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Purprosk. Aging alters the function of the lacrimal gland and disrupts the balance of the
microenvironment on the ocular surface, eventually leading to aqueous-tear-deficient dry
eye. Mitophagy has been reported to play an important role in aging, but the underlying
mechanism remains unclear.

MerHops. The young (6 weeks) and middle-aged (12 months) male C57BL/GJ mice were
used in this study, and mitophagy agonist rapamycin and inhibitor Mdivi-1 were used
in in vivo experiments. Hematoxylin and eosin, Masson, Oil Red O, and reactive oxygen
species (ROS) staining were used to detect histological changes and lipids in lacrimal
gland. Changes in the expression of proteins were identified by Western blotting of
lacrimal gland lysates. Transmission electron microscopy and immunofluorescence
staining were used to assess mitophagy. The single-cell RNA sequencing (scRNA-seq)
and bioinformatics analyses were used to detect transcription signature changes during
aging.

Resurts. In this study, we discovered that aging increased oxidative stress, which
increased apoptosis, and generated ROS in acinar epithelial cells. Furthermore,
activation of PINK1/Parkin-mediated mitophagy by rapamycin reduced lacrimal gland
ROS concentrations and prevented aging-induced apoptosis of acinar cells, thereby
causing histological alterations, microstructural degradation, and increasing tear
secretion associated with ROS accumulation. By contrast, Mdivi-1 aggregates
mitochondrial function and thereafter leads to lacrimal gland function impairment by
inhibiting mitochondrial fission and giving rise to mitophagy.

Concrusions. Overall, our findings suggested that aging could impair mitochondrial
function of acinar cells, and age-related alterations may be treated with therapeutic
approaches that enhance mitophagy while maintaining mitochondrial function.
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he biological process of aging is universal and leads

to a wide range of gradual declines in physiological
functions and tissue structure.! By 2050, the elderly popu-
lation (60 years of age or over) around the world will reach
2 billion, and with the increase in human life expectancy
and the growing global population aging, the incidence
of aging-related ocular diseases is gradually increasing.':?
The changing demographics provide several healthcare and
social issues. The available data indicate that many age-
related disorders can be prevented or treated more slowly
by regulating the biological mechanisms associated with
aging.® Thus, it is critical to investigate the causes behind
the progression of aging and the disorders that are related
to it.
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Dry eye disease (DED) is one of the most common ocular
surface diseases affecting the quality of life of the elderly
population, and aging is also one of the independent risk
factors for DED.2%4~° According to epidemiological reports,
the global prevalence of DED has reached 30% in people
over 50 years of age.” According to epidemiological surveys,
the prevalence of DED in China is 21% to 30% and the preva-
lence increases with age.? The socioeconomic impact of DED
is significant, and the burden of disease it causes is becom-
ing increasingly apparent. In the United States, total social
expenditures related to DED are estimated to exceed $55
billion per year.’

The lacrimal gland is an exocrine gland that contributes
mainly to the aqueous component of the tear film, and its
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secretion constitutes the majority of the tear film (98% to
99%).1° 1t consists of three main cell types: acinar epithe-
lial cells, ductal epithelial cells, and myoepithelial cells.
The most abundant type (about 80%), the acinar epithelial
cells are highly polarized epithelial cells responsible for the
synthesis and secretion of aqueous fluid that are essential for
the maintenance of homeostasis of the ocular surface, and
visual function.!® The lacrimal gland is highly susceptible
to the effects of aging,'!'!? which manifests as structural and
functional damage, with major pathological changes, includ-
ing acinar epithelial cells atrophy, periductal fibrosis, and
chronic inflammatory cells infiltration, as well as a decrease
in the density of nerves driving lacrimal secretion, which
ultimately leads to qualitative and quantitative abnormali-
ties in lacrimal gland secretions.!''3-'4 According to a meta-
analysis, the prevalence of DED elevates from 1.3% to 9.2%
in the elderly population when compared to the younger
population.! Aqueous-tear-deficient DED (ADDE), one of
the main types of DED, occurs when the aqueous compo-
nent of tears is reduced, and ADDE has a high prevalence in
the elderly population.’> Thus, improving the quality of life
for the middle-aged population requires a comprehension
of the process of lacrimal gland aging and its underlying
processes.

Mitochondria provide essential energy and substrates
for cellular metabolism and growth through the mitochon-
drial respiratory chain. However, mitochondrial abnormali-
ties lead to reduced energy supply and increased release of
mitochondrial reactive oxygen species (mtROS), and mtROS
trigger oxidative damage to proteins and mitochondrial DNA
(mtDNA) present in the mitochondria, eventually leading to
disruption of mitochondrial homeostasis and the onset of
cellular senescence.'®'® Lipids and proteins are susceptible
to oxidative stress, and oxidative stress by-products accu-
mulate in tissues to form lipofuscin-like particles, which are
considered to be one of the hallmarks of senescence and
autophagy abnormalities, and accumulation of lipofuscin-
like particles can be observed in senescent lacrimal gland
tissues.!® Ultrastructural studies of the lacrimal gland have
also shown that the mitochondrial inner membrane area in
the acinar epithelial cells of middle-aged rats is significantly
reduced and the mitochondrial alterations can be mitigated
by the use of antioxidants, however, most of the ultrastruc-
tural changes in the lacrimal acinar epithelial cells could
not be reversed by drugs.!” The self-degradative process of
autophagy, also known as macroautophagy, is crucial for
recycling and digesting different cytoplasmic contents that
are damaged or middle-aged.?’?! Mitophagy is an essen-
tial process that contributes to maintaining mitochondrial
homeostasis by eliminating impaired or dysfunctional mito-
chondria followed by degradation through lysosomes.??:%3
The most commonly recognized mitophagy pathway is the
PINK1/Parkin pathway.?* Aging impairs cellular mitophagy,
which leads to an accumulation of damaged mitochondria
and cell dysfunction, both of which worsen or contribute
to aging.?>?° Thus, promoting PINK1/Parkin-dependent
mitophagy might be a way to treat age-related lacrimal gland
impairment.

Senescence is a condition of cells that emerges in
response to growth impulses or stress.”® It is character-
ized by a steady stop to growth, robustness against cellu-
lar death, and the release of chemicals into the extra-
cellular environment.?”” Senescent cells stop growing, but
they still secrete a complex mixture of substances iden-
tified as the senescence-associated secretory phenotype
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(SASP), which includes angiogenesis factors, proteases,
and pro-inflammatory cytokines. These substances can
alter tissue microenvironments, alter tissue structure and
function, and cause chronic inflammation.?®? An exper-
imental data study shows that SASP was elevated in
the lacrimal gland of chronic graft-versus-host disease
(cGVHD) mice compared with control mice.*® Recent stud-
ies revealed promoting mitophagy in a PINK1-dependent
manner prevents senescence and SASP>! Previous studies
have shown that rapamycin, a blocker of the mechanistic
target of rapamycin complex 1 (mMTORC1) pathway blocker,
can prevent cellular and organismal aging by inhibiting
SASP32,33

A systematic understanding of the lacrimal gland in the
context of aging is still lacking, despite growing evidence of
significant pathological changes in the lacrimal gland during
aging. It is now possible to comprehensively investigate the
complexity of human illnesses, including a variety of cell
types, cellular heterogeneity, and pseudo-time analysis, due
to the techniques of single-cell RNA sequencing (scRNA-
seq). This study aimed to explore PINK1-Parkin-dependent
mitophagy in middle-aged lacrimal glands. We also investi-
gated whether rapamycin affected cellular senescence and
mitophagy. The findings of this study establish a connec-
tion among mitophagy, senescence, and lacrimal gland
damage.

METHODS
Animals and Treatment

Male C57BL/6J mice (6 weeks old 18-22 g and 12 months
old 30-40 g) were acquired from the Changsha Tianqgin
Biotechnology Co., Ltd. (Changsha, Hunan, China). A steady
room temperature of 25°C and a relative humidity of 40%
to 60% were maintained in the laboratory animal center.
Every mouse was kept in an ordinary setting with a 12-
hour light/dark cycle. All animal protocols were approved by
the Animal Ethics Committee of Xiangya Hospital of Central
South University, which were in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research. To enhance or inhibit mitophagy in mice lacrimal
glands, we intraperitoneally injected 5 mg/kg of rapamycin
(#HY-10219, MedChemExpression, Monmouth Junction, NJ,
USA) in sterile saline with 2% dimethyl sulfoxide (DMSO)
or 10 mg/kg of Mdivi-1 (#*HY-15886, MedChemExpression,
Monmouth Junction, NJ, USA) in sterile saline with 2%
DMSO once daily for 1 month, following a week of adap-
tation. Rapamycin was dissolved in DMSO (50 mg/mL), and
Mdivi-1was dissolved in DMSO (25 mg/mL) as the storage
solution.

Tear Secretion Measurement

Before and after treatment, tear secretion was assessed
through phenol red thread (Tianjin Jingming New Tech-
nology Development Co., Ltd. Tianjin, China). Without the
ocular surface anesthesia, the phenol red thread was held
by microtome tweezers and placed in the outer canthus of
both eyes of the mice for 20 seconds, and the length of the
part of the phenol red thread that was wetted to turn red
was measured as an estimate of the tear volume (in millime-
ters). Each eye was measured three times and the average
value was taken.
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Hematoxylin and Eosin and Masson Staining

In brief, an incision was made anterior to the ear, and the
extraorbital lacrimal gland was exposed and then excised.
The extraorbital lacrimal gland tissue that had been fixed in
5% paraformaldehyde was cut into 5 um thick slices using
paraffin embedding. The 5 pm paraffin slices were deparaf-
finized, rehydrated, and stained according to the manufac-
turer’s instructions using Masson’s Staining Kit (#*G10006;
Servicebio, Wuhan, China) and hematoxylin and eosin
(H&E) staining kit (#G1005; Servicebio, Wuhan, China).
Using a light microscope, histological images were observed
and recorded (Nikon Eclipse E100; Nikon, Tokyo, Japan).

Oil Red O Staining

The lacrimal gland tissue that had been fixed in 5%
paraformaldehyde was cut into 5 ym thick slices using opti-
mum cutting temperature (OCT) embedding agent. Frozen
lacrimal gland sections stained with the Oil Red O stain-
ing kit (#G1015; Servicebio, Wuhan, China) and incubated at
room temperature in the dark for 2 hours. Then, the samples
were observed by a light microscope (Nikon Eclipse E100;
Nikon, Tokyo, Japan).

Mitochondrial Membrane Potential

JC-1 staining kit (#C2003; Beyotime, Shanghai, China) was
conducted to evaluate the levels of mitochondrial membrane
potential in the lacrimal gland tissue. After washing with
PBS thrice for 5 minutes each, the 5 pm lacrimal gland
paraffin sections were incubated with JC-1 dye in the dark
at 37°C for 15 minutes. After washing again, the sections
were sealed and visualized using a fluorescence microscope
(Nikon Eclipse C1; Nikon, Tokyo, Japan). JC-1 dye is a
cationic dye that accumulates in the mitochondria depend-
ing on the potential, causing the fluorescence to change from
green to red.

ROS Staining

To measure the amount of ROS in the lacrimal gland tissue, a
ROS detection kit (#C0063; Beyotime, Shanghai, China) was
used. The 5 pym paraffin slices of the lacrimal gland were
utilized in vivo. Samples in the sections were incubated with
ROS in the dark for 30 minutes at 37°C after being cleaned 3
times for 5 minutes each with phosphate buffer saline (PBS;
pH = 7.2, #abs962, Absin, Shanghai, China). The paraffin
slices were sealed and examined using a fluorescent micro-
scope (Nikon Eclipse C1; Nikon, Tokyo, Japan) following
another round of washing.

TUNEL Kit Identified Apoptosis

Tissue apoptosis was detected using the TUNEL cell apop-
tosis detection kit (#G1502; Servicebio, Wuhan, China). The
5 pm paraffin slices of lacrimal gland tissues were treated
with TdT incubation buffer for 1 hour at 37°C in the dark.
The anti-fade mounting media was used to encapsulate the
nuclei after they had been dyed with DAPI solution for 8
minutes at room temperature. Images were examined using
an Olympus fluorescence microscope (Nikon Eclipse C1;
Nikon, Tokyo, Japan).

Downloaded from iovs.arvojournals.org on 12/02/2024

IOVS | November 2024 | Vol. 65 | No. 13 | Article 12 | 3

Immunohistochemical Staining

The lacrimal gland paraffin sections were dewaxed, rehy-
drated, blocked (with 5% BSA) and then treated with primary
antibodies overnight at 4°C. The antigen repair procedure
was performed using 0.1 M sodium citrate buffer at pH
6.0 and 90°C in a water bath, per the antibody instruction.
Following a 1-hour incubation period at room temperature
with the secondary antibody, the sections were nucleated,
sealed, examined, DAB staining (#BDAA0192; Biodragon,
Suzhou, China), and captured on the light microscope
(Nikon Eclipse E100; Nikon, Tokyo, Japan). Primary anti-
bodies used were IL-18 (1:200, Servicebio, GB11113), IL-
6 (1:200, Servicebio, GB11117), PPARy (1:500, Servicebio,
GB12164), NADPH oxidase 4 (NOX4; 1:1000, Servicebio,
GB11347), and 3-nitrotyrosine (3-NT; 1:1000, Servicebio,
GB112528).

Immunofluorescence Staining

The lacrimal gland paraffin sections were prepared and
dried in a thermostat at 45°C. Fresh dimethylbenzene was
used to dewax the slices twice, for a total of 5 to 10 minutes
each time. After 5 minutes of 100% ethyl alcohol fixation,
the slices were left in 85% ethyl alcohol, 75% ethyl alco-
hol, and distilled water for an additional 5 minutes each.
After being incubated with proteinase K without DNase
for 15 to 30 minutes at 20 to 37°C, the sections were
cleaned 3 times using PBS. After the slices had slightly dried,
a histochemical pen was used to create a circle around
the tissue. After applying autofluorescence quench for 5
minutes, the circle was washed with water for 10 minutes.
The slices were stained with DAPI and counterstained to
identify nuclei. There were three 5-minute PBS washes
on the sections. After being slightly dried, the slices were
sealed with an anti-fluorescence quencher and kept in
a 4-degree dark section box. With the use of an Olym-
pus fluorescence microscope (Nikon Eclipse C1; Nikon,
Tokyo, Japan), the images were captured. The following
primary antibodies were used: CD45 (1:1000, Servicebio,
GB113886), Ki67 (1:1000, Servicebio, GB121141), TOMM20
(1:5000, Servicebio, GB111481), LAMP-1 (1:4000, Service-
bio, GB112949), Parkin (1:2000, Servicebio, GB114834),
LC3B (1:1000, Servicebio, GB113801), p62 (1:3000, Service-
bio, GB11531), yH2AX (1:1000, Servicebio, BA3677), p63
(1:500, Servicebio, GB15900), NaK-ATPase (1:2000, Service-
bio, GB11902), «SMA (1:500, Servicebio, GB12045), and
AQP5 (1:5000, Servicebio, GB113318).

Western Blot Analysis

A combination solution consisting of 1% phenylmethylsul-
fonyl fluoride (PMSF) and RIPA lysis buffer was used to
extract the total proteins from the lacrimal gland tissues.
The assay kit for bicinchoninic acid (BCA; #P0012; Beyotime,
Shanghai, China) was utilized to identify the concentra-
tion of total protein. Proteins (30 ng) were transferred to
polyvinylidene difluoride (PVDF) membranes after being
separated using 8% to 12% sodium dodecyl-sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE). The primary
antibody was incubated onto the PVDF membranes for
an entire night at 4°C until it had been blocked with
5% fat-free milk for 1 hour at 37°C. After being washed
in Tris-Buffered Saline and Tween 20 (TBST; #AIWB-008,
Swiss Affinibody LifeScience AG, Wuhan, China), the PVDF
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membranes were incubated for 1 hour at room tempera-
ture with the horseradish peroxidase (HRP)-conjugated anti-
rabbit IgG antibody (1:10000; Servicebio, Wuhan, China).
The enhanced chemiluminescence reagent (ECL) detection
kit (#D0001; CYTOCH, Shanghai, China) was used to iden-
tify the immune-labeled protein bands. The Imaging System
(SCG-W2000; Servicebio, Wuhan, China) was used to capture
the images, and Image J was used to quantify the results. The
details of primary antibodies were shown in the following:
p16 (1:3000, Proteintech, 10883-1-AP), p21 (1:4000, Protein-
tech, 10355-1-AP), LC3B (1:1000, ZENBIO, 381544), p62
(1:1000, ZENBIO, 380612), p-mTOR®*?44® (1:1000, Protein-
tech, 67778-1-Ig), mTOR (1:1000, Proteintech, 28273-1-AP),
Beclin-1 (1:4000, Proteintech, 11306-1-AP), DRP1 (1:1000,
Affinity Biosciences, DF7037), MFF (1:2000, Proteintech,
17090-1-AP), PINK1 (1:1000, Affinity Biosciences, DF7742),
Parkin (1:1000, ZENBIO, 381626), and GAPDH (1:10000,
Servicebio, GB15002).

Quantitative Real-Time PCR

Using a SteadyPure Quick RNA Extraction kit (¥AG21023;
Accurate Biotechnology [Hunan] Co., Ltd., Changsha, China)
and the manufacturer’s instructions, total RNA from lacrimal
gland tissues was extracted. Following isolation, the reverse
transcription premix kit (¥AG11728; Accurate Biotechnology
[Hunan] Co., Ltd., Changsha, China) was used to synthesize
cDNA and assess the amount of RNA. The real-time PCR
was performed using the SYBR Green qPCR Kit (#AG11701;
Accurate Biotechnology [Hunan] Co., Ltd., Changsha, China).
The comparative Ct technique was used to examine the
quantitative PCR data, and the findings were standardized
to the Ct value of GAPDH. The primers used are listed in
Supplementary Table S1.

mtDNA Measurement

Using the Steadypure universal genomic DNA extraction
kit (#AG21009; Accurate Biotechnology [Hunan] Co., Ltd.,
Changsha, China), total DNA from lacrimal gland tissue
was extracted. mtDNA was then amplified with COX2 gene
primers using real-time PCR and normalized to ribosomal
gene Actin. The primers used are listed in Supplementary
Table S2.

Transmission Electron Microscope

The lacrimal gland tissues were treated using 1% OsO;4 and
3% glutaraldehyde. The samples were placed in acetone for
20 minutes of incubation after being dehydrated for 15 to
20 minutes in a graded series of ethanol solutions (30%-
50%-70%-80%-95%-100%-100%). An ultrathin section of 60
to 80 nm was inserted into the copper mesh. It was stained
for 10 to 15 minutes at room temperature with uranium
acetate, and then for 1 to 2 minutes with lead citrate. Finally,
the Hitachi Transmission Electron Microscope (TEM) system
(HT7800; Hitachi, Tokyo, Japan) was used for observing
ultrathin sections and taking images.

Mice Lacrimal Gland Digestion

Under the operating microscope, fresh extraorbital lacrimal
glands from young mice (N = 3) and middle-aged mice (V
= 3) were quickly separated, and they were then stored
in the sterile, ice-cold Tissue Preservation Solution buffer.
The samples were digested using 2 to 3 mL of trypsin solu-
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tion (#C3538; VivaCell, Shanghai, China) at 37°C after being
washed with Hanks’ Balanced Salt (#211031; NEST Biotech-
nology, Wuxi, China). For 15 minutes, gentle pipetting was
used to break down the tissue until no visible blockage
was observed. The mixture was then centrifuged at 350 x
g for 5 minutes, and PBS was used to gently resuspend it.
Finally, trypan blue (Beyotime, Shanghai, China) was used to
stain the samples, and Countess II Automated Cell Counter
(Thermo Fisher Scientific, Fair Lawn, NJ, USA) was used to
determine the cell viability.

Processing of scRNA-seq

After tissue digestion, single-cell suspensions (1 x 10°
cells/mL) were placed into microfluidic devices, and the
10x Genomics (Pleasanton, CA, USA) chromium platform
was used to process the scRNA-seq data. RNA was liber-
ated and reverse-transcribed into cDNA following lysing,
marking with a unique molecular identifier (UMI), and
being barcoded. The processed cDNA was then used to
build the scRNA-seq libraries. High-throughput sequencing
of constructed libraries using the Illumina sequencing plat-
form in double-ended sequencing mode.

Quality Control and Analysis of scRNA-seq Data

An internal workflow was used to process the raw data and
provide gene expression profiles. The number of UMI of
genes in each cell was determined by grouping readings
based on the barcode, UMI, and gene. For further research,
each cellular barcode’s UMI count tables were used. Cell
Ranger (10x Genomics, Pleasanton, CA, USA) and the Seurat
R package (version 4.0.0) were used for quality control and
raw data preparation. We further filtered the cells using
several metrics to retain high-quality cells. These metrics
include (i) the number of genes identified in a single cell
(200-8000); (ii) the total number of UMIs in single cells
less than 50,000; and (@iii) mitochondrial reads less than
25%. After retaining high-quality cells, we homogenized the
expression using log homogenization. We used Harmony R
package for data merging and batch effect correction. Seurat
R package (version 4.1.0) was used to cluster cells. After-
ward, we used the rank sum test in the Seurat R package
(version 4.1.0) for differentially expressed gene (DEG) analy-
sis of different cell subpopulations to screen for genes upreg-
ulated for expression in each cell subpopulation with the
standard of | log2 (fold change)| > 0.5 and P < 0.05. More-
over, the gene collection was subjected to pseudo-time anal-
yses using Monocle2 (version 2.26.0), Gene Ontology (GO),
Kyoto Encyclopedia of Genes and Genomes (KEGG), and
REACTOME function enrichment analysis using the cluster-
Profiler (version 4.6.2). The volcano plot and heatmap func-
tions were used to visualize the findings of scRNA-seq analy-
sis. Mitophagy-related genes (MRGs) were downloaded from
“RECTOME-MITOPHAGY. Mms”. The fgsea R package was
used to perform Gene Set Enrichment Analysis (GSEA). The
Mococle2 R package was used for the analysis of pseudo-
time analysis in order to measure the dynamics of cells
during development, differentiation, and senescence.

Statistical Analysis

The statistical analysis was carried out using GraphPad
Prism version 9.0.0 (GraphPad, La Jolla, CA, USA). Results
of the study were evaluated using the Student’s t-test or 1-
way analysis of variance, and the results are displayed as the
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mean £+ SEM. There was a statistically significant difference
between the 2 groups when the P value was less than 0.05.

RESULTS

The Age-Related Histological and Functional
Alterations in Mice Lacrimal Gland Acinar

Histological staining was conducted on lacrimal gland
samples from both younger and middle-aged mice. When
comparing middle-aged lacrimal glands to younger ones,
H&E staining revealed a decrease in the number of acinar
tissue, heterogeneity in the size, disorganized arrangement
and polar orientation, and an increased karyoplasmic ratio
(Fig. 1A). We then studied lipid deposition in middle-aged
lacrimal glands, as lipid dysregulation is commonly associ-
ated with aging.3* Neutral triglycerides and lipids will be
stained by Oil red O staining and used to identify sections
of young and middle-aged lacrimal glands. Lipid droplets in
young lacrimal glands are tiny intracellular lipid droplets.
By contrast, lipid droplets gathered together to form bigger
structures in middle-aged lacrimal gland. The greater visi-
bility of these bigger structures was observed among acinar
cells, inside ducts, and at the border of immune cell infil-
trates (Fig. 1B). Through Masson staining, collagen appears
blue in bright-field imaging. As a result, regions of the accu-
mulation of collagen were observed by Masson staining,
and this was higher in the middle-aged extracellular matrix
(ECM) in the lacrimal gland than those in the young group (P
< 0.001; Figs. 1C, 1D). Cells positive for immune cell marker
CD45 were also present and were consistently located in the
outer layer of acini and ducts (P < 0.001; Fig. 1E). Of note, we
found that the percentage of ki67-positive cells was approx-
imately 15% higher in the young lacrimal gland compared to
the middle-aged group (P < 0.001; Fig. 1F). TUNEL-positive
cells gradually increased in the lacrimal gland of middle-
aged mice (Supplementary Fig. S1A). Moreover, yH2AX-
positive cells were significantly increased and distributed
in the acinar cells of middle-aged mice (Supplementary
Fig. S1B). To investigate the level of lipid metabolism gene
(PPARy) and SASP factors, we first examined protein levels
of IL-18, IL-6, and PPARy . Immunohistochemical (IHC) anal-
yses showed a significant increase in IL-18, IL-6, and PPARy
expression in the middle-aged lacrimal gland compared to
the young lacrimal gland (P < 0.001; Fig. 1G). In addition,
lipid-metabolism-related markers, carnitine palmitoyltrans-
ferase 1a (CPT1a), carnitine palmitoyltransferase 2 (CPT2),
and C/EBP«, were upregulated in the middle-aged mice
group (P < 0.001; Fig. 1H). Western blot results showed
that expression levels of P16 and p21 increased significantly
in the middle-aged lacrimal gland compared to the young
lacrimal gland (P < 0.01; Figs. 11, 1J). The tear secretion was
lower in the middle-aged mice than in the young mice (P <
0.001; Fig. 1K).

Aging Caused ROS Generation and Mitochondrial
Dysfunction in Mice Lacrimal Gland Acinar

To investigate age-related changes in oxidative stress in
the lacrimal gland, we measured ROS levels using ROS
dye staining in young and middle-aged mice. Our find-
ings demonstrated a significant rise in ROS levels in the
lacrimal gland of middle-aged mice in contrast to young
ones (P < 0.001; Figs. 2A, 2B). We also found that mtDNA
leakage was upregulated in the middle-aged mice group
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(P < 0.001; Fig. 2C). ROS are mostly produced by mitochon-
dria, which are also the site of cellular energy metabolism.
We next used a fluorescent probe, JC-1 dye, to detect the
mitochondria membrane potential in lacrimal gland acinar
cells. The JC-1 result demonstrated a reduction in the
potential of the mitochondrial membrane in middle-aged
mice, which suggested mitochondrial injury (P < 0.001;
Figs. 2D, 2E). The immunofluorescence staining analysis
revealed that the immunofluorescence intensity of mitochon-
dria decreased in the lacrimal gland (Fig. 2F). According
to the LAMP-1 Red fluorescent data, there was a notice-
able lysosomal production in the middle-aged lacrimal gland
(Fig. 2G). A TEM was used to observe the effects of the age-
related mitochondrial alterations. In middle-aged lacrimal
glands, the mitochondrial area and perimeter are signifi-
cantly reduced (P < 0.001; Figs. 2H, 2I). Following aging,
a small number of mitochondrial hypermegasoma emerged,
indicating aberrant mitochondrial metabolism. Moreover, we
noticed that the lipid droplets had significantly decreased
and that the lipid droplets had eventually amalgamated into
larger ones in the middle-aged lacrimal gland (P < 0.001;
Figs. 2], 2K). Our findings demonstrated that aging caused an
increase in cellular ROS, which were detected using the ROS
fluorescent probe. When total ROS was stained with ROS
dye, red fluorescence significantly increased. The ultrastruc-
ture of mitochondria was also significantly altered. These
findings imply that aging caused ROS levels to rise and mito-
chondrial malfunction.

PINK1/Parkin-Mediated Mitophagy is Associated
With Lacrimal Gland Acinar Function During the
Aging Process

To determine the mechanism for aging impact on lacrimal
gland acinar function, we deeply investigated transcrip-
tion signatures that occurred in the lacrimal gland by 10x
Genomics-based scRNA-seq (Fig. 3A). Twelve cell types were
identified in the lacrimal gland based on their specific tran-
scriptional profiles (Figs. 3B-E)*>~38: acinar epithelial cells
(Bblbals, Scgb2a2, Lpo, Aqp5, and Pip), ductal epithelial
cells (Sftpd, Wfdc2, Anxal, and Slc1a2), myoepithelial cells
(Acta2, Cnnl, Actg2, Krt5, Krt14, and Krt17), mesenchymal
cells (Dcn, Lum, and Gsn), fibroblasts (Collal, Colla2, and
Col3al), smooth muscle cells (Acta2, Tagin, Myb11, and
Actg2), endothelial cells (Kdr, Cdb5, and Pecam1), T cells
(Cd3e, Cd3g, Cd3d, CdSa, Ccl5, and Lef1), B cells (Cd79a,
Cd79b, Cd19, and Cxcr5), macrophage cells (Cd68, Cd168,
Clqa, Adgrel, Mrc1, and Fcgrl), plasma cells (Mzb1, Ighgl,
Igkc, Ighg3, Xbpl, and Jchain), and dendritic cells (DCs;
Cst3, Irf8, Siglech, Ccr9, and Cd209a).

We observed a dramatically decreased percentage of
acinar epithelial cells in middle-aged lacrimal glands
compared to young lacrimal glands. On the other hand,
the percentage of immune cells in middle-aged lacrimal
glands considerably increased. Furthermore, the percent-
age of myoepithelial cells in the middle-aged lacrimal gland
was drastically decreased. Compared to the aforementioned
populations, there was a small reduction in the makeup of
ductal cells. T cells increased significantly in the middle-
aged lacrimal gland within the immune cells compart-
ment, whereas the percentage of macrophages/monocytes
increased moderately and the percentage of NK cells and
B cells was similar. Regarding stromal cells, fibroblasts
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contributed little to the middle-aged lacrimal gland, whereas
the percentage of endothelial decreased (Fig. 3F).

The majority of the mouse lacrimal gland is made up
of acinar epithelial cells, which are epithelial cells with
the most severely altered gene expression. We isolated
acinar epithelial cells and further divided them into seven
subgroups (Fig. 4A). In middle-aged lacrimal gland acinar
cells, DEG analysis revealed upregulated genes and down-
regulated genes (Figs. 4B, 4C). Based on these DEGs,
GO enrichment analysis and KEGG, respectively, were
performed. Mitophagy was the important functional clus-
ter containing upregulated gene terms. The expression
of mitophagy-related genes in the PINK1/Parkin-mediated
mitophagy pathway was increased in acinar epithelial
cells. In addition, lacrimal gland acinar cells from middle-
aged mice exhibited mitophagy, as evidenced by signif-
icant degradation of the mitochondrial outer membrane
protein TOMM20 (Figs. 4D-G). Collectively, this suggests
that aging could promote mitophagy in acinar epithelial
cells.

In order to explore the relationship between MRGs and
DEGs of acinar epithelial cell clusters, we intersected 30
MRGs with 3744 DEGs (Supplementary Table S3). Four-
teen differentially expressed MRGs (DE-MRGs) were found,
including Ubc, Prkn, Sqstm1, Csnk2al, Mfn1, Ubb, Csnk2a2,
Atg5, Tomm20, Pinkl, Tomm?7, Tomm5, Ulkl, and Tomm?22
(Fig. 5A). Each differentially expressed MRGs were plotted
on a heatmap and bubbles plot (Figs. 5B, 5C). In diverse
cell clusters, Ubc, Sqstm1, Ubb, Tomm7, Tomm?20, Csnk2a2,
Csnk2al, and Tomm22 were extensively dispersed. Whereas
acinar epithelial cells exhibited a relative overexpression
of Prkn, Mfn1, and Pink1. The ductal cells expressed Ulk1
(Fig. 5D). Subsequently, we analyzed the expression of 14
DE-MRGs in different acinar epithelial cell subsets. The
results indicated that Csnk2al, Mfn1l, Ubb, Csnk2a2, Atg5,
Pinkl, Tomm?7, and Tomm5 were widely distributed in all
kinds of acinar epithelial cells. Notably, Ubc, Sqstm1, and
Ubb were highly expressed in 0 and 4 clusters. Ulk and
Tomm?22 were highly expressed in 4 clusters (Fig. 5E). We
analyzed the cell trajectory differentiation of each epithe-
lial cell using Monocle2. Different colors were assigned to
each of the seven differentiated states, as seen in Figure 5F.
The subclusters and aged distribution of acinar epithelial
cells were mostly identified (Figs. 5G, 5H). The expres-
sion of 18 DE-MRGs changed with different differentia-
tion states (Fig. 5J). It is noticeable that acinar epithe-
lial cells differentiate from left to right throughout time—
the deeper the blue, the more rapidly the differentiation
(Fig. 51).

Rapamycin Reverses Age-Induced Histological
and Functional Alterations in the Lacrimal Gland

To assess the impact of rapamycin on lacrimal gland struc-
ture and function, rapamycin was applied to middle-aged
mice. As a result, the mice were given the rapamycin
(5mg/kg). The results of H&E and Oil red O staining
suggested that the acinar cells of the lacrimal gland showed
normal organization and intracellular lipid accumulation
was reduced after administration of rapamycin as compared
to the middle-aged mice group (Figs. 6A, 6B). Notably,
the administration of rapamycin alleviated the accumula-
tion of collagen caused by aging (P < 0.001; Figs. 6C, 6D).
Immunofluorescence staining for CD45 also showed that the
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lacrimal gland revealed a broad distribution of inflamma-
tory cell infiltration in the periacinar, periductal, and inter-
stitial of mice in the middle-aged group, rapamycin treat-
ment markedly decreased the inflammatory cell infiltration
(Fig. 6E). TUNEL-positive cells gradually decreased in the
lacrimal gland of middle-aged mice treated with rapamycin
(Supplementary Fig. S2A). In addition, we also found that
treatment with rapamycin significantly increased the level of
proliferation in the acinar cells in the lacrimal gland of the
middle-aged mice (Fig. 6F). To further determine the anti-
SASP effect of rapamycin treatment, we observed the expres-
sion of IL-18 and IL-6 throughout the lacrimal gland of mice
by using the THC staining. IL-18 and IL-6 in the middle-aged
mice group were significantly higher compared with the
young group, rapamycin intervention reduced the expres-
sion of SASP (P < 0.001; Fig. 6G). Based on quantitative
real-time PCR, rapamycin-treated aged mice showed lower
relative mRNA expression of CPTla, CPT2, and C/EBP«
in the lacrimal gland than aged mice (Fig. 6H). Their tear
secretion increased due to this treatment than in the aged
mice (P < 0.01 and P < 0.001; Fig. 6D). Together, these
results demonstrated that the age-induced lacrimal gland
acinar injury can be attenuated by rapamycin treatment
in mice.

Rapamycin Alleviates Oxidative Stress and
Mitochondrial Damage in the Lacrimal Gland of
Mice

Mitochondrial damage and excessive generation of oxida-
tive stress play crucial roles in mice lacrimal gland aging.
To assess the generation of ROS in the lacrimal gland, we
examined ROS levels. We observed an increase in levels of
ROS in the lacrimal gland of the middle-aged mice group,
which was significantly downregulated under rapamycin
treatment (P < 0.001; Figs. 7A, 7B). We found that mtDNA
leakage was downregulated in the rapamycin group (P <
0.001; Fig. 7C). Moreover, y H2AX-positive cells were signifi-
cantly downregulated in the acinar cell of middle-aged mice
treated with rapamycin (see Supplementary Fig. S2B). The
JC-1 results indicated a reduction in the mitochondrial trans-
membrane potential of the lacrimal gland of the middle-aged
mice group. However, rapamycin therapy has the ability
to reverse the decrease in mitochondrial membrane poten-
tial, as indicated by a more significant change in fluores-
cence from green to red, indicating an apparent increase
(P < 0.001; Figs. 7D, 7E). In the next study, to investi-
gate the changes in the oxidative stress marker expression
more closely, we performed the IHC assay in the lacrimal
gland. Compared to the control group, acinar epithelial cells
displayed higher expression of NOX4 (a major source of
ROS) and 3-NT (a peroxynitrite stress marker). In contrast,
these effects were partially reversed by rapamycin treat-
ment. Compared with the control group, the levels of p-
mTOR®24® of middle-aged mice in the rapamycin treat-
ment model group were increased (P < 0.05 and P < 0.001;
Fig. 7F). To further explore the mechanism of lacrimal gland
acinar epithelial cells mitophagy in middle-aged mice, we
detected the levels of the mammalian target of rapamycin
(MTOR) pathway. The results showed that rapamycin
markedly upregulated the levels of p-mTOR®24® (p <
0.05; Figs. 7G, 7H). These results suggested that rapamycin
treatment reduces excessive ROS and restores mitochondrial
function.
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<  histochemistry (IHC) of NOX4 and 3-NT expressions in mice control and middle-aged lacrimal gland. (G) Western blot analysis showed

the expression of p-mTOR®244®) in Jacrimal gland tissues. (H) Quantitative analysis of the levels of p-mTOR®244®) Scale bar = 20 pym
(A, D, F), N = 4, ns: not significant, *P < 0.05, **P < 0.001. Rapa, rapamycin.
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Rapamycin Further Upregulated
PINK1/Parkin-Mediated Mitophagy in the
Lacrimal Gland of Middle-Aged Mice

Western blot analysis of lacrimal gland tissue showed that
the expression levels of the autophagy-related proteins p62,
Beclin-1, and LC3B were significantly upregulated in the
middle-aged mice group compared to the control group. The
rapamycin treatment showed the highest protein expres-
sion level among the three groups (P < 0.01 and P <
0.001; Fig. 8A). The previous phenomena were further
supported by immunofluorescence assay, which showed that
the rapamycin treatment group had considerably higher
levels of LC3B expression (Fig. 8B). Then, we evalu-
ated the immunofluorescence of LC3B and TOMMZ20 in
lacrimal gland tissues. We found that they co-localized,
which suggests that aging induces mitophagy (Fig. 8C).
Significantly, the rapamycin treatment group saw a stronger
response from this, indicating that rapamycin treatment
improved mitophagy. These findings showed that acinar
epithelial cells autophagy flux impairment is the cause of
aberrant autophagosome accumulation.

To preserve cellular homeostasis and remove damaged
mitochondria, cells initiate a mitophagy mechanism in
response to numerous physicochemical stressors that cause
injury to the mitochondria. In order to investigate whether
rapamycin increases mitophagy, double immunofluores-
cence labeling showed that the aging group expressed
much more co-localized of LC3B and Parkin than the
control group demonstrated, whereas the rapamycin treat-
ment group expressed substantially more co-localization
(Fig. 8D). We also conducted co-localization of TOMM20
and LAMP-1 by immunofluorescence staining, which also
showed a similar tendency, indicating that rapamycin
increases autophagic flow by restoring lysosome function
and fragmenting down unusually large autophagosomes or
autolysosomes that had accumulated in acinar epithelial
cells (Fig. 8E). Immunofluorescence staining also showed
that the lacrimal gland acinar cells revealed a broad co-
localization of Parkin and TOMM20 in the middle-aged
mice group, rapamycin treatment markedly upregulated the
co-localization (Supplementary Fig. S3A). To further inves-
tigate mitochondrial dynamics, we investigated the key
regulators of mitochondrial fission and fusion MFF, DRP1,
and OPAl. We observed an increase in the expression
of DRP1 and MFF and a decrease in the expression of
OPA1 in the middle-aged mouse group, and a significant
upregulation of DRP1 and MFF expression and a signifi-
cant decrease in OPA1 expression under rapamycin treat-
ment (Supplementary Figs. S3B, S3C). Immunohistochem-
ical assessment revealed that the acinar epithelial cells of
the lacrimal gland in rapamycin-treated middle-aged mice
expressed OPA1 and DRP1 (Supplementary Figs. S3D, S3E).
Compared with control and middle-aged mice, there was a
significant increase in positive areas of DRP1 protein and a
significant decrease in positive areas of OPA1l protein per
visual field in the rapamycin-treated group. Western blot
analysis of lacrimal gland tissue showed that the expres-
sion levels of the mitophagy-related proteins PINK1 and
Parkin were significantly upregulated in the middle-aged
mice group, and the tendency could be further upreg-
ulated by rapamycin (see Fig. 8A). TEM was used to
examine control mice, middle-aged mice, and middle-aged
mice with rapamycin treatment. The results were consis-
tent with Western blot analysis and immunofluorescence
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staining, and an increase in the rapamycin treatment group
in the amount of autophagosomes (P < 0.05 and P <
0.001; Figs. 8F, 8G). Moreover, the lipid droplet of acinar
epithelial cells in lacrimal gland tissue was directly observed
by TEM, which further confirmed our results (P < 0.05
and P < 0.01; Figs. 8H, 8I). NaK-ATPase plays a role
in the secretion of the lacrimal gland acinar.®® This was
measured by immunofluorescence staining of NaK-ATPase
in the lacrimal gland acinar tissue. The results in Supple-
mentary Figure S4A show that the acinar cells stained posi-
tive for NaK-ATPase were mostly upregulated in middle-
aged mice, whereas the rapamycin treatment significantly
reversed it. To observe the myoepithelial cell and progen-
itors or stem cell changes in the lacrimal gland, we exam-
ined the expression of «SMA and p63 in the lacrimal gland.
In the middle-aged mice group, aSMA-positive and p63-
positive staining cells exhibit reduced in the lacrimal gland
than younger counterparts. In contrast, the number of «SMA-
positive and p63-positive cells was significantly upregulated
in rapamycin-treated middle-aged mice (see Supplementary
Fig. S4B). All of these findings suggested that acinar epithe-
lial cells in middle-aged mice have activated PINK1/Parkin-
mediated mitophagy, which could be significantly increased
by rapamycin.

Inhibition of PINK1/Parkin-Mediated Mitophagy
Promoted Histological and Functional Damages
in Mouse Lacrimal Gland Acinar

In order to investigate if rapamycin typically reduces
acinar epithelial cells mitochondrial damage via activating
mitophagy, we added Mdivi-1 to inhibit mitophagy. After
treatment with Mdivi-1 to middle-aged mice, we discov-
ered that lacrimal gland tissue damage was shown by
H&E staining and Oil O red staining (Figs. 9A, 9B). The
results of Masson staining and CD45 staining suggested
that markedly increased intracellular collagen in acinar cells,
and enhanced infiltration of inflammatory cells in Mdivi-1-
treated lacrimal gland acinar cells of middle-aged mice (P
< 0.001; Figs. 9C, 9D, Supplementary Fig. S5A). Apoptosis
was evaluated using TUNEL staining, which indicated that
the number of TUNEL-positive cells was significantly upreg-
ulated in the Mdivi-1-treated group (P < 0.001; Fig. 9E).
The Ki67 staining assay indicated that Mdivi-1 interventions
can effectively reduce ki67" cells in the middle-aged model
mice (P < 0.05; Fig. 9F). The Western blot showed that
the expression of p16 and p21 was significantly upregu-
lated in Mdivi-1 treatment middle-aged mice (P < 0.05 and
P < 0.001; Figs. 9G, 9H). Furthermore, we evaluated mito-
chondrial damage using JC-1 and ROS. As expected, Mdivi-1
significantly increased ROS and an increased shift from red
to green fluorescence compared with middle-aged mice (P
< 0.01 and P < 0.001; Figs. 91, 9L). The TEM results showed
that, compared to the middle-aged mice group, Mdivi-1
significantly decreased mitochondrial area and perimeter (P
< 0.05 and P < 0.01; Figs. 9M, 9N). We also found that
mtDNA leakage was upregulated in the Mdivi-1 group (P
< 0.001; Fig. 90). In addition, CPT1a, CPT2, and C/EBP«
were upregulated in Mdivi-1-treated aged mice group (see
Supplementary Fig. S5B).

Double immunofluorescence labeling was used to inves-
tigate if Mdivi-1 impaired autophagic flow. Compared to
the middle-aged group, the Mdivi-1 group had signifi-
cantly lower LC3B expression, and the p62 expression
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Ficure 8. Rapamycin suppresses mitochondrial dysfunction via activating PINK1/Parkin-mediated mitophagy. (A) Western blot analysis
showed the expression of p62, Beclin-1, LC3B, PINK1, and Parkin in lacrimal gland tissues. (B) Immunofluorescence analysis showing
the co-localization between LC3B (red) and p62 (green) in the lacrimal gland, and DAPI (blue). (C) Immunofluorescence analysis showing
the co-localization between LC3B (red) and TOMM20 (green) in the lacrimal gland, and DAPI (blue). (D) Immunofluorescence analysis
showing the co-localization between LC3B (red) and Parkin (green) in the lacrimal gland, and DAPI (blue). (E) Immunofluorescence anal-
ysis showing the co-localization between LAMP-1 (red) and TOMMZ20 (green) in the lacrimal gland, and DAPI (blue). (F) Transmission
electron microscopy (TEM) images of the ultrastructure of the acinar cells of the lacrimal gland in each group of mice. N, nucleus, Mt,
mitochondria. (G) Measurement of mitochondrial area and perimeter on the TEM images. (H) TEM images of the ultrastructure of the secre-
tory granules in the acinar cells of the lacrimal gland in control and middle-aged lacrimal glands. (I) Measurement of secretory granules
(marked yellow) of acinar cells (marked red) on the TEM images. Scale bar = 20 uym (B, C, D, E), 1 ym (magnified 500 nm) (F, H), N = 4,
*P < 0.05, P < 0.01, **P < 0.001. Rapa, rapamycin.
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Ficure 9. Inhibiting mitophagy aggravated aging-induced lacrimal gland apoptosis and mitochondrial dysfunction. (A) Representative
images of hematoxylin and eosin (H&E) staining in the lacrimal gland of middle-aged and Mdivi-1 treated middle-aged mice. (B) Represen-
tative macroscopic images of Oil Red O staining in the lacrimal gland of middle-aged and Mdivi-1 treated middle-aged mice. (C) Masson
staining shows the lipid droplets in the lacrimal gland of middle-aged and Mdivi-1-treated middle-aged mice. (D) Quantitative analysis
of the lacrimal gland interstitial fibrosis. (E) TUNEL fluorescence staining and quantification results of the lacrimal gland in each group.
(F) Immunofluorescent staining of Ki67 shows Ki67* cell infiltration in the lacrimal gland of each group of mice. (G) Representative Western
blot images of p16 and p21 in the lacrimal gland. (H) Quantitative analysis of the levels of p16 and p21. (I) Immunofluorescence staining
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of ROS using ROS probe (red) and DAPI (blue) in lacrimal gland tissues of control and middle-aged mice. (J) Assessment of relative fluores-
cence intensity of ROS staining. (K) Immunofluorescence staining of mitochondrial membrane potential using JC-1 in lacrimal gland tissues
of control and middle-aged mice. (L) Measurement of relative fluorescence intensity of JC-1 staining. (M) Transmission electron microscopy
(TEM) images of the ultrastructure of the acinar cells of the lacrimal gland in each group of mice. (N) Measurement of mitochondrial area
and perimeter on the TEM images. (O) Mitochondrial DNA (mtDNA) leakage in the lacrimal gland tissues in the different groups. Scale bar
= 50 pm (magnified 20 pm) (A, B, C), 20 um (E, F, I, K), and 1 pm (magnified 500 nm) (M), N = 4, *P < 0.05, **P < 0.01, **P < 0.001.
Rapa, rapamycin.
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Figure 10. Mdivi-1 inhibits mitophagy-associated PINK1/Parkin activation. (A) Immunofluorescence analysis showing the co-localization
between LC3B (red) and p62 (green) in the lacrimal gland, and DAPI (blue). (B) Immunofluorescence analysis showing the co-localization
between LC3B (red) and TOMM20 (green) in the lacrimal gland, and DAPI (blue). (C) Immunofluorescence analysis showing the co-
localization between LAMP-1 (red) and TOMMZ20 (green) in the lacrimal gland, and DAPI (blue). (D) Immunofluorescence analysis showing
the co-localization between LC3B (red) and Parkin (green) in the lacrimal gland, and DAPI (blue). (E) Immunofluorescence analysis showing
the co-localization between Parkin (red) and LAMP-1 (green) in the lacrimal gland, and DAPI (blue). (F) Western blot analysis showed the
expression of OPA1, DRP1, MFF, PINK1, and Parkin in lacrimal gland tissues. (G) Quantitative analysis of the levels of OPA1, DRP1, MFF,
PINK1, and Parkin. Scale bar = 20 pm (A, B, C, D, E), N = 4, **P < 0.01, **P < 0.001.
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was comparatively lower (Fig. 10A). Additionally, compared
to the middle-aged mice group, the immunofluorescence
results showed a reduction in the co-localization of LC3
and TOMM20 or LAMP-1 and TOMM20 fluorescence after
Mdivi-1 treatment (Figs. 10B, 10C). The immunofluorescence
staining analysis further demonstrated that Mdivi-1 treat-
ment decreased the colocalization of Parkin with LC3B and
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TOMM?20 in lacrimal gland acinar tissue (Figs. 10D, 10E).
This suggests that Mdivi-1 treatment inhibits the degrada-
tion of damaged mitochondria by impaired lysosome func-
tion. Meanwhile, we analyzed the expression levels of mito-
chondrial fission and fusion proteins and PINK1/Parkin. The
results showed that treatment downregulates the protein
level of DRP1 and MFF and upregulated the protein level
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of OPA1, and the expression of PINK1 and Parkin were
significantly different compared to a middle-aged mouse
group, which is consistent with the immunofluorescence
staining (P < 0.01 and P < 0.001; Figs. 10F, 10G). The
expression of the OPA1l was significantly increased, and
the decreased expression of DRP1 in the Mdivi-1 treated
group, as shown in Supplementary Figures S5C and S5D.
Those results implied that mitophagy might be an effi-
cient target for the treatment of aging-related lacrimal gland
dysfunction.

DISCUSSION

A chronic functional decrease accompanied by numerous
biochemical disruptions is called aging. One of the main
indicators of aging is mitochondrial malfunction.®® It has
been shown that a number of variables, such as increased
formation of ROS, mtDNA, protein oxidations, aberrant
energy metabolism, and decreased mitochondrial biogene-
sis, cause the deterioration of mitochondrial function with
age.*1#2 Oxidative damage increases and the capacity of
the body to neutralize ROS decreases with age.®> Contin-
uous ROS generation has the potential to alter biomolec-
ular structures and enzyme functions.** Oxidative stress is
accelerated by imbalanced ROS creation and neutraliza-
tion; conversely, ROS generation can be induced by oxida-
tive stress.*> It has been suggested that oxidative stress
causes DNA damage, cellular senescence, and inflamma-
tion, which all contribute to the pathophysiology of various
disorders.

Because the mitochondria are the main location where
ROS are produced, alterations in mitochondrial function
can have a major effect on oxidative stress. Age-related
changes in mitochondrial activity result in a rise in ROS
production. Complex II is in control of producing superox-
ide anion; respiratory chain complexes I and III take part
in the ubiquinone cycle to promote univalent oxygen reduc-
tion.*” Excessive ROS continuously build up in mitochondria
throughout aging, which reduces ATP synthesis and disturbs
respiratory chain function, ultimately resulting in mitochon-
drial malfunction and damage.*® In this study, it has been
demonstrated that aging may cause lacrimal gland acinar
cells to produce a large amount of ROS, reduce mitochon-
drial membrane potential, and damage mitochondria, all of
which can finally result in cell death.

In recent years, several research have been conducted to
investigate the role of mitophagy in connection to aging.®
Mitophagy is a response of mitochondria to a variety
of stresses, including oxidative stress, nutrient starvation,
or programmed removal of mitochondria, and senescence
impairs mitochondrial function and mitophagy.’®>! Under
healthy settings, the outer/inner mitochondrial membrane
complex’s translocase imports PINK1, which is subsequently
broken down by mitochondrial proteases. When under
stress, the depolarized PINK1 of the outer mitochondrial
membrane is inhibited, which attracts cytosolic ubiquitin
and parkin. Parkin is phosphorylated by PINK1, which acti-
vates Parkin’s E3 ligase activity. After that, the depolarized
mitochondria are targeted by activated Parkin, which ubiq-
uitinates the outer mitochondrial substrates.’> The protec-
tive effect of PINK1-mediated mitophagy against mitochon-
drial dysfunction has been reported.’® For instance, in
mice models of Alzheimer’s disease, the expression level
of PINK1/Parkin significantly decreased when compared
with control.>* A significant decrease in the expression level
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of PINK1/Parkin was found in osteoarthritic rats.>®> As a
result, mitophagy may be applied as a therapeutic strat-
egy. However, several research indicates that by stimulat-
ing the PINK/Parkin pathway, mitophagy could accelerate
aging.5®%’ The disparity might be caused by the degree
of mitophagy in various conditions. According to Yama-
muro et al. excessive mitophagy may decrease mitochon-
drial function, which in turn accelerates the aging process.
However, mitophagy assists in the removal of damaged
mitochondria.>® In this work, we observed that increased
levels of mitophagy may protect lacrimal gland acinar
epithelial cells from aging-induced apoptosis by eliminat-
ing damaged mitochondria and reducing excessive ROS
generation, hence increasing tear secretion. The level of
senescence-induced mitophagy appears to be insufficient to
prevent lacrimal gland acinar epithelial cells from suffer-
ing ROS damage. Thus, when rapamycin strengthens the
capacity to conduct mitophagy, the damage of ROS may be
reduced.

Targeting mitophagy with pharmaceutical treatments has
attracted a lot of attention and might have a big impact
on translation. Research suggests that mitophagy stimula-
tion may benefit other glial cells and non-neuronal cells
by identifying a protective role for mitophagy in neurons
and microglia.>® To alter the mitophagy signaling pathways
or specifically target the mitophagy proteins, a variety of
methods are used. According to some research, activating
the PINK1/Parkin pathway to enhance mitophagy may be a
viable treatment option for Parkinson’s disease.’® By initiat-
ing PINK1/Parkin-mediated mitophagy, metformin, a natu-
rally occurring SIRT1-activating substance, has anti-aging
properties.®® By blocking mTOR and increasing PINKI,
Parkin, and the pro-autophagic protein BECN1, rapamycin
stimulates mitophagy.> Research suggests that rapamycin
reduces lacrimal gland inflammation and improves ocular
surface integrity in mice models of Sjogren’s syndrome-
associated dry eye.> According to prior findings, rapamycin
triggers the activation of PINK1/Parkin-mediated mitophagy
and alleviates age-related osteoporosis.®* Notably, utilizing
Mdivi-1 to suppress Drpl causes mitochondrial damage,
including an increase in ROS aggregation and a reduc-
tion in ATP synthesis. Additionally, Mdivi-1 was observed
to worsen ischemic stroke injury in vivo experiments.”> We
explored at the colocalization of autophagy and mitochon-
dria in order to understand more about the function of
mitochondrial fission and its relationship to mitophagy. We
discovered that whereas Mdivi-1 drastically decreased colo-
calization. We discovered that whereas Mdivi-1 drastically
decreased expression of PINK1/Parkin. Previous study also
indicated that treatment with Mdivi-1 significantly decreased
the amount of Drpl translocated into the mitochondria,
inhibited PINK1/Parkin-mediated mitophagy, aggregated
metabolic cardiomyopathy symptoms, prolonged the course
of the illness, and increased its severity.%°

CONCLUSIONS

In summary, we discovered that PINK1/Parkin-mediated
mitophagy might prevent aging-induced lacrimal gland
acinar epithelial cells apoptosis by removing damaged mito-
chondria and scavenging ROS, hence preventing the degra-
dation of lacrimal gland microstructural integrity. Treatments
that increase mitophagy may protect lacrimal gland acinar
epithelial cells damage by maintaining their mitochondrial
activity.
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