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Purrose. To assess the role of mitochondrial morphology and adenosine
monophosphate—activated protein kinase (AMPK)/mitochondrial fission factor (MFF) in
dry eye and the underlying mechanisms.

MerHoDs. Immortalized human corneal epithelial cells (HCECs) and primary HCECs were
cultured under high osmotic pressure (HOP). C57BL/6 female mice were injected subcu-
taneously with scopolamine. Quantitative real-time PCR was used to measure mRNA
expression. Protein expression was assessed by western blot and immunofluorescence
staining. Mitochondrial morphology was observed by confocal microscopy and transmis-
sion electron microscopy.

Resurrs. First, HOP induced mitochondrial oxidative damage to HCECs, accompanied
by mitochondrial fission and increased mitophagy. Then, AMPK/MFF pathway proteins
were increased consequent to HOP-induced energy metabolism dysfunction. Interest-
ingly, the AMPK pathway promoted mitochondrial fission and mitophagy by increas-
ing the recruitment of dynamin-related protein 1 (DRP1) to the mitochondrial outer
membrane in the HOP group. Moreover, AMPK knockdown attenuated mitochondrial
fission and mitophagy due to HOP in HCECs. AMPK activation triggered mitochondrial
fission and mitophagy. Mitochondrial fission of HCECs stressed by HOP was mediated
via MFF phosphorylation. MFF knockdown reversed mitochondrial fragmentation and
mitophagy in HCECs treated with HOP. Inhibition of MFF protected HCECs against oxida-
tive damage, cell death, and inflammation in the presence of HOP. Finally, we detected
mitochondrial fission and AMPK pathway activation in vivo.

Concrusions. The AMPK/MFF pathway mediates the development of dry eye by positively
regulating mitochondrial fission and mitophagy. Inhibition of mitochondrial fission can
alleviate oxidative damage and inflammation in dry eye and may provide experimental
evidence for treating dry eye.
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D ry eye has become an important health problem in
society, affecting vision and quality of life.!:> The core
mechanism of dry eye is tear hypertonicity,” which can lead
to excessive production of reactive oxygen species (ROS).
Excessive ROS can further promote mitochondrial damage.
When mitochondria are damaged, the dynamic balance
between mitochondrial fusion and fission is disrupted, with
mitochondria eventually shifting to a fragmented state.!
Mitochondrial morphology and a dynamic balance are essen-
tial for maintaining mitochondrial homeostasis; however, the
morphological and dynamic features of mitochondria and
the mechanisms associated with dry eye remain unclear.
Mitochondrial dynamics involve mitochondrial fission
and fusion that control mitochondrial morphology.” Mito-
chondrial fragmentation or fission is a universal response to
stress that affects the energy state of mitochondria and thus
affects the fate of organelles.® Excessive fission can induce
mitochondrial damage, which could hurt heart muscle,’ the
pancreas,® and nerve cells.” Damaged mitochondria must
be repaired or cleared to maintain intracellular homeosta-
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sis. Mitophagy is a highly regulated multistep process that
selectively degrades damaged/dysfunctional mitochondria
through autophagy.'® Mitochondrial fission is a prerequi-
site for mitophagy that can be facilitated by mitochondrial
fragmentation.!! Moderate autophagy can remove damaged
organelles from the cell and maintain intracellular home-
ostasis,'? but an excess can result in autophagic cell death.!?
Whether autophagy is beneficial to dry eye is controver-
sial.'*'> Furthermore, the specific mechanism of autophagy
activation in dry eye remains unclear.

Mitochondrial fission is mediated mainly by dynamin-
related protein 1 (DRP1), a guanosine triphosphate enzyme
primarily located in the cytoplasm. DRP1 initiates fission by
membrane contraction and rupture when it is recruited from
the cell cytoplasm to the outer mitochondrial membrane and
binds to mitochondrial fission factor (MFF).1%:17 Recent stud-
ies have indicated that MFF is phosphorylated by the activa-
tion of adenosine monophosphate-activated protein kinase
(AMPK),'819 leading to the activation of mitochondrial
fission. AMPK is an important cellular energy sensor and
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regulator of metabolic homeostasis?**>?! and plays an impor-

tant role in the regulation of mitochondrial morphology.!®
In response to abnormal activation of AMPK, mitochondria
are fragmented or excessively divided with consequent mito-
chondrial dysfunction and cell damage?-%4; however, the
specific mechanism of action of the AMPK/MFF/DRP1 path-
way in dry eye has not been reported.

In this study, we verified the mitochondrial oxida-
tive damage and further explored the morphological and
dynamic characteristics of mitochondria in dry eye. The
mechanism of the AMPK/MFF/DRP1 signaling pathway in
human corneal epithelial cells (HCECs) under high osmotic
pressure (HOP) and in a dry eye mouse model was explored.
In addition, the study evaluated the potential therapeutic
effect of inhibition of key pathway proteins to reduce mito-
chondrial fission and autophagy in the outcome of dry eye,
providing new ideas for treatment.

MATERIALS AND METHODS
Cell Culture and Hyperosmolar Stress Model

HCECs (12-SV40 human corneal epithelial cell line, HCE-
2) were purchased from the American Type Cell Collec-
tion (Manassas, VA, USA). Primary HCECs were isolated for
culture according to a previous protocol.”> The medium
used for the HCECs was Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F-12) + 10% fetal
bovine serum (FBS) + insulin-transferrin-selenium (TS,
5 pg/mL) + 1% penicillin-streptomycin. The supplemental
hormonal epithelial medium used for the primary HCECs
was DMEM/F-12 (1:1) + 5% FBS + gentamicin (50 pg/mL)
+ amphotericin (1.25 pg/mL) + ITS (50 pg/mL) + dimethyl
sulfoxide (0.5%) + cortisol (0.5 pg/mL) + epidermal growth
factor (5 ng/mL). Immortalized and primary HCECs were
treated in an isotonic or hyperosmotic (312 or 500 mOsm,
respectively) medium prepared as described previously?® by
adding 0 or 94 mM sodium chloride.

Reagents

The ROS detection reagent, a chloromethyl derivative
of 2,7-dichlorodihydrofluorescein diacetate (CM-H,DCFDA);
MitoSOX Red Mitochondrial Superoxide Indicator (M36008);
and MitoTracker Deep Red FM (M22426) were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Dihy-
droethidium was provided by MedChemExpress (Monmouth
Junction, NJ, USA), and the pCT-COX8-GFP gene lentivirus
for GFP-tagged mitochondria-specific HCEC was purchased
from Vigene Biosciences (Rockville, MD, USA). Anti-Fisl
(10956-1-AP), Tom20 (66777-1-Ig), and MFF antibodies
(17090-1-AP) were purchased from Proteintech (Rosemont,
IL, USA). The following antibodies were purchased from
Cell Signaling Technology (Danvers, MA, USA): DRP1 Rabbit
mAb (8570s), AMPKa Antibody (2532), and Phospho-
AMPK« (Thr172) (40H9) Rabbit mAb (2535). Anti-LC3B anti-
body (ab51520) and Anti-SQSTM1/p62 antibody (ab91526)
were purchased from Abcam (Cambridge, UK). Phospho-
C2orf33 (Ser172, Ser146) Polyclonal Antibody (PA5-104614)
was purchased from Thermo Fisher Scientific.

Animals and Dry Eye Model

Forty female C57BL/6 mice 6 to 8 weeks of age were
purchased from Jiesjie Laboratory Animal Company (Shang-
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hai, China). The inclusion criteria were as follows: healthy
mice with no corneal leukoplakia, no ocular infections
or ulcers on slit-lamp examination, and a corneal fluores-
cein sodium staining score < 8. All animals were treated
following the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

Mice were randomly allocated to a control or dry eye
group. Control group mice were raised in a normal environ-
ment (relative humidity, 60%-80%; temperature, 21°-23°C).
Mice in the dry eye group were subcutaneously injected with
scopolamine (SCOP, 0.5 mg/0.2 mL; Sigma-Aldrich, St. Louis,
MO, USA)?’ three times a day for 5 days and were kept in
a room maintained at <30% humidity. Ten microliters of 5%
sodium fluorescein solution were instilled into the conjunc-
tival sacs of the mice. Approximately 1 minute later, cobalt
blue light was used to evaluate and score the ocular surface
under a slit lamp. The ocular surface score was derived as
described in a previous study.?®

ROS Measurement

ROS activity was measured by CM-H,DCFDA. HCECs were
seeded in 96-well black plates with a transparent bottom at a
concentration of 1.5 x 10% per well. Cells were washed twice
with phosphate-buffered saline (PBS) and incubated in the
dark with 5-uM H,DCFDA at 37°C for 30 minutes. The cells
were then washed three times with PBS and photographed
immediately with a fluorescence microscope (ZEISS, Jena,
Germany).

Mitochondrial ROS Measurement

Mitochondrial ROS was measured using a MitoSOX Red
probe. HCECs were grown in six-well plates. After removal
of the old medium, the HCECs were washed with Hank’s
balanced salt solution (HBSS) and incubated in the dark
with 5-uM mtSOX working solution (Dojindo Molecular
Technologies, Rockville, MD, USA) at 37°C for 10 minutes.
Cells were then digested with trypsin and placed on a
flow cytometer (BD Accuri C6 Plus Personal Cytometer; BD
Biosciences, Franklin Lakes, NJ, USA) to detect the mean
fluorescence intensity of the propidium iodide channel.
FlowJo was used to analyze the mean fluorescence inten-

sity.

Cell Counting Kit-8 Assay

HCECs were seeded in 96-well plates at a concentration of
1.0 x 10* per well. Cells were washed twice with PBS and
incubated for 2 hours with 100 pL 10% Cell Counting Kit-8
(CCK-8) working solution. The absorbance value at 450 nm
was measured using an enzyme standard (Molecular
Devices, San Jose, CA, USA).

Mitochondrial Morphology Analysis

To analyze mitochondrial morphology, HCECs were trans-
fected with pLV-mitoGFP to trace mitochondria, fixed in
4% paraformaldehyde for 10 minutes at room temperature,
and imaged under a ZEISS LSM 880 confocal microscope.
Mitochondrial length was measured using ImageJ software
(National Institutes of Health, Bethesda, MD, USA). For quan-
tification of mitochondrial morphology, “fragmented” indi-
cated that most mitochondria in the cell were spherical (no
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Hyperosmolarity induced mitochondrial oxidative damage and mitochondrial fission in vitro and in vivo. Some immortalized

HCECs were treated with hyperosmotic medium and some served as controls. (A) HDCFDA fluorescence in the control and HOP groups.
Scale bar: 50 pm. (B) Flow cytometry revealed the mitochondrial ROS (mtROS) level in untreated (control) and HOP-stressed HCECs.
(C) TEM image of mitochondrial structure in HCECs after exposure to HOP or normal medium. Scale bar: 1 nym. (D) Images showing
mitochondrial morphology of HCECs under the confocal microscope and quantitative analysis of fragmented mitochondria. Scale bar: 20
pm. (E) Western blot results showing the changes in Fisl expression in untreated and HOP-stressed primary HCECs. Experimental mice
were injected subcutaneously with SCOP for 5 days and placed in a dry environment. (F) Representative corneal staining images and mean
corneal staining scores of the normal and dry eye mice. (G) Dihydroethidium (DHE) fluorescent staining and quantitative analysis of the
corneal and conjunctival epithelium of normal and dry eye mice. Scale bar: 50 nym. (H) Western blot results showing Fisl expression in the
corneal epithelium of normal and dry eye mice. (I) Quantitative analysis of Fis1 protein expression. Each group had five mice. *P < 0.05,

P < 0.01, #**P < 0.001, ***P < 0.0001.

clear length or width), “short” indicated that most mitochon-
dria were <10 pm, and “long” indicated most were >10 pm.?°

Transmission Electron Microscopy Observation

HCECs were fixed in 2.5% glutaraldehyde overnight at 4°C.
After fixation with osmium acid, samples were dehydrated
using ethanol, permeated with acetone and epoxy resin, and
then embedded with epoxy resin. Finally, the samples were
sectioned and stained for observation under a transmission
electron microscope (TEM, HT7700; Hitachi, Tokyo, Japan).

Real-Time PCR

An RNeasy Plus Mini Kit (QIAGEN Sciences, Inc., German-
town, MD, USA) was used to extract RNA from cells or
tissues following the manufacturer’s instructions. cDNA was
synthesized with a ¢cDNA synthesis kit (Takara, Beijing,
China), and then gene expression was measured by real-time
PCR (RT-PCR) with Applied Biosystems Power SYBR Green
Master Mix with the 7500 Real-Time PCR System (Thermo
Fisher Scientific). Relative expression of the target mRNA
was normalized using glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) as an internal control. The sequences of
the primers are shown in Supplementary Tables S1 and S2.

Western Blot Analysis

Cells and tissues were lysed in radioimmunoprecipitation
assay lysis buffer. Total protein was determined using a BCA
Protein Assay Kit (Beyotime, Shanghai, China). Equivalent
amounts of total protein were separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred to a nitrocellulose transfer membrane (GE Health-
care Life Sciences, Chicago, IL, USA). Primary antibodies
were incubated overnight at 4°C after blocking with 5%
nonfat milk for 2 hours. The membranes were then incu-
bated with horseradish peroxidase-conjugated secondary
antibodies for 2 hours at room temperature. Finally, the
proteins were visualized with chemiluminescence reagents
(Beyotime, China). The films were scanned using a GE Amer-
sham Imager AIG80 (GE Healthcare Life Sciences).

Immunofluorescent Staining

HCECs cultured on 24-well plates were fixed in 4%
paraformaldehyde for 15 minutes. Then, at room temper-
ature, the samples were permeabilized for 15 minutes with
0.4% Triton X-100. Nonspecific binding of the samples was
blocked by 20% goat serum and the samples were incubated
at 4°C overnight with the primary antibodies. Secondary
antibodies conjugated with Alexa Fluor 488 and 594 were
incubated at room temperature in the dark for 1 hour, and
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Figure 2. Excessive autophagy and mitophagy in dry eye both in vitro and in vivo. (A) Protein expression level of LC3 and P62 in HCECs
was detected by western blot after exposure to HOP for the indicated times. (B) Quantitative analysis of LC3 and P62 protein expression
in HCECs (z = 3). (C) Immunofluorescence images showing the co-localization of LC3 and MitoTracker Deep Red-labeled mitochondria.
Scale bar: 20 pm. (D) TEM results of untreated and HOP-stressed HCECs. Red arrows indicate undegraded autophagolysosomes. Scale bar:
1 pm. (E) Western blot results of LC3 and P62 expression by conjunctival tissue in normal and dry eye mice. (F) Quantification of LC3 and
P62 protein expression in dry eye mice (n = 5). Results are presented as mean + SD. *P < 0.05, **P < 0.01.

the nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPD). Finally, confocal microscopy (ZEISS LSM 800) was
used to photograph the stained samples.

RNA Interference

At 50% confluence, HCECs were transfected using
Invitrogen Lipofectamine RNAIMAX Transfection
Reagant (Thermo Fisher Scientific) with small inter-
fering RNA (siRNA)-targeting AMPK (forward, 5'-
CUGCUGAUGCCUAGCCAGUUGGUAA-3). Stealth siRNA
was used as a negative control treatment. To reach a final
concentration of 50 nM, dried siRNA was dissolved in
nuclease-free water in accordance with the manufacturer’s
instructions.

Virus Transfection Assay

HCECs were knocked down by short hairpin RNA (shRNA)-
MFF viruses or blank vectors supplied by Just Science
Company (Shanghai, China), and the transduction was
conducted following the manufacturer’s instructions.

Statistical Analysis

All statistical analyses were carried out using GraphPad soft-
ware (La Jolla, CA, USA), and results are expressed as mean
=+ SD. Differences between the two groups were compared
using Student’s f-test. One-way ANOVA was performed to

make comparisons among three or more groups. P < 0.05
was considered statistically significant.

REsuULTS

Mitochondrial Oxidative Damage and
Mitochondrial Fission Increased in Dry Eye

Mitochondrial oxidative damage and morphological changes
were identified in HCECs in vitro. Figure 1A shows a signif-
icant increase in intracellular ROS in HOP-stressed HCECs
compared with the control group and a significant increase
in mitochondrial ROS production (Fig. 1B). Oxidative stress
led to increased apoptosis, and HOP resulted in increased
apoptosis and decreased cell viability (Supplementary Fig.
S1). Compared with the control group, the expression of
inflammatory factors such as NLRP3 and TNF-« was signifi-
cantly enhanced in HCECs under HOP (Supplementary Fig.
S$2). The TEM results showed that the mitochondria were
rod shaped and had a clear cristae structure in the control
group, whereas those in HOP-stimulated cells were short-
ened with disorganized or absent cristae (Fig. 1C). Mito-
chondrial morphological results revealed that, in the control
group, approximately 41.5% of cells had long mitochon-
dria and 10.2% had fragmented mitochondria. Nonethe-
less the percentage of fragmented mitochondrial cells was
significantly increased (29.8%) in the HOP group (P <
0.0001, » = 3) (Fig. 1D). In particular, fission protein 1
(Fis1) expression increased in HOP-treated primary HCECs
compared with the control group, suggesting an increase
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0.001.

in mitochondrial fission in primary HCECs induced by HOP
(Fig. 1E). These results suggest that mitochondrial home-
ostasis in HCECs is disrupted and is in a state of “excessive”
fission.

In vivo, C57/B6 female mice were subcutaneously
injected with SCOP for 5 days. Mice in the SCOP
group had more obvious epithelial defects and higher
ocular surface scores than mice in the normal group
(Fig. 1F). Figure 1G demonstrates that, in the SCOP group,
the ROS level in corneal and conjunctival epithelial cells
was substantially higher than in the control group. Further-
more, Fisl expression was significantly increased in the
corneas and conjunctivas of SCOP mice (Figs. 1H, 1D.
The oxidative damage and mitochondrial fission were also
evident in the ocular surface epithelium of the dry eye
mice.

Autophagy and Mitophagy Are Overactivated in
Dry Eye

After clarifying the upregulation of mitochondrial fragmen-
tation in dry eye, our results showed that autophagy-related

gene expression increased in HOP-stressed HCECs and dry
eye mice (Supplementary Figs. S3A, S3B). Figures 2A and 2B
illustrate a significant increase in LC3B and P62 expres-
sion following HOP treatment. To further assess autophagy
induction and autophagic flux, we treated HCECs with the
autophagy inducer rapamycin and the lysosomal degrada-
tion inhibitor bafilomycin A1l. As with the autophagy inducer
rapamycin, HOP induced increased expression of LC3-II
protein (Supplementary Fig. S4A). In the case of bafilomycin
A1l treatment, HCECs subjected to HOP showed a higher
LC3-II level than cells treated with only bafilomycin Al or
HOP, indicating an increase in autophagy induction and
autophagic flux (Supplementary Fig. S4B). In addition, HOP
increased the co-localization of LC3B with MitoTracker Deep
Red, suggesting increased mitophagy in HCECs following
HOP (Fig. 2C). There were more undegraded autophago-
somes or autophagic lysosomes in HCECs under HOP
compared with the control group (Fig. 2D), suggesting an
overproduction of autophagy. Accordingly, LC3 and P62
protein expression in conjunctivas increased in dry eye
mice (Figs. 2E, 2F). These data suggest that autophagy or
mitophagy is overactivated in dry eye, leading to the accu-
mulation of damaged organelles within the cell.
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Ficure 4. AMPK knockdown alleviated HOP-induced mitochondrial fission and mitophagy. (A) Protein expression of AMPK, p-MFF, and
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localization of LC3B and MitoTracker Deep Red. Scale bar: 20 pm. Results are presented as mean + SD from three independent experiments.

P < 0.01, =P < 0.0001.

The AMPK/MFF/DRP1 Pathway Is Activated in
Dry Eye

To further understand the mechanism of mitochondrial
changes in hyperosmolarity, single-sample gene set enrich-
ment analysis (ssGSEA) was performed in R 4.1.0 (R
Foundation for Statistical Computing, Vienna, Austria),
using the metabolic-related pathways from the Reactome
database (https://reactome.org/). The 24 pathways with the
most significant changes (P < 0.05) are shown in Figure
3A and include downregulation of the integration of
energy metabolism. The result implies that hyperosmolar-
ity induces impaired energy metabolism in HCECs. The
central metabolic sensor AMPK is activated when cells
undergo energy stress.’® In addition, HOP increased AMPK
phosphorylation and the downstream substrate MFF in
HCECs following exposure to HOP for 36 and 48 hours
(Supplementary Fig. S5). Figure 3B shows that AMPK/MFF
was also activated in primary HCECs after exposure to
HOP for 36 hours. The results showed that the co-
localization of DRP1 with Tom20 increased following expo-
sure to HOP (Fig. 3C), indicating that activated MFF
recruited more DRP1 to mitochondria. Therefore, HOP
induced impaired energy metabolism in HCECs and acti-
vated AMPK/MFF, which recruited DRP1 from the cyto-
plasm to the mitochondrial outer membrane. Moreover,
in vivo, AMPK/MFF expression increased significantly in
the conjunctivas of dry eye mice compared with normal
mice (Figs. 3D, 3E).

AMPK Participates Directly in MFF/DRP1
Signaling and Mitophagy in HCECs Under
Conditions of Hyperosmolarity

Whether MFF was an AMPK-dependent substrate in HCECs
under conditions of hyperosmolarity was further deter-
mined. After being transfected with siAMPK (Supplemen-
tary Fig. S6), HCECs were exposed to hyperosmotic or
normal medium for 36 hours. Importantly, AMPK knock-
down significantly decreased the level of MFF and its
phosphorylation due to HOP (Fig. 4A). Moreover, knock-
down of AMPK significantly reduced DRP1 in the mito-
chondrial outer membrane (Fig. 4C) and mitochondrial frag-
mentation in HCECs under HOP (Fig. 4D). AMPK knock-
down somewhat attenuated the level of LC3 protein (Figs.
4A, 4B) and LC3 co-localization in the mitochondria (Fig.
4E). Furthermore, the AMPK activator 5-aminoimidazole-4-
carboxamide ribonucleotide (AICAR) was used to upregulate
AMPK and detect the changes in downstream factors. The
results showed that AMPK activation in HCECs increased the
phosphorylation of MFF (Fig. 5A), promoted transfer of cyto-
plasmic DRP1 to the outer mitochondrial membrane (Figs.
5C, 5D), and further increased mitochondrial fragmentation
(Fig. 5E). Activation of AMPK increased LC3 protein expres-
sion (Figs. 5A, 5B) and LC3 co-localization on mitochon-
dria (Fig. 5F). Overall, these results indicate that AMPK/MFF
positively regulated mitochondrial fission and mitophagy
by recruiting cytoplasmic DRP1 to mitochondria in
HCEGCs.
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treatment. (E) Images showing the mitochondrial morphology of HCECs under a confocal microscope after AICAR treatment. Scale bar:
10 pm. (F) Immunofluorescence images of LC3 localized on mitochondria in HCECs after AICAR treatment. Scale bar: 20 pm. Results are

presented as mean + SD of three independent experiments. *P < 0.05, **P < 0.01

MFF Is Essential in Mitochondrial Fission and
Mitophagy

To verify whether MFF is a crucial factor in the regulation
of mitochondrial fission and mitophagy, HCECs were trans-
fected with blank or MFF-specific shRNA lentiviral vectors to
construct a stable transfer cell line. Importantly, MFF knock-
down significantly reduced DRP1 recruitment from the cyto-
plasm to the mitochondrial outer membrane under HOP
(Figs. 6D, GE). In addition, knockdown of MFF depressed
LC3 protein expression (Figs. 6A, 6C), and LC3B localized
on mitochondria under HOP (Fig. 6F). These results suggest
that MFF plays a critical role in mitochondrial fission and
mitophagy regulation by HOP.

P < 0.001, **P < 0.0001.

Inhibition of Mitochondrial Fission Alleviates Dry
Eye

To examine the possible impact of mitochondrial fission
inhibition on cell fate under hyperosmolar conditions,
we assessed cellular oxidative damage, cell viability, and
inflammation in HCECs following shMFF knockdown. MFF
knockdown reduced HOP-induced intracellular ROS levels
(Figs. 7A, 7B). In addition, MFF knockdown preserved cell
viability in HCECs exposed to HOP (Fig. 7C). Figure 7D
shows that MFF knockdown reduced expression of NLRP3
and TNF-« at the gene level in HCECs under HOP. Therefore,
the inhibition of mitochondrial fission with MFF knockdown
partially alleviated dry eye.
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Ficure 6. Knockdown of MFF alleviated HOP-induced mitochondrial fragmentation and mitophagy. Immortalized HCECs were transfected
with MFF-specific shRNA or blank lentiviral vectors. The stably transfected HCECs were exposed to normal or hyperosmotic medium
for 36 hours. (A) Western blot results of p-MFF, MFF, and LC3 expression in shMFF knockdown HCECs with or without HOP treatment.
(B, ©) Quantitative analysis of p-MFF and LC3 expression in HCECs following shMFF knockdown. (D) Immunofluorescence co-localization
analysis of DRP1 and Tom20 in HCECs following shMFF knockdown. Scale bar: 10 pm. (E) Quantitative analysis of DRP1 co-localization
with Tom20 in HCECs after shMFF knockdown. (F) Immunofluorescence images of LC3 localized on mitochondria in HCECs after shMFF

knockdown. Scale bar: 10 pm. Results are presented as the mean + SD of three independent experiments. **P < 0.01,**P < 0.001.

Therefore, in dry eye, AMPK/MFF regulates intracellu-
lar mitochondrial fission and mitophagy by recruiting DRP1
from the cytoplasm to the outer mitochondrial membrane in
HCECs (Fig. 8).

DISCUSSION

Our study determined that HOP leads to extensive mito-
chondrial fission and mitophagy in HCECs. AMPK is acti-
vated in HCECs as a result of disturbed energy metabolism
under HOP. Moreover, AMPK activation phosphorylates MFF,
which recruits DRP1 to the mitochondrial outer membrane
and mediates mitochondrial fission and mitophagy. Inhibi-
tion of mitochondrial fission by inhibiting MFF reverses the
return of dry eye. Therefore, mitochondrial fission is closely
related to dry eye, and excessive mitochondrial fission and
mitophagy regulated by the AMPK/MFF/DRP1 pathway are
likely to play a key role in the pathogenesis of dry eye.
Mitochondrial morphology is closely related to function,
including the generation of ROS, synthesis of adenosine
triphosphate, and regulation of apoptosis.*’ The shape of
the mitochondria is a result of a balance of fusion and fission
to meet metabolic demands and remove damaged mitochon-
dria.3? Cellular dysfunction causes mitochondrial fission and
has been observed in neuromuscular®® and cardiovascular
diseases* as well as cancer?® Yu et al.3® suggested that
dynamic changes to mitochondrial morphology are a neces-
sary causal factor in the increase of ROS induced by high
glucose. Interestingly, we found that HOP induced mito-
chondrial fission in dry eye. In addition, our study detected
an abnormal increase in autophagy and mitophagy in dry
eye. Mitochondrial fission or fragmentation contributes to

the autophagic clearance of mitochondria, also referred to as
mitophagy.>” Abnormal activation of autophagy is thought to
lead to apoptosis of HCECs in dry eye.'* Our results suggest
that excessive mitophagy due to increased mitochondrial
fission may be the pathological mechanism of dry eye.

AMPK is a key cellular energy sensor and regulator of
metabolic homeostasis, and several studies have reported
that MFF is an AMPK-dependent substrate.'®:?° The cyto-
plasmic structural domain in MFF recruits DRP1 to the mito-
chondrial splitting site, allowing DRP1 oligomers to constrict
and segment the mitochondrial membrane.*® Submitochon-
drial localization of DRP1 promotes mitochondrial fission.®
Importantly, we found that AMPK phosphorylation activated
MFF that recruited DRP1 to translocate from the cytoplasm
to the outer mitochondrial membrane in HCECs after expo-
sure to HOP. Therefore, the results suggest that AMPK/MFF
activation is involved in mitochondrial fission in dry eye. By
up- and downregulating AMPK expression, AMPK positively
regulated downstream MFF/DRP1 to mediate mitochondrial
fission and mitophagy. Nonetheless, MFF knockdown in
HOP-stressed HCECs resulted in reduced recruitment of
DRP1 to the mitochondrial outer membrane and reduced
mitophagy compared with that in the HOP group. Our data
suggest that the AMPK/MFF/DRP1 pathway plays a crucial
role in promoting HOP-induced mitochondrial fission and
mitophagy in HCECs.

By inhibiting DRP1, excessive apoptosis and mitochon-
drial integrity are reversed in cell models of Cockayne
syndrome group A.* When MFF was knocked down in
HS-27a cells, iron overload-induced mitochondrial fragmen-
tation was fully diminished, cell apoptosis was reduced,
and cell viability was increased, accompanied by weakened
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Ficure 7. Knockdown of MFF alleviated increased ROS and inflammatory factors under hyperosmolar conditions. HCECs transfected with
blank and shRNA of MFF lentiviral vectors were exposed to normal or hyperosmotic medium for 24 hours. (A) The results of intracellular ROS

in HCECs by HyDCFDA assay. Scale bar: 50 nm. (B) Statistical results of the mean fluorescence intensity of intracellular ROS in HCECs. (C)
Changes to cell viability by CCK-8 assay following MFF knockdown. (D) Results of RT-PCR for gene expression of intracellular inflammatory
factors NLRP3 and TNF-«. Three independent experiments were conducted, and results are presented as mean + SD. *P < 0.05, **P < 0.01,
P < 0.001, #**P < 0.0001.
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Ficure 8. Graphic overview. In dry eye, tear hyperosmolarity triggers mtROS and cell energy dysfunction, possibly activating AMPK/MFF in
HCECs. MFF activation recruits cytoplasmic DRP1 to the outer mitochondrial membrane and mediates mitochondrial fission and mitophagy.

autophagy.!® Our results suggest that the knockdown of expression, and enhanced the cell viability of HCECs after
MFF reduced ROS release, decreased NLRP3 and TNF-« gene exposure to HOP. Thus, inhibition of mitochondrial fission
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may partially rescue dry eye. Cid-Castro et al.*! reported that

increased ROS in neurons promoted DRP1 activation, lead-
ing to increased mitochondrial fission that further increased
ROS production, whereas DRP1 knockdown reduced oxida-
tive stress-induced mitochondrial fission.” ROS and mito-
chondrial fission form a vicious cycle that aggravates mito-
chondrial dysfunction, increases ROS levels, and increases
brain damage after stroke.? Our study confirmed that
increased ROS in HCECs promotes mitochondrial fission.
Excitingly, inhibition of mitochondrial fission by MFF inhibi-
tion reduced cellular ROS. Collectively, breaking the vicious
cycle of ROS and mitochondrial fission may be important in
the treatment of dry eye.

We first detected altered mitochondrial morphology in
dry eye. Furthermore, we have illustrated that the poten-
tial mechanism of mitochondrial fission is the activation
of AMPK/MFF sensing cellular energy stress. Nevertheless,
the present study did not explore changes to mitochondrial
morphology and mitophagy with associated genetic inter-
vention in vivo.

In summary, this study identified abnormally increased
mitochondrial fission and mitophagy in HCECs in dry
eye. Energy stress induced by HOP led to activation
of AMPK/MFF with consequent recruitment of DRP1 to
translocate from the cytoplasm to the outer mitochon-
drial membrane to mediate mitochondrial fission and
mitophagy. Importantly, attenuation of mitochondrial fission
by MFF inhibition alleviated oxidative stress and inflam-
mation in dry eye. This study presents a novel foundation
for future research and treatment of patients with dry eye
disease.
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