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Abstract

The premature senescence of retinal pigment epithelium (RPE) plays a significant role in the development of age-related
macular degeneration. This study aimed to investigate the potential protective effect of Lycium barbarum polysaccharide (LBP)
against H,O,-induced premature senescence and to elucidate the underlying mechanisms. The ARPE-19 cell line was sub-
jected to H,O, exposure to create a model of premature senescence. The modulation of microRNA-34a-5p expression was
accomplished using antagomir and agomir, as assessed by quantitative real-time polymerase chain reaction. The senescence
model was successfully established by treating cells with 200 uM H,0, for 2 hours daily over a span of three consecutive days.
This oxidative stress resulted in a notable increase in the proportion of senescence-associated beta-galactosidase-positive cells,
reaching 33.5%, without significant alterations in cell viability or apoptosis. In the ARPE-19 cells undergoing premature
senescence, there was a marked increase in reactive oxygen species (ROS) production and malondialdehyde levels, coupled
with a significant decrease in the activity of total superoxide dismutase, glutathione peroxidase, and catalase. Additionally,
microRNA-34a-5p was found to be overexpressed in these cells. Treatment with LBP alleviated H,O,-induced premature
senescence, diminished the overexpression of microRNA-34a-5p, and suppressed ROS production. Moreover, the incubation
with ago-34a reversed the protective effect of LBP in ARPE-19 cells. In conclusion, the overexpression of microRNA-34a-5p
contributes to the H,O,-induced premature senescence of ARPE-19 cells. LBP appears to mitigate this premature senescence,
at least in part, by downregulating microRNA-34a-5p expression and reducing oxidative stress.
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Introduction aged over 50 yealrs.l A systematic review and meta-ana-

lysis indicated that the global population affected by
Age-related macular degeneration (AMD) is a pre- AMD was approximately 196 million in 2020, with pro-
dominant cause of visual impairment among individuals  jections suggesting an increase to 288 million by 2040;
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thereby, the burden of this condition is significant.”
Clinically, AMD is categorized by stage, ranging from
early (characterized by the presence of medium-sized
drusen and retinal pigmentary alterations) to late stages
(classified as either neovascular [wet AMD] or atrophic
[dry AMD]).” In the early stages, AMD is typically
marked by pigmentary irregularities and the accumula-
tion of extracellular material known as drusen at the
retinal pigment epithelium (RPE)-choroidal interface.
Drusen are classified by size as small (<63 mm), inter-
mediate (> 63 mm but < 125 mm), or large (>125 mm)."
As AMD progresses to the intermediate stage, the risk of
advancing to late or advanced AMD increases due to the
presence of extensive and confluent drusen.” Statistically,
approximately half of the individuals with significant
macular drusen will progress to vision-threatening con-
ditions such as geographic atrophy or neovascularization
within 5 years.” Geographic atrophy, characterized by
extensive loss of RPE cells, is a defining feature of dry
AMD, whereas wet AMD, also referred to as neovascular
AMD, is marked by choroidal neovascularization, char-
acterized by the formation of new, abnormal blood ves-
sels from the choroid into the sub-retinal and sub-RPE
areas, ultimately leading to rapid and severe vision loss.’
Understanding these distinct manifestations is crucial for
therapeutic interventions.” Although the complete pa-
thogenesis for AMD remains elusive, it is recognized as a
slowly progressive multifactorial condition characterized
by genetic anomalies and environmental factors.”"’

The onset of AMD is often insidious; thus, by the
time patients become aware of a notable deterioration in
their vision and experience metamorphopsia, the le-
sions have typically reached an advanced stage.
Currently, there are no effective pharmacological
treatments available for AMD, particularly for geo-
graphic atrophy associated with dry AMD, due to the
unclear mechanisms governing the progression of the
disease. Most research regarding oxidative stress and
AMD has primarily concentrated on elucidating how
oxidative stress triggers apoptosis in RPE cells.
However, it is uncommon to observe widespread RPE
cell death in the early stages of AMD. It is plausible that
cellular senescence in RPE may arise as a consequence
of alterations in response to oxidative stress during the
early phase of AMD.

Aging diminishes the capacity to react and adapt to the
cumulative effects of various exposures, leading to age-re-
lated disease when cellular dysfunction in compromised
cytoprotective pathways becomes sufficiently severe to in-
stigate tissue damage.'' RPE senescence, classified as an
age-related condition, plays a significant role in the patho-
genesis of AMD.'*'* Previous studies have also indicated a
correlation  between oxidative stress and RPE

senescence, >’

ability to alleviate this senescence.

MicroRNAs (miRNAs), which are small (~20-24-nu-
cleotide) noncoding RNA molecules, play crucial roles in
post-transcriptional gene regulation and the modulation of
both physiological and pathological cellular processes.”
Previous research has highlighted substantial alterations in
miRNA expression within the retinal tissues of AMD pa-
tients, suggesting that miRNAs may contribute to the pa-
thological mechanisms of AMD by targeting specific
downstream transcription factors.”’ In our earlier in-
vestigation,”” we assessed the expression levels of miR-34a
in the vitreous humor of young and old patients without
AMD, as well as those with AMD. Our findings revealed
elevated miR-34a levels in AMD patients, with a significant
positive correlation between the miR-34a expression and
age, indicating its potential involvement in RPE aging and
AMD pathogenesis.

Lycium barbarum polysaccharide (LBP) is a renowned
traditional Chinese herbal medicine, recognized for its ex-
tensive range of biological activities, including anti-in-
flammatory,” >  antioxidant,”””  and  anti-aging
properties.”’ ** Several previous studies have reported that
LBP can significantly reduce oxidative stress and inhibit
cellular senescence in various experimental models. For
example, in different cell types and animal models, LBP
treatment has been shown to decrease reactive oxygen
species (ROS) levels, restore mitochondrial function, miti-
gate DNA damage, and improve antioxidant enzyme ac-
tivities, thereby delaying the onset of cellular
senescence.”” " A recent systematic review’  highlighted
LBP’s capacity to reduce oxidative stress, restore mi-
tochondrial functionality, mitigate DNA damage, and in-
hibit cellular senescence across both in vitro and in vivo
aging models. Despite these encouraging findings, the
specific inhibitory action of LBP on oxidative stress-induced
premature senescence in RPE cells has not yet been ex-
plored.

The present study was, therefore, designed to address
this gap by investigating whether LBP can alleviate H,O,-
induced premature senescence in ARPE-19 cells, with a
focus on its modulation of miRNA34a-5p expression.

with antioxidant agents demonstrating the
14,18,19

Results
Effects of various LBP concentrations on ARPE-19 cells

ARPE-19 cells were cultured for 3 days with varying
concentrations of LBP, after which cell viability and
apoptosis were assessed. Figure 1(a) shows that LBP at 25
to 200 pug/mL was nontoxic, but viability decreased sig-
nificantly as the LBP concentration increased to 400 pg/
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Fig. 1 Cell viability and the extents of apoptosis after 3 days incubation with LBP at different concentrations. (a) No significant
decrease in cell viability was evident until the LBP concentration reached 400 ug/mL. (b) The extent of apoptosis was comparable to
the extent in the control group at LBP concentrations from 25 to 200 ug/mL; apoptosis increased significantly as the LBP
concentration further increased to 400 ug/mL. Abbreviation used: LBP, Lycium barbarum polysaccharide.

mL. The apoptosis trend was similar. Therefore, we used
LBP at 200 pug/mL in the following experiments.

Three-day H,0, exposure induces premature senescence in
ARPE-19 cells without inducing apoptosis

To model premature senescence in ARPE-19 cells, H,0,
was introduced to the culture medium at a sublethal con-
centration of 200 uM, as described above. The senescence,
viability, and apoptosis of ARPE-19 were observed from
baseline to 5 days after the oxidative stimuli. The changes in
ARPE-19 cell morphology are shown in Figure 2(a). The
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proportion of SA-B-gal-positive cells exhibited a significant
time-dependent increase, rising from negligible levels at
baseline to 19.1%, 27.3%, 33.5%, and 36.8% at 1, 2, 3, and
5 days, respectively, after the H,O, intervention. A sig-
nificant difference from the control group was found on the
first day after oxidative stimuli (Figure 2(b) and (c)). The
situation was similar in the annexin-V/FITC double
staining study: in the first 3 days, there was no notable
increase in cell apoptosis compared to either baseline or the
control group; however, it increased significantly to 41.3%
5 days after the stimuli, which was markedly higher than
the control group (4.9%, p < 0.05; Figure 2(d) and (e)). No
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Fig. 2 H,O, induces premature senescence in ARPE-19 cells. (a) Morphological changes in ARPE-19 cells during incubation with
H,O0, from baseline to day 5. SA-f-Gal staining was used to detect senescence in ARPE-19 cells. (b) Representative images of SA-f-
Gal-stained ARPE-19 cells, illustrating the qualitative senescent phenotype, after incubation with H,O, for 5 days. (c) Quantification
of SA-B-Gal-stained ARPE-19 cells. (d) Representative Annexin-V/PI-stained images of APRE-19 cells. (¢) Quantification of ARPE-19
cell apoptosis. (f) ARPE-19 cell viability as measured by the CCK-8 assay. All experiments were repeated six times; ns represents

P > 0.05, and * represents P < 0.05 compared to the control.



LBP alleviates premature senescence

133

ROS

DAPI

Merged

control H.O

—_
D
~—"

-

[

o
—~~

CAT (% of control)
=)
o

3]

[=]
3
=]

SOD (% of control)

control H,0,

control H,0,

H,0,+LBP

GSH-px (% of control)

H,0,+LBP

I3
S
]
*

N
o
Il

T

1
_SnSmm—— - H

[ w
o o
1 1

-
o
1

SA-B-Gal positive cells (%) ~—

o
L

control H,0, H,0,+LBP
= *
o
€ 250 = *
Q
[&]
G
2 200+ T
=
S 150+
[S]
=]
©
2 100+
Qo
8
v 50+
)
=
g o -
e control H,0, H,0,+LBP
*
H m—
I
100
50
control H,0, H,0,+LBP control H,0, H,0,+LBP

Fig. 3 LBP alleviated H,0,-induced premature senescence and improved the redox system status in ARPE-19 cells. (a) SA-f-Gal
staining of H,0,-treated ARPE-19 cells exposed or not to LBP. (b) Quantification of SA-f-Gal-stained ARPE-19 cells in different
groups. (c) Representative images of ROS accumulation in different groups of ARPE-19 cells. (d) Quantification of ROS levels. (e-h)
Levels of CAT, GSH-px, SOD, and MDA in different groups. All experiments were repeated six times; *P < 0.05 for comparisons of
group means. Abbreviations used: LBP, Lycium barbarum polysaccharide; CAT, catalase; GSH-px, glutathione peroxidase; SOD,

superoxide dismutase; MDA, malondialdehyde.

significant difference in cell viability was evident until
3 days after oxidative stimulation; the viability was 87.5% at
5 days, significantly lower than in the control group (94.1%,
p < 0.05; Figure 2(f)). These findings indicated that a pre-
mature senescence model in ARPE-19 cells could be ef-
fectively established incubating the cells with H,O, at a
concentration of 200 uM for 3 days, and this model was
used in the following study.

LBP reduces ROS aggregation, ameliorates the status of the
redox system, and alleviates H,0,-induced premature
senescence in ARPE-19 cells

Three days after H,O, stimuli, the SA-B-gal-positive cell
proportion was significantly greater than that observed in

the control group (36.5% vs. 2.6%, P < 0.05). The treatment
with LBP notably counteracted the increase in SA-$-gal-
positive cells, reducing their proportion to 25.7% (P < 0.05)
in comparison to H,O, stimuli group (Figure 3(a) and (b)).
Notably, there was no significant increase in SA-3-gal-po-
sitive cells observed following LBP pretreatment in the
absence of H,0, stimulation (Figure S1).

To assess oxidative stress responses within the cells, we
evaluated cellular ROS production, lipid peroxidation levels,
and the activity of various intrinsic antioxidant enzymes.
The H,0,-induced premature senescence resulted in a sig-
nificant accumulation of ROS, reaching 172.37% of the
control group (P < 0.05) (Figure 3(c) and (d)). Simulta-
neously, the activity levels of catalase (CAT), glutathione
peroxidase (GSH-px), and superoxide dismutase (SOD)
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Fig. 4 Expression levels of miRNA-34a-5p and SIRT1 in ARPE-
19 cells under various conditions. (a) The miRNA-34a-5p level
significantly decreased and increased (compared to the control
group) after incubation with anta-34a and ago-34a, respectively.
(b) In H,0,-treated prematurely senescent ARPE-19 cells, the
expression of SIRT1 decreased significantly, while LBP
pretreatment mitigated this decrease. All experiments were
repeated six times; ns represents P > 0.05, and *P < 0.05
compared to the control. (c) Representative images of Western
blots used to derive SIRT1 expression levels.

decreased significantly to 71.2%, 54.6%, and 69.3% of the
control group, respectively (P < 0.05), while the mal-
ondialdehyde (MDA) level in the H,O, group increased
significantly to 182% of the control group (P < 0.05) (Figure
3(e)-(h)). These findings indicate that oxidative stress plays
a critical role in the senescence of ARPE-19 cells induced by
H,0,. However, LBP significantly inhibited ROS accumu-
lation and reduced ROS production to 149.71% relative to
the control group, which was significantly different com-
pared to the H,0, stimuli group (P < 0.05) (Figure 3(c) and
(d)). Also, the activity levels of CAT, GSH-px, and SOD

increased significantly to 85.7%, 77.3%, and 78.1% of the
control group, respectively, which were all significantly
different compared to the H,O, stimuli group (P < 0.05)
(Figure 3(e)~(g)). Accordingly, the MDA level decreased
significantly to 156.3% of the control group, which was
significantly different compared to the H,O, stimuli group
(P < 0.05) (Figure 3(h)). These results underscore that LBP
treatment can ameliorate oxidative stress in ARPE-19 and,
consequently, mitigate cell senescence.

LBP downregulates the expression of miRNA-34a-5p and
suppresses SIRT1 downregulation in ARPE-19 cells induced by
H,0, stimulation in the premature senescence model

In the context of regulating miRNA-34a-5p expression, we
employed a specific inhibitor (antagomir) and activator
(agomir) for miRNA-34a-5p (anta-34a and ago-34a, re-
spectively), which were transfected into ARPE-19 cells, as
mentioned above. The numbers of SA-S-gal-positive cells
did not increase significantly after incubation with anta-
34a or ago-34a in the absence of H,0, stimulation (Figure
S1). The effectiveness of anta-34a and ago-34a was con-
firmed through quantitative PCR, revealing no significant
alteration in miRNA-34a-5p expression after incubation
with either anta-NC or ago-NC, or after pretreatment with
the transfection reagent Lipo2000 (Figure S2). The ex-
pression levels of miRNA-34a-5p were significantly re-
duced to 37.2% (P < 0.05) and elevated to 431.1%
(P < 0.05) relative to the control group following treat-
ment with anta-34a and ago-34a incubation (Figure 4(a)).
These results demonstrate the capability of anta-34a and
ago-34a to effectively modulate the expression of miRNA-
34a-5p in ARPE-19 cells. Furthermore, it was observed
that the expression of miRNA-34a-5p significantly in-
creased in premature senescence ARPE-19 cells, reaching
340.8% of control levels. In contrast, LBP treatment sig-
nificantly reversed this trend, reducing the expression of
miRNA-34a-5p to 263.9% of the control group (P < 0.05
compared to the H,O, stimuli group; Figure 4(a)).

Given that miR-34a inhibits SIRT1 expression post-
transcriptionally, we confirmed an inverse correlation be-
tween SIRT1 levels and miRNA-34a-5p levels. Incubation
with anta-34a and ago-34a led to respective upregulation
and downregulation of SIRT1 expression. Hydrogen per-
oxide significantly inhibited SIRT1 expression but LBP
pretreatment rescued this inhibition (Figure 4(b) and (c)).

LBP reduces ROS aggregation and mitochondrial ROS production
by downregulating miRNA-34a-5p in ARPE-19 cells to alleviate
H,0,-induced premature senescence

To explore the influence of miRNA-34a-5p on the pre-
mature senescence triggered by oxidative stress, ARPE-
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(at least partly via downregulation of miRNA-34a-5p expression). (a) Representative images of SA-3-Gal-stained ARPE-19 cells in different
groups. (b) Quantification of SA-B-Gal-stained ARPE-19 cells in different groups. (c) Representative images of ROS accumulation and
mitochondrial superoxide production in ARPE-19 cells in different groups. (d) Quantification of ROS production in different groups of
ARPE-19 cells. (e) Quantification of MitoSOX in different groups of ARPE-19 cells. All experiments were repeated six times; * represents
P < 0.05 for comparisons of group means. Abbreviations used: LBP, Lycium barbarum polysaccharide; ROS, reactive oxygen species.

19 cells subjected to H,O, were incubated with anta-
34a. Although H,0, significantly increased the percen-
tage of SA-B-gal-positive cells to 33.7% (P < 0.05), the
downregulation of miRNA-34a-5p modulated by anta-
34a significantly decreased the percentage of SA-B-gal-
positive cells to 15.0% compared to the H,O,-treated
group (P < 0.05; Figure 5(a) and (b)). Simultaneously,
downregulation of miRNA-34a-5p significantly de-
creased ROS production to 212.9% and mitochondrial
ROS production to 257.6% relative to the control group,
which was significantly different compared to the H,0,
stimuli group (248.9% of control for ROS production,
P < 0.05%, and 403.1% of control for mitochondrial
ROS production; Figure 5(c) and (d)). These results
demonstrate that overexpression of miRNA-34a-5p
might contribute to H,0,-induced premature senes-
cence, potentially through the promotion of ROS gen-
eration within the cytoplasm and mitochondria in
ARPE-19 cells.

Although LBP treatment significantly reduced the
proportion of SA-B-gal-positive cells to 24.1%, the up-
regulation of miRNA-34a-5p modulated by ago-34a

significantly increased the proportion of SA-f-gal-posi-
tive cells to 39.2% compared to the LBP treatment group
(P < 0.05; Figure 5(a) and (b)). Also, incubation with
ago-34a reversed the inhibition of ROS accumulation in
cytoplasm and mitochondria by LBP in the treatment
group, such that the level increased from 142.0% relative
to the control group to 201.3% in ROS production and
increased from 193.2% relative to the control group to
257.8% in mitochondrial ROS production (P < 0.05;
Figure 5(c)-(e)). These results demonstrate that LBP
can mitigate premature senescence in H,0,-induced
ARPE-19 cells, at least partially, by downregulating the
expression of miRNA-34a-5p and ameliorating oxidative
stress.

Discussion

Our findings substantiate that premature senescence in
ARPE-19 cells can be instigated through exposure to
200 uM H,O0, for 2 h daily over 3 consecutive days. This
level of oxidative stress was associated with a
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Control: Three daily culture medium replacement
Premature senescence: Three daily exposed to H:0z at sublethal concentration (200uM)
for 2 hr and then washed by PBS and cultured with medium for the other 22 hr
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Fig. 6 Experimental design and the reference timeframe.

pronounced increase in the proportion of SA-§-gal-po-
sitive cells, while cell viability and apoptosis remained
largely unchanged. However, a significant decline in
cell viability, coupled with an increase in apoptosis, was
observed 5 days post-H,O, exposure. Therefore, we
applied H,0, treatment for 3 days to establish the model
used in the consequent study. This model effectively
illustrated the protective effects of LBP against oxidative
stress-induced premature senescence. At the molecular
level, we demonstrated that LBP likely confers its pro-
tective effect by downregulating miRNA-34a-5p ex-
pression and diminishing ROS production.

The RPE, characterized as a monolayer of polygonal
and pigmented cells, is a distinctive epithelial structure
located between the neural retina and Bruch mem-
brane, adjacent to the fenestrated capillaries of the
choriocapillaris.”” RPE plays a critical role in the visual
cycle and the maintenance of the outer retina. It is in-
volved in the establishment of the blood-retinal barrier,
protection against oxidative stress, nutrient transport
and waste removal, ionic homeostasis, phagocytosis of
photoreceptor outer segments, synthesis and release of
growth factors, and the reisomerization of all-trans-
retinal during the visual cycle, thereby contributing to
the establishment of ocular immune privilege.”’ The
senescence of RPE cells is implicated in the pathogen-
esis of various diseases, including AMD”" °* and dia-
betic macular edema.”” °° Previous investigations have
employed a range of methodologies to treat ARPE-19
cells and develop a premature senescence model, uti-
lizing agents such as tert-butyl hydroperoxide,”' high
glucose,'” and pulsed H,0, exposure.”’ In our study, we
established the senescence model through H,O, ex-
posure in ARPE-19 cells, demonstrating that LBP miti-
gates the effects of H,0,-induced senescence.

In our experiments, H,O, treatment led to a marked
accumulation of ROS and a concomitant reduction in
the activities of CAT, GSH-Px, and SOD. This redox
imbalance is biologically significant because excessive
ROS can damage lipids, proteins, and DNA, thereby
accelerating cellular senescence. The diminished anti-
oxidant capacity further impairs the cells’ ability to
counteract oxidative stress. In contrast, LBP treatment
was able to partially restore the activities of these en-
zymes and reduce ROS levels. This restoration of redox

balance not only mitigates oxidative damage but also
enhances the overall cellular defense mechanisms, po-
tentially delaying or preventing the progression of se-
nescence-related phenotypes and contributing to
cellular longevity. LBP, a prominent bioactive compo-
nent extracted from goji berries, is extensively utilized
in traditional Chinese medicine. They exhibit a range of
beneficial effects, including antioxidant, anti-in-
flammatory, antiexcitotoxic, and anti-apoptotic activ-
ities. Consequently, LBP has garnered significant
attention in the treatment of various ocular diseases,
such as glaucoma, ischemia/reperfusion injury, AMD,
retinitis pigmentosa, and diabetic retinopathy.’® In an in
vitro model of AMD, LBP demonstrated protective ef-
fects against amyloidf oligomer-induced damage to
ARPE-19, inhibiting both the oligomerization of amy-
loidB and exhibiting anti-pyroptotic properties.”” More-
over, a double-masked, randomized, placebo-controlled
trial indicated that daily dietary inclusion of goji berries
over 90days led to increased plasma antioxidant levels,
while also safeguarding against hypopigmentation and
the accumulation of soft drusen accumulation in the
maculae of elderly individuals.®’

Several previous studies have implicated miRNA-34a-5p
as a critical mediator of cellular senescence and demon-
strated that elevated levels of miRNA-34a-5p are associated
with increased oxidative stress and senescence in various
cell types.” ™ Similarly, Maeda et al”" reported that
miRNA-34a regulated Kriippel-like factor 4 expression is
involved in hyperoxia-induced senescence in lung epithelial
cells, thereby reinforcing the role of miRNA-34a in cellular
aging processes. In contrast to these studies, our investiga-
tion not only confirms the role of miRNA-34a-5p in med-
iating H,O,-induced premature senescence in ARPE-19
cells but also identifies LBP as a potential therapeutic agent
that modulates the expression of miRNA-34a-5p. This dual
insight into both the mechanistic role of miRNA-34a-5p
and the protective action of LBP underscores the novelty
and potential significance of our findings.

Mitochondria play a pivotal role in meeting cellular en-
ergy demands by generating adenosine tripho-
sphate  through  processes such as  oxidative
phosphorylation, the citric acid cycle, and {-oxidation.
Mitochondrial dysfunction within the RPE has been iden-
tified as a critical contributor to the pathogenesis of
AMD.”"” Additionally, mitochondria serve as both sources
and targets of ROS.”” Maintaining a dynamic equilibrium
between the production and elimination of mitochondrial
ROS is essential for regulating redox-mediated cell signaling
pathways and preserving physiological function.” Disrup-
tion of this balance can lead to oxidative stress, resulting in
cellular damage and pathological changes. Mitochondrial
dysfunction is associated with impaired respiration, leading
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to ROS accumulation,”” while excessive ROS can inflict
considerable damage to mitochondrial DNA, further ag-
gravating mitochondrial dysfunction.”””* Previous studies
proved that miRNA-34a-5p is related to cell senes-
cence,*>”* and factors regulating its expression can affect
cellular senescence.””’® In addition, an age-related increase
in miRNA-34a-5p expression has been observed in the
posterior pole of murine eyes.”” Our previous study found
that miRNA-34a-5p is involved in age-related susceptibility
to oxidative stress in ARPE-19 cells.”” These findings un-
derscore the significant involvement of miRNA-34a-5p in
RPE senescence and dysfunction. In our current in-
vestigation, we observed an upregulation of miRNA-34a-5p
within an H,0,-induced model of premature senescence,
and inhibiting its expression through a specific antagonist
markedly reversed the senescence of ARPE-19 cells. Be-
sides, miRNA-34a-5p was identified as a crucial factor in
high glucose-induced stress-associated premature senes-
cence in retinal endothelial cells, mediated through mi-
tochondrial dysfunction and diminished antioxidant
capabilities.”” Mechanistically, mitophagy impairment
mediated by miRNA-34a-5p was found to be involved in
the mitochondrial dysfunction in an in vivo model of liver
injury induced by 2,2’,4,4'-Tetrabromodiphenyl ether.”” In
the present study, incubation with H,O, caused significant
ROS overloading and mitochondrial dysfunction in ARPE-
19 cells. Following modulation of miRNA-34a-5p expres-
sion via pretreatment with anta-34a and ago-34a respec-
tively, we noted substantial improvements in ROS
overloading and mitochondrial dysfunction. This indicates
a pivotal role of miRNA-34a-5p in mediating H,O,-induced
ROS accumulation and mitochondrial dysfunction in
ARPE-19 cells. These findings highlight the potential for
mitigating RPE cell senescence and delaying the progres-
sion of AMD. Furthermore, pretreatment with LBP re-
versed the ROS overloading and mitochondrial dysfunction
induced by H,0,, with this protective effect being sig-
nificantly diminished when ARPE-19 cells were co-in-
cubated with ago-34a. These results indicated that LBP
might alleviate H,0O, induced premature senescence in
ARPE-19 cells at least partly via inhibiting miRNA-34a-5p
mediated ROS overloading and mitochondrial dysfunction.

SIRT1, an NAD-dependent histone deacetylase in
mammals, is homologous to the yeast sir2 found in lower
organisms. It is critically involved in numerous biological
processes, including the regulation of the cell cycle,
apoptosis, DNA repair, and gene silencing.”” Furthermore,
SIRT1 has been recognized for its protective roles against
various human ailments, such as neurodegeneration dis-
eases, cardiovascular diseases, metabolic syndromes, and
tumorigenesis.”’ Additionally, SIRT1 has been implicated
in the modulation of cellular senescence and organism
longevity, primarily through the acetylation and

deacetylation of specific substrates, thus influencing their
transcriptional and enzymatic functions, as well as protein
levels.”’ Bioinformatics analyses utilizing platforms such
as pitcar, targetscan, Miranda, and microRNA.org have
revealed that miRNA-34a-5p can specifically bind to the 3’
untranslated regions of SIRT1 mRNA. Empirical evidence
across diverse tissues and cell types has confirmed that
SIRT1 expression is regulated by miRNA-34a-5p, with the
overexpression of miR-34a leading to a pronounced de-
crease in the post-transcriptional expression of SIRT1.** *°
In our previous work, we identified an inverse relationship
between SIRT1 and miRNA-34a-5p expression levels in
ARPE-19 cells.”” In the current study, the manipulation of
miRNA-34a-5p expression via the application of anta-34a
and ago-34a resulted in reciprocal changes in SIRT1 levels,
suggesting a potential role for miRNA-34a-5p in H,0,
-induced premature senescence through its regulation of
downstream SIRTI.

It is important to acknowledge some limitations of
our study. Notably, our experiments were performed
solely in vitro using ARPE-19 cells, which may not fully
recapitulate the complex in vivo environment of the
retina. In addition, while ARPE-19 cells are widely used
as an RPE model, they have been increasingly scruti-
nized for their lack of key phenotypic characteristics of
native RPE cells, suggesting that primary cultured RPE
cells may provide a more accurate representation of in
vivo conditions. Future studies incorporating in vivo
models and primary RPE cells are warranted to validate
these findings and to explore the translational potential
of LBP as a therapeutic agent for AMD and other oxi-
dative stress-related retinal diseases.

Conclusion

In conclusion, we established a model of premature
senescence in ARPE-19 cells by exposing cells to
200 uM H,0, for 2h per day for 3consecutive days.
Overexpression of miRNA-34a-5p was involved in the
premature senescence of ARPE-19 cells induced by
H,0,. LBP alleviated this senescence at least partly by
downregulating miRNA-34a-5p expression.

Materials and methods

ARPE-19 cell culture

The human RPE cell line ARPE-19 (Procell Life Science
and Technology Co, Ltd, Wuhan, China) was cultured

following previously described protocols.”’ In brief, we
maintained ARPE-19 cells under optimal conditions.
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Cells were cultivated in Dulbecco’s modified Eagle’s
medium/Nutrient Mixture F-12 supplemented with 10%
fetal bovine serum (Dutscher, Brumath, France), along
with 100 U/mL of penicillin and 100 mg/mL of strep-
tomycin. The culture was maintained in a humidified
environment containing 5% CO, at a temperature of
37°C. For the experimental treatment, ARPE-19 cells
were plated at a density of 35,000 cells/cm?” and allowed
to grow until reaching approximately 70% confluence
under normoxia conditions, after which they were
harvested for further analysis.

Model of oxidative stress-induced premature senescence

The concentration of 200 uM H,O, was chosen based on
prior literature and our preliminary experiments, which
demonstrated that this dose induces premature senescence
in ARPE-19 cells without significantly affecting cell viability
or triggering apoptosis.'”*' In brief, cells that reached 70%
confluence after 7 days of culture were subjected to
200 uM H,0, in a serum-free medium for 2 h each day over
three consecutive days. After each treatment, the cells un-
derwent three washed with phosphate-buffered saline
(PBS) to eliminate any residual H,O, and were subse-
quently cultured in the complete medium for 22h. The
cells were then replated and allowed to recover in complete
culture medium (Dulbecco’s modified Eagle’s medium/
Nutrient Mixture F-12 supplemented with 10% fetal bovine
serum, 100 U/mL of penicillin, and 100 mg/mL of strepto-
mycin) for 3 days before proceeding with subsequent ex-
periments (Figure 6). It is noteworthy that during the H,O,
treatment, the culture medium was not changed, while
routine culture involved daily medium renewal.

Preparation and treatment with LBP

The lyophilized powder of LBP, containing up to 95%
polysaccharide, was procured from Shanghai Kang
Zhou Fungi Polysaccharide Co, Ltd (Shanghai, China).
For experimental applications, the lyophilized LBP
powder was freshly dissolved in distilled water as pre-
viously described.”” ARPE-19 cells were incubated with
varying concentrations of LBP for 3 days, after which
they were briefly washed with the medium before being
exposed to hydrogen peroxide to trigger oxidative stress-
induced premature senescence.

Senescence-associated beta-galactosidase staining for ARPE-19
senescence

Senescence-associated  beta-galactosidase  (SA-B-gal)
staining was conducted utilizing a kit (C0602; Beyotime
Biotechnology, Shanghai, China) in accordance with the

manufacturer’s guidelines.”” Following collection, the

ARPE-19 cells were washed three times with PBS, and
fixed in 4% (w/v) paraformaldehyde for 15 min at room
temperature. The fixation step was performed before the
staining procedure. Subsequently, the fixed cells were
incubated overnight at 37 °C in the absence of light with
a working solution containing 0.05 mg/mL of 5-bromo-4-
chloro-3-indolyl -p-galactoside. After rinsing with PBS,
the cells were examined microscopically for the devel-
opment of blue coloration, and the percentage of SA-f-
gal-positive cells was quantified from five random fields
using ImageJ software (NIH, Bethesda, MD, USA).

Detection of ROS and redox status analysis

The intracellular levels of ROS were assessed using the
fluorogenic  probe, 2',7'-dichlorodihydrofluorescein
diacetate (DCFH-DA, S0033S, Beyotime, China), as
previously detailed.’” In brief, the cells were incubated
at 37 °C in a medium containing 10 uM of DCFH-DA for
20 min, followed by two washes with PBS. The fluor-
escence emitted by DCFH-DA was then measured using
a microscope or fluorescence-activated cell sorter, with
excitation and emission wavelengths set at 485 and
522 nm, respectively.

To evaluate mitochondrial dysfunction, the produc-
tion of mitochondrial superoxide was quantified utilizing
MitoSOX Red (ThermoFisher, Waltham, MA, USA), a
fluorescent probe specifically targeted to the mitochon-
dria and selective for superoxide, as previously de-
scribed.” A volume of 1 uL of MitoSOX Red was diluted
in 999 uL. of Hank’s Balanced Salt Solution (HBSS) to
prepare the MitoSOX Red solution for each well. ARPE-
19 cells were incubated with MitoSOX Red solution for
60 min at 37 °C in the dark. Following staining, the cells
were washed and resuspended in HBSS, and fluorescence
was detected by a microscope or fluorescence-activated
cell sorter, employing excitation and emission wave-
lengths of 488 nm and 525 nm, respectively.

Following various treatments, ARPE-19 cells were
harvested to assess the level of MDA and the activities of
total superoxide dismutase (SOD), glutathione perox-
idase (GSH-px), and CAT utilizing commercially avail-
able assay kits (A003-4-1 for MDA, A001-3-1 for SOD,
A005-1-1 for GSH-px, and A007-1-1 for CAT, Nanjing
Jiancheng Bioengineering Institute, Nanjing, China)
following the manufacturer’s guidelines. All experi-
mental procedures were replicated six times.

Assessment of ARPE-19 cell viability via cell counting Kit-8

The viability of ARPE-19 cells was evaluated using
the Cell Counting Kit-8 (CCK-8, Beyotime, Shanghai,
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China), adhering to the manufacturer’s protocol.”’

Briefly, ARPE-19 cells were plated in 96-well plates
at a density of 1 x 10° cells per well. After the treat-
ment, 10 uL of the kit’s working solution was in-
troduced into each well and incubated for 2.5h at
37 °C. The optical density was measured at 450 nm
using a multifunctional microplate reader (BioTek,
Synergy™ HTX, USA). All experiments were re-
peated six times. All experimental procedures were
replicated six times.

Flow cytometry analysis of apoptosis in ARPE-19 cells

Flow cytometry was performed to assess ARPE-19 cell
apoptosis, following previously established proce-
dures.*® In summary, the ARPE-19 cells were seeded in
six-well plates at a density of 1 x 10* cells per well. After
treatment, both adherent and suspended cells were
collected and washed twice with cold PBS. Subse-
quently, cells were resuspended in binding buffer
(1 x 10° cells per 100 uL) and stained with 5 uL of an-
nexin-V-FITC and 5uL of propidium iodide at room
temperature in the dark. Following the addition of
500 uL of PBS, the stained cells were analyzed using a
flow cytometer (FACSCalibur™ Flow Cytometer; BD
Biosciences, San Jose, CA, USA), and the percentage of
apoptotic cells was evaluated using FlowJo software
(Tree Star, San Carlos, CA, USA). Each experiment was
repeated six times.

Isolation of RNA and quantitative real-time polymerase chain
reaction

Total RNA from cells was extracted using TRIzol
(Invitrogen, Carlsbad, CA, USA) and subjected to a
one-step phenol/chloroform/isoamyl alcohol extrac-
tion, following the manufacturer’s instruction. A
total of 500 ng of RNA was reverse transcribed into
cDNA by incubating with 200U of reverse tran-
scriptase in a 10 uL reaction buffer at 37 °C for 1h,
utilizing a real-time kit (Takara Bio Inc, Shiga,
Japan). Subsequently, 1L of cDNA served as a
template for quantitative real-time polymerase chain
reaction (QPCR). All gene transcripts were quantified
using commercial reagents (Brilliant SYBR Green
QPCR Master Mix; Agilent Technologies, Santa
Clara, CA, USA) in conjunction with a qPCR system
(7900HT; Applied Biosystems, Foster City, CA,
USA). The relative levels of miRNA were normalized
to the U6 expression level for each sample, and the
expression level of each target gene was calculated
using the formula —244¢".*

Construction and transfection of the antagomir and agomir of
miRNA-34a-5p

Antagomir and agomir are specialized, chemically
modified miRNAs, with antagomirs serving to inhibit
endogenous miRNA expression, while agomir regulates
the biological function of target genes by mimicking
their endogenous counterparts. The sequences for an-
tagomir-34a-5p (the inhibitor of miRNA-34a-5p) and its
negative control (anta-NC) are 5'-ACAACCAGCUAAG
ACACUGCCA-3’ and 5-CAGUACUUUUGUGUAGU
ACAA-3’, respectively. The sequences for agomir-34a-
5p (which mimics miRNA-34a-5p) and its negative
control (ago-NC), are 5-UGGCAGUGUCUUAGCUGG
UUGU-3’ and 5'-UUGUACUACACAAAAGUACUG-3'.

ARPE-19 cells were transfected with either 25 nM of
the miRNA mimic or 50 nM of miRNA inhibitor using
lipofectamine 2000 (Invitrogen) in conjunction with
Opti-MEM, resulting in a reduced serum environment
(Invitrogen). The cells were treated with the transfec-
tion complexes for a duration of 12h to facilitate op-
timal absorption of the miRNA constructs, as
recommended by the manufacturer’s protocol.” Fol-
lowing the transfection process, the cells were cultured
for an additional 12h prior to exposure to oxidative
stress or other experimental protocols.

Western blot analysis

Total protein was extracted from ARPE-19 cells utilizing
ice-cold RIPA lysis buffer (Beyotime, Shanghai, China).
Equal volumes of protein samples were subjected to 10%
SDS-PAGE (Beyotime, Shanghai, China), subsequently
transferred to 0.22um PVDF membranes (Millipore,
Temecula, CA), and then blocked with 5% non-fat milk.
The membranes were thereafter incubated with specific
primary antibodies. The primary antibodies employed
in this study included SIRT1 (Abcam, USA, 1:1000) and
GAPDH (Abcam, USA, 1:5000). The ECL detection
system (Millipore, Temecula, CA) was utilized to vi-
sualize the immunoreactive bands, with GAPDH ser-
ving as the control. Quantification of the gray values of
protein bands was performed using Image] software
(NIH, Bethesda, MD, USA).

Statistical analyses

All data are presented as mean =+ standard deviation
(SD); n represents the number of independent experi-
ments conducted. The Mann-Whitney U test was uti-
lized for the analysis of two independent samples,
which pertains to figures where only two groups are
compared. Conversely, the Kruskal-Wallis test was
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employed for multi-group comparisons, as seen in fig-
ures where more than two groups were analyzed, with
p <0.05 deemed statistically significant.
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