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Abstract Tear film hyperosmolarity plays a core role in the development of dry eye disease (DED) by mediating
the disruption of ocular surface homeostasis and triggering inflammation in ocular surface epithelium. In this
study, the mechanisms involving the hyperosmolar microenvironment, glycolysis mediating metabolic
reprogramming, and pyroptosis were explored clinically, in vitro, and in vive. Data from DED clinical samples
indicated that the expression of glycolysis and pyroptosis-related genes, including PKM2 and GSDMD, was
significantly upregulated and that the secretion of IL-1p significantly increased. In vitro, the indirect coculture of
macrophages derived from THP-1 and human corneal epithelial cells (HCECs) was used to discuss the interaction
among cells. The hyperosmolar environment was found to greatly induce HCECs’ metabolic reprogramming,
which may be the primary cause of the subsequent inflammation in macrophages upon the activation of the
related gene and protein expression. 2-Deoxy-d-glucose (2-DG) could inhibit the glycolysis of HCECs and
subsequently suppress the pyroptosis of macrophages. In vivo, 2-DG showed potential efficacy in relieving DED
activity and could significantly reduce the overexpression of genes and proteins related to glycolysis and
pyroptosis. In summary, our findings suggested that hyperosmolar-induced glycolytic reprogramming played an
active role in promoting DED inflammation by mediating pyroptosis.
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Introduction

Dry eye disease (DED) is one of the most common ocular
surface disorders. In China, the prevalence of DED is
5%—-50%, while the morbidity is as high as 31.4% [1-3].
Conventional treatments, such as artificial tears or
lubricants, can alleviate the symptoms of mild DED.
However, for severe DED, steroids and immunosup-
pressants are required for long-term application with
limited  efficacy. Furthermore, steroids and
immunosuppressants may lead to serious adverse events
[4]. Therefore, on the basis of the limitations and side
effects of existing treatments, the pathogenesis of DED
and novel treatments need to be studied in detail.
Mechanisms causing DED vary, among which
hyperosmotic stress and inflammation are the core and

Received March 6, 2022; accepted January 28, 2023
Correspondence: Xiaodan Huang, huangxiaodan@zju.edu.cn

marking characteristics of DED [1]. Tear film instability
and hypertonic stress can activate the pressure signaling
pathways in ocular surface epithelial cells and immune
cells, trigger the secretion of pro-inflammatory factors,
and lead to the recruitment and activation of immune cells
to promote ocular surface inflammation [5,6].
Nevertheless, the specific mechanism of hypertonic stress
in the occurrence and development of DED immune
inflammation remains unclear.

The epithelial cell, located in the outermost layer of the
corneal tissue, is the first cell barrier on the ocular surface
[7]. The tear film is in direct contact with the epithelial
cells on the ocular surface. It is one of the sources of
nutrients for corneal epithelial cells and provides a stable
microenvironment for their metabolism [8]. Research on
the tear metabolism spectrum of DED patients has
identified potential biomarkers and provided new ideas
regarding DED metabolomics; e.g., tear film breakup
could lead to abnormal glycolysis featured by the
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overexpression of tricarboxylic acid (TCA) circulation
[9]. Glycolysis, as the main metabolism in ocular surface
epithelial cells [10], is involved in the development of
several eye diseases, including herpes interstitial keratitis
[11] and alkaline burns [12]. Studies have shown that
changes in tear film osmotic pressure and the glycolysis
of ocular surface epithelial cells may play an important
role in promoting DED development.

Monocytes may infiltrate the ocular surface and
differentiate into inflammation-related M1 macrophages,
which may induce DED by desiccating stress in mice
[13]. In a DED mouse model with systemic autoimmune
diseases (such as Sjogren’s syndrome, and lupus), the
corneal stroma, limbus, and lacrimal gland of DED mice
have a large number of CD4" T cells and infiltrate
macrophages, while the depletion of local macrophages
could significantly improve tear secretion and alleviate
DED activity [14]. Macrophages, as the first line of
natural defense in ocular surface immunity, play a vital
role in the development of ocular surface diseases
[15,16].

Emerging evidence has indicated that macrophage
pyroptosis is a key factor involved in the inflammation
response in different organs, including the central nervous
system [17], liver [18], and kidney [19]. Pyroptosis is the
programmed cell necrosis response to inflammation.
Gasdermin D (GSDMD), cleaved by activated caspase
molecules, may change intracellular osmotic pressure and
form holes in the cell membrane, which could lead to the
release of mature IL-1p and IL-18, thereby triggering cell
death and inflammation [20]. Moreover, the activation of
macrophage pyroptosis in the cornea has been proven to
promote the development of fungal keratitis [21].

Although hypertonic stress, glycolysis, corneal
epithelial cells, and macrophages may play major roles in
DED inflammation, the mechanism behind the interaction
between epithelial and immune cells in DED remains
uncertain. In this study, we initially analyzed the
expression of genes related to glycolysis and pyroptosis
in the eye of DED patients. Then, the coculture system
between human corneal epithelial cells (HCECs) and
macrophages derived from THP-1 was used to describe
how the interaction promoted DED development, notably
the hyperosmotic stress involved. /n vivo experiments
were further performed, and inhibitors for glycolysis were
used to describe the dominant role of glycolysis in
pyroptosis.

Materials and methods
Patients
A total of 36 clinically diagnosed DED patients (11 males,

25 females; mean age + standard deviation (SD) = 53.28
+ 2.941 years; range = 24-87 years) comprising 72 eyes

were enrolled in this study. A total of 32 healthy
volunteers (16 males, 16 females; mean age + SD = 43.13
+ 4.403 years; range 21-90 years) were recruited as the
healthy control. This study was approved by the
Institutional Review Board, The Second Affiliated
Hospital, Medical College of Zhejiang University,
Hangzhou, China (2018-027). All participants voluntarily
signed the informed consent forms after being provided
with a full explanation of the study. The diagnosis criteria
of DED included a score of breakup time < 10 s and a
Schirmer test score < 10 mm/5 min [22]. The inclusion
criteria were set as follows: all patients had DED-related
symptoms for at least 6 months and used only preservative-
free artificial tears (topical anti-inflammatory drugs, such
as 0.05% cyclosporine A, or steroids were not used). The
exclusion criteria included a history of ocular surgery,
contact lens use, or ocular therapies other than artificial
tears within the last 3 months. Patients were also
excluded if they were pregnant, nursing, or lactating or if
they had any systemic diseases (e.g., diabetes, heart
diseases, and psychosis). The control group volunteers
were healthy, had no history of ocular disease or systemic
disease, and did not wear contact lenses. The results of
the examinations were all within the normal range.

Conjunctival impression cytology (CIC)

The cellulose acetate film was cut into 3 mm x 3 mm X
4.5 mm right-angle trapezoidal paper sheets (the sharp
corner was the smooth surface at the lower right corner,
and the sharp corner was the rough surface at the lower
left corner). The film was then sterilized and kept sealed.
The patient took one to two drops of proparacaine
hydrochloride eye drops into the conjunctival sac. After
3-5 min, the sterilized film was pressed on the surface of
the conjunctiva at 2 mm from the limbus by using a
sterile glass rod to absorb the tears in the conjunctival sac.
A total of four ocular surface cells from the upper, lower,
nasal, and temporal sides of each eye were collected. All
samples were transferred into Eppendorf tubes equipped
with 1 mL of TRI-Reagent RNA lysis solution and stored
at —80 °C for later use.

Tear collection

Tears were collected from healthy and DED patients by
using a capillary tear collector from SEINDA (Shandong,
China). The capillary tear collector was held in
accordance with the instructions for use. The subject was
instructed to turn the eye upward, the lower conjunctival
fornix was gently pulled, and the capillary tip of the
collection head was placed vertically on the lower
conjunctival fornix. When tears filled the capillaries at the
tip of the collection head, one-time sampling was deemed
complete. Tears were sampled 3 times from each eye. All
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samples were then transferred into 0.6 mL sterile dry
tubes and stored at —80 °C for later use.

Cell culture

HCECs were purchased from Sigma-Aldrich (St. Louis,
MO, USA), and THP-1 cells were obtained from the Cell
Bank of the Chinese Academy of Sciences (Shanghai,
China). Cell lines were authenticated by ATCC. HCECs
were cultured in a DMEM/F12 medium (Gibco,
Waltham, MA, USA) supplemented with 1% penicillin—
streptomycin—glutamine (PSG) and 10% fetal bovine
serum (Gibco, Waltham, MA, USA). For the THP-1 cells,
an RPMI 1640 medium with 0.05 mM 2-mercaptoethanol
(Gibco, Waltham, MA, USA), 10% FBS, and 1% PSG
were used as the culture medium. Cells were cultured at
37 °C in a humidified incubator with 5% CO,.

Indirect coculture cell model

Transwell (Labselect, Anhui, China) with a 0.4 pm
polycarbonate membrane was applied in accordance with
the manufacturer’s protocol (Fig.4D). HCECs were
seeded into the top and bottom chambers of a Transwell
insert. The next day, 10 nmol/L. 2-deoxy-d-glucose (2-
DG) (MCE, HY-13966) or small interfering RNAs
(siRNAs) targeting HK1 or PKM2 (Ribobio, Guangzhou,
China) was used to pretreat HCECs. After 6 h, the
medium was replaced with a hypertonic medium (HM;
450 mOsM) and cultured for 24 h. The THP-1 cells were
stimulated with 150 nmol/L phorbol-12-myristate-13-
acetate for 2 days to differentiate macrophages and
activate them via LPS (500 ng/mL) challenge for 4 h. The
top Transwell chamber seeded with HCECs was then
directly placed into the plate containing macrophages
derived from THP-1 cells for another 24 h of culture.
After coculturing, HCECs and macrophages derived from
THP-1 cells were collected for further analysis. In vitro,
before the indirect coculture, HCECs were cultured in
DMEM/F12, and THP-1 was cultured in 1640. During the
indirect coculture, the HCEC supernatant (DMEM/F12)
was collected to replace the THP-1 supernatant (1640) for
coculturing.

Animals

Eight-week-old MRL/MPJ and MRL/Ipr mice were
purchased from Shanghai SLAC Laboratory Animal Co.,
Ltd. The MRL/MPJ mice served as the negative control.
All experiments were performed in accordance with the
Institutional Animal Care and User Committee
Guidelines of the Second Affiliated Hospital of Zhejiang
University (2020-131). The MRL/lpr mice were randomly
divided into model and treatment groups, and the
treatment group was intraperitoneally injected with

250 mg/kg of 2-DG continuously for 28 days. The model
group was injected with 100 pL of normal saline.

Real-time quantitative PCR (RT-qPCR)

Gene expression was analyzed by RT-qPCR with the
ViiA™ 7 Real-Time PCR System (Applied Biosystems,
Waltham, MA, USA) using SYBR® Premix Ex Taq™
(Takara). cDNA was prepared using a PrimeScript RT
Reagent Kit gDNA FEraser (Takara). The primer sequence
(Table 1) synthesized by Tsingke Biotechnology Co., Ltd.
(Beijing, China) was designed with ThermoFisher
Scientific’s online OligoPerfect™ Designer software and
further verified with NCBI’s Primer-BLAST software.
The results were normalized to P-actin relative to the
control and analyzed using the AACt method (2-2ACY),

Western blot analysis

Cells or animal tissues were lysed with RIPA lysis buffer
(Solarbio, R0020, Beijing, China) for cellular protein
extraction with the concentrations determined through the
BCA protein assay (Thermo Scientific, UJ292597, CA,
USA). Proteins from SDS/PAGE were electrotransferred
to a 0.2 pm immobilism-PSQ transfer membrane (Merck
Millipore, ISEQ00010, Ireland) by electrophoresis. The
membrane was then immunoblotted with specific
antibodies. Protein detection was performed using the
Universal Hood III (Bio-Rad, 731BR00991, USA) and
Clarity Western ECL Substrate (Bio-Rad, 170-5061,
Hercules, CA, USA). Antibodies against GSDMD (L60),
PKM2 (D78A4), and IL-1B (3A6) were obtained using
Cell Signaling Technology (Danvers, MA, USA).
Antibodies against Caspase-1 (ab79515), NLRP3
(ab263899), HK1 (ab150423), LDH (ab52488), PFKM
(ab204131), and PDH (ab172617) were purchased from
Abcam (Cambridge, UK). Band intensities were
quantified using Image J software (NIH, USA).

Immunohistochemical (IHC) staining

Mouse cornea staining was used to evaluate tissue
macrophage infiltration. Frozen sections (8 pum) of the
mouse cornea samples were taken out from a —80 °C
freezer, dried for 15 min, fixed in 4% PFA for 15 min,
and washed 3 times with PBST for 5 min each time, and
the excess moisture was blotted out with filter paper. To
each specimen, 20 uL of a blocking solution was added,
and the specimen was blocked for 2 h at room
temperature. After another three washes, 20 puL of F4/80
antibody was added (Biolegend, San Diego, CA, USA) to
each specimen, and the sections were stained and allowed
to stand overnight at 4 °C in darkness. After washing,
20 pL of secondary antibody was added to each
specimen, which was then incubated for 1 h in darkness at
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Table1 RT-qPCR primer

Gene

Forward primer sequence

Reverse primer sequence

Human-NLRP3
Human-caspase-1
Human-GSDMD
Human-/L-13
Human-HK1
Human-TPI1
Human-GAPDH
Human-PGAM
Human-ENO1
Human-PKM?2
Mouse-Nlrp3
Mouse-caspase-1
Mouse-Gsdmd
Mouse-1I-18
Mouse-Pkm2

5'-GATCTTCGCTGCGATCAACAG-3'
5'-TTTCCGCAAGGTTCGATTTTCA-3’
5'-GTGTGTCAACCTGTCTATCAAGG-3'
5'-ATGATGGCTTATTACAGTGGCAA-3’
5'-GCTCTCCGATGAAACTCTCATAG-3'
5'-CTCATCGGCACTCTGAACG-3'
5'-GGAGCGAGATCCCTCCAAAAT-3’
5'-TCTGGAGGCGCTCCTATGAT-3'
5'-GCCGTGAACGAGAAGTCCTG-3'
5'-ATGTCGAAGCCCCATAGTGAA-3'
5-TGTGAGAAGCAGGTTCTACTCT-3'
5'-AATACAACCACTCGTACACGTC-3’
5'-TTCCAGTGCCTCCATGAATGT-3'

5'-GAAATGCCACCTTTTGACAGTG-3'
5'-CGCCTGGACATTGACTCTG-3'

5'-CGTGCATTATCTGAACCCCAC-3'
5'-GGCATCTGCGCTCTACCATC-3’
5'-CATGGCATCGTAGAAGTGGAAG-3'
5-GTCGGAGATTCGTAGCTGGA-3'
5'-GGACCTTACGAATGTTGGCAA-3'
5'-GCGAAGTCGATATAGGCAGTAGG-3’
5'- GGCTGTTGTCATACTTCTCATGG-3'
5'-TCTGTGAGGTCTGCATACCTG-3'
5'-ACGCCTGAAGAGACTCGGT-3’
5'-TGGGTGGTGAATCAATGTCCA-3'
5-TGTAGCGACTGTTGAGGTCCA-3'
5'-AGCTCCAACCCTCGGAGAAA-3'
5-GCTGTGGACCTCAGTGATCT-3'

5'-TGGATGCTCTCATCAGGACAG-3'
5'-GAAATTCAGCCGAGCCACATT-3'

room temperature. The specimen was washed 3 times
with PBST for 5 min each time. Filter paper was used to
absorb water. After the sections were mounted with a
medium containing DAPI (Yesen Biotechnology,
D6109100, China), the samples were observed and
photographed under a fluorescence microscope (Leica
TCS SP8 MP, Wetzlar, Germany).

Lactate assay

Lactate concentration was measured using a Lactate
Assay Kit (Nanjing Jiancheng, A019-2-1, China) in
accordance with the manufacturer’s instructions. In a
typical procedure, absorbance at As3o ny Was measured to
lactate concentrations of cell medium supernatants or
animal tissue lysates on a plate reader (SpectraMax M5,
Molecular Devices, USA). For cellular lactate, the cell
medium supernatant of HCECs was collected, and the
lactate concentration in the test samples was calculated as
follows:

Lactate concentration (nmol/L) = (Awst — Ablank) /
(Astandard — Ablank) X Standard concentration (3 mmol/L) x
Sample dilution factor

For the lactate of animal tissues, the mouse cornea,
lacrimal gland, and meibomian gland were sonicated with
ice normal saline, and the lactate concentration in the test
samples was calculated as follows:

Lactate concentration (nmol/gprot) = (Awest — Ablank) /
(Astandard — Ablank) X Standard concentration (3 mmol/L) x
Sample protein concentration (gprot/L)

TUNEL assay

In the cornea tissue sections of mice, dead cells in the

tissues were measured using a One Step TUNEL Assay
Kit (Beyotime Biotechnology, C1088, China) in
accordance with the manufacturer’s protocol. Frozen
sections were fixed with 4% paraformaldehyde for 1 h
and washed with PBS. Then, PBS containing 0.5% Triton
X-100 was used for permeabilization. The sections were
washed, and the PBS was blotted with filter paper. To the
working solution of each specimen, 50 pL of TUNEL
was added, and the sections were stained for 1 h at 37 °C
in darkness. Afterward, the sections were mounted with a
medium containing DAPI (Yesen Biotechnology,
D6109100, China). The samples were observed and
photographed under a fluorescence microscope (Leica,
Wetzlar, Germany).

Tear human IL-1p immunoassay

IL-1B was analyzed using a high-sensitivity enzyme-
linked immunosorbent assay (ELISA) with SpectraMax®
M5 System (Molecular Devices, San Jose, CA, USA).
The tear levels of IL-1f were determined with
Quantikine® HS ELISA (R&D Systems, Minneapolis,
MN, USA). A total of 36 tear samples from DED patients
and 32 tear samples from healthy volunteers were
included. The tear samples (5 pL) were diluted with
Calibrator Diluent RDST buffer to 100 pL for assay
following the manufacturer’s protocols.

Flow cytometry and reactive oxygen species (ROS)
detection

An ROS Assay Kit (Beyotime, Shanghai, China) was
used to detect the intracellular ROS level. THP-1 cells
were incubated with 10 pmol/L DCFH-DA staining



Yu Han et al.

785

solution in darkness for 20 min at 37 °C. Cells were
washed 3 times with a serum-free cell culture medium to
sufficiently remove DCFH-DA that did not enter the
cells. They were then harvested with 0.05% trypsin-
EDTA solution, suspended in a fresh medium, and
immediately analyzed with a flow cytometer (Canto, BD,
USA; 488 nm laser).

Statistical analysis

Each experiment was repeated 3 times. Data are presented
as mean = SD. Student’s #-test or one-way ANOVA was
performed to compare the differences among the groups.
Quantitative results were analyzed using GraphPad Prism
7 (GraphPad Software Inc., San Diego, CA, USA). P <
0.05 was considered statistically significant.

Results

Increased titer of IL-1f in tears and enhanced
glycolysis and pyroptosis on ocular surfaces in DED
patients

Through CIC, we collected epithelial cells from the
ocular surface of 36 DED patients and 32 healthy
controls. Tears were also collected for IL-1 detection.
The titer of IL-1p in tears of the DED group significantly
increased compared with that of the control group
(Fig. 1A). As shown in Fig. 1B-1K, the expression of
pyroptosis-related genes, namely, NLR family pyrin
domain containing 3 (NLRP3), caspase-1, GSDMD, and
IL-1p, and glycolysis-related genes, namely, hexokinase 1
(HKI), triosephosphate  isomerase 1 (TPII),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
phosphoglycerate mutase 1 (PGAM), enolase 1 (ENOI),
and PKM?2, in the epithelial cells of DED patients
significantly increased compared with that in the control
group. Therefore, enhanced glycolysis and pyroptosis, as
well as increased titer of IL-1B, were observed in DED
patients.

Enhanced glycolysis and pyroptosis-related
inflammation in DED mouse model

To further confirm the changes in glycolytic and
pyroptosis metabolism, a DED mouse model, MRL/lpr,
was used [23,24]. We found that the tear secretion of
MRL/Ipr mice was significantly reduced compared with
that of the control group (Fig.2A), indicating that
MRL/lpr mice were reliable as a mouse DED model. As
shown in Fig. 2B, the lactate secretion of the cornea
tissues of the DED mice was upregulated compared with
that of the control group. In Fig. 2C, pyroptosis-related
genes, including Nirp3, caspase-1, Gsdmd, and II-1[3,
were upregulated in the cornea of the DED mice

compared with those in the cornea of the control group.
Western blot analysis further indicated a significant
increase in the protein expression of PKM2 and in the key
metabolic enzyme for glycolysis. The expression of the
corresponding cleaved proteins encoded by caspase-1,
Gsdmd, and Il-18 in the cornea also significantly
increased (Fig. 2D).

Pyroptosis in the cornea of DED mice was analyzed by
TUNEL assay. As shown in Fig. 2E, the TUNEL" cells in
the cornea of the DED mice significantly increased
compared with those in the cornea of the control group.
Glycolytic metabolism and pyroptosis increased and that
were involved in DED development. The macrophage is
one of the most common inflammatory immune cells of
the ocular surface immune response in DED, so we analyzed
the M1-macrophage marker F4/80 of cornea tissues from
DED mice by IHC staining. The IHC staining results in
Fig. 2F demonstrate that compared with that in the cornea
of the control group, the F4/80 expression in the cornea of
DED mice significantly increased. This finding indicated
that the infiltration of macrophages increased and might
have led to the immune response of DED. Therefore,
infiltrating macrophages might trigger the immune
response on ocular surfaces in DED.

Hypertonicity-induced pyroptosis by regulating the
glycolytic metabolism of the DED microenvironment
model in vitro

Hyperosmolarity has been proven to be an important
factor in the initiation of ocular surface inflammation in
DED patients. In accordance with a previous study, an
HM (450 mOsM) was used to stimulate HCECs for 24 h
to induce a hypertonic cell model [25]. As shown in
Fig. 3A, hypertonic stress could regulate the mRNA
expression of gene encoding enzymes in the glycolytic
metabolic pathways in HCECs. Among them, the HK/,
glucose-6-phosphate isomerase (GPI), phosphofructo-
kinase muscle (PFKM), aldolase, fructose-bisphosphate A
(ALDOA), TPIl, PKM2, phosphoglycerate kinase 1
(PGKI), PGAM, and ENOI genes were upregulated in
the 450 mOsM group cells. On the contrary, these genes
were significantly downregulated in the pretreatment of
the glycolysis inhibitor 2-DG. Western blot analysis of
HK1, PFKM, PKM2, LDH, and PDH showed similar
changes (Fig. 3B). Lactic acid secretion could also be
inhibited by the 2-DG treatment (Fig. 3C). These results
indicated that 2-DG could successfully inhibit the
changes in glycolytic metabolism induced by the
hypertonic environment in HCECs.

To study the interaction between cells, we applied
Transwell to mimic the DED ocular surface microenvi-
ronment in vitro (Fig. 3D). After coculture for 24 h, both
activated THP-1 cells and HCECs were collected for
further analysis. As illustrated in Fig. 3E, compared with
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the isotonic medium (IM) group, the protein expression of
NLRP3, cleaved-caspase-1, cleaved-GSDMD, and
cleaved-IL-1p in macrophages (THP-1) cocultured with

increased. Interestingly, compared with the HM group,
the expression of pyroptosis-related proteins decreased in
macrophages cocultured with 2-DG-pretreated hypertonic

the HM group supernatant of HCECs significantly supernatant. Massive ROS release is the main
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characteristic of DED [26], and ROS can activate NLRP3
following the activation of Caspase-1, which causes
pyroptosis [27]. The ROS release level of these
macrophages (THP-1) was detected by flow cytometry.
As presented in Fig. 3F, the ROS release of the
macrophages (THP-1) significantly increased in HM
compared with that in the IM treatment groups. These
data suggested that hyperosmotic stress could mediate
glycolytic metabolic reprogramming in HCECs’ in vitro
indirect coculture model, thereby inducing macrophage
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ROS level of THP-1 examined by flow cytometry after coculture with HCEC supernatant. Data are represented as mean + SD; ***P < 0.001,

compared with IM (312 mOsM), ¢-test.

analysis showed that siPKM2 and siHK1 could
significantly inhibit the glycolysis of HCECs (Fig. 4C and
4D). In the coculture system, such inhibition of glycolysis
could suppress the pyroptosis of macrophage through
indirect interaction with HCECs (Fig. 4C and 4D).
Interestingly, we found pyroptotic morphological
features in the macrophages treated with HM supernatant

of HCECs (Fig. 5A), which could be eliminated by
coculturing with the HCECs of inhibited glycolysis.
TUNEL (Fig. 5B) and PI (Fig. 5C) staining also indicated
that the macrophages’ death in the HM supernatant of
HCEC treatment could be prevented via coculturing with
HCECs of inhibited glycolysis by using an inhibitor or
PTGS. Thus, in the DED microenvironment, hypertonic
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stress could mediate HCECs’ glycolytic metabolism
reprogramming, which might be the leading cause of
ROS-mediated pyroptosis in  macrophages and,
ultimately, the inflammation in DED.

2-DG-induced decrease in pyroptosis through
glycolysis inhibition in the DED mouse model

To further confirm the regulating effect of glycolysis and
pyroptosis in dry eye, we applied the inhibitors in an
MRL/lpr mouse model [4,23]. 2-DG was administered by
intraperitoneal injection to mice every day at a dose of
250 mg/kg [28]. As shown in Fig. 6A, 2-DG was able to
significantly increase tear secretion from week 3 to week
4. The cell death and macrophage infiltration in the
cornea of DED mice treated with 2-DG were analyzed by
TUNEL and F4/80 staining assays. Compared with the

macrophage infiltration in the cornea of DED mice
(Fig. 6B). Western blot analysis of protein lysate from
cornea tissues indicated that the expression of PKM2,
NLRP3, cleaved-caspase-1, cleaved-GSDMD, and
cleaved-IL-1p decreased in the 2-DG group. Thus,
inhibiting glycolysis could reduce the occurrence of
pyrolysis in the cornea of DED mice. These findings were
all supported in DED pathogenesis, and glycolysis was
the initial factor mediating the subsequent pyroptosis and
inflammation. Inhibiting glycolysis could significantly
improve DED in mice (Fig. 6C).

Discussion

The ocular surface microenvironment is complicated and
has various components, including ocular surface tissues,
extracellular matrix, and immune cells, which can

model group, 2-DG reduced the cell death and contribute to the maintenance of the microenvironment.
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IL-1B)-related protein expression in macrophages derived from THP-1 after siHK1 treatment and coculture. (D) Level of glycolysis (HK1, PFKM,
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quantification were analyzed by one-way ANOVA; *P < 0.05, **P < 0.01, and ***P < 0.001, compared with HM; ##P < 0.05, ##P < 0.01, and

###pP < 0.001, compared with IM.

The breakdown of the ocular surface microenvironment
could ultimately lead to severe DED characterized by
inflammatory damage to ocular tissues [29]. Corneal
epithelial cells are highly glycolytic and can regulate
respiration and glycolysis in accordance with their energy
requirements [30,31]. In this study, we collected the
ocular surface cells of diagnosed DED patients by CIC
and analyzed the expression of related genes by RT-
gPCR. We found that the expression of glycolytic
enzymes, including HK1, TPIl, GAPDH, PGAM, ENOI,
and PKM?2 (Fig. 1F-1K), significantly increased. This
finding proved from a clinical perspective that glycolysis
is involved in DED development.

Similar changes were later confirmed in vivo by using
DED mice. Lactate accumulation (Fig. 2B), pyroptosis
(Fig. 2D), and macrophage infiltration (Fig.2E) in the
cornea of DED mice significantly increased. Therefore,
glycolysis in epithelial cells and pyrolysis in immune
cells contributed to the pathogenesis of DED.

Emerging research has focused on the detailed

mechanisms of cells, such as resident epithelial cells and
circulating immune cells, as well as their response to
disordered microenvironments, whereas few have
discussed the interaction between both. We proved the
dysfunction of glycolysis in epithelial cells and the
overexpression of pyroptosis-related proteins and
cytokines induced by macrophages in vitro (Figs. 3E, 4C,
and 4D). In vivo, we found that improving the glycolytic
function of DED mice could downregulate the levels of
pyroptosis-related factors in the cornea (Fig. 6C).
Interestingly, through the coculture of HCECs and
macrophages differentiated from THP-1 cells, we found
that lactic acid might play a key role in triggering ROS
release and could induce inflammation (Fig. 3F).
Furthermore, the inhibitor for glycolysis showed potential
in relieving DED by inhibiting glycolysis and pyrolysis in
the cornea of mice (Fig. 6).

The difference in the metabonomic characteristics of
tears of healthy subjects and DED patients was detected,
and we found differences in lactate dehydrogenase,
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Fig. 5 Level of pyroptosis in THP-1 after inhibiting glycolysis in HCECs in the dry eye microenvironment model. (A) Representative images of
THP-1 cells after coculturing with the supernatant of HCECs pretreated with IM, HM, 2-DG, siPKM2, or siHK1 under an optical microscope. The
red arrow indicated air bubbles. (B, C) TUNEL and PI staining indicated the cell death of THP-1 in the dry eye microenvironment model. Cell
death is labeled in green (TUNEL) and red (PI), and cell nucleus is in blue (DAPI).

glutamate, creatine, and glucose [32]. Lactate, as a
metabolite of glycolysis, has long been regarded as a
“metabolic waste” and not as a biologically active
molecule. However, the accumulation of lactate in the
disordered microenvironment has an important regulatory
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effect on immune cells in the process of residing in and
infiltrating [33]. Lactate contributes to the pathogenesis
of various diseases [33] and participates in the TCA cycle
to provide energy [34]. The acidic environment
established by lactate has been reported to enhance the
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Fig. 6 2-DG inhibited glycolysis and pyroptosis in the cornea of dry eye mice. (A) Treatment of 2-DG (250 mg/kg/day) on tear secretion
(Schirmer test) in control and DED mice. (B) Levels of cell death and macrophage infiltration in the cornea of DED mice treated with 2-DG.
TUNEL-labeled death cells (green), F4/80-labeled macrophages (red), and DAPI-labeled cell nucleus (blue). Scale bar = 100 pm (40x). Data are
represented as mean + SD; **P < 0.01, compared with the control group, #test. (C) 2-DG downregulated the level of pyroptosis through glycolysis
inhibition in the cornea of DED mice. Cornea tissue lysates were analyzed by Western blot for PKM2, NLRP3, cleaved-Caspase-1, cleaved-
gasdermin D, cleaved-IL-1pB, and B-actin (as loading control). Representative Western blots and the protein quantification are shown: ##P < 0.001,
compared with the control group; ***P < 0.001, compared with DED mice (one-way ANOVA).

production of a-ketoglutarate (a-KG), which was reduced
by malate dehydrogenase 1 and converted into L-2HG
and ROS, thereby improving the ability of a-KG to
induce pyroptosis [35]. Additionally, hyperosmotic stress
could induce DED damage by triggering ROS release and
apoptosis in the tear film, the key extracellular matrix on
the ocular surface [36,37].

The ocular surface inflammation caused by DED

includes the innate immunity of epithelial cells and the
acquired immunity caused by the infiltration of immune-
inflammatory cells. Acquired immunity plays a dominant
role. Some existing research has focused on the
expression of immunomodulatory molecules in corneal
epithelial cells in DED. Studies have shown that NLRP12
and NLRC4 inflammasomes in corneal epithelial cells
can induce gasdermin D-dependent pyrolysis and cause
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ocular surface epithelial defects in response to hypertonic
stress [38]. Moreover, immune cells, including
macrophages, as the first natural line of defense for ocular
surface immunity, and their role in DED development are
undisputed. Nevertheless, the tear film hyperosmotic state
can prevent the defense system from functioning [15,16].
In a hypertonic environment, immune cells release pro-
inflammatory factors and chemokines, recruit more
immune cells, and ultimately lead to a vicious circle of
inflammation [6]. Accordingly, a series of DED ocular
surface damage and immune-inflammatory responses
caused by increased tear film osmotic pressure is
involved in multiple cells and tissues. In this study, we
used a coculture system of corneal epithelial cells and
macrophages to better understand the multicellular
environment of the ocular surface of DED (Fig. 3D). To
explore the interaction between corneal epithelial cells
and ocular surface macrophages in a hypertonic
environment, we examined the role played by hypertonic
stress-induced changes in corneal epithelial cell
glycolysis in ocular surface damage and ocular surface
immune inflammation in DED.

Taken together, our findings showed that hypertonic
stress mediated the glycolytic reprogramming of ocular
surface epithelial cells and promoted the pyroptosis of
macrophages via the accumulation of lactic acid in the
microenvironment of the ocular surface, thereby promo-
ting DED development inflammation. Our findings
suggested the pivotal role of glycolysis-dependent
pyroptosis in dry eye. Moreover, compounds capable of
modulating the glycolytic pathway are potential
pharmacologic candidates for simultaneous use with other
conventional drugs, which may provide insights into the
search for novel therapeutic strategies and pharmac-
ological targets to improve DED treatment. However,
further investigation on the involvement of glycolysis in
the corneal epithelium regulating the cellular scorching of
immune cells in the pathogenesis of DED is needed.
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