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Ameliorating effect of the aldose
reductase inhibitor 1-Acetyl-5-
phenyl-1 H-pyrrol-3-ylacetate on
galactose-induced cataract
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Diabetes mellitus, as a common chronic disease, easily leads to significant changes in the structure

of the eye, among which diabetic cataract is particularly common. Although surgery is the main
treatment for this complication, it may be accompanied by postoperative complications. Therefore,

it is particularly important to develop specific drugs for diabetic cataract, aiming to fundamentally
reduce its incidence and reduce the need for surgery. At present, the greatest challenge is to develop
therapeutic agents with multiple synergistic effects based on the complex pathogenesis of cataract.
1-Acetyl-5-phenyl-1 H-pyrrol-3-ylacetate (APPA) is designed based on the pathological mechanism

as a potential drug to alleviate the occurrence of diabetic cataract. Our observations suggest that
APPA is more effective than bendazaclysine in alleviating high galactose-induced oxidative stress (The
malondialdehyde content in the APPA group and bendazaclysine group was significantly reduced to
0.45-fold and 0.58-fold compared to the high galactose-induced group, respectively.) and apoptosis
(The apoptosis rate in the APPA group and bendazaclysine group was significantly reduced to 0.28-fold
and 0.35-fold compared to the high galactose-induced group, respectively.) in lens epithelial cells by
increasing antioxidant enzyme activity, and restoring mitochondrial homeostasis. Mechanistic studies
have shown that APPA restoration of mitochondrial homeostasis is mediated through the SIRT1-PGC-
1a pathway. In the galactose-induced cataract rat model, APPA is effective in alleviating the occurrence
of galactose-induced cataract. In conclusion, APPA with multiple synergistic functions may be a
potential drug to alleviate the occurrence of diabetic cataract, and it has a wider range of indications
than benzydalysine.

Keywords Aldose reductase inhibitor, Diabetic cataract, Oxidative stress, Apoptosis, Mitochondrial
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As a common chronic systemic disease, diabetes mellitus can cause significant changes in the structure of the
eye. Among them, diabetic cataract is the most common of a series of eye complications caused by diabetes
mellitus, which poses a serious threat to the visual health of patients'~*. At present, surgery is the main treatment
for cataract. Although surgical treatment usually results in good results, complications may still occur, including
posterior capsule rupture, postoperative inflammation, and intraocular lens dislocation®. Specific drugs for
diabetic cataract will help to significantly reduce its incidence and reduce the need for subsequent surgery.
Currently, the greatest challenge in the development of drugs to prevent or slow the progression of diabetic
cataract is to find a multi-synergistic therapeutic drug based on the pathogenesis of diabetic cataract.

Apoptosis of lens epithelial cells (LECs) can be observed in patients with diabetic cataract, and the apoptosis-
related protein B-cell lymphoma-2 (BCL2)/BCL-2-associated X protein (BAX) is significantly reduced. In
contrast, there is almost no apoptosis of LECs in normal eyes®’. Therefore, apoptosis of LECs is closely related
to the occurrence of diabetic cataract. Oxidative stress caused by high sugar environment is the main cause of
apoptosis in LECs®°. The oxidative stress induced by high sugar environment involves multiple mechanisms,
such as the imbalance of polyol pathway caused by the excessive activation of aldose reductase (ALR2), the
decrease of endogenous antioxidant enzyme activity and the imbalance of mitochondrial homeostasis®1%-15.
Therefore, it can be speculated that a drug that also has the ability to inhibit ALR2, increase antioxidant enzyme
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activity, and regulate mitochondrial homeostasis may have a more effective ability to alleviate the occurrence of
diabetic cataract'®!”.

Aldehyde reductase (ALR1), which has higher homology with ALR?2, is responsible for noxious aldehyde
reduction generated in physiological metabolism. Thus, the low selectivity of ALR2 inhibitors is the main
reason for the serious adverse consequences!®. In our previous work, we designed and synthesized a compound
chemically named 1-Acetyl-5-phenyl-1 H-pyrrol-3-ylacetate (APPA)'°. APPA is highly stereoselective for ALR2,
exhibits a significant ALR2 inhibitory effect, and is able to protect mesangial cells from high sugar environment.
In addition, APPA could increase the activities of superoxide dismutase (SOD) and catalase (CAT) and enhance
the antioxidant capacity of Caenorhabditis elegans®®. However, there have been limited studies on the effects
of APPA on LECs stimulated by high sugar environment. Peroxisome proliferator-activated receptor gamma
coactivator 1 alpha (PGC-1a) is closely associated with the regulation of mitochondrial homeostasis. PGC-
la can promote the expression of nuclear respiratory factor 1 (NRF1) and mitochondrial transcription factor
A (TFAM), thereby enhancing mitochondrial biogenesis?!. Additionally, PGC-1a regulates mitochondrial
fission and fusion by modulating the phosphorylation level of dynamin-relatedprotein 1 (DRP-1) and the
expression of mitofusin 2 (MFN2)?>?, As a result, the SIRT1-PGC-1a signaling pathway, which plays a critical
role in regulating mitochondrial homeostasis, has garnered significant attention. Whether APPA regulates
mitochondrial homeostasis through the SIRT1-PGC-1a pathway remains unknown.

In the present study, we investigated whether APPA could alleviate oxidative stress and apoptosis by
increasing antioxidant enzyme activity and restoring mitochondrial homeostasis in LECs stimulated by high
galactose. Furthermore, we tested whether APPA could regulate mitochondrial homeostasis through the SIRT1-
PGC-1a pathway. Finally, we constructed a galactose-induced cataract rat model to observe whether APPA eye
drop treatment could effectively alleviate the development of galactose-induced cataract.

Materials and methods

Cell culture

The human lens epithelial cell line SRA01/04 was purchased from the FuHeng Biology. SRA01/04 cells were
cultured in H-DMEM medium containing 10% fetal bovine serum, 100U/mL penicillin and 100 pg/mL
streptomycin at 37°C in a humidified incubator with 5% CO,.

Biocompatibility of APPA

Cell viability assays were performed using CCK-8. SRA01/04 cells were seeded in 96-well plates. After 24 h,
25uM, 50uM, 100uM, and 200uM of APPA were added. After 72 h of incubation, CCK-8 reagent (Invigentech,
product number IV08) was added to each well, and absorbance values were measured at a wavelength of 450 nm.

Cell viability assay

Cell viability assays were performed using CCK-8. SRA01/04 cells were seeded in 96-well plates. Mannitol
group: SRA01/04 cells were incubated with 150 mM mannitol. Galactose group: SRA01/04 cells were incubated
with 150 mM galactose. APPA group: SRA01/04 cells were pretreated with 25uM, 50uM and 100uM APPA for
24 h, respectively, and then 150 mM galactose was added. After 72 h of incubation, CCK-8 reagent was added to
each well, and absorbance values were measured at a wavelength of 450 nm.

Detection of cell apoptosis rate

Annexin V-FITC Apoptosis Detection Kit (Solarbio, product number CA1020) was used to evaluate the
exposure of phosphatidylserine on the cell surface and the damage of the plasma membrane. SRA01/04 cells
were seeded in 6-well plates. Mannitol group: SRA01/04 cells were incubated with 150 mM mannitol. Galactose
group: SRA01/04 cells were incubated with 150 mM galactose. APPA group: SRA01/04 cells were pretreated
with 50uM APPA for 24 h, followed by 150 mM galactose. Bendazaclysine group: SRA01/04 cells were pretreated
with 0.5 pmol/mL bendazaclysine (MCE, product number HY-B2165) for 24 h, followed by 150 mM galactose?*.
After 72 h of incubation, SRA01/04 cell suspensions from each group were washed with phosphate buffer
(PBS) and resuspended in 0.5mL of precooled PBS. Then, Annexin V-FITC and PI were added according to
the manufacturer’ instructions. FITC and PI fluorescence were determined immediately using flow cytometry.
Populations of viable, early apoptotic, late apoptotic, and necrotic cells were determined.

Detection of apoptosis-related protein expression

SRA01/04 cells were seeded in 6-well plates. SRA01/04 cells were seeded in 6-well plates. Mannitol group:
SRA01/04 cells were incubated with 150 mM mannitol. Galactose group: SRA01/04 cells were incubated with
150 mM galactose. APPA group: SRA01/04 cells were pretreated with 50uM APPA for 24 h, followed by 150
mM galactose. Bendazaclysine group: SRA01/04 cells were pretreated with 0.5 umol/mL bendazaclysine (MCE,
product number HY-B2165) for 24 h, followed by 150 mM galactose. After 72 h of incubation, total proteins
were extracted on ice using cell lysis buffer (Beyotime, product number P0013]) containing protease inhibitor
(MCE, product number HY-K0010). Lysates extracted from cell lysis buffer were sonicated and centrifuged at
12,000 rpm. Proteins were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to a PVDF membrane (Millipore, USA). PVDF membrane was blocked with 5%
skim milk powder dissolved in TBST for 1 h at room temperature. PVDF membranes were incubated overnight
at 4 °C with cleaved caspase 3, BAX, BCL2 and f-actin primary antibodies. Then, the cells were incubated
with secondary antibodies for 1 h at room temperature. Finally, the enhanced chemiluminescence (ECL) kit
(YEASEN, product number 36208ES60) was used for exposure to visualize the immunoreactive protein bands.
Protein bands were analyzed using Image] software (NIH, USA, version 1.54j). Details of the antibodies used in
this study are listed in Table S1.
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Detection of intracellular reactive oxygen species

The detection of intracellular ROS was performed in accordance with previous research?. The production of
ROS was measured using 2,7’-dichlorofluorescin diacetate (DCFH-DA, Solarbio, product number CA1410).
SRA01/04 cells were seeded in 6-well plates. Mannitol group: SRA01/04 cells were incubated with 150 mM
mannitol. Galactose group: SRA01/04 cells were incubated with 150 mM galactose. APPA group: SRA01/04 cells
were pretreated with 50uM APPA for 24 h, followed by 150 mM galactose. Bendazaclysine group: SRA01/04
cells were pretreated with 0.5 pmol/mL bendazaclysine (MCE, product number HY-B2165) for 24 h, followed by
150 mM galactose. After 72 h of incubation, SRA01/04 cells were washed with PBS and incubated with 10 uM
DCFH-DA for 30 min at 37 ° C. Subsequently, images were acquired by fluorescence microscopy.

Measurement of SOD and CAT activity, contents of MDA

SRA01/04 cells were seeded in 6-well plates. Mannitol group: SRA01/04 cells were incubated with 150 mM
mannitol. Galactose group: SRA01/04 cells were incubated with 150 mM galactose. APPA group: SRA01/04 cells
were pretreated with 50uM APPA for 24 h, followed by 150 mM galactose. Bendazaclysine group: SRA01/04
cells were pretreated with 0.5 pmol/mL bendazaclysine (MCE, product number HY-B2165) for 24 h, followed
by 150 mM galactose. After 72 h of incubation, SRA01/04 cells were washed with phosphate buffer (PBS).
Malondialdehyde (MDA) levels, SOD and CAT activities were measured using MDA content assay kit (Solarbio,
product number BC0025), SOD activity assay kit (Solarbio, product number BC5165) and CAT activity assay kit
(Solarbio, product number BC0205).

Detection of antioxidant enzymes-related gene expression

The detection of gene expression was performed in accordance with previous research?*-2%. SRA01/04 cells
were seeded in 6-well plates. Mannitol group: SRA01/04 cells were incubated with 150 mM mannitol. Galactose
group: SRA01/04 cells were incubated with 150 mM galactose. APPA group: SRA01/04 cells were pretreated with
50uM APPA for 24 h, followed by 150 mM galactose. Bendazaclysine group: SRA01/04 cells were pretreated with
0.5 umol/mL bendazaclysine (MCE, product number HY-B2165) for 24 h, followed by 150 mM galactose. Gene
expression of Sod and Cat was assessed by qRT-PCR after 72 h of incubation. Total RNA was extracted from
SRA 01/04 cells using a SPARKeasy Improved Tissue/Cell RNA Kit (Sparkjade, product number AC0202) and
reverse transcribed into cDNA using a SPARKscript IT All-in-one RT SuperMix Kit (Sparkjade, product number
AGO0305). cDNA quantification was performed by RT-qPCR using a 2xSYBR Green qPCR Mix Kit (Sparkjade,
product number AH0104) and a CFX Connect system (Bio-Rad, America). Gapdh (Sangon Biotech, product
number B661104) was used as a reference gene. The primers for Sod and Cat are listed in Table S2.

Staining of mitochondria

The staining of mitochondria was performed in accordance with previous research?. Mitochondria were
detected using Mito-tracker green (Beyotime, product number C1048). SRA01/04 cells were seeded in 24-well
plates. Mannitol group: SRA01/04 cells were incubated with 150 mM mannitol. Galactose group: SRA01/04
cells were incubated with 150 mM galactose. APPA group: SRA01/04 cells were pretreated with 50uM APPA for
24 h, followed by 150 mM galactose. After 72 h of incubation, SRA 01/04 cells were washed once with PBS and
then 500 pL of the dye mixture was added to each well in the dark, followed by 10 min of incubation in a cell
culture incubator. After staining, the dye mixture was aspirated off and the cells were washed three times with
PBS. After that, serum-free H-DMEM was added to each well. The stained cells were placed under a fluorescence
microscope to observe mitochondrial morphology.

Measurement of mitochondrial membrane potential (MMP)

MMP was determined by the lipophilic cation probe JC-1(Beyotime, product number C2005). SRA01/04 cells
were seeded in 6-well plates. Mannitol group: SRA01/04 cells were incubated with 150 mM mannitol. Galactose
group: SRA01/04 cells were incubated with 150 mM galactose. APPA group: SRA01/04 cells were pretreated
with 50uM APPA for 24 h, followed by 150 mM galactose. After 72 h of incubation, the medium was washed
off with buffer, washed again with PBS, and then stained with JC-1 dye for 1 h. After JC-1 staining, fluorescence
wavelengths emitted at 525 nm and 590 nm were detected under excitation light at 488 nm. Results were
expressed as fluorescence values at 590 nm/525 nm.

Measurement of adenosine triphosphate (ATP)

SRA01/04 cells were seeded in 6-well plates. Mannitol group: SRA01/04 cells were incubated with 150 mM
mannitol. Galactose group: SRA01/04 cells were incubated with 150 mM galactose. APPA group: SRA01/04 cells
were pretreated with 50uM APPA for 24 h, followed by 150 mM galactose. After 72 h of incubation, the ATP
content was measured according to the instructions of the ATP Assay Kit (Beyotime, product number S0026).

Gene and protein expression assays related to mitochondrial homeostasis

SRA01/04 cells were seeded in 6-well plates. Mannitol group: SRA01/04 cells were incubated with 150 mM
mannitol. Galactose group: SRA01/04 cells were incubated with 150 mM galactose. APPA group: SRA01/04 cells
were pretreated with 50uM APPA for 24 h, followed by 150 mM galactose. After 72 h of incubation, the gene
and protein expression levels of DRP-1, p-DRP-1, MFN2, NRF1 and TFAM were measured according to the
method of “Detection of apoptosis-related protein expression” and “Detection of antioxidant enzymes-related
gene expression”. Details of the antibodies and primers used in this study are listed in Tables S1 and S2.
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Regulation of the SIRT1-PGC-1a signaling pathway by APPA

SRA01/04 cells were seeded in 6-well plates. Mannitol group: SRA01/04 cells were incubated with 150 mM
mannitol. Galactose group: SRA01/04 cells were incubated with 150 mM galactose. APPA group: SRA01/04
cells were pretreated with 50uM APPA for 24 h, followed by 150 mM galactose. After 72 h of incubation, the
gene and protein expression levels of SIRT1 and PGC-1a were measured according to the method of “Detection
of apoptosis-related protein expression” and “Detection of antioxidant enzymes-related gene expression”. In
addition, nuclear proteins were extracted from the cells of each group according to the instructions of nuclear and
cytoplasmic protein extraction kit (Beyotime, product number P0027), and PGC-1a nuclear entry was detected
according to the method of “Detection of apoptosis-related protein expression”. Details of the antibodies and
primers used in this study are listed in Tables S1 and S2.

Effect of EX-527 on APPA function

SRA01/04 cells were seeded in 6-well plates. Galactose group: SRA01/04 cells were incubated with 150 mM
galactose. Galactose + EX-527 group: SRA01/04 cells were first incubated with EX-527 (MCE, product number
HY-15452) for 1 h, followed by the addition of 150 mM galactose. Galactose+APPA group: SRA01/04 cells
were pretreated with 50uM for 24 h, followed by the addition of 150 mM galactose. Galactose + EX-527 + APPA:
SRA01/04 cells were first incubated with EX-527 for 1 h, followed by the addition of 150 mM galactose. After
72 h of incubation, the protein expression levels of SIRT1, PGC-1a, cleaved caspase 3, BAX, BCL2, p-DRP-1,
MFN2, NRF1, and TFAM were measured according to the method of “Detection of apoptosis-related protein
expression”. Details of the antibodies used in this study are listed in Table S1.

Histopathological examination of ocular tissues

All animal experiments were approved by the Institutional Animal Care and Use Committee of Jilin University
and performed in strict accordance with the “Guidelines for the Ethical Review of Laboratory Animal Welfare”
(GB/T 35892 -2018). All experiments complied with the ARRIVE. Wistar rats (6 weeks old, male, 180-220 g)
were acclimatized for 1 week and randomly divided into five groups (n=3 per group)0.1) Blank group. 2) PBS
group: PBS was given by instillation three times daily. 3) 0.05% DMSO group: Prepare a 0.05% (v/v) DMSO
solution using PBS. The 0.05% DMSO solution was given by instillation three times daily. 4) APPA50 group:
50uM APPA was given by instillation three times daily. 5) APPA25 group: 25uM APPA was given by instillation
three times daily.

After 1 week, the rats were anesthetized and sacrificed. The euthanasia method for rats is based on reference to
American Veterinary Medical Association (AVMA) Guidelines for the Euthanasia of Animals (2020), involving
injection of an overdose of sodium pentobarbital. The eyeballs were dehydrated, embedded in paraffin, and cut
into 4-um thick sections. HE staining was performed using a Leica Autostainer XL. After mounting the slides
with neutral resin, images of the stained samples were captured by light microscopy.

Establishment of a galactose-induced cataract model

Wistar rats (6 weeks old, male, 180-220 g) were acclimatized for 1 week and randomly divided into five
groups (n=9 per group). 1) Blank group. 2) Galactose group, rats were given 15 g/kg galactose twice daily by
intraperitoneal injection for 4 weeks*. 3) Galactose + APPA50 group: rats were given 15 g/kg galactose twice
daily by intraperitoneal injection for 4 weeks, while 50uM APPA was given by instillation three times daily. 4)
Galactose + APPA25 groups: rats were similarly given 15 g/kg galactose twice daily by intraperitoneal injection
for 4 weeks, while 25uM APPA was given by instillation three times daily. 5) Galactose + bendazaclysine group:
rats were also given 15 g/kg galactose twice daily by intraperitoneal injection for 4 weeks, and 0.5% (w/v)
bendazaclysine was given by instillation three times daily’!.

Examination of the lens
Rats were dilated with 0.5% atropine and examined using a slit-lamp microscope. Lens images were captured
using an accompanying imaging system and compared between experimental groups.

Immunohistochemistry (IHC)

After 4 weeks, the rats were anesthetized and sacrificed. The euthanasia method for rats is based on reference
to American Veterinary Medical Association (AVMA) Guidelines for the Euthanasia of Animals (2020),
involving injection of an overdose of sodium pentobarbital. The preparation of the tissue slices was as previously
described. The slices were dewaxed followed by antigen retrieval. Subsequently, the slices were immersed in a
3% hydrogen peroxide solution at room temperature for 25 min to block endogenous peroxidase activity. Then,
the slices were incubated with 3% BSA for 30 min at room temperature to block nonspecific binding sites.
Apply an appropriately diluted primary antibody (anti-BCL2 and anti-BAX) and incubate overnight at 4 °C.
Add the secondary antibody (HRP-labeled) and incubate for 15 min at room temperature. Subsequently, fresh
DAB staining solution was applied dropwise, and staining was monitored under a microscope until desired
color development was achieved. The slices were then counterstained with harris hematoxylin for approximately
3 min. Perform gradient dehydration and transparency, and mount the slides with neutral resin. Images of the
stained samples were captured by light microscopy. Details of the antibodies used in this study are listed in Table
SI.

Extraction and expression of total protein from rat lens cells

After 4 weeks, the rats were anesthetized and sacrificed. The euthanasia method for rats is based on reference to
American Veterinary Medical Association (AVMA) Guidelines for the Euthanasia of Animals (2020), involving
injection of an overdose of sodium pentobarbital. The eyeball was then removed under an operating microscope.
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After rinsing three times with PBS, the lens was stripped from the eyeball, the anterior capsule was torn off,
placed in an EP tube, lysates containing protease inhibitors were added, centrifuged at 4 °C for 5 min, and the
supernatant was collected.

The protein expressions of BCL2, BAX, DRP-1, p-DRP-1, MFN2, NRF1, TFAM, SIRT1 and PGC-1a were
detected according to the method of “Detection of apoptosis-related protein expression” Details of the antibodies
used in this study are listed in Table S1.

Measurement of SOD and CAT activity, contents of MDA
Rat lens tissue homogenates were first prepared and detected according to the instructions of MDA content assay
kit, SOD activity assay kit and CAT activity assay kit.

Statistical analysis

All quantitative data were expressed as the mean + SD from at least triplicate measurements. Differences between
two comparative groups were assessed using the Student’s t-test, and the significance among multiple groups
was examined by the one-way analysis of variance (ANOVA) followed by the LSD post hoc test (The data were
normally distributed and demonstrated homogeneity of variance.). Significance was measured at the following
thresholds: *P < 0.05, **P < 0.01, and **P < 0.001.

Results

APPA inhibits galactose-induced cell apoptosis and reverses galactose-induced ROS
reduction in SRA 01/04 cells

In the present study, we determined the effect of different concentrations of APPA on cell viability. As shown
in Fig. 1A, APPA had no significant effect on cell viability at 25, 50, and 100uM concentrations compared to
the blank group. However, at concentrations up to 200uM, APPA significantly inhibited cell activity. Next, we
observed the effect of 25, 50, and 100pM APPA on cells stimulated with high concentrations of galactose. As
shown in Fig. 1B, the high concentration galactose environment significantly inhibited cell activity, whereas
APPA restored cell activity in a concentration dependent manner. Considering that there was no significant
difference in effect between 50uM and 100pM APPA, 50uM APPA was selected for subsequent experiments.
Flow cytometry results showed (Fig. 1C) that the galactose environment increased the apoptosis rate of the
cells, while the same concentration of mannitol had no effect on the apoptosis rate, which ruled out the effect
of osmotic pressure on the cells. APPA and bendazaclysine significantly attenuated the increase in apoptosis
rate induced by galactose, with APPA being more effective than bendazaclysine. Based on the above results, we
further examined the protein levels of cleaved caspase 3, BAX, and BCL2. As shown in Fig. 1D-F, the protein
level of BCL2/BAX was significantly decreased, while the protein level of cleaved caspase 3 was significantly
increased in the galactose group. However, there were no significant changes in the levels of these proteins in the
mannitol group compared with the blank group. Compared with the galactose group, BCL2/BAX protein levels
were significantly increased, while cleaved caspase 3 protein levels were significantly decreased after APPA and
bendazaclysine pretreatment. APPA was more potent than bendazaclysine in its ability to regulate apoptosis-
related proteins.

In addition, intracellular ROS content was detected using DCFH-DA probe. DCFH-DA can freely pass
through cell membranes. Once inside the cell, it is hydrolyzed by intracellular esterases to form DCFH, which
cannot permeate the cell membrane, thereby trapping the probe within the cell. Intracellular ROS can oxidize
the DCFH to produce 237’ -Dichlorofluorescein (DCF). By measuring the fluorescence intensity of DCE, the level
of intracellular ROS can be determined. As shown in Fig. 1G,H, galactose increased intracellular ROS, whereas
mannitol did not have this effect. APPA and bendazaclysine reversed the effect of galactose on intracellular ROS
content, and the effect of APPA was more significant.

APPA restored cellular antioxidant capacity

MDA is an important indicator of oxidative stress, and its concentration reflects the ability of cells to resist
oxidative stress. As shown in Fig. 2A, compared with the blank control group, MDA content in the cells was
significantly increased in the galactose group, while there was no significant change in the mannitol group.
Compared with the galactose group, the MDA content was significantly decreased after pretreatment with APPA
and bendazaclysine, and the effect of APPA was better than that of bendazaclysine. CAT and SOD are two major
antioxidant enzymes in cells, which are closely related to the ability of cells to resist oxidative stress. As shown
in Fig. 2B,C, compared with the blank control group, CAT and SOD activities in the cells were significantly
decreased in the galactose group, while there was no significant change in the mannitol group. Compared with
galactose group, pretreatment with APPA significantly increased CAT and SOD activities, and bendazaclysine
had no effect. Further, we examined Cat and Sod gene expression, as shown in Supplementary Fig. S1A,B, Cat and
Sod gene expression was inhibited by galactose, and restored by pretreatment with APPA, and bendazaclysine
had no effect.

APPA reverses galactose-induced mitochondrial dysfunction

Mito-Tracker Green is a mitochondria-specific fluorescent probe. After entering the cell, Mito-Tracker
Green binds specifically to mitochondria and emits green fluorescence, allowing for the direct visualization
of mitochondrial morphology. The mitochondrial dye Mito-tracker Green staining results (Fig. 3A) showed
that mitochondria exhibited a normal tubular structure in the blank and mannitol groups. However, in the
galactose group, mitochondria presented a fragmented morphology. In the pretreatment group, APPA inhibited
the occurrence of mitochondrial fragmentation. To further elucidate the mitochondrial oxidative stress
response induced by galactose, mitochondrial membrane potential (MMP) was measured. The increase in green
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Fig. 1. (A) The impact of different concentrations of APPA (25, 50, 100, and 200 pM) on the viability of lens
epithelial cells. (B) The impact of different concentrations of APPA on the viability of lens epithelial cells in a
galactose environment. (C) The apoptosis rate of lens epithelial cells. (D, E) Protein expression levels of BAX,
cleaved caspase-3, and BCL2 in lens epithelial cells. (G, H) The content of ROS in lens epithelial cells, scale bar
=200 um. Data were presented as mean + SD. *p <0.05, **p <0.01, and ***p <0.001.
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Fig. 2. (A) The content of MDA in lens epithelial cells. (B) The activity of CAT in lens epithelial cells. (C) The
activity of SOD in lens epithelial cells. Data were presented as mean + SD. *p <0.05, **p <0.01, and ***p <0.001.

fluorescence in MMP results indicates a decrease in membrane potential. As shown in Fig. 3B,C, galactose
increased MMP compared with blank control and mannitol group. In the pretreatment group, APPA inhibited
this effect. Finally, the ATP yield assay (Fig. 3D) showed a significant decrease in the galactose group compared
with the blank and mannitol groups. However, ATP production in the APPA group was significantly restored.

Mitochondrial structural damage and oxidative stress are often accompanied by imbalances in mitochondrial
homeostasis, including mitochondrial fusion, fission, and biosynthesis. In this study, we examined MFN2, a
protein associated with mitochondrial fusion, DRP1, a protein associated with mitochondrial division, and
NRF1 and TFAM, proteins associated with mitochondrial biosynthesis. As shown in Fig. 3E-I, the expression
of MEN2 and p-DRP1 did not change in the mannitol group compared with the blank group. However, in
the galactose group, MFN2 expression was decreased while p-DRP1 expression was increased, suggesting
that galactose can inhibit mitochondrial fusion and promote mitochondrial fission. After APPA pretreatment,
MFN2 expression was increased while p-DRP1 expression was decreased compared with the galactose group.
Mitochondrial biosynthesis is an important way to replenish damaged mitochondria. The results showed that
NRF1 and TFAM expression did not change significantly in the mannitol group compared to the blank control
group, but decreased significantly in the galactose group, indicating that high concentrations of galactose
inhibited mitochondrial biosynthesis. After APPA pretreatment, NRF1 and TFAM expression was significantly
increased compared with the galactose group. In addition, as shown in Supplementary Fig. S2A-C, Mfn2, Nrfl
and Tfam gene expression changes were consistent with protein level changes.

APPA regulates mitochondrial homeostasis through the SIRT1-PGC-1a pathway

To investigate whether APPA restores high galactose-induced mitochondrial dysfunction by modulating the
SIRT1-PGC-1a signaling pathway, we examined the levels of SIRT1 and PGC-1la. As shown in Fig. 4A-C,
compared with the blank group, mannitol had no significant effect on SIRT1 and PGC-1a, while the protein
expression levels of SIRT1 and PGC-1a were significantly decreased in the galactose group, indicating that
the high galactose environment inhibited the SIRT1-PGC-1a signaling pathway. Compared with the galactose
group, the protein expression levels of SIRT1 and PGC-1a were restored after APPA pretreatment. In addition,
we evaluated the nuclear translocation of PGC-1a. As shown in Fig. 4D,E, high concentrations of galactose
significantly inhibited PGC-1a nuclear translocation, but pretreatment with APPA was able to reverse this effect.

Next, we proceeded to observe the effect of APPA on mitochondrial homeostasis in response to galactose
stimulation using the SIRT1 inhibitor EX-527 to determine whether SIRT1-PGC-1a signaling is critical for
APPA regulation of mitochondrial homeostasis. As shown in Fig. 5A-C, EX-527 was able to inhibit the ability
of APPA to activate the SIRT1-PGC-1a signaling pathway in a high galactose environment. In mitochondrial
fusion, division, and biogenesis. As shown in Fig. 5D-H, the expression of the mitochondrial fission related
proteins p-DRP1 increased and the mitochondrial fusion related protein MFEN2 decreased after addition of
EX-527 compared with APPA pretreatment alone. In addition, the expression of NRF1 and TFAM, proteins
related to mitochondrial synthesis, was also reduced, suggesting that inhibition of SIRT1-PGC-1a signaling
affects APPA regulation of mitochondrial homeostasis.

In addition, we examined the effect of APPA on apoptosis using the SIRT1 inhibitor EX-527 to determine
whether APPA reduced apoptosis by restoring mitochondrial homeostasis. As shown in Fig. 6A-C, the BCL2/
BAX ratio was decreased and cleaved caspase 3 expression was increased after the addition of EX-527 compared
with the group pretreated with APPA alone, suggesting that the regulation of mitochondrial homeostasis by
APPA is critical in influencing apoptosis.

Animal experiments

First, we confirmed the safety of DMSO and APPA as eye drops. The results of HE staining were shown in

Supplementary Fig. S3, and no structural damage was observed in the cornea and conjunctiva in each group.
We subjected the rats to routine mydriasis treatment and observed the dynamic changes in lens opacity under

a slit lamp, while the lenses of each group were photographed at week 8. As shown in Fig. 7A, the lenses of rats in
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Fig. 3. (A) The morphology of mitochondria in lens epithelial cells. (B, C) The level of mitochondrial
membrane potential in lens epithelial cells, scale bar =100 um. (D) The content of ATP in lens epithelial cells.
(E-I) Protein expression levels of MEN2, DRP1, p-DRP1, NRF1 and TFAM in lens epithelial cells. Data were
presented as mean £ SD. *p <0.05, **p<0.01, and **p <0.001.
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the blank control group remained transparent, while the lenses of rats in the galactose group became cloudy. In
the treatment group, the rats showed a significant reduction in lens opacity compared with the galactose group,
and the effect of APPA was superior to that of bendazaclysine, which is consistent with the results of the cell
experiments.

The results of IHC were shown in Fig. 7B. For the expression of BCL2 protein, compared with healthy rats,
the lens epithelial cells of rats with sugar cataract exhibited decreased BCL2 protein expression. After treatment
with APPA and bendazaclysine, the expression of BCL2 protein increased, with APPA demonstrating superior
efficacy compared to bendazaclysine. For the expression of BAX protein, compared with healthy rats, the lens
epithelial cells of rats with sugar cataract show increased BAX protein expression. After treatment with APPA
and bendazaclysine, the expression of BAX protein decreased. APPA demonstrated superior efficacy compared
to the bendazaclysine.

The MDA content in the lenses of each group is shown in Fig. 7C, and it was significantly higher in the
galactose group than in the blank control group. Compared with the galactose group, the MDA content was
significantly reduced after APPA and bendazaclysine eye drops, and the effect of APPA was better than that of
bendazaclysine. Antioxidant enzyme activities in the lens are shown in Fig. 7D,E, CAT and SOD activities in the
lens were significantly reduced in the galactose group compared with the blank control group. Compared with
galactose group, APPA significantly increased CAT and SOD activities after eye drops, and bendazaclysine had
no effect.

The expression levels of apoptosis-related proteins in lens epithelial cells of each group are shown in Fig. 7F-H.
Compared with the blank control group, the BCL2/BAX ratio in the galactose group was significantly decreased,
while the expression of cleaved caspase 3 protein was significantly increased. Compared with galactose group,
both APPA and bendazaclysine treatment reduced the expression of apoptosis-related proteins, increased the
BCL2/BAX ratio, and decreased the expression of cleaved caspase 3 protein in lens epithelial cells. Among them,
APPA was more effective than bendazaclysine, and APPA50 was more effective than APPA25.

The expression results of mitochondrial homeostasis related proteins in lens epithelial cells of each group were
shown in Fig. 8A-E. Compared with the blank control group, the expression of mitochondrial fission related
protein p-DRP1 was significantly increased, while the expression of mitochondrial fusion related protein MFN2
was significantly decreased in the galactose group. In addition, the expression of mitochondrial biosynthesis
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related proteins NRF1 and TFAM was also significantly reduced. Compared with the galactose group, APPA
treatment significantly restored the expression of mitochondrial homeostasis related proteins, as indicated by a
significant reduction in the expression of p-DRP1 and an increase in the expression of MFN2, NRF1 and TFAM.
In the regulation of mitochondrial homeostasis related pathway SIRT1-PGC-1a, as shown in Fig. 8F-H, the
SIRT1-PGC-1a signaling pathway was inhibited in the galactose group compared with the blank control group,
while APPA was able to restore the inhibited SIRT1-PGC-1a signaling pathway.

Finally, the HE staining results of important organs (heart, liver, spleen, lung and kidney) of rats in each
group are shown in Supplementary Figure S4. Compared with the control group, there were no significant
histomorphological changes in the important organs of the other groups, indicating that APPA had good
biological safety.

Discussion

With the acceleration of global aging, cataract has become one of the leading causes of visual impairment around
the world®>3%, As one of the main types of cataract, diabetic cataract is also one of the earliest eye complications
in diabetic patients, which can lead to severe vision loss or even blindness**>. As the number of diabetic patients
continues to increase worldwide, the incidence of diabetic cataract is also on the rise!. At present, surgery is still
the main method for the treatment of various cataracts, but there are also many risks of complications. Therefore,
it is important to find a strategy that can delay the onset of diabetic cataract, because it can not only reduce the
risk of surgical complications, but also reduce the associated medical costs.

Recent studies have shown that SIRT1 is closely related to diabetic cataract. Activated SIRT1 can improve
transcription efficiency of PGC-1a%%*. PGC-1a is a key factor in nucleus-mitochondrial regulation, which
regulates mitochondrial homeostasis, including fusion, fission and synthesis**-*2. Mitochondria are dynamic
organelles closely involved in the regulation of various cellular functions, ROS production and apoptosis?>#344,
Therefore, restoring mitochondrial homeostasis by regulating SIRT1-PGC- 1a was hypothesized to be a promising
approach for the treatment of diabetic cataract. In this study, we found that high concentration of galactose could
inhibit the protein expression of SIRT1 and PGC-1a in LECs, resulting in the inhibition of mitochondrial fusion-
related genes and proteins, the increase of mitochondrial fission related genes and proteins, and the decrease of
mitochondrial genesis related genes and proteins. Disruption of any of the processes of mitochondrial fusion,
fission, and synthesis can cause severe mitochondrial dysfunction®. In the mannitol group, these changes did
not occur, which ruled out an effect of osmotic pressure on the cells and proved that the changes in the SIRT1-
PGC-1a pathway were caused by high galactose and not osmotic pressure. We found that APPA was able to
restore mitochondrial homeostasis caused by high galactose. To further determine the regulatory mechanism
of APPA, we used SIRT1 inhibitor EX527 and found that the regulatory effect of APPA on mitochondria was
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attenuated, thus proving that APPA regulates mitochondrial homeostasis via SIRT1-PGC-1a signaling pathway
(Fig. 51).

Mitochondrial homeostasis is closely related to apoptosis. Studies have shown that the fragmentation of
mitochondria is closely related to the increase of ROS production, which causes cell apoptosis in high sugar
environment in vitro!>?>%, In the present study, high concentration of galactose increased oxidative stress
indicators, decreased mitochondrial membrane potential and ATP content in LECs, and then promoted the
occurrence of apoptosis. In high galactose environment, APPA supplementation reduced mitochondrial damage
and apoptosis induced by high concentration of galactose, while SIRT1 inhibitor EX527 reversed the protective
effect of APPA on LECs. Thus, APPA reduced the occurrence of apoptosis in LECs by restoring mitochondrial
homeostasis.

ALR?2 activation in the polyol pathway is an important factor in high sugar-induced apoptosis*>*’. Activation
of ALR2 can lead to NADPH depletion, which disturbs the cellular redox balance and leads to the formation
of oxidative stress*®. Therefore, inhibition of ALR2 can ameliorate oxidative stress and apoptosis in high sugar
environment, and delay the occurrence of diabetic cataract!®*. Our previous study have demonstrated that
APPA could inhibit ALR?2 activity'. In the present study, pretreatment with APPA and bendazaclysine reduced
oxidative stress and apoptosis induced by high galactose, which may be due to the disruption of polyol pathway
caused by blocking ALR2 activation. In high sugar environment, not only is an excess of ROS produced, but
endogenous antioxidant mechanisms are also inhibited>'~>%. This disruption of the balance between ROS
production and scavenging can lead to increased oxidative stress®. Fortunately, in this study, APPA was found
to be able to enhance CAT and SOD gene expression and activity in LECs in a high galactose environment. This
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result is similar to our previous study, in which APPA reduced mitochondrial ROS accumulation by increasing
CAT and SOD activity and enhanced stress resistance in Caenorhabditis elegans®. As expected, bendazaclysine
did not increase CAT and SOD gene expression and activity, and the results were similar to those in previous
studies®®. These data suggest that APPA may have a better effect than bendazaclysine on ameliorating the
oxidative stress state and apoptosis of LECs in a high galactose environment.

Apoptosis of lens epithelial cells is one of the main factors in the development of diabetic cataract®. In vitro
cell experiments demonstrated that APPA could inhibit high galactose induced apoptosis in LECs, which might
be achieved through the synergistic action of the following three pathways: (1) acting as an ALR2 inhibitor,
APPA inhibited ALR2 activity, restored the imbalance of polyol pathway, and reduced oxidative stress. (2) APPA
enhanced the ability of lens epithelial cells to resist oxidative stress by increasing the endogenous antioxidant
enzyme activities of SOD and CAT. (3) APPA restored mitochondrial homeostasis and reduced oxidative stress
through SIRT1-PGC-1a signaling pathway. Therefore, the preventive or therapeutic efficacy of APPA is expected
to be superior to that of conventional single ALR2 inhibitors. This hypothesis was tested in a rat model of
galactose-induced cataract. The absence of significant ocular toxicity of APPA was preliminarily verified by HE.
APPA was more effective in reducing lens opacity in rats than bendazaclysine by eye drop treatment. Further
studies showed that APPA could increase the activities of CAT and SOD in rat LECs, as well as reduce oxidative
stress injury and apoptosis. At the same time, APPA was able to restore mitochondrial homeostasis in rat LECs.

Taken together, our study confirmed that APPA is not only an ALR2 inhibitor but also a potent regulator
of the SIRT1-PGC-1a signaling pathway. In vitro and in vivo experiments, compared to bendazaclysine, APPA
was more effective in alleviating high galactose-induced oxidative stress and apoptosis in LECs. Furthermore,
APPA effectively mitigated the development of galactose-induced cataracts, showcasing its potential as
a therapeutic agent. The performance of APPA can be attributed to its multifunctional mechanisms. Unlike
bendazaclysine, which primarily acted as an ALR2 inhibitor, APPA not only inhibited ALR2 activity but also
enhanced the activity of antioxidant enzymes and restored mitochondrial homeostasis. Through the synergistic
effects of multiple functions, APPA effectively alleviates high galactose-induced oxidative stress in LECs, thereby
reducing the occurrence of apoptosis. As a result, APPA demonstrates significantly superior efficacy compared
to bendazaclysine. Our data highlight that the synergistic effects of drugs have great potential for the prevention
and treatment of diabetic cataract.

Conclusions

In summary, we demonstrated that APPA was effective in delaying the development of galactose-induced
cataract. In vitro experiments demonstrated that APPA could improve antioxidant enzyme activities and restore
mitochondrial homeostasis, thereby reducing apoptosis in LECs under high galactose conditions. Furthermore,
we verified that APPA restored mitochondrial homeostasis through SIRT1-PGC-la signaling pathway. In
addition, the delaying effect of APPA on galactose-induced cataract was also validated in a rat model. Our data
suggest that APPA may be a potential drug to delay the development of diabetic cataract. In the next phase
of our research, we will conduct a comprehensive safety assessment of APPA, including pharmacokinetics,
toxicokinetics, genotoxicity, carcinogenicity, and hemolytic toxicity. These studies will provide critical data to
support the transition to clinical trials.

Data availability

The data supporting the findings of this study are available from the corresponding author upon request.
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