px and SOD in comparison to controls, suggesting 
that oxidative stress participates in excessive light exposure-
induced retinal damage.

Increasing evidence has strongly suggests that excessive light 
exposure mainly induces the apoptosis of photoreceptors and 
retinal ganglion cells [21]. In the present study, we observed 
the marked increase in the number of TUNEL-positive cells in 
the light-induced retinal damage model rats compared with 
controls. Treatment of LSPCs substantially reduced the num-
ber of TUNEL-positive cells in the light-induced retinal dam-
age model rats in a dose-independent manner. Moreover, the 
light exposure-induced retinal injury model rats exhibited in-
creased expression of apoptotic markers, including caspase-3, 
p53, and Bax, as well as the reduced expression of pro-apop-
totic marker Bcl-2 in comparison to controls. In contrast, LSPCs 
markedly lowered the expression of the apoptotic markers 
caspase-3, p53, and Bax, and elevated the expression of pro-
apoptotic marker Bcl-2 in the light exposure-induced retinal 
injury model rats. The expression of these proteins is primarily 

modulated through genes and may reflect the alterations of 
gene functions. Hence, treatment with LSPCs may alleviate ex-
cessive light exposure-induced retinal apoptosis.

Müller cells are the main glial component in the sensory reti-
nal tissue [22]. They exert critical roles in maintaining the ho-
meostasis and metabolism of retinal neurons. Retinal neurons 
are more vulnerable to blue light, a major ingredient of visible 
light, compared with glial cells because of NA double-strand 
breaks [23]. Müller cells actively participate in almost all forms 
of retinal damage as well as other related diseases [24]. For 
instance, RS9, an activator of Nrf2, reduces light exposure-in-
duced death of photoreceptor cells and Müller cells [25]. For 
response to injury, the reactive alterations of Müller cells are 
part of the process of gliosis, which can play a neuroprotec-
tive effect in the early stage following injury [26]. It has been 
reported that TNFa can induce Müller cells to transform from 
non-proliferative gliosis to the retinal regeneration respons-
es [27]. However, when Müller cells are overactivated, the over-
active gliosis is harmful, forming glial scars and promoting reti-
nal remodeling [28]. Retinal microglia may affect the behaviors 
of Müller cells induced by laser exposure [29]. The most sensi-
tive non-specific response to gliosis is GFAP activation in the 
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Figure 7.  Treatment of LSPCs alleviated light exposure-induced cell apoptosis in retina. (A) Representative photos of western blotting 
for pro-Caspase-3, cleaved Caspase-3, p53, Bax as well as Bcl-2 proteins. (B) Quantification of the expressions of pro-
Caspase-3, cleaved Caspase-3, p53, Bax, and Bcl-2 as well as Bcl-2/Bax ratio in retina from control, light-induced retinal 
damage model, low-, medium-, and high-dose LSPCs groups. ** P<0.01; **** P<0.0001. GraphPad Prism software (version 
8.0.1; Graph Pad; San Diego, CA, USA) was used to create the pictures.
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Figure 8.  LSPCs exerted neuroprotective effects in light exposure-induced retina. IHC was carried out to examine the expression 
of GFAP protein in retinal tissues. Representative photos of IHC assay of retinal sections for control, light-induced retinal 
damage model, low-, medium-, and high-dose LSPCs groups are separately shown. Magnification, 100× or 200× bar value, 
50 or 100 μm. Olympus software (version 2.2; Olympus, Japan) was used to create the pictures.
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intermediate filament, which can be utilized as an indicator of 
Müller cell activation [30]. There is evidence that inhibiting the 
expression of GFAP has neuroprotective effects [31-33]. LSPCs 
ameliorate methyl-mercuric chloride damage-mediated neuro-
toxicity in neuron and astrocyte cells by modulating the activa-
tion of Nrf2/HO-1 as well as inhibiting the mitochondria-me-
diated apoptotic pathway [12]. In this study, the light-induced 
retinal model had higher GFAP expression than controls. LSPCs 
weakened light-induced GFAP activation in the retinal tissues in 
a dose-independent manner, indicative of the neuroprotective 
effects of LSPCs on light-induced retinal damage. However, in 
vivo models alone are not sufficient to validate the protective 
effect of LSPCs on retinal injury. More studies, including clin-
ical trials, should be conducted to further confirm the thera-
peutic effects of LSPCs, which could offer novel insights into 
developing the clinical application of LSPCs.

Conclusions

Collectively, this research provides the first evidence that 
LSPCs can alleviate retinal injury induced by light exposure. 
The potential mechanisms could involve antioxidative stress, 
anti-apoptosis, and neuroprotective mechanisms. Although in 
vivo experiments of our study support the beneficial effect of 
the novel therapeutic agent in alleviating light-induced retinal 
damage, in-depth human research is required to determine ef-
ficacy in clinical applications.
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