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ABSTRACT

Photoreceptors (PRs) degeneration is central to visual impairment and loss in most blind retinal diseases,
including age-related macular disease (AMD) and diabetic retinopathy (DR). PRs are susceptible to oxidative
stress owing to their unique metabolic features. Accumulating evidence has demonstrated that the targeting
oxidative stress is a promising treatment strategy for PR degeneration. Herein, we introduced potent anti-
oxidative platinum nanoparticles (Pt NPs) to treat PRs degeneration in this study. The Pt NPs exhibited multi-
enzymatic antioxidant activity and protected PRs from H»O»-induced oxidative damage in vitro assays. Based
on the same mechanism, the intravitreal injection of Pt NPs significantly reduced cell apoptosis, maintained
retinal structure and preserved retinal function in a mouse model of light-induced retinal degeneration (LIRD).
Most importantly, the results of RNA sequencing showed that the transcription of antioxidative genes was
upregulated, and metabolic reprogramming occurred in the LIRD-retina after treatment with Pt NPs, both of
which benefited retinal survival from oxidative damage. The results indicated that Pt NPs were indeed potent

therapeutic candidates for PRs degeneration in blind retinal diseases.

1. Introduction

The retina is a highly specialized tissue with a multilayered archi-
tecture and is an extension of the central nervous system [1,2]. Photo-
receptors (PRs), located in the innermost region of the retina, are the
first sensory neurons that enable vision. Within PRs, a more active
metabolism than that of general neurons is required in response to high
energy demands because of phototransduction, daily renewal of the
outer segments of PRs, and maintenance of membrane potential in
darkness [3,4]. Thus, reactive oxygen species (ROS), an inevitable
by-product of metabolism, are produced frequently in PRs [5]. Once
ROS production exceeds the intrinsic antioxidant capacity, oxidative
stress occurs, resulting in a series of biological responses of the patho-
genesis. Therefore, PRs are vulnerable to oxidative stress and are the
major contributors to oxidative stress in the retina [5-7].

PRs degeneration is central to visual impairment and loss in many
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blind retinal diseases including age-related macular disease (AMD),
diabetic retinopathy (DR) and retinitis pigmentosa (RP). Irrespective of
the initiating defect, oxidative stress accelerates the degeneration of RPs
both at the beginning and during progression [8,9]. Meanwhile,
increasing evidence demonstrate that targeting oxidative stress is a
promising treatment strategy for PRs degeneration [2,10,11]. Unfortu-
nately, clinical therapeutic options of PRs degeneration remain subop-
timal; therefore, there is an urgent unmet need for therapies that can
improve PR survival and ultimately, vision.

In recent years, nanomaterials with enzyme-like activities, also
called nanozymes, such as platinum, cerium or fullerene nanoparticles,
have attracted a wide range of applications in nanomedicine [12-14]. In
particular, interest in platinum nanoparticles (Pt NPs) is rapidly growing
because they possess multi-enzymatic activities to scavenge ROS [12,
15]. Notably, Pt NPs not only catalyzed the decomposition or reduction
of HpO; acting as intrinsic enzyme peroxidase (POD) and catalase (CAT)
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mimics, respectively, but also catalyzed the dismutation of O3 into Oy
and Hy0, as superoxide dismutase (SOD). Encouraging results from
nanomedical research indicate that Pt NPs are promising candidates for
treating oxidative stress-related diseases [16-20].

We hypothesized that the engineered Pt NPs could counter intra-
cellular ROS and protect the retina, especially the PRs, from oxidative
damage. To test this, we conducted a series of experiments with in vitro
cell system and in vivo light-induced retinal degeneration model of al-
bino mice. All the results indicated that Pt NPs were potent therapeutic
candidates for PRs degeneration in blind retinal diseases.

2. Materials and methods
2.1. Materials

Pt nanoparticles were purchased from Nanjin XFNANO Materials
Technology Co. Ltd. (Nanjing, China). TMB single color liquid, 2,7
dichlorofluorescein diacetate (DCFH-DA) were bought from Beijing
Solarbio Science &Technology Co., Ltd. (Beijing, China). MitoSox Red
was purchased from Thermo Fisher Scientific (USA). Dulbecco’s Modi-
fied Eagle Medium (DMEM), trypsin-EDTA (100 x ), and Penicillin-
Streptomycin Solution (100 x ) were obtained from Gibco Life Tech-
nologies (Grand Island, NY, USA). Fetal bovine serum (FBS) was ob-
tained from HyClone (Boston, MA, USA). H0,, Crystal Violet Staining
Solution, Total Superoxide Dismutase Assay Kit with NBT, One Step
TUNEL Apoptosis Assay Kit (Red Fluorescence), 4% paraformaldehyde,
Autophagy Staining Assay Kit with MDC, 0.3% triton X-100 was from
Beyotime Biotechnology Co., Ltd (Beijing, China). Salicylic acid (SA)
was obtained from Aladdin. The Cell Counting Kit-8 was purchased from
Dojindo Laboratories (Kumamoto, Japan). The antifade mounting me-
dium containing DAPI was purchased from Vector Laboratories, Inc.
(Burlingame, CA, USA).

2.2. Animals

Six to eight weeks of BALB/c mice were obtained from SPF (Beijing)
Biotechnology Co., Ltd (Beijing, China). All procedures involving ani-
mals were performed in accordance with the ARVO statement for the use
of Animals in Ophthalmic and Vision Research and Tianjin Medical
University Eye Institute Guidelines for Animal Research. The mice were
kept in a room with a 12/12 h light/dark cycle before the start of the
experiment.

3. Methods
3.1. Characterization of Pt NPs

The morphology of the Pt NPs was characterized by transmission
electron microscopy (TEM, Hitachi HT7700). A Zetasizer Nano system
(Malvern ZS90) was used to measure the diameter and surface zeta
potential of the Pt NPs in the solution.

3.2. CAT-like activity of Pt NPs

H0, has strong absorption at 240 nm. Therefore, a spectrophoto-
metric method was used to determine the concentration of HyO». Briefly,
3 mL of 10 mM H0, was used as a control. Pt NPs with final concen-
tration of 0.4 and 4 mM in the same volume of H,O, were used as the test
groups. Every 10 min, all the solutions were tested using a UV-vis
spectrophotometer (UV-2450, Shimadzu). The absorbance of each
sample solution diluted with water was used as a blank.

3.3. POD-like activity of Pt NPs

A TMB single-color liquid and HyO, were used to test the POD-like
activity of the Pt NPs. The POD enzyme catalyzes HyOy to oxidize
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colorless TMB to blue. 100 pL of TMB and 100 pL of water were used as
negative control. 100 pL of TMB, 50 pL of 1 M H205, and 50 pL of water
were also used as control. 100 pL of TMB, 50 pL of 1 M H05, and 50 pL
of Pt NPs solution were mixed as experimental groups. The final con-
centrations of the Pt NPs in the final liquid were 0.05, 0.1, and 0.2 mM,
respectively. All samples were immediately analyzed using an EnSpire
Multilabel Reader (Perkin Elmer Instrument Co., Ltd., USA) with a
preset procedure (absorbance at 652 nm, shaking for 10 s between each
cycle, 30 min for 30 cycles). The absorbance was positively correlated
with the POD-like activity of the Pt NPs.

3.4. SOD-like activity of Pt NPs

The SOD-like activity of Pt NPs was tested using Total Superoxide
Dismutase Assay Kit as described in the manufacturer’s instructions.
Briefly, the NBT working solution was prepared using SOD buffer, NBT
liquid, and enzymes. The starting solution was prepared using the re-
action solution (40 x ) and SOD buffer. All the chemicals were provided
by the manufacturer. Pt NPs testing samples with gradient concentra-
tions (0.1, 0.2, 0.4, 1.6 mM) were made in a total volume of 200 pL.
Samples without Pt NPs or starting solution were used as blank; and
blanksy, respectively. The absorbance of all the samples was measured at
560 nm using EnSpire Multilabel Reader (PerkinElmer Instrument Co.,
Ltd., USA). The O3 generated in the sample solution turned the colorless
NBT blue. The percent inhibition was positively related to the SOD-like
activity of the Pt NPs and was calculated using the following formula:

Inhibition percentage = SOD activity (%) = (Blank;-Sample) / (Blank;-
Blank;) x 100

3.5. Fenton reaction assay

The FeSO4 and Hy0, system is considered as a classic Fenton reaction
model. The e OH generated in this system oxidizes SA to form 2,3-dihy-
droxybenzoic acid, which has a strong absorption at 510 nm. The
absorbance is positively correlated with the Fenton reaction activity. To
test whether the Pt NPs could produce ¢OH through the Fenton reaction,
1.8 mM SA was mixed with 1.8 mM FeSO4 or a gradient of Pt NPs. The
final concentrations of the Pt NPs in the solutions were 0.3, 1, and 50
mM. Next, 5 mM H05 was added and the mixture was incubated for 10
min at RT. Absorbance was measured using EnSpire Multilabel Reader
(PerkinElmer Instrument Co., Ltd., USA). Next, the chemical stability of
the Pt NPs was assessed by detecting possible iron release in the lyso-
somal mimic fluid. The Pt NPs were incubated in an acetate buffer at pH
3-4 for 24 h before being added to the testing solution. The absorbance
of the acidic solution was also measured. The absorbance was positively
correlated with the Fenton reaction activity.

3.6. Cell culture and cell cytotoxicity assay

661 W cells were routinely cultured in DMEM containing 10% FBS
and 1 x Penicillin-Streptomycin Solution, at 37 °C in a humid envi-
ronment with 5% CO,. 661 W cells were seeded in 96-well plates at a
concentration of 8000/well and incubated for 24 h before further ex-
periments. To test the cytotoxicity, cells were incubated with gradient
concentrations of Pt NPs (100, 200, 400 uM) for another 24 h and 48 h.
The following procedures were performed according to the instructions
of the Cell Counting Kit (CCK-8).

3.7. Protective effect of Pt NPs in cell model

H,0, was used to induce oxidative stress in 661 W cells. Cells were
plated as previously described. Medium containing 600 pM Hy0, was
incubated with cells for 6 h, then fresh medium with different
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concentrations of Pt NPs (0, 1, 3, and 10 nM in PBS solution) was
changed and the cells were incubated for 18 h. The cell viability of each
group was determined using CCK-8. To visualize cell morphology and
number, crystal violet staining was performed according to the manu-
facturer’s instructions. Briefly, cells were fixed with 4% para-
formaldehyde (PFA) for 30 min. After washing three times with water, 1
x crystal violet solution was added for 30 min of staining. The plate was
washed until the cells exhibited a definite morphology. The cells were
photographed under a microscope. Image J software was used to
calculate the relative cell numbers for each group.

3.8. Intracellular ROS scavenging of Pt NPs

H50, was used to induce elevated intracellular ROS levels. 661 W
cells were seeded as previously described. Except for the normal cells,
the residual cells were treated with 600 pM H20,, for 4 h, fresh medium
containing Pt NPs (0, 1, and 3 nM) was added, and the cells were
incubated 16 h. Superoxide formation in live cells was imaged using
MitoSox Red, and intracellular ROS were probed using a ROS assay kit,
following the manufacturer’s instruction. Briefly, the cells were washed
and incubated with 5 pM MitoSox Red or 10 pM DCFH-DA in their
respective buffer for 20 min at 37 °C. The cells were then washed three
times. Fluorescence images of the cells were captured using a fluores-
cence microscope (MitoSox Red, excitation: 396 nm, emission: 610 nm).
In addition, the cells stained with DCFH-DA were trypsinized and
collected for flow cytometry to quantify ROS levels in each group
(excitation: 488 nm, emission: 517 nm). The data were analyzed using
FlowJo 7.6 analysis software.

3.9. Autophagosomes staining assay

Cells were treated with H,O- as described above. The cells were
washed and incubated with 1 x MDC in fresh medium for 30 min in the
dark. After washing the cells with PBS, a fluorescence microscope
(excitation: 335 nm; emission: 512 nm) was used to detect distinct dot-
like structures representing autophagosomes. Image processing was
performed using the Image J software.

3.10. TUNEL staining for cells

Cells were treated with H,O5 as described above. After washing three
times with PBS, the cells were fixed with 4% PFA for 30 min, followed by
three more washes. 0.3% Triton X-100 in PBS was used for cell perme-
ation (10 min). After washing cells again, the one step TUNEL solution
provided by the kit was added for staining at 37 °C for 1 h. Washing
residual TUNEL solution with PBS for at least three times, the cells were
sealed with antifade mounting medium with DAPI. A fluorescence mi-
croscope (excitation wavelength, 550 nm; emission wavelength, 570
nm) was used to detect TUNEL-positive cells. Image processing was
performed using the ImageJ software.

3.11. Light-induced retinal degeneration model

Mice were kept in boxes for dark adaption for 16 h, followed by
exposure to intense blue light for 1 h, and then returned to the dark 16 h.
Before exposure to the blue light, tropicamide (0.5%) was topically
applied to the cornea to dilate the pupils. A box with a blue ball on top
and mirrors around the four sides was used for light induction. The
illumination of the light in each corner of the box was approximately
2000 lux. When light exposure of 1 h was finished, intravitreal injection
of Pt NPs with different concentrations (0.3 and 1 pM in PBS solution) in
a volume of 1 pL were subsequently performed. Equivalent volumes of
vehicle (PBS) were administered to part of the Light-induced retinal
degeneration (LIRD) mice. Mice without LIRD but injected with 1 pL of
vehicle were used as normal group.
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3.12. Electroretinogram (ERG)

ERG testing were conducted 3 days after light exposure. Dark-
adapted mice were anesthetized with ketamine (35 mg/kg) and xyla-
zine (5 mg/kg), and the pupils were dilated as previously mentioned.
Scotopic ERGs in different groups were recorded using an electrophys-
iological system (Ganzfeld, Phoenix Research Laboratories, USA) in a
masked manner. A green light with an intensity of 3.1 log cd sec/m? was
used for the ERG response. Eight sweeps were recorded at 30 s intervals
for each eye.

3.13. Optical coherence tomography (OCT)

OCT imaging was performed immediately after ERG recording. Mice
were anesthetized and the pupils were dilated as previously mentioned.
OCT (Heidelberg Engineering, Heidelberg, Germany) was used to
observe retinal structures. An ART scanning model with two crossing
directions and a dense scanning model were selected, and OCT system
software was used to calculate the thickness of the layers of the retina.

3.14. Hematoxylin and eosin (H&E) staining and TUNEL for retina

Following the OCT image acquisition at day 3, animals were sacri-
ficed and the eyes were enucleated, fixed in 4% PFA, and embedded in
paraffin. Paraffin sections (4 pm) crossing the optic nerve were stained
with H&E. For TUNEL staining, paraffin sections (6 pm) were dewaxed
and subjected to one-step TUNEL staining, as described in the manu-
facturer’s instructions. Photographs of these sections were taken using a
microscope to observe the retinal structures and apoptotic cells. The
images were processed using Image J.

3.15. RNA sequencing and data analysis

The retinas were collected at day 2 after light-induced retinal
degeneration. The mice were divided into 3 groups, normal group,
vehicle group and Pt NPs group. The mice without light-induction but
injected with vehicle were set as normal group, the light-induced mice
injected with vehicle were named as Vehicle and the light-induced mice
injected with Pt NPs (1 uM in a volume of 1 pL) were named as Pt NPs
group. Four retinas from different mouse belonging to the same group
were pooled and considered as one sample, and each group had three
replicate samples. RNA sequencing experiments and patterned data
processing were performed by Wuhan Yingzi Gene Technology Co., Ltd.
Genes with a fold change >1.5 and p < 0.05 were regarded as differ-
entially expressed. Raw sequence reads were available, if required.
Genes and pathways of interest were identified using Sangerbox tool.

3.16. RNA isolation and RT-PCR

The retinas were collected in the same way that performed in the
RNA sequencing part. The total mRNA were extracted using an Uni-
versal RNA Purification Kit (EZBioscience, USA) according to the man-
ufacturer’s. Then the mRNA (1 pg) were reversed into cDNA using Color
Reverse Transcription Kit (EZBioscience, USA). RT-PCR was conducted
using LightCycler®480 (Roche, Switzerland). The primer sequences
used for PCR were shown in Table 1. The reaction conditions were 95 °C
for 5 min followed by 40 cycles of 95 °C for 15 s and 58 °C for 30 s.
fB-actin was used as an internal control to normalize the expression of
target gene. Relative expression was calculated using the 272t method
[21].

3.17. Statistical analysis
Data of thickness of ONL in animal model (Fig. 5) was shown as mean

+ SEM, the other experiment data were shown as mean + SD. Statistical
differences among groups were determined using one-way analysis of



L. Suetal

Table 1

PCR primers of the detected mRNAs.
Gene Forward Reverse
name
Pi3kca CCACGACCATCTTCGGGTG ACGGAGGCATTCTAAAGTCACTA
Akt3 TGGGTTCAGAAGAGGGGAGAA AGGGGATAAGGTAAGTCCACATC
Ep300 TTCAGCCAAGCGGCCTAAA CGCCACCATTGGTTAGTCCC
Pgd-1 ATGGCTGGCAAGAAAGTCTG CGTGCTGAGTGTTGATGATCT
Tkt ATGGAAGGTTACCATAAGCCAGA TGCAGCATGATGTGGGGTG
Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
Sod3 CCTTCTTGTTCTACGGCTTGC TCGCCTATCTTCTCAACCAGG
Gpx1 AGTCCACCGTGTATGCCTTCT GAGACGCGACATTCTCAATGA
Gstkl GGTCCTATGCAGATACCAACAC GTACTGGCCTTTTCGGGGAA
p-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

variance (ANOVA). Differences were considered statistically significant
at p < 0.05.

4. Results and conclusions
4.1. Characterization of Pt NPs

The Pt NPs were well dispersed, and most of them were approxi-
mately smaller than 5 nm, as shown in the TEM image (Fig. 1A). The size
distribution of the Pt NPs and the zeta potential were identified using
DLS measurements. Surface zeta potential of the Pt NPs was negative
with a value of —0.47 £+ 0.1 (mV) and over 60% of the Pt NPs in the
solution was about or smaller than 10 nm (Fig. 1B). The hydrodynamic
diameters measured using DLS were always larger than those measured
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using TEM.

4.2. Multi-enzymatic activities of PtNPs

Despite the various kinds of ROS, the impact of HyO, and O3 is
widespread owing to their high ability to diffuse across the cell mem-
brane and high generation rate in the mitochondria, respectively.
Catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD) are
the major intrinsic enzymes that regulate HyO5 and O3 to avoid oxida-
tive stress. To demonstrate the CAT-like-, POD-like-, and SOD-like
enzymatic activities of the Pt NPs, three classical chemical reactions
were performed.

CAT catalyzes the reduction of HyO to HoO and Os. The absorbance
of Hy0; at 240 nm was negatively correlated with the CAT-like activity
of the Pt NPs. As shown in Fig. 1C, HoO5 was relatively stable in the
absence of Pt NPs for 90 min (black lines). The amount of HyO,
decreased quickly in the presence of Pt NPs. Compared with the low dose
(0.4 mM, cyan line), the high dose of Pt NPs (4 mM, blue line) exhibited
higher CAT-like activity.

POD catalyzes the decomposition of HyO5 to HoO, during which
process the colorless TMB is oxidized to blue. Oxidized TMB exhibited a
strong absorption at 562 nm. Absorbance was positively correlated with
POD-like activity. TMB alone (black line) and TMB with H02 (cyan
line) seemed to have the same absorbance during the 30 min test. When
Pt NPs were added to the mixture of TMB and H-0-, the absorbance
increased quickly in a concentration-dependent manner (Fig. 1D), con-
firming that the Pt NPs possessed POD-like activity.

SOD catalyzes the dismutation of O3 into Oz and Hp0;. In the

Fig. 1. Physical and chemical characterizations of Pt
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absence of Pt NPs, O3 generated by the mixture of the NBT working
solution and the starting solution provided in the kit oxidized NBT to
turn blue. In the presence of Pt NPs, O was quenched, which inhibited
the oxidation of NBT. As shown in Fig. 1E, the SOD-like activity
increased with higher concentrations of Pt NPs.

We also determined whether Pt NPs elicited the Fenton reaction. In
the Fenton reaction, free metal ions, such as Fe?", catalyze HyO5 to form
destructiveeOH. As shown in Fig. 1F, Fe?" catalyzed Hy0, to produce
#OH, followed by the oxidation of SA. The oxidized SA exhibited specific
absorption at 510 nm. There was no change in the absorbance when
replacing FeSO4 with Pt NPs. NPs undergo lysosomal encapsulation
within the cells. Therefore, Pt NPs were added to acetate buffer (pH 3-4)
to mimic lysosomal conditions, followed by a repeated Fenton reaction.
The results (Fig. 1F) indicated that the Pt NPs did not undergo the
Fenton reaction even under acidic conditions. Thus, these experiments
showed that Pt NPs possessed enzymatic activities of CAT, POD and
SOD, but did not release ¢OH through the Fenton reaction.

4.3. Effect of Pt NPs on rescuing oxidative stressed cells

A cytotoxicity assay was performed to assess the biocompatibility of
the Pt NPs. There was no obvious change in cell viability with a con-
centration range from 0 to 400 pM, indicating the biosafety of Pt NPs
(Fig. 2A and B). HyO3 is used to establish cellular models of oxidative
stress. Cell viability was significantly reduced to approximately 80% in
the vehicle group. This reduction was reversed after post-treated with Pt
NPs, especially 3 and 10 nM of Pt NPs (p < 0.05). The rescue effect was
enhanced by increasing the concentration of Pt NPs (Fig. 2C). Crystal
violet staining was performed to visualize this rescue effect. The cells
post-treated with Pt NPs appeared much denser and more stretched than
those in the vehicle group (Fig. 2D and E). The relative cell number of
the vehicle group reduced to about 66% while that was improved in 1
nM (mean 76) and 3 nM (mean 81.9) of Pt NPs group (p < 0.05).
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Therefore, Pt NPs can improve cell viability, morphology, and cell
number of the oxidative stressed cells.

Because O3 is one of the most important ROS, MitoSox Red was
firstly used for the imaging of O3. The results (Fig. 3A) showed a sig-
nificant reduction in O3 levels in the Pt NPs group when compared with
those in the vehicle group. DCFH-DA was used to image total ROS in the
cells. Cells post-treated with Pt NPs showed fewer ROS fluorescent cell
spots than that in the vehicle (Fig. 3B). ROS levels were quantified by
flow cytometry and the results (Fig. 3C) showed that the ROS level of the
vehicle cells (63%) was significantly higher than that of the normal cells
(47.3%). This aberrant ROS production was reduced by treatment with
Pt NPs; in particular, treatment with 3 nM Pt NPs reduced it to 42%.
Thus, the ROS imaging results indicate that Pt NPs can effectively
scavenge intracellular ROS.

As we know, autophagy is one of the important events in pro-death
and pro-survival signaling cascade, which is characterized by the for-
mation of autophagosomes and interaction with the lysosome. The
progressive accumulation of cellular damage due to stressors, such as
oxidative stress, inflammation, and endoplasmic reticulum stress, in-
duces an increase in autophagy to degrade damaged organelles, protein
aggregates, and lipid droplets. MDC is an autofluorescent dye that spe-
cifically stains autophagosomes. As shown in Fig. 3D and E, autophagy
was significantly increased both in the vehicle and Pt NPs group
(approximately 2-fold, p < 0.05). There were no apparent differences
between the vehicle and Pt NPs groups. Results from the TUNEL assay
(Fig. 3F and G) displayed that percent of TUNEL™ cells was approxi-
mately 10% in vehicle group while that of the 3 nM Pt NPs group was
less than 5% (p < 0.05). There was an obvious decrease in the number of
TUNEL" cells in the Pt NPs group, especially in the 3 nM group when
compared with the vehicle group.

Given the results of cell viability, crystal violent staining, autophagy-
staining and TUNEL assays, we knew that although there was a similar
increase of autophagy in vehicle and Pt NPs groups, more survived cells
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Fig. 3. Antioxidant and protective effects of Pt NPs on 661W cells. (A) MitoSox Red staining images of cells after different treatments. Scale bars, 50 pm. (B) DCF
staining images of cells after different treatments. Scale bars, 50 pm. (C) The cytoflow analysis of DCF-stained cells for each group. (D) MDC-staining images of
autophagosomes in cells after different treatments (green, autophagosome). Scale bars, 10 pm. (E) The statistics of MDC-fluorescent signal for each group are plotted.
(F) TUNEL staining images of cells after different treatments (red, TUNEL positive). Scale bars, 50 pm. (G) The statistics of TUNEL positive cells are plotted. HO, was
used to induce oxidative stress in cells. Cells post-treated with vehicle were named as vehicle. The cells with no H,O, and no treatment were set as normal group. Data
are expressed as the mean + SD, n = 4. One-way ANOVA were used for comparisons with vehicle. ROS, Reactive oxygen species. MDC, Monodansylcadaverine.

***%p < 0.0001; ***p < 0.001; **p < 0.01.

in the Pt NPs groups than that of the vehicle. It’s known that increased
autophage benefites the survival of stressed cells, but excessive auto-
phagy also lead to apoptosis. So we thought that autophagy acts as pro-
apoptosis in the vehicle group while as pro-survival in the Pt NPs group
because of different levels of intracellular ROS [22]. Therefore, we
speculated that there might be other potential alterations in the Pt NPs
treated cells.

4.4. Pt NPs protect retina against oxidative stress in vivo

Initially, the biosafety of Pt NPs in the retina was assessed by intra-
vitreal injection. The results of OCT and H&E staining assays showed no
obvious alterations in the structure and thickness of the retina (Sup-
porting Fig. 3). The LIRD mouse model was used for in vivo assessments.
The exposure of intense blue light caused rapid death of numerous PRs
and disruptions of the retinal structure and function. To verify the
antioxidant activities of Pt NPs in the retina, retinas were collected and

processed to test the contents of MDA and GSH. MDA is a lipid peroxi-
dation marker of oxidative stress and GSH is commonly considered as a
key reductive small molecule. As shown in Fig. 4A and B, MDA signifi-
cantly increased to approximately 1.27-fold and GSH decreased to 0.9-
fold in the vehicle group, indicating the occurrence of oxidative stress.
Post-treatment with Pt NPs (1 pM) distinctly reduced the MDA content
(mean = 0.98, p < 0.05) and increased the GSH content (mean = 0.97, p
< 0.05) when compared to the vehicle. In addition, the results of DHE
staining on frozen section of retina (Supporting Fig. 4) displayed obvious
decrease of oxidative stress in the Pt NPs-treated group when compared
to the vehicle group.

The ERG is a sensitive method for testing the visual function of the
retina. Generally, the A-wave represents the function of PRs and the B-
wave refers to the activity of cells distal to the PRs, including bipolar
cells. Moreover, completion of the transmission emanating from the PRs
is necessary to generate a normal B-wave. As shown in Fig. 4C, D, and
4E, the ERG results showed that the amplitude of A-wave and B-wave of
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Fig. 4. Pt NPs protect retina against oxidative stress
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the vehicle group were reduced to 70 mV and 148 mV, respectively.
Post-treatment with Pt NPs, especially 1 pM group, mitigated the
reduction of amplitude both in the A-wave (mean = 120.3) and B-wave
(mean = 234). These results suggested that Pt NPs effectively protected
PRs from oxidative damage.

A TUNEL assay was performed to visualize the therapeutic effect of
Pt NPs on apoptosis of PRs in the retina. Fig. 5A showed there was a large
number of TUNEL" cells in the retina of vehicle group. It’s noteworthy
that both of the two concentrations (0.3 and 1 pM) of Pt NPs significantly
decreased the number of TUNEL" cells. The TUNEL™ cells were mainly
localized in the ONL, which is composed of photoreceptor nuclei.
Therefore, it is reasonable to conclude that Pt NPs can protect PRs from
oxidative stress induced apoptosis.

To assess the overall therapeutic effect of Pt NPs on the light-induced
retina, OCT was used to obtain cross-sectional images (Fig. 5C) to
measure the thickness of the ONL, starting at a distance of 1000 pm from
the optic nerve (ON) and proceeding in the superior and inferior di-
rections with an interval of 100 pm (Fig. 5D). Because ONL thickness is
directly proportional to the number of PR nuclei, the thickness of each
position was plotted to demonstrate the loss of PRs at different positions
(Fig. 5E). Light-induced retina in the vehicle group showed an obvious
reduction of ONL thickness (low than 30 pm), while post-treatment with
Pt NPs of both two concentrations improved the thickness of ONL in all
of the measured positions. Thus, the OCT results indicated the protective
effects of Pt NPs in reducing the loss of PRs.

H&E staining of the retina was used for histological analysis to
further validate the protective effects of the Pt NPs. As shown in Fig. 6, in

LIRD

contrast to the vehicle group, Pt NPs not only mitigated the loss of cells
in the ONL but also improved the structure ordering of the IS and OS. In
addition, the RGC lost was also significantly reduced in the Pt NPs group.
Comparing the reduction of the thickness of the ONL, IS, and OS, we
found that the OS seemed to be more sensitive to oxidative damage due
to the largest reduction in thickness. There was about one fold increase
of the thickness of OS in the Pt NPs (1 pM) group when compared to the
vehicle group. Thus, the H&E staining results validated Pt NPs effec-
tively protected RPs from oxidative damage.

4.5. The occurrence of metabolic reprogramming revealed by RNA
sequencing

RNA sequencing was performed to investigate other beneficial al-
terations in Pt NP-treated retinas. The differentially expressed genes in
the three groups are displayed in Fig. 7A, and the top 20 KEGG pathways
(Pt NPs group vs. vehicle) are displayed in Fig. 7B. It is noteworthy that
the metabolic pathway occupied top 1 and other metabolism-related
pathways were also listed in the top 20, including oxidative phosphor-
ylation, the mTOR signaling pathway, the MAPK signaling pathway, the
PI3K-Akt signaling pathway, and the FoxO signaling pathway, indi-
cating the effects of Pt NPs on retinal metabolism. Among these path-
ways, FoxO is considered as an important metabolic regulator that is
activated by multiple changes, including growth factor deprivation,
metabolic stress (starvation), and oxidative stress [23]. Additionally,
FoxO activity is negatively regulated by multiple upstream pathways,
including the mTOR, MAPK, and PI3K-Akt pathways [24,25]. Therefore,
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Fig. 5. Pt NPs protect PRs from light-induced oxidative damage. (A) Pt NPs reduced TUNEL" cells in ONL of the retina. Scale bar, 20 pm. (B) Zoomed view of the
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red lines indicated the thickness of ONL. (D) Schematic diagram of the method to measure the thickness of the ONL. (E) The thickness of the ONL at each position was
plotted. ONL, outer nuclear layer. ON, optic nerve. LIRD mice that post-treated with vehicle were names as vehicle. Data are expressed as the mean + SEM, n > 10.
One-way ANOVA were used for comparisons with vehicle. #p < 0.0001; ***p < 0.001; **p < 0.01. LIRD, light-induced retinal degeneration.
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Fig. 8. Important pathways and genes for retina survival in the Pt NPs group. (A) Illustration of mechanism for this study. In the vehicle group, cytotoxic ROS
induced by intense light caused retinal degeneration. In the Pt NPs group, cytotoxic ROS was reduced by Pt NPs, activating FoxO pathway to regulate downstream
pathway. (B) The normalization of RPKM for the genes that enriched on pathway, based on the result of RNA sequencing. (C) The mRNA expression of 3 key genes of
the FoxO pathway. (D) The mRNA expression of 3 key genes of the pentose phosphate pathway. (E) The mRNA expression of 3 key genes of the oxidative stress
resistant pathway. Four retinas from different mouse belonging to the same group were pooled and considered as one sample, and each group had 3 replicate samples
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the upregulation of the FoxO pathway (Fig. 8A) may be linked to the
effects of Pt NPs on metabolism.

PI3K-Akt pathway, Set9 and Ep300 are well-known negative regu-
lators of the FoxO pathway [26]. In this study, the cytotoxic ROS
generated by light-induction caused retinal degeneration in the vehicle
group, whereas cytotoxic ROS was reduced to redox response level in the
presence of Pt NPs. The results of RNA sequencing revealed that the
FoxO pathway was activated to further regulate downstream in the Pt
NPs treated retina (Fig. 8A). As reported, the FoxO pathway is involved
in the regulation of multiple pathways, including the pentose phosphate
pathways and oxidative stress resistance [23], both of which were
upregulated in the Pt NPs-treated retinas (Fig. 8B). The expression of
these genes were upregulated amd limited the accumulation of ROS and
their derivatives.

Quantitative PCR was performed to validate the results of the RNA
sequencing. As shown in Fig. 8C, the mRNA expression of Pi3kca, Akt3
and Ep300 was significantly reduced in the Pt NPs group. Under this
condition the FoxO was translocated into nucleus, activating down-
stream regulation. As shown in Fig. 8D, the mRNA expression of Pgdl
and Tkt was upregulated and Gapdh was downregulated. This alteration
rerouted glucose flux from glycolysis into the pentose phosphate
pathway, alleviating oxidative stress through generating more NADPH.
This metabolic reprogramming is one of the primary defenses against
oxidative stress. Sod3, Gpx1 and Gstkl played important role in anti-
oxidative network. As shown in Fig. 8E, the mRNA expression of these 3
genes in the Pt NPs group were significantly upregulated when
compared to that of the vehicle group. Therefore, it was confirmed that
metabolic reprogramming occurred in the Pt NPs treated retina to
further regulated homeostasis.

5. Discussions

In this study, we demonstrated that Pt NPs could effectively reduce
excessive ROS in LIRD model and protected the retina from oxidative
damage. The results of in vitro experiment indicated that Pt NPs effec-
tively reduced intracellular ROS, decreased the number of apoptotic
cells and increased cell viability, while in the animal model of LIRD, Pt
NPs was proved to alleviate light-induced oxidative stress and amelio-
rate retinal degeneration. The results of RNA sequencing further indi-
cated that Pt NPs may promote retinal survival by restoring redox
balance through metabolic reprogramming. We also validated that Pt
NPs possessed CAT, POD and SOD-like activities, but without the
harmful Fenton reaction as iron ions. All these results suggested that Pt
NPs might be a promising anti-oxidant for retinal degeneration.

Targeting oxidative stress is promising for the treatment of PRs
degeneration, because PRs are susceptible to oxidative stress due to their
active metabolism and high-energy demand. In the last two decades,
numerous studies have focused on antioxidant compounds derived from
comestible foods, such as lutein, zeaxanthin, vitamins, and DHA [27,
28]. Although these compounds have exhibited therapeutic potential in
preclinical studies, the outcomes of clinical trials are disappointing
[29-31]. Pt NPs, which are potent antioxidants with high stability, have
been used in the treatment of oxidation-related diseases of the nervous
system and ischemia-reperfusion injury [16]. Since Pt NPs can stay in
the cells for a long period, they will be useful as long as they are there. In
this study, Pt NPs were introduced to protect PRs from oxidative
stress-induced degeneration and to provide a new therapeutic strategy
for retinal diseases.

Faced with intense light stimuli, PRs require a more active meta-
bolism to meet the energy demand for impairment and renewal to sur-
vive [32]. However, excessive ROS generated by metabolism can block
metabolism, leading to failure of survival [5,33]. We hypothesized that
the key to rescuing light-induced retinas is by improving the removal of
ROS generated by active metabolism. In this study, Pt NPs assisted the
light-induced retina by removing excess ROS, which allowed the retina
to adopt inherently adaptive mechanisms to maintain homeostasis
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through metabolic reprogramming. In the presence of Pt NPs, a new
reductive-oxidative homeostasis was established in the retina, with high
generation and removal levels of ROS.

Although many studies have shown the potential use of Pt NPs as
anti-oxidative nanomedicines in the skin [18,34], lung [35,36] and
brain diseases [37,38], the effects of Pt NPs on metabolism have not yet
been addressed. We found that although the autophagy was increased
both in the vehicle and Pt NPs groups, more cells survived only in the Pt
NPs groups, suggesting there may be other potentially beneficial alter-
ations existing in the Pt NPs-treated cells except for reduced oxidative
stress. Therefore, RNA sequencing was performed to explore the po-
tential mechanism. The RNA sequencing results implied that there was
be a relationship between Pt NPs and metabolism. Among the top 20
KEGG pathways (Pt NPs group vs. vehicle), metabolic pathways were
the most abundant. Importantly, the FoxO pathway, which is a key
metabolism-related pathway, was also identified among the top 20
KEGG pathways. The FoxO pathway is activated in response to a variety
of stressors, such as lack of nutrition, energy, and oxidative stress [23].
The results of RNA sequencing also showed that downstream pathways
of FoxO were upregulated in the Pt NP-treated retinas, including
oxidative stress resistant and the pentose phosphate pathway. The
upregulation of the pentose phosphate pathway indicated the metabolic
rerouting of glucose flux. In addition, platinum-based chemotherapy has
been reported to affect serine metabolism in ovarian cancer, despite an
unidentified mechanism [39]. Therefore, it can be speculated that acute
oxidative stress was reduced to a hypolethal level by Pt NPs, under
which condition the FoxO was activated to regulate multiple metabolic
pathways and returned to regulate ROS. In particular, the upregulated
pentose phosphate pathway may play a critical role in this process by
providing sufficient NADPH for the reductive system and intermediates
for biosynthesis [40,41], contributing to the survival of the retina.

In conclusion, our results indicate that Pt NPs are promising candi-
date nanozymes for the treatment of oxidative stress-related retinal
diseases owing to their potent antioxidant capacity, and deserve further
investigations, including targeted delivery to photoreceptors, long-term
cytotoxicity and pharmacokinetics of Pt NPs in the eyes.
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