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Identification of glutamine as a potential therapeutic target in

dry eye disease
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Dry eye disease (DED) is a prevalent inflammatory condition significantly impacting quality of life, yet lacks effective

pharmacological therapies. Herein, we proposed a novel approach to modulate the inflammation through metabolic remodeling,
thus promoting dry eye recovery. Our study demonstrated that co-treatment with mesenchymal stem cells (MSCs) and thymosin
beta-4 (TB4) yielded the best therapeutic outcome against dry eye, surpassing monotherapy outcomes. In situ metabolomics
through matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI) revealed increased glutamine levels in
cornea following MSC + T34 combined therapy. Inhibition of glutamine reversed the anti-inflammatory, anti-apoptotic, and
homeostasis-preserving effects observed with combined therapy, highlighting the critical role of glutamine in dry eye therapy.
Clinical cases and rodent model showed elevated expression of glutaminase (GLS1), an upstream enzyme in glutamine metabolism,
following dry eye injury. Mechanistic studies indicated that overexpression and inhibition of GLS1 counteracted and enhanced,
respectively, the anti-inflammatory effects of combined therapy, underscoring GLS1’s pivotal role in regulating glutamine
metabolism. Furthermore, single-cell sequencing revealed a distinct subset of pro-inflammatory and pro-fibrotic corneal epithelial
cells in the dry eye model, while glutamine treatment downregulated those subclusters, thereby reducing their inflammatory
cytokine secretion. In summary, glutamine effectively ameliorated inflammation and the occurrence of apoptosis by
downregulating the pro-inflammatory and pro-fibrotic corneal epithelial cells subclusters and the related IkBa/NF-kB signaling. The
present study suggests that glutamine metabolism plays a critical, previously unrecognized role in DED and proposes an attractive

strategy to enhance glutamine metabolism by inhibiting the enzyme GLS1 and thus alleviating inflammation-driven DED

progression.
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INTRODUCTION

The aging population and increased screen usage among youth have
elevated the prevalence of dry eye disease (DED). DED is primarily
characterized by an imbalance in tear film homeostasis, accompanied
by ocular discomfort and/or ocular surface histopathological features'.
Globally, DED's prevalence spans from approximately 5% to 50%?2. In
clinical practice, DED stands as the second most prevalent ocular
disease, trailing only refractive error. It significantly impacts patients’
quality of life, and if untreated, DED can result in sustained damage to
the delicate cellular layer of the ocular surface®. Nevertheless, current
treatment options primarily offer palliative relief, including artificial
tears, nutritional supplements, and topical steroids’, with no definitive
cure in sight. Therefore, the development of innovative alternative
therapies for DED holds paramount importance.

DED is an adaptive immune-mediated inflammatory condition,
with metabolic pathways emerging as crucial regulators of
inflammatory responses™. In the context of inflammation,
epithelial and immune cells shift their energy supply from
oxidative phosphorylation to glycolysis®™®. Additionally, maintain-
ing cell membrane stability via the glycerophospholipid pathway
assumes importance, and deviations in glycerophospholipid

; https://doi.org/10.1038/s41392-024-02119-1

metabolism within the cornea post DED can potentially trigger
inflammatory responses®. Heightened sphingomyelin metabolism
alteration in the cornea also contributes to inflammation, cell
death, and corneal damage'®. Furthermore, altered amino acid
metabolites like arginine, phenylalanine, and betaine are reduced
in tear fluid of severe ocular surface disease patients, possibly
linked to ocular surface inflammation®'". Such metabolic remo-
deling collectively influences corneal internal environment and
nutritional milieu, exerting a pivotal role in regulating inflamma-
tory responses. The academic consensus suggests that the
pathology of DED primarily affects the lacrimal functional unit,
with corneal epithelial cells being the most significantly damaged
cell type. Recent studies indicate that epithelial cell ing’ury across
various organs is associated with metabolic changes®™®. Here, we
proposed a hypothesis that the damage to cornea caused by dry
eye may occur through metabolic pathways, and we aimed to
identify the key target metabolites involved in this process. To
investigate this, we employed high-resolution mass spectrometry
tissue imaging via matrix-assisted laser desorption ionization mass
spectrometry imaging (MALDI-MSI) and metabolism analysis
techniques using a dry eye animal model. In the last decade,
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metabolomics applications in dry eye have predominantly
centered on tears'>"> and serum'® analyses, with limited focus
on in-situ metabolomics of ocular tissues in the context of dry eye.
The emergence of MALDI-MSI technology'’ presents a novel
avenue for in situ visualization. In contrast to conventional
metabolomics, which merely offers semiquantitative data regard-
ing metabolite abundance, devoid of spatial distribution insight,
MALDI-MSI enables label-free quantification of metabolites
directly within tissue sections. This innovative technique enabled
direct in-situ metabolite assessment and visualization in tissue
sections as was indicated by our preceding research'’. Our
findings confirmed that metabolic alterations in corneal play a
crucial role in DED.

Mesenchymal stem cells (MSCs) have been recognized as a
promising strategy for ocular regenerative repair'®.Investigations
have suggested the efficacy of MSCs across various ocular
diseases, including dry eye, corneal epithelial injury, and ischemic
optic nerve injury'>2°. Reports demonstrate that MSCs exhibit the
capacity to reinstate mitochondrial function and augment
oxidative phosphorylation through processes encompassing
mitochondrial translocation, extracellular vesicle secretion, and
release of cell growth factors?'?2. These mechanisms subse-
quently contribute to the regulation of cellular metabolism?3.
Research indicates that MSCs can improve metabolic alterations in
aged rats by modulating metabolic dynamics, thereby enhancing
liver regeneration and preventing age-related decline®*. Further-
more, MSCs exert immunoregulatory effects by altering the
metabolism of immune cells?. Thymosin beta-4 (TB4) is a 43-
peptide molecule with N-terminal acetylation, which effectively
preserves goblet cell density in conjunctival tissue and mitigates
corneal epithelial peeling associated with DED?®. According to
reports, MSCs possess remarkable self-renewal and differentiation
potential, allowing them to differentiate into epithelial-like cells
and facilitate corneal regeneration?*?’. On the other hand, Tp4
enhances the migratory capacity of cells across various tissues,
thereby promoting the migration of healthy corneal epithelial
cells®®. Furthermore, TB4 can promote the proliferation of MSCs
and enhance their effective migration to injury sites®®, thus
improving corneal regenerative repair. The combined application
of T4 and MSCs strengthens the anti-apoptosis, ant-inflammation
and metabolism modulation, ultimately enhancing the regenera-
tion and repair of the cornea.

In this study, we introduced a novel approach involving T34
combined with MSCs (MSC+TR4) for dry eye treatment and
identified glutamine as a potential therapeutic target in dry eye
disease. We introduced a novel methodology utilizing MALDI-MSI for
in situ metabolomics. This innovative molecular imaging technique
integrates high-throughput mass spectrometry analysis with two-
dimensional spatial imaging, enabling the simultaneous detection of
multiple substance types while allowing for relative quantification
and spatial distribution analysis. Our study investigated the
metabolic changes of DED, achieving a visual assessment of
metabolites within ocular tissues. Notably, we identified for the first
time the regulatory role of glutamine metabolism in modulating dry
eye inflammation and confirmed its critical function during the
progression of dry eye disease. This finding presents a new
therapeutic target that addresses existing gaps in the understanding
of DED treatment, thereby offering a novel strategy for the clinical
application of glutamine in the management of dry eye disease.

RESULTS

Combining MSC and T34 therapy improves dry eye, leading to
enhanced restoration of tear secretion, amelioration of
pathological damage, and reduced apoptosis

To demonstrate the combined therapeutic efficacy of MSCs
combined with recombinant T4 in addressing dry eye conditions,
we established a rat model of DED through subcutaneous
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administration of scopolamine hydrobromide into the lower limbs
of female Wistar rats''?°. These subjects (Fig. 1a) were subse-
quently categorized into distinct groups: control (Con), DED, MSC
treatment (MSC), T4 treatment (TB4), and combined MSCs with
TB4 therapy (MSC -+ TB4). Data indicated that MSC treatment
increased tear secretion in model rats, and MSC + T34 indicated a
substantial enhancement in tear volume (Fig. 1b). Both MSC or
TPR4 treatment tended to prolong tear film breakup time (BUT)
compared to the dry eye group, with the combined treatment
group more significantly prolonging BUT (Fig.1c). Concurrently,
histopathological assessment of ocular tissue damage was
conducted using Periodic acid-Schiff (PAS) staining. The findings
showcased a notable reduction in goblet cells within the DED
group compared to controls, whereas the combination therapy
resulted in an augmented goblet cells and mitigation of both
corneal and conjunctival pathology (Fig. 1d-f). This effect was
consistently supported by terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) staining, which
demonstrated heightened anti-apoptotic efficacy in the combina-
tion treatment group compared to the monotherapy (Fig. 1g-h).
Corneal fluorescein staining images revealed reduced green
fluorescence infiltration in the combined therapy, indicative of
diminished corneal tissue damage (Fig.1i). Collectively, these
findings underscore the potential of the combined T4 and MSC
approach against dry eye, yielding enhanced therapeutic efficacy.

In situ metabolic mass spectrometry indicates glutamine as a key
metabolite for combination therapy strategies

DED is characterized by an adaptive immune-mediated inflammatory
response, wherein metabolic pathways are recognized as significant
modulators of immune inflammation®. To decipher the therapeutic
mechanism underlying MSC combined with TB4 treatment, we
conducted an analysis of in situ metabolic alterations in the DED
group, healthy controls, and the three aforementioned treatment
groups utilizing MALDI-MSI. This technique facilitates simultaneous
assessment of metabolite abundance and its spatial distribution,
allowing for precise evaluation of metabolic changes within complex
ocular tissue structures. Notably, the peripheral cornea serves as a
critical site of dry eye injury, exhibiting a distinct profile from the
avascular structure of the central cornea. The peripheral cornea is
characterized by a corneal limbal structure, rich in blood vessels and
housing a reservoir of pluripotent stem cells. This region represents a
transitional zone between the cornea and the sclera or conjunctiva.
Employing MALDI-MSI, we investigated in situ metabolic modifica-
tions within the peripheral cornea across each treatment group,
contrasting with the dry eye group (Fig. 2a). Our aim was to identify
key metabolites contributing to the amelioration of dry eye
symptoms subsequent to combined treatment.

We have identified a total of 224 metabolites via MALDI/MSI. A
total of six distinct metabolites exhibiting variations among the
five experimental groups were identified (Fig. 2b, ¢, Supplemen-
tary Figs. 1-2, Supplementary Table. 1). These six metabolites,
which stem from the statistically significant differences observed
between the DED group and the combination treatment group,
suggested that these metabolites may play a potentially critical
role in the treatment of dry eye disease. These altered metabolites
were linked to pathways of amino acid, sphingolipid, calcium
signaling and glycerophospholipids metabolism (Table 1). In our
focused analysis comparing metabolic differences between the
combination therapy group (MSC + Tp4) and the DED group, we
observed that the combination therapy group displayed elevated
levels of four metabolites: glutamine, 2-Hydroxycinnamic acid,
myristoylglycine and sphinganine when contrasted with the dry
eye group. Conversely, NADH and PC (42:6) exhibited decreased
levels relative to the DED group.

Metabolites displaying elevated levels may be key participating
metabolites in the combination therapy group. To ascertain the
specific pivotal metabolites, we applied up-regulated metabolites
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Fig.1 The combination therapy of MSC and Tp4 exhibited an enhancement in dry eye conditions, contributing to the improved restoration of
tear secretion, mitigation of pathological damage, and attenuation of apoptosis. a Experimental design. b MSC treatment increased tear
secretion, and MSC + Tp4 indicated a substantial enhancement in tear volume, n = 8. ¢ Both MSC and Tp4 treatment tended to prolong tear
film breakup time (BUT) compared to the DED group, with the combined treatment group more significantly prolonging BUT, suggesting
improvement of tear secretion, n = 8. The combination treatment increased the number of goblet cells (d, ) and reduced the pathological
damage (f), scale bar =200 pm. g, h TUNEL staining showed a stronger anti-apoptotic effect following the combination treatment, scale
bar = 100 pm. i Corneal fluorescein staining images showed a reduction of corneal damage in the combination treatment group. Data are
presented as the mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Fig. 2 Matrix-assisted laser desorption ionization mass spectrometry |mag|ng (MALDI-MSI) visualized alterations of metabolites on in-situ
cornea with/without treatment. a The schematic diagram illustrates the in situ metabolomics. The scheme was created with Biorender.com
with license. b MALDI-MSI visualization of in situ metabolic alterations in the DED group, healthy controls, and the three aforementioned
treatment groups. ¢ Intensity of metabolites in (a). d Cell viability via CCK8 showing both D-GIn and L-GIn attenuated corneal epithelial cell
damage after DED, while other metabolite treatments did not exhibit enhanced efficacy against corneal cell damage. e, f Glutamine-treated
groups of both conformations (D-GIn and L-GIn) reduced IL-1$ and TNF-a confirmed by RT-gPCR. g TUNEL staining showed a stronger anti-
apoptotic effect in glutamine-treated groups of both conformations (D-GIn and L-GIn) in vitro, scale bar = 50 pm. Data are presented as the
mean + SEM, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001
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Table 1. Metabolite identity putatively assigned in rat eye tissues by positive ion MALDI-TOF/TOF MS and LC/MS-MS

Metabolite Superpathway Subpathway DED vs. Con MSCs+Tp4 vs. DED
Glutamine Other of amino acid Amino acid Not sig Increased
2-Hydroxycinnamic acid - - Not sig Increased
Myristoylglycine - - Decreased Increased
Sphinganine Lipid Sphingolipid Decreased Increased

NADH Signal transduction Calcium signaling Not sig Decreased

PC(42:6) Lipid Glycerophospholipid Increased Decreased

to an in vitro model of DED to test their effects via cell viability
assays, which objective was to observe whether there was any
mitigation of dry eye injury (Fig. 2d). Given that glutamine (GIn)
exists in two conformations (D-GIn and L-GIn), both conformations
of them were tested in DED, and data showed that both D-GIn and
L-GIn attenuated corneal epithelial cell damage after dry eye,
whereas the other available metabolites failed to revitalize corneal
epithelial cells after dry eye injury, suggesting that glutamine as a
key metabolite for combination therapy strategies. Furthermore,
the RT-qPCR indicated D-GIn and L-GIn ameliorated secretion of
inflammatory cytokines in vitro, respectively (Fig. 2e, f). In addition
to the inflammatory response, apoptosis is another characteristic
injury in DED, thus TUNEL staining was conducted, and GIn
application demonstrated a reduction in cell apoptosis following
dry eye injury (Fig. 2g). Collectively, this observation implies that
glutamine may be a key metabolite in the combined therapeutic
strategy of MSCs and T4 against DED.

Inhibition of glutamine attenuates the protective effects of
combined therapy on inflammation, apoptosis inhibition, and
homeostasis maintenance

To further validate glutamine’s pivotal role in the enhanced
efficacy of MSC 4 T4 combination therapy, we employed DON, a
special glutamine inhibitor, for intervention in vitro. DON (6-Diazo-
5-oxo-L-norleucine, commonly referred to as Diazooxonorleucine
or L-6-Diazo-5-oxonorleucine) is an antibiotic isolated from
Streptomyces species. It acts as a structural analog of glutamine,
functioning as a glutamine antagonist. This compound effectively
inhibits the activity of enzymes that utilize glutamine as a
substrate by competitively and covalently binding to the active
site of these enzymes®’. Consequently, DON serves as a broad-
spectrum inhibitor, inactivating various glutamine metabolic
enzymes. This mechanism highlights that DON comprehensively
blocks the actions of glutamine through competitive binding at
the active site®'. We employed MSC supernatant (MSC-CM) to
replicate the effects of MSCs in an in vitro dry eye model subjected
to a hyperosmotic environment. Through high-throughput
analysis of inflammatory cytokines, we observed that the
combination of MSC-CM and T4 (MSC-CM + TP4) curbed the
secretion of numerous inflammatory and chemokine factors
within the DED group (Fig. 3a). Notably, this dampened
inflammatory response was reverted with the application of
DON. Alongside protein level assessments, our focus extended to
alterations in inflammatory factors at the transcriptional level. The
RT-gPCR experiments demonstrated that the MSC-CM + TR4
treated group attenuated the expression of IL13 and TNF-a in
the context of dry eye. Likewise, the administration of DON
reversed these favorable effects (Fig. 3b, c).

Alongside the inflammatory response, apoptosis is a prominent
pathological feature in DED. TUENL staining revealed that the anti-
apoptotic effect of MSC-CM + T34 on dry eyes was reversed by
DON, indicating that the combination treatment improved
apoptosis via modulation of glutamine (Fig. 3d).

Further supporting these findings, we assessed the expression
of MUCIT, a pivotal factor in maintaining ocular surface

Signal Transduction and Targeted Therapy (2025)10:27

homeostasis and regulating inflammation®2. MUC1 (Mucin 1) is
identified as a highly glycosylated glycoprotein primarily
expressed in epithelial cells, belonging to the mucin family. It
constitutes a major component of mucus in ocular surface cells,
such as corneal and conjunctival epithelial cells. MUCT plays a
crucial role in maintaining ocular surface health by forming a
protective barrier that lubricates the surface, prevents the invasion
of pathogens, allergens, and external irritants®>. Consequently,
MUCT1 is often utilized as a phenotypic indicator of dry eye disease,
reflecting the extent of ocular surface damage>*. MUC1 is primaril
localized in the cornea, conjunctival epithelium, and tears™.
Dysregulation of MUC1 can result in the absence and denaturation
of the glycocalyx mucin barrier, leading to ocular surface
alterations and disruption of the dry eye tear film*®. This, in turn,
can contribute to the onset and progression of DED. Several
studies have demonstrated that DED patients exhibit reduced
MUC1 expression in tears and corneal epithelium, with a positive
correlation to disease severity®’. Immunofluorescence staining for
MUC1 (Fig. 3e) confirmed the downregulation of MUC1 expression
in the DED group, consistent with previous reports. However,
combination therapy significantly restored MUC1 expression in
corneal epithelial cells. Notably, the glutamine inhibitor DON
reversed this recovery in MUC1 levels. These findings collectively
indicate that inhibition of glutamine reversed the protective
effects of MSC+ TB4 combined therapy, suggesting that the
MSC + T4 treatment group exerts anti-inflammatory, anti-apop-
totic, and homeostasis-maintaining effects on dry eye through
glutamine modulation.

Patient and rat samples suggests the potential involvement of
glutaminase 1 (GLS1), an enzyme upstream of glutamine
metabolism, in dry eye therapy

In our previous discussion, we observed that the MSC+ T4
combination treatment mitigated DED injury via upregulating
glutamine. However, the mechanism through which combination
therapy restored glutamine levels remained unclear. To address
this, we revisited the regulating glutamine metabolic pathways
and identified glutaminase 1 (GLS1), an enzyme responsible for
catalyzing the catabolism of glutamine to glutamate, may serve as
a central player (Fig. 4a). Notably, our transcriptomic data revealed
(Figs. 4b, S3) that the metabolic pathway “D-glutamine and
D-glutamate” in corneal epithelial cells was significantly enriched
in dry eye group compared to the control. Moreover, within this
pathway, the gene GLS1 exhibited elevated expression in the dry
eye group. We further validated these findings using clinical
samples, and immunohistochemical staining of the clinical speci-
mens confirmed the upregulation of GLS1 expression in the
corneas of dry eye patients when compared with controls
(Fig. 4c, d, Table S2). These results suggested that GLST may
represent a potential key target in DED.

Similarly, the immunohistochemical staining of rats (Fig. 4e, f)
demonstrated a significant increase in GLS1 expression in the DED
group compared to the normal one, aligning with our transcrip-
tome data. To elucidate whether the therapeutic effects of the
combination therapy were mediated by GLST modulation, we
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Fig. 3 Inhibition of glutamine attenuated the protective effects of combined therapy on inflammation, apoptosis inhibition, and homeostasis
maintenance. a-c¢ High-throughput analysis and RT-qPCR showed an attenuation of inflammatory response by MSC-CM + Tp4 combination
therapy, while the reversal of the beneficial effects was observed upon the glutamine inhibitor DON. d TUNEL staining showed the anti-
apoptotic effect following the treatment of MSC-CM + T4, whereas DON negated the contributory role of glutamine. Scale bar =50 pm.
e Immunofluorescence staining indicated MSC-CM + T4 combination reinstated MUC1 expression in corneal epithelial cells, which is the
pivotal factor in maintaining ocular surface homeostasis. Scale bar = 50 pm. Data are presented as the mean = SEM, n = 3. *P < 0.05, **P < 0.01,

***p < 0.001

evaluated GLST1 expression in each treatment group. Notably, the
expression of GLS1 was reduced in both the MSC and TR4
treatment groups alone compared to the DED group. Interestingly,
the MSC + T4 combination therapy further downregulated GLS1
expression, bringing it nearly in line with the control group. These
observations suggest GLST may be a key target for the
combination treatment to ameliorate dry eye.
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The combination therapy alleviates dry eye damage by inhibiting
GLS1 to restore glutamine levels, inhibiting downstream
inflammation in DED

In order to further investigate whether MSC 4 TB4 combination
therapy can alleviate DED damage by inhibiting GLS1, interven-
tions targeting GLS1 overexpression and inhibition were con-
ducted in an in vitro dry eye model (Fig. 5a). The successful
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Fig. 4 Patient and rat samples suggested the potential involvement of glutaminase 1 (GLS1), an enzyme upstream of glutamine metabolism,
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treatment reduced GLS1 expression, n = 3. Scale bar = 100 pm
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execution of overexpression and inhibition interventions on GLS1
was depicted in Fig. 5b. Further data showed that inhibition of
GLS1 restored the glutamine levels (Fig. 5c). To explore the
downstream inflammatory responses, the RT-qPCR was conducted
and demonstrated that MSC + T4 reduced the expression of
inflammatory factors in the DED group, however, when GLS1 was
overexpressed alongside combination treatment, this anti-
inflammatory effect was reversed (Fig. 5d). Conversely, inhibiting
GLS1 during combination therapy showed a numerical decrease in
inflammatory factor expression, although not statistically signifi-
cant compared to the treated group. Additionally, we examined
the protein expression levels of these inflammatory factors. High-
throughput analysis of various inflammatory factors and chemo-
kines (Fig. 5e) revealed that MSC-CM + T4 reduced their
expression in the DED group. However, when GLS1 was inhibited
or overexpressed, the levels of these factors in corneal epithelial
cells were reduced and increased, respectively. In other words,
inhibition and overexpression of GLS1 enhanced and reversed the
anti-inflammatory effects of combination treatment.

Similarly, the results from immunoblotting experiments
(Fig. 5f-k) indicated that both total and phosphorylated forms of
IkBa and NF-kB were downregulated in MSC-CM + T34 compared
to the DED group. However, inhibiting and overexpressing GLS1
respectively strengthened and reversed the inhibitory effects of
the combination treatment on the IkBa/NF-kB pathway. Conse-
quently, the combination therapy modulated GLS1 to restore
glutamine levels, inhibiting downstream IkBa/NF-kB signaling and
the expression of associated inflammatory factors, thereby
alleviating dry eye injury.

Single-cell dissection of cellular and molecular features underlying
glutamine therapy in dry eye disease

To explore the cellular and molecular program driving the
progression of dry eye disease and how glutamine affect the
inflammation of DED, we tended to perform unbiased single-cell
RNA sequencing (scRNA-seq) on control eyes, DED models and
glutamine-treated group. Before conducting scRNA-seq, the in
vivo efficacy of glutamine in dry eye was initially validated. Rats
were randomly divided into control group (Control), DED model
group (PBS as solvent), D-GIn, and L-GIn treatment groups.
Pathological evaluation of ocular tissue damage was performed
using PAS staining, revealing that both D-GIn and L-GIn
configurations mitigated corneal damage (Fig. 6a) and increased
conjunctival goblet cell counts (Fig. 6b, d). Corneal fluorescein
staining images and scores indicated reduced fluorescence
infiltration post-treatment with both glutamine configurations,
suggesting alleviation of corneal tissue damage (Fig. 6c, e).
Functional testing of tear secretion revealed that both D-GIn and
L-GIn treatment groups prolonged tear film breakup time (BUT),
with the L-GIn treatment group demonstrating superior restora-
tion of tear volume (Fig. 6f, g).

Following confirmation of glutamine efficacy in the aforemen-
tioned in vivo experiments, unbiased scRNA-seq was performed
on 3 normal control rat eye samples, 3 DED model rat eye
samples, and 3 DED model rat eye samples receiving glutamine
therapy. In total, 70,100 cells were adopted for further bioinfor-
matics analysis after religious quality control, which can be
decomposed into 13 major cell types (Fig. 7a) based on the
expression of top 5 differentially expressed genes (DEGs, Fig. 7b,
Table S3) and cell-type specific markers (Fig. 7c), comprising
Lyvel® endothelium (marked by Lyvel, Endo_Lyvel), Emcn™
endothelium (marked by Emcn, Endo_Emcn), Flt1" endothelium
(marked by FIt1, Endo_Flt1), Corneal fibroblast (marked by Kera,
Corneal_Fib_Kera), Pericyte (marked by Rgs5), Col3a1™ fibroblast
(marked by Col3a1, Fib_Col3a1), Col9a2™ fibroblast (marked by
Col9a2, Fib_Col9a2), Schwann cell (marked by Cdh19), Melano-
cytes (marked by Kit), Corneal epithelium (marked by Krt12,
Corneal_Epi), Conjunctiva_Epi  (marked by  Krt13/14/15,
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Conjunctiva_Epi), T_cell (marked by Cd3d), and Mono/Mac
(marked by Lyz2). We further compared the relative prevalence
of each cell types across three groups and found that the DED
model group revealed remarkable enrichment of immune cells
such as T cells, B cells, and Corneal_Epi, while the DED model
receiving glutamine therapy could reduce the immune cell
infiltration and the percentage of Corneal_Epi (Fig. 7d, e).

As the Corneal_Epi the most important cell type, which was
influenced by the inflammation, we next mainly focused on the
molecular diversity of Corneal_Epi, and further sub-clustering
analysis of total Corneal epithelial cells generated 5 subclusters
(Fig. 8a) with different expression pattern (Fig. 8b, Table S4). The
GO term enrichment analysis on the top 50 DEGs of each
Corneal_Epi subcluster revealed that Epil was enriched for
keratinocyte differentiation, epidermal cell differentiation, epider-
mis development, which was associated with corneal epithelium
development. While the Epi4 and Epi5 was enriched for
extracellular matrix organization, collagen fibril organization,
which indicated a profibrotic phenotype, and the Epi5 was also
enriched for the inflammation associated GO terms such as
myeloid leukocyte migration, cellular response to chemokine,
response to chemokine, indicated that Epi5 was proinflammatory
and pro-fibrotic (Fig. 8c). We also compared the relative
prevalence of each Corneal epithelium subcluster across three
groups and found that the DED model group revealed remarkable
enrichment of proinflammatory and pro-fibrotic Epi4 and Epi5,
while the DED model receiving glutamine therapy could reduce
the percentage of Epi4 and Epi5 (Fig. 8d-f). Interestingly, we found
that the corneal epithelial cells exhibited two differentiation
trajectories, routine one was from Epi1 to Epi3, and the other one
(routine two) was from Epil to Epi3 and then to Epi4, and Epi5
(Fig. 89, h). The expression of classic corneal epithelial cells marker
Krt12 decreased dramatically alongside the routine two differ-
entiation trajectory, while the proinflammatory cytokines and
chemokines such as 1133, Cxcl12, Ccl2, 1I6, and the pro-fibrotic
signatures Sparc, Timp1, Col3a1, Col1al showed opposite expres-
sion trend, and were both highly upregulated alongside the
routine two differentiation trajectory.

To validate these results from scRNA-seq, multiplexed immuno-
fluorescence histological staining was performed (Fig. 8i). The K12
staining was used to localize corneal epithelial cells, observations
revealed that in the DED group, epithelial cells exhibited
upregulation of inflammatory factors IL33, chemokines CXCL12
and CCL2 compared to the Sham group, along with increased
fibrosis marker Col3a expression. Following treatment with Gin,
the expression of these inflammatory and fibrotic markers in
epithelial cells decreased, validating our single-cell sequencing
findings. Therefore, the above results indicated that the corneal
epithelial cells achieved the proinflammatory and pro-fibrotic
phenotype during the DED progression, while the glutamine could
relieve symptoms by inhibiting the inflammation and fibrosis of
corneal epithelial cells.

DISCUSSION
In this study, we proposed and assessed the efficacy of combining
MSCs and TB4 therapies in restoring glutamine levels. This
restoration was achieved by inhibiting glutaminase, followed by
further inhibition of the downstream IkBa/NF-kB pathway and
subsequent reduction in inflammatory factor expression. As a
result, dry eye disease was ameliorated. Our findings collectively
suggested a previously unrecognized, pivotal role of GLS1 and
glutamine metabolism in the realm of DED. Moreover, these
insights offered both theoretical foundations and an appealing
strategy for DED treatment (Fig. 7).

Dry eye, a prevalent ocular surface disorder, is typically
addressed with primary therapies like artificial tears and anti-
inflammatories  (corticosteroids,  cyclosporine, lifitegrast)’.
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Fig. 6 The therapeutic efficacy of glutamine against DED in vivo. a The in vivo efficacy of glutamine in dry eye was initially validated. Rats
were randomly divided into control group (Control), dry eye disease (DED) model group (PBS as solvent), D-GIn, and L-GIn treatment groups.
PAS staining showed that Glutamine therapy reduced the pathological damage. Scale bar =100 um. b Glutamine therapy increased the
number of goblet cells. Scale bar = 100 pm. ¢ Corneal fluorescein staining images showed a reduction of corneal damage in glutamine-treated
group. d Quantification of the expression of goblet cells in (b). e Quantification of the corneal fluorescein staining in (c). Functional testing of
tear secretion revealed both D-GIn and L-GIn treatment groups prolonged tear film breakup time (f), with the L-GIn treatment demonstrating
superior restoration of tear volume (g). Data are presented as the mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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However, these current treatments remain palliative®®>°, while

certain conservative approaches show limited efficacy in some
cases®®. Additionally, drug-related side effects such as ocular
burning and high costs impede the clinical application of current
therapies®>®. Consequently, the imperative to develop novel
alternative therapies explicitly targeting dry eye disease continues
to gain momentum. MSCs, known for their potential in restoring
tissue function and displaying robust anti-inflammatory efficacy,
have found utility across diverse regenerative strategies*®*'. Prior
research has presented multiple reports on the efficacy of MSCs in
treating DED. MSC transplantation has exhibited promising results
in ameliorating dry eye inflammation, including improved lacrimal
gland regeneration in a mouse model of DED, accompanied by
the suppression of macrophage infiltration and the expression of
inflammatory factors**™**. The efficacy of MSCs in addressing
aqueous tear deficiency (ATD) was initially demonstrated in a
canine model*®. Moreover, an open-label study administering a
transconjunctival injection of adipose-derived stem cells to seven
ATD subjects showed significant enhancements in clinical para-
meters from baseline®®. Our study advances prior stem cell-based
DED interventions by integrating MSC treatment with our co-
developed recombinant human TB4%.

TP4 can exert an immunomodulatory effect, which reduces the
release of cytokines such as IL-1 receptor-associated kinase by
regulating the NF-kB and Toll-like receptor pathways, thereby
attenuating inflammatory injury*®, it also has been reported to have
a certain mitigating effect on inflammation in dry eyes as well?®. In
addition, T4 promotes the proliferation and enhances the repair
ability of stem cells®®. Therefore, the combination therapy of MSC
with TB4 combination therapy can better enhance the immuno-
modulatory effect of MSC, alleviate corneal epithelial damage
caused by DED, and improve key clinical indicators such as tear
volume and BUT in DED, providing a new strategy and theoretical
basis for stem cell therapy.

As to how MSCs and TR4 specifically modulate IkBa/NF-«kB
pathway, previous studies have demonstrated that MSCs exert
significant paracrine effects that inhibit the binding of lipopoly-
saccharides to the Toll-like receptor 4 (TLR4) complex, particularly
via the TLR4/CD14 pathway. This modulation subsequently
influences IkBa and AP-1 transcriptional activity, leading to a
reduction in the release of inflammatory cytokines*. Furthermore,
MSCs have been shown to effectively target tumor necrosis factor-
stimulated gene 6 (TSG-6), which inhibits the NF-kB/
NLRP3 signaling pathway and regulates the phenotypic transfor-
mation of macrophages®®. Notably, MSCs can suppress p65
phosphorylation, NF-kB transcriptional activity, and histone
deacetylase 3 (HDAC3) expression, thereby alleviating neuroin-
flammation®'. In addition, MSCs inhibit the proliferation and
cytotoxicity of natural killer (NK) cells, as well as the differentiation
and maturation of dendritic cells (DCs). They also modulate
neutrophil infiltration and apoptosis through the secretion of
various cytokines, including IL-10, HLA-G, TGF-, prostaglandin E2,
indoleamine 2,3-dioxygenase (IDO), and inducible nitric oxide
synthase (iNOS)>2. As for TB4, In a corneal epithelial debridement
model involving rats, TB4 was observed to significantly reduce
pro-inflammatory mediators and chemokines. Specifically, TR4
effectively diminished TNF-a-induced NF-kB activation in corneal
epithelial cells. Compared to untreated controls, TB4 treatment
notably lowered nuclear NF-kB protein levels, NF-kB activity, and
the phosphorylation of the p65 subunit in TNF-o-stimulated
corneal epithelial cells, thus underscoring the potential clinical
applications of TB4 as an anti-inflammatory agent™.

The therapeutic effectiveness of MSCs and TB4 may be
significantly affected by both the ocular microenvironment and
systemic factors®*>>, Notably, the microenvironment of the ocular
surface differs fundamentally from that of other anatomical
locations, characterized by increased permeability and distinct
immune properties. This ocular microenvironment encompasses
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not only the components of tears but also various cytokines and
growth factors, as well as the intricate interactions among corneal
epithelial, stromal, and endothelial cells®®. These unique features
can directly influence the migration, proliferation, and differentia-
tion capabilities of MSCs, thereby impacting their therapeutic
outcomes. Specifically, the functionality of MSCs within the ocular
microenvironment may be modulated by factors such as the
severity of corneal injury, the inflammatory state, and interactions
with other cell types>”. Consequently, the condition of the ocular
surface microenvironment plays a critical role in regulating the
anti-inflammatory effects and regenerative potential of MSCs.
Moreover, systemic factors must be considered. Patients with dry
eye syndrome often present with comorbid systemic conditions,
such as diabetes and autoimmune disorders, which can elicit a
systemic inflammatory response that adversely affects the ocular
microenvironment and local treatment efficacy. For example,
hyperglycemic conditions may impair corneal regeneration and
potentially diminish the effectiveness of MSCs and Tp4. Further-
more, inter-individual variations, including genetic predispositions,
age, and sex, may contribute to differences in the ocular
microenvironment and the resulting treatment responses among
patients.

This study also looks into the mechanism of MSC + T4 from a
metabolic perspective via MALDI-MSI. In contrast to conventional
metabolomics, which merely offers semiquantitative data regarding
metabolite abundance, devoid of spatial distribution insight,
MALDI-MSI enables label-free quantification of metabolites directly
within tissue sections. The intricate variations in ocular tissue
substructures, coupled with diverse metabolic profiles across tissue
regions, could potentially hinder comprehensive comprehension of
dry eye pathogenesis unless quantitative and localized metabolite
analyses are concurrently conducted. Our prior utilization of MALDI-
MSI for in situ analysis efficiently unveiled region-specific metabolic
dynamics in DED, thereby shedding light on DED pathogenesis'". In
this present investigation, our focus on the peripheral cornea, a
central site of dry eye injury, facilitated the in-situ visualization of
metabolic shifts pre- and post-combined treatment via MALDI-MSI.
This showed the pivotal role of glutamine and its upstream key
enzyme GLS1 in dry eye treatment, elucidated the molecular
foundation of MSCs and TP4 combination therapy, and unveiled
potential novel targets for dry eye treatment.

This study presents the novel finding that glutamine can
modulate inflammation associated with DED. To validate this
assertion, we employed single-cell RNA sequencing to perform a
comparative analysis of corneal epithelial cells from DED patients
and healthy controls. Our results identified five distinct subpopu-
lations of cells exhibiting different expression patterns. Notably,
during the progression of DED, particularly the fourth (Epi4) and
fifth (Epi5) subpopulations were significantly enriched, while
treatment with glutamine effectively reduced the proportion of
these cell subpopulations. Subsequent differential gene expres-
sion (DEG) and Gene Ontology (GO) enrichment analysis revealed
that the Epi4 and Epi5 subpopulations were enriched for terms
related to extracellular matrix (ECM) and collagen fiber. This
finding suggests that Epi5 possesses characteristics associated
with fibrosis. Furthermore, Epi5 was also enriched in various
inflammation-related GO terms, including myeloid cell migration
and cellular responses to chemokines, underscoring its pivotal role
in promoting both inflammation and fibrosis. Importantly, the
integration of single-cell sequencing data with multiplex fluor-
escent staining results demonstrated that following glutamine
treatment, the expression levels of pro-inflammatory cytokines
and chemokines, such as IL-33, CXCL12, and CCL2, as well as
fibrosis markers COL3A1 and COL1A1, were significantly down-
regulated. Additionally, transcriptomic sequencing confirmed the
downregulation of the IkBa/NF-kB pathway.

Glutamine, a non-essential amino acid, plays diverse biological
effects and participates in a broad spectrum of cellular
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metabolism and physiological functions®®. It's fundamental in
trauma, sepsis, and infected states due to its possession of anti-
inflammatory, antioxidant, and anti-apoptotic properties®®. Sig-
nificantly, glutamine metabolism plays a pivotal role in innate
immunity, contributing to T cell activation, regulation of Th1 and
Th17 cell differentiation, and integral participation in T cell
dynamic homeostasis®®. The substantial body of evidence under-
scores glutamine’s protective potential across a range of
immunoinflammatory disorders, encompassing psoriasis, cuta-
neous inflammation, rheumatoid arthritis, and inflammatory
bowel disease®®%2. Consistent with preceding studies, our current
investigation corroborates that the combination of MSCs and T34
mitigates DED-induced inflammatory response and corneal
epithelial apoptosis by reinstating glutamine expression. Notably,
similar efficacy is observed with exclusive glutamine treatment.
Furthermore, our findings align with recent research highlighting
glutamine’s significance in corneal epithelial injury healing.
Specifically, glutamine treatment effectively attenuates
endotoxin-induced canine corneal ulceration by suppressing the
NF-kB pathway, alongside its downstream TNF-a and IL-6
signaling®®. Acknowledging the well-established premise that
chronic inflammatory responses underlie the core pathophysiolo-
gical mechanism of DED, our present study, focused on anti-
inflammation, establishes the intricate nexus between glutamine
metabolism and inflammation. Remarkably, though limited
studies have explored glutamine as a direct intervention for
corneal injury, our investigation underscores the potential utility of
glutamine for dry eye treatment. Notably, unlike other metabolites
such as Sphinganine and Cytidine triphosphate (found in Fig. 2)
which has little information in biocompatibility and lack accessible
commercial sources, thus limiting their feasibility for potential
therapeutic applications, glutamine emerges as a promising small
molecule therapeutic option, given its inherent endogenous
presence, solubility, availability, and favorable biocompatibility
and safety profile.

Metabolism-related enzymes play important roles in the
regulation of inflammation. Glutaminase plays a key role in
glutamine metabolism, as the rate-controlling enzyme catalyzing
the hydrolysis of glutamine to glutamate, which further under-
goes metabolism to a-ketoglutarate®®. Mammals exhibit two
primary glutaminase variants, namely “renal” glutaminase (GLS1)
and “hepatic” glutaminase®. In this study we uniquely demon-
strate abnormal upregulation of GLS1 expression in both DED
patients and rat models, substantiating GLS1-driven glutamine
reduction as a vital facet of the dry eye inflammatory response,
as supported by GLS1 overexpression and inhibitor experiments.
Our findings are consistent with the work of Feng et al., who
reported that aberrant GLS1 upregulation in a mouse alkali burn
model promoted macrophage infiltration and the secretion of
inflammatory mediators, culminating in corneal neovasculariza-
tion®®. Notably, some previous studies also showed that mice
with GLS1 deficient microglia had attenuated neuoinflammation
and decreased the levels of pro-inflammatory cytokines when
treated with LPS®”. Conversely, upregulation of GLS1 has been
shown to contribute to impairment neuroinflammation®.
Furthermore, we elucidated that GLS1 overexpression counter-
acts the therapeutic benefits of MSC and TP4 co-treatment for
corneal epithelial injury, whereas BPTES inhibitor application
exhibits a reduction in inflammatory factors such as IL-1B and
TNFa, consequently ameliorating corneal injury. In line with our
observations, Jiang et al. posited that stem cell-derived extra-
cellular vesicles could mitigate osteoarthritis by modulating
glutamine metabolism, subsequently curbing GLS1 expression?'.
Collectively, our findings underscore the ability of TB4-combined
MSCs to impede glutamine degradation via GLS1 modulation,
consequently ameliorating inflammatory responses in DED.
Moreover, GLS1 inhibitors hold promise as a potential therapeu-
tic avenue for DED.
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Above these results suggest that GLS1 plays a key role in DED-
mediated inflammation, but the role of GLS1 in corneal
inflammation remains unclear. Interestingly, we found that GLS1
regulated inflammation and promoted cytokine production by
inhibiting IkBa activation. Through rescue experiments, we
demonstrated that GLS1 overexpression increasing IkBa activation
and promoting inflammatory cytokine production. Previous
studies have shown that genes positively correlated with GLS1
expression were found to be enriched in the NF-kB signaling
pathway via transcriptome sequencing data analysis, which is
consistent with our results®®. Moreover, Gao et al. proposed that
GLS1, as a mitochondrial enzyme having a key role in cellular
bioenergetics and metabolism, may control the generation of
reactive oxygen species (ROS) which exacerbating oxidative stress
and activating NF-kB signaling pathway’®. However, dysregulation
of glutamine/GLS1 expression could indeed be both a cause and a
consequence of the disease, and thus subsequent exploration of
whether this dysregulation is causally related to DED is warranted.

This research confirms that a combined treatment approach
yields significantly greater therapeutic efficacy than monotherapy.
Utilizing Matrix-Assisted Laser Desorption/lonization Mass Spec-
trometry Imaging (MALDI-MSI), we directly detected and visua-
lized significant metabolic pathway alterations in situ within the
corneal region. This allowed us to further identify the critical role
of glutamine metabolism in mediating synergistic effects. More-
over, we established that the exogenous addition of glutamine
can achieve therapeutic outcomes comparable to those of the
combined treatment. Thus, this study advances our understanding
of therapeutic efficacy through a foundational research framework
that employs combination therapy. By leveraging cutting-edge
technology, we have uncovered and validated new mechanisms
and targets, which can be translated into biomarkers and
therapeutic eye drops that serve both diagnostic and therapeutic
purposes. This innovative approach provides a new perspective
and research paradigm for the prevention and treatment of other
ocular surface diseases.

MATERIALS AND METHODS

Ethical approval

All rat-related procedures were conducted with approval from the
Chinese PLA General Hospital Animal Care and Use Committee
(2022-X18-135) and Institutional Animal Care and Use Committee
of Capital Medical University, Beijing (AEEI-2024-035). The human
eye tissue for immunostaining were collected from Chinese PLA
General Hospital, with the approval of the Research Ethics
Committee, with ethics committee approval number KY2021-027.

Animals and treatment

Eight-week-old female wild-type Wistar rats were procured from
Beijing Vital River Laboratory Animal Technology Co., Ltd. The rats
were housed in a specific pathogen-free environment at a
constant temperature of 22+4°C, with controlled lighting
conditions (12-h light-dark cycle). All rat-related procedures were
conducted with approval from the Chinese PLA General Hospital
Animal Care and Use Committee. The rats were sacrificed by an
intraperitoneal injection of 100mg/kg sodium pentobarbital
overdose”".

MSC sources, culture, and administration

Human MSCs were isolated from human placentas as previously
described under approval of the Ethics Committee of the Chinese
Academy of Medical Sciences and Peking Union Medical College
and informed consent of each donor, and culture-expanded as
previously reported’>’*. MSCs of passage 5 were used for in our
experiments. Cells were cultured in a humidified incubator with
5% CO, at 37 °C and passaged with trypsin/EDTA after reaching
the confluence. MSCs were resuspended in HBSS and injected to
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the conjunctival sac of rats”>. The therapeutic dosage of MSCs was
informed by previously published studies. Specifically, we
administered 10° cells per unilateral injection to the conjunctival
sac of rats’.

Dry eye disease induction and treatment

The Wistar rats were randomly divided into five groups: the
control group, DED group, TB4 treatment group, and MSCs
treatment group, MSC + T4 treatment group, with 8 animals per
group. The induction of DED followed previous protocols, as
described in bibliography, involving subcutaneous injections of
scopolamine hydrobromide (4.5 mg/mL) four times daily for 2 mL
total volume over 21 days''?°. The MSCs were injected to the
conjunctival sac of rats at a dose of 10° cells per eye every three
day. The TP4 treatment group was administered 0.1% Tp4 eye
drops thrice daily, in single doses of 25pL. Additionally, the
combined treatment group received both T4 eye drops thrice
daily and MSCs (1 x 10° cells per eye, 2 x 10° cells per rat, single
dose of 25 pL) to the conjunctival sac every three day.

Tear volume measurement

Tear volume was assessed using a sterile phenol red-soaked
cotton thread (ZoneQuickTM) after 21 days of scopolamine
hydrobromide injection’®. The threads were placed in the lower
palpebral conjunctiva for 60 s, during which they absorbed tears
and turned red. Each eye of the Wistar rats underwent three
assessments, and the final length of the red wetted section was
recorded as the average, with a ruler. Measurement error was
+0.5 mm.

Tear Film Breakup Time (BUT) Measurement

BUT was determined as previously outlined””. Briefly, 10 uL of
liquid sodium fluorescein (Sigma-Aldrich, St. Louis, MO, USA,
10 mg/mL) were instilled into the lower conjunctival fornix. Rats
were prompted to blink three times before measurement. Using a
slit-lamp equipped with a cobalt blue filter, the corneas of all rats
were observed. The time from the last blink to the appearance of
the first dark spot on the cornea was recorded. This process was
repeated three times for each eye, and the average BUT was
recorded.

Tissue staining

Eye tissues were fixed with 4% paraformaldehyde, followed by
paraffin embedding and sectioning at a thickness of 12 um for
periodic acid-Schiff (PAS) and hematoxylin and eosin (HE) staining.
Slides were examined using an Olympus microscope. Apoptotic
cells were detected through the terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) assay using
commercial kits (Roche, Basel, Switzerland).

MALDI-MSI experiment

Fresh-frozen eye samples were sectioned into 12-um slices using a
cryomicrotome at —20°C (Leica CM1950; Leica Microsystems,
Wetzlar, Germany). The sections were placed on a pre-cooled ITO
conductive glass slide and vacuum-dried for 20 min. After marking
with a Teach Maker, the ITO slides were scanned at a resolution of
7200 dpi. Subsequently, an electric field-assisted circulation matrix
sprayer was utilized to uniformly apply a layer of matrix. The
matrix employed was 5 mg/mL CHCA (a-cyano-4-hydroxycinnamic
acid), dissolved in a 50% methanol aqueous solution containing
0.2% TFA, with a substrate spray volume of 1 mL.

Mass spectrometry imaging was carried out using the rapifleX
MALDI-TOF/TOF MS  (Bruker Daltonics, Bremen, Germany)
equipped with a 10 kHz smartbeam 3D laser''737°, The settings
were as follows: Positive ion mode, laser power at 65%, lens
voltage at 11.35kV, reflector voltage at 20.85 kV, covering a mass-
to-charge ratio (m/z) range from 100 to 1200 Da. The spatial
resolution for imaging was set to 20 um for the peripheral cornea
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tissue, and each spectrum was generated from 100 laser shots.
The spectrum data were imported into SCiLS lab 2021c (Bruker
Daltonik GmbH) for subsequent analysis, with normalization based
on the total ion current.

Metabolite identification

MS/MS fragmentations, performed on the rapifleX MALDI-TOF/
TOF MS in the LIFT mode, were employed for detailed structural
confirmation of the identified metabolites. Additionally, LC-MS/MS
analyses were conducted using the Thermo Scientific™ Dionex™
MultiMate™ 3000 Rapid Separation LC (RSLC) system coupled to a
Q Exactive™ hybrid quadrupole Orbitrap mass spectrometer
(Thermo ScientificTM). MS analyses were carried out with a Q
Exactive™ hybrid quadrupole Orbitrap mass spectrometer (Thermo
Scientific™) in both ESI+ and ESI- modes. The spray voltages were
set at 3.5kV each, and the heated capillary temperature was
maintained at 300 °C. For full mass scans, the parameters were as
follows: resolution of 70,000, an auto gain control target set below
3 x 10%, maximum isolation time of 100 ms, and a scan range from
80 to 1200 m/z. For MS/MS scans, the parameters included a
resolution of 17,500, an auto gain control target set below 1 x 10°,
maximum isolation time of 50ms, and normalized collision
energies of 10, 30, and 60 v.

Human corneal samples

Corneal samples were obtained from surgical procedures invol-
ving three DED patients for immunohistochemistry. The control
group were intraocular tumor patients with normal corneal tissues
identified by two senior ophthalmologists.

Corneal epithelial cell culture and treatment

Human corneal epithelial cells (HCE-T, CL-0743) were provided by
Procell Life Science & Technology Co., Ltd. The cells were cultured
in DMEM/F12 medium supplemented with 10% FBS at 37°Cin a
5% CO, incubator. To induce hyperosmotic conditions, HCE-T cells
were exposed to 90 mmol/L NaCl, resulting in an osmolarity of
500 mOsm (measured by osmometer), and assessed after a 12-h
incubation. When cells reached 80% confluence, GLS1 plasmid
transfection was performed using the Endofectin in vitro DNA &
siRNA Transfection Reagent (101000046, Polyplus-transfection S.A,
llikirch, France). Plasmid DNA was combined with the transfection
reagent and incubated at room temperature for 10 min. Addi-
tionally, BPTES, a selective GLS1 inhibitor (Selleckchem, cat.
S7024100-14b, 10 uM), was employed. Gene expression was
evaluated 24-48 h post-transfection.

High-throughput cytokine analysis

To assess the impact of cytokines or chemokines, a panel of
cytokines, including those specified in the manufacturer’s instruc-
tions, was measured. The plate was analyzed using a Luminex 200
instrument (Luminex). Data acquisition and analysis were per-
formed using Luminex xPONENT software.

RNA-seq analysis

Total RNA extraction was carried out using the SMART-Seq® HT Kit.
Paired-end libraries were constructed following the TruSeq® RNA
Sample Preparation Guide (lllumina, USA) with the TruSeq® RNA
Sample Preparation Kit (lllumina, USA). Subsequently, the libraries
underwent purification and PCR-based enrichment to generate
the final cDNA library. The quantification of purified libraries was
conducted using the Qubit® 2.0 Fluorometer (Life Technologies,
USA), and the library size and molar concentration were validated
using the Agilent 2100 bioanalyzer (Agilent Technologies, USA).
Clusters were formed via cBot, with library dilution to 10 pM, and
sequencing was performed on the lllumina HiSeq Xten (lllumina,
USA). Library preparation and sequencing procedures were carried
out at Shanghai Biotechnology Corporation. Differential expres-
sion analysis was executed employing DESeq2 (Bioconductor).
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Resulting p-values underwent multiple testing correction using
the Benjamini and Hochberg method. Genes exhibiting differ-
ential regulation were characterized by a log2FC>+1 and an
adjusted p < 0.05. Heatmaps were generated utilizing Morpheus
(Broad Institute).

RT-qPCR analysis

Total RNA was extracted from cells using TRIzol and reversely
transcribed to cDNA using ProtoScript® Il First Strand cDNA
Synthesis Kit (E6560S, NEB) according to the manufacturer’s
instructions. RT-gPCR was conducted using PowerUp SYBR Green
Master Mix (Applied Biosystems, Foster City, CA, USA) and
performed using the CFX-96 (Bio-Rad). The cycling parameters
were as follows: 10 min at 95 °C, 45 cycles of 10s at 95 °C, 30 at
58°C following the manufacturer's instructions. Data were
performed as fold induction relative to control group and the
relative mRNA level of tarsget gene was analyzed by the formula
278Ct (ACt = Ct'ar9°t - Ct'8%). The primer sequences are shown in
supplementary table.

Western blot analysis

Cells were lysed in SDS buffer with protease and phosphatase
inhibitors. The protein concentration was determined using a
Pierce BCA protein assay kit (23225, Thermo Scientific, MA, USA).
Equal amounts of protein were separated by SDS-polyacrylamide
gel electrophoresis and then transferred onto nitrocellulose filter
membranes. The membranes were blocked with 5% BSA and
subsequently incubated with primary antibodies and secondary
antibodies. Antigen-antibody complexes on the membranes were
detected with an enhanced chemiluminescence kit from Thermo
Scientific. Antibodies: glutaminase (ab156876), p65 (proteintech
10745), p-p65(proteintech), IkBalphaa (cell signaling technology
4812s), p-IkBa (cell signaling technology 2859 s).

Immunofluorescence staining

Sections were deparaffinized using xylene and rehydrated,
followed by permeabilization with 0.2% Triton X-100 for 15 min
and subsequent blocking with 5% bovine serum albumin in PBS
for 1Th at room temperature. The sections were incubated
overnight at 4°C with primary antibodies against GLS1 (1:200,
ab260047, Abcam) and MUC1 (1:100, ab109185, Abcam). After-
ward, the sections underwent three washes with PBS and were
then incubated with secondary antibodies. Staining using Alexa
Fluor fluorophores was carried out for 1 h at room temperature.
Subsequently, the sections were washed once more and mounted
onto glass slides using Flouroshield Mounting Medium containing
4’,6-diamidino-2-phenylindole (Abcam, ab104139) for imaging via
confocal fluorescence microscopy (Olympus, Tokyo, Japan).

Immunohistochemical staining

Immunohistochemical staining was performed on paraffin sec-
tions following established protocols. Briefly, paraffin-embedded
kidney sections were dewaxed, treated with 3% hydrogen
peroxide, and subjected to microwave heating for antigen
retrieval. The sections were then incubated with primary
antibodies, specifically GLS1 (1:200, ab260047, Abcam), at 4°C
overnight. After rinsing with phosphate-buffered saline (PBS), the
sections underwent incubation with horseradish peroxidase-
streptavidin biotinylated secondary antibodies, followed by
diaminobenzidine (DAB kit, Vector Laboratories, California, USA)
for visualization.

Single-Cell mRNA library preparation and sequencing

Surgical resected fresh corneal and conjunctiva samples were
minced and enzymatically digested to obtain single-cell suspen-
sions. The complementary deoxyribonucleic acid (cDNA) library
was generated using a commercial 10x Genomics platform (10x
Genomics, Pleasanton, CA, USA). Single-cell transcriptome
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amplification and library preparation were performed using the
Single-Cell 3" Library Kit v3 (10x Genomics) by Capitalbio
Technology Corporation according to manufacturer’s instructions.
Then, the libraries were pooled and sequenced across six lanes on
an lllumina NovaSeq 6000 system (lllumina, Inc, San Diego,
CA, USA).

Pre-processing of scRNA-Seq data

The raw sequencing FASTQ files of rat DED model samples were
aligned to themRatBN7.2 reference genome using the cellranger
count function of CellRanger (10X Genomics, v5) to produce a
gene expression matrix via the STAR algorithm. Then, the raw
gene expression matrices of all samples were imported and
processed by the Seurat® R package (version 4.0.0) as previously
reported. Low-quality cells were removed according to the
following criteria: cells that had fewer than 2001 unique molecular
identifiers (UMIs), more than 6000 or less than 301 expressed
genes, or over 25% of UMIs derived from the mitochondrial
genome as described previously. Included genes were expressed
in at least ten cells in a sample. We removed potential cell
doublets using the DoubletFinder®' R package. The single cell
transcriptome expression matrices of the remaining high-quality
cells were integrated with the”RunFastMNN" function of Seurat-
Wrappers package, normalized to the total cellular UMI count, and
scaled (scale.factor = 1e4) by regressing out the total cellular UMI
counts and percentage of mitochondrial genes. Then, we selected
highly variable genes (HVGs) for principal component analysis
(PCA), and the top 30 significant principal components (PCs) were
selected for Uniform Manifold Approximation and Projection
(UMAP) dimension reduction and visualization of gene expression.

Cell type abundance estimation

To characterize the tissue distribution of meta-clusters, odds ratios
(OR) were calculated and used to indicate preferences as
previously reported®’. Then Fisher's exact test was applied on
this contingency table, thus OR and corresponding p-value could
be obtained. P-values were adjusted using the BH method
implemented in the R function p.adjust. We found that all
ORs> 1.5 or ORs<0.5 had adjusted p-values< 1e-10. Hence, a
higher OR with a value > 1.5 indicated that meta-cluster i was
more preferred to distribute in tissue j, a lower OR with a
value < 0.5 indicated that meta-cluster i was preferred not to
distribute in tissue j.

Trajectory analysis

To explore the potential differentiation routines between corneal
epithelial cells subtypes, we performed the trajectory analysis via
Slingshot®* package as previously reported. For Slingshot trajec-
tory inference analysis, the Seurat object was imported into the
Slingshot and PCA-based dimension reduction was performed
with differentially expressed genes, followed by two-dimensional
visualization with UMAP.

Statistical analysis

Data were analyzed with GraphPad Prism 9.0. Statistical analysis
was performed using one-way ANOVA for multiple experimental
groups. Data are reported as the mean values with error bars
showing the standard error of the mean (SEM). When ANOVA
showed a significant difference, post hoc analysis between group
means was examined by Tukey's or uncorrected Fisher's LSD
multiple-comparison test®®. p <0.05 was considered statistically
significant.
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All datasets generated during and analyzed during the current study are available
from the corresponding author on reasonable request. The transcriptomic data of
L-glutamine treated group, D-glutamine treated group and DED group in an in vitro
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dry eye model has been deposited in the NCBI Sequence Read Archive (SRA)
database (accession number: PRINA1198298). The data of scRNA-seq in this paper
have been deposited in the Genome Sequence Archive (GSA) under accession
number OMIX008264 and the processed data can be accessed in https://
ngdc.cncb.ac.cn/omix.

ACKNOWLEDGEMENTS

This work was supported by grants from National Natural Science Foundation of
China (32371035, 32000530), Beijing Nova Program (20230484246), the National Key
R&D Program of China (2022YFA1105502) and Young Elite Scientists Sponsorship
Program by CAST (2023QNRCO001). The authors appreciate the kind support from Dr.
Wei Chen (Beijing Institute of Biotechnology) and Dr. Rui Yu (Beijing Institute of
Biotechnology).

AUTHOR CONTRIBUTIONS

X. Chen conceived the project. X. Chen, C. Zhang, and F. Peng performed most of the
experiments. X. Li and D. Zhuo contributed to the in vitro experiments. LWu, L. Tian,
F. Lei and Y. Chen contributed to the in vivo study. C. Zhang and X. Yang contributed
to the histology and immunofluorescence work. Min Zhang contributed to the
sc-RNA seq analysis. L. Wang, Y. Huang, Y. Jie, and Z. Li provided advice, support and
supervision. X. Chen wrote the manuscript. All authors have read and approved the
final version of the manuscript.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541392-024-02119-1.

Competing interests: The authors declare no competing interests.

REFERENCES

1. Jones, L. et al. Tfos dews ii management and therapy report. Ocul. Surf. 15,
575-628 (2017).

2. Villatoro, A. J. et al. Regenerative therapies in dry eye disease: From growth
factors to cell therapy. Int. J. Mol. Sci. 18, 2264 (2017).

3. Jackson, C. J.,, Naqvi, M., Gundersen, K. G. & Utheim, T. P. Role of stem cells in
regenerative treatment of dry eye disease caused by lacrimal gland dysfunction.
Acta Ophthalmol. 101, 360-375 (2023).

4. Wei, Y. & Asbell, P. A. The core mechanism of dry eye disease is inflammation. Eye
Contact Lens 40, 248-256 (2014).

5. Nair, A. P. et al. Ocular surface immune cell diversity in dry eye disease. Indian J.
Ophthalmol. 71, 1237-1247 (2023).

6. Liang, W. et al. Peroxisome proliferator-activated receptor-a (ppara) regulates
wound healing and mitochondrial metabolism in the cornea. Proc. Natl Acad. Sci.
USA 120, 2217576120 (2023).

7. Stuard, W. L., Guner, M. K. & Robertson, D. M. Igfbp-3 regulates mitochondrial
hyperfusion and metabolic activity in ocular surface epithelia during hyper-
osmolar stress. Int. J. Mol. Sci. 23, 4066 (2022).

8. Lundahl, M. L. E. et al. Macrophage innate training induced by il-4 and il-13
activation enhances oxphos driven anti-mycobacterial responses. elLife 11,
e74690 (2022).

9. Magny, R. et al. Lipidomic analysis of epithelial corneal cells following hyper-
osmolarity and benzalkonium chloride exposure: new insights in dry eye disease.
Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1865, 158728 (2020).

10. Obeid, L. M,, Linardic, C. M., Karolak, L. A. & Hannun, Y. A. Programmed cell death
induced by ceramide. J. Biol. Chem. 259, 1769-1771 (1993).

11. Chen, X. et al. In situ metabolic profile and spatial distribution of ocular tissues:
New insights into dry eye disease. Ocul. Surf. 24, 51-63 (2022).

12. Yazdani, M. et al. Tear metabolomics in dry eye disease: a review. Int. J. Mol. Sci.
20, 3755 (2019).

13. Jiang, Y. Yang, C, Zheng, Y., Liu, Y. & Chen, Y. A set of global metabolomic
biomarker candidates to predict the risk of dry eye disease. Front. Cell. Dev. Biol. 8,
344 (2020).

14. Galbis-Estrada, C. et al. A metabolomic approach to dry eye disorders. The role of
oral supplements with antioxidants and omega 3 fatty acids. Mol. Vis. 21,
555-567 (2015).

15. Chen, X. et al. Integrated tear proteome and metabolome reveal panels of
inflammatory-related molecules via key regulatory pathways in dry eye syn-
drome. J. Proteome Res. 18, 2321-2330 (2019).

16. Vehof, J,, Hysi, P. G. & Hammond, C. J. A metabolome-wide study of dry eye disease
reveals serum androgens as biomarkers. Ophthalmology 124, 505-511 (2017).

Signal Transduction and Targeted Therapy (2025)10:27

Identification of glutamine as a potential therapeutic target in dry eye...
Chen et al.

17. Shariatgorji, M. et al. Comprehensive mapping of neurotransmitter networks by
maldi-ms imaging. Nat. Methods 16, 1021-1028 (2019).

18. Jiang, D. et al. Bioenergetic crosstalk between mesenchymal stem cells and
various ocular cells through the intercellular trafficking of mitochondria. Ther-
anostics 10, 7260-7272 (2020).

19. Deng, C. L. et al. Photoreceptor protection by mesenchymal stem cell trans-
plantation identifies exosomal mir-21 as a therapeutic for retinal degeneration.
Cell Death Differ. 28, 1041-1061 (2021).

20. Wen, Y. T. et al. The benefits and hazards of intravitreal mesenchymal stem cell
(msc) based-therapies in the experimental ischemic optic neuropathy. Int. J. Mol.
Sci. 22, 2117 (2021).

21. Jiang, K, Jiang, T., Chen, Y. & Mao, X. Mesenchymal stem cell-derived exosomes
modulate chondrocyte glutamine metabolism to alleviate osteoarthritis pro-
gression. Mediators Inflamm. 2021, 2979124 (2021).

22. Venkatakrishnan, J., Saeed, Y. & Kao, W. W. Trends in using mesenchymal stromal/
stem cells (mscs) in treating corneal diseases. Ocul. Surf. 26, 255-267 (2022).

23. Levoux, J. et al. Platelets facilitate the wound-healing capability of mesenchymal
stem cells by mitochondrial transfer and metabolic reprogramming. Cell Metab.
33, 283-299.e289 (2021).

24. Kim, K. H. & Lee, K. A. Metabolic rewiring by human placenta-derived
mesenchymal stem cell therapy promotes rejuvenation in aged female rats. Int.
J. Mol. Sci. 23, 566 (2022).

25. Shi, X. et al. Msc-triggered metabolomic alterations in liver-resident immune cells
isolated from ccl(4)-induced mouse ali model. Exp. Cell Res. 383, 111511 (2019).

26. Kim, C. E. et al. Rgn-259 (thymosin 4) improves clinically important dry eye
efficacies in comparison with prescription drugs in a dry eye model. Sci. Rep. 8,
10500 (2018).

27. Sahu, A, Foulsham, W., Amouzegar, A., Mittal, S. K. & Chauhan, S. K. The ther-
apeutic application of mesenchymal stem cells at the ocular surface. Ocul. Surf.
17, 198-207 (2019).

28. Jeon, B. J. et al. Thymosin beta-4 promotes mesenchymal stem cell proliferation
via an interleukin-8-dependent mechanism. Exp. Cell Res. 319, 2526-2534 (2013).

29. Wang, B. et al. Induction of ddit4 impairs autophagy through oxidative stress in
dry eye. Investig. Ophthalmol. Vis. Sci. 60, 2836-2847 (2019).

30. Willis, R. C. & Seegmiller, J. E. The inhibition by 6-diazo-5-oxo-l-norleucine of
glutamine catabolism of the cultured human lymphoblast. J. Cell. Physiol. 93,
375-382 (1977).

31. Encarnacidn-Rosado, J. et al. Targeting pancreatic cancer metabolic dependen-
cies through glutamine antagonism. Nat. Cancer 5, 85-99 (2024).

32. Uchino, Y. The ocular surface glycocalyx and its alteration in dry eye disease: a
review. Investig. Ophthalmol. Vis. Sci. 59, Des157-des162 (2018).

33. Ablamowicz, A. F. & Nichols, J. J. Ocular surface membrane-associated mucins.
Ocul. Surf. 14, 331-341 (2016).

34. Chan, H. H. Is the peripheral retina an important site for myopic development?
[Liu Y, Wildsoet C (2011) The effect of two-zone concentric bifocal spectacle
lenses on refractive error development and eye growth in young chicks. Invest.
Ophthalmol. Vis. Sci. 52(2):1078-1086]. Graefes Arch. Clin. Exp. Ophthalmol. 249,
955-956 (2011).

35. Mantelli, F. & Arguieso, P. Muc1 biosynthesis in human corneal and conjunctival
epithelia.Br. J. Ophthalmol. 94, 956-957 (2010).

36. Itah, S. Elad, D., Jaffa, A. J., Grisaru, D. & Rosner, M. Transmembrane mucin
response in conjunctival epithelial cells exposed to wall shear stresses. Int. J. Mol.
Sci. 24, 6589 (2023).

37. Duan, H. et al. Comparison of mucin levels at the ocular surface of visual display
terminal users with and without dry eye disease. BMIC Ophthalmol. 23, 189 (2023).

38. O'Neil, E. C,, Henderson, M., Massaro-Giordano, M. & Bunya, V. Y. Advances in dry
eye disease treatment. Curr. Opin. Ophthalmol. 30, 166-178 (2019).

39. Mittal, R, Patel, S. & Galor, A. Alternative therapies for dry eye disease. Curr. Opin.
Ophthalmol. 32, 348-361 (2021).

40. Zhang, C. et al. Supramolecular nanofibers containing arginine-glycine-aspartate
(rgd) peptides boost therapeutic efficacy of extracellular vesicles in kidney repair.
ACS Nano 14, 12133-12147 (2020).

41. Hoang, D. M. et al. Stem cell-based therapy for human diseases. Signal. Transduct.
Target. Ther. 7, 272 (2022).

42. Yao, G. et al. Mesenchymal stem cell transplantation alleviates experimental sjog-
ren’s syndrome through ifn-B/il-27 signaling axis. Theranostics 9, 8253-8265 (2019).

43. Dietrich, J. et al. Analysis of lacrimal gland derived mesenchymal stem cell
secretome and its impact on epithelial cell survival. Stem Cell Res. 38, 101477
(2019).

44. Dietrich, J. et al. Msc transplantation improves lacrimal gland regeneration after
surgically induced dry eye disease in mice. Sci. Rep. 9, 18299 (2019).

45. Villatoro, A. J. et al. Use of adipose-derived mesenchymal stem cells in kerato-
conjunctivitis sicca in a canine model. Biomed. Res. Int. 2015, 527926 (2015).

46. Mgller-Hansen, M. et al. Safety and feasibility of mesenchymal stem cell therapy
in patients with aqueous deficient dry eye disease. Ocul. Surf. 19, 43-52 (2021).

SPRINGER NATURE

17


https://ngdc.cncb.ac.cn/omix
https://ngdc.cncb.ac.cn/omix
https://doi.org/10.1038/s41392-024-02119-1

Identification of glutamine as a potential therapeutic target in dry eye...

Chen et al.

18

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Yu, R. et al. Highly effective biosynthesis of n-acetylated human thymosin 4 (tp4)
in escherichia coli. Artif. Cells Nanomed. Biotechnol. 46, S95-s104 (2018).

Xing, Y., Ye, Y., Zuo, H. & Li, Y. Progress on the function and application of
thymosin 4. Front. Endocrinol. 12, 767785 (2021).

Thomi, G., Surbek, D., Haesler, V., Joerger-Messerli, M. & Schoeberlein, A. Exo-
somes derived from umbilical cord mesenchymal stem cells reduce microglia-
mediated neuroinflammation in perinatal brain injury. Stem Cell Res. Ther. 10, 105
(2019).

Li, C. et al. Exosomes from Ips-preconditioned bone marrow mscs accelerated
peripheral nerve regeneration via m2 macrophage polarization: Involvement of
tsg-6/nf-kb/nlrp3 signaling pathway. Exp. Neurol. 356, 114139 (2022).

Ge, Y., Wu, J,, Zhang, L., Huang, N. & Luo, Y. A new strategy for the regulation of
neuroinflammation: exosomes derived from mesenchymal stem cells. Cell. Mol.
Neurobiol. 44, 24 (2024).

Jiang, Y., Lin, S. & Gao, Y. Mesenchymal stromal cell-based therapy for dry eye:
current status and future perspectives. Cell Transpl. 31, 9636897221133818 (2022).
Sosne, G., Qiu, P., Christopherson, P. L. & Wheater, M. K. Thymosin beta 4 sup-
pression of corneal nfkappab: a potential anti-inflammatory pathway. Exp. Eye
Res. 84, 663-669 (2007).

Murube, J. Tear osmolarity. Ocul. Surf. 4, 62-73 (2006).

Foulsham, W., Coco, G., Amouzegar, A., Chauhan, S. K. & Dana, R. When clarity is
crucial: regulating ocular surface immunity. Trends Immunol. 39, 288-301 (2018).
Zhang, X. et al. Dry eye management: targeting the ocular surface micro-
environment. Int. J. Mol. Sci. 18, 1398 (2017).

Soleimani, M. et al. Applications of mesenchymal stem cells in ocular surface
diseases: sources and routes of delivery. Expert Opin. Biol. Ther. 23, 509-525 (2023).
Cheng, X. et al. Glutamine pretreatment protects bovine mammary epithelial cells
from inflammation and oxidative stress induced by y-d-glutamyl-meso-diami-
nopimelic acid (ie-dap). J. Dairy Sci. 104, 2123-2139 (2021).

Zhang, S. et al. Glutamine inhibits inflammation, oxidative stress, and apoptosis
and ameliorates hyperoxic lung injury. J. Physiol. Biochem. 79, 613-623 (2023).
Li, G., Liu, L, Yin, Z,, Ye, Z. & Shen, N. Glutamine metabolism is essential for the
production of il-17a in y& t cells and skin inflammation. Tissue Cell 71, 101569
(2021).

de Oliveira, G. P. et al. Glutamine therapy reduces inflammation and extracellular
trap release in experimental acute respiratory distress syndrome of pulmonary
origin. Nutrients 11, 831 (2019).

Qiu, J. et al. Metabolic control of autoimmunity and tissue inflammation in
rheumatoid arthritis. Front. Immunol. 12, 652771 (2021).

Song, X. et al. Glutamine alleviates lipopolysaccharide-induced corneal epithelial
inflammation and oxidative stress in dogs. Exp. Eye Res. 234, 109607 (2023).
Wu, B. et al. Glutaminase 1 regulates the release of extracellular vesicles during
neuroinflammation through key metabolic intermediate alpha-ketoglutarate. J.
Neuroinflamm. 15, 79 (2018).

Durante, W. Glutamine deficiency promotes immune and endothelial cell dys-
function in covid-19. Int. J. Mol. Sci. 24, 7593 (2023).

Feng, Y. et al. Pharmacological inhibition of glutaminase 1 attenuates alkali-
induced corneal neovascularization by modulating macrophages. Oxid. Med. Cell.
Longev. 2022, 1106313 (2022).

Ji, C. et al. Microglial glutaminase 1 deficiency mitigates neuroinflammation
associated depression. Brain Behav. Immun. 99, 231-245 (2022).

Wang, Y. et al. Glutaminase c overexpression in the brain induces learning def-
icits, synaptic dysfunctions, and neuroinflammation in mice. Brain Behav. Immun.
66, 135-145 (2017).

Hu, X. et al. Glutamine metabolic microenvironment drives m2 macrophage
polarization to mediate trastuzumab resistance in her2-positive gastric cancer.
Cancer Commun. 43, 909-937 (2023).

SPRINGERNATURE

70.
71.
72.
73.
74.
75.
76.
77.
78.
79.

80.

81.

82.
83.

84,

Gao, G. et al. Glutaminase 1 regulates neuroinflammation after cerebral ischemia
through enhancing microglial activation and pro-inflammatory exosome release.
Front. Immunol. 11, 161 (2020).

Cui, S. et al. Study on the therapeutic effect of glucocorticoids on acute
kidney injury in rats exposed to diquat. Biomed. Pharmacother. 166, 115310
(2023).

Deng, L. et al. Chlorzoxazone, a small molecule drug, augments immunosup-
pressive capacity of mesenchymal stem cells via modulation of foxo3 phos-
phorylation. Cell Death Dis. 11, 158 (2020).

Cao, Y. et al. Human adipose tissue-derived stem cells differentiate into endo-
thelial cells in vitro and improve postnatal neovascularization in vivo. Biochem.
Biophys. Res. Commun. 332, 370-379 (2005).

Xiao, X. et al. Mesenchymal stem cell-derived small extracellular vesicles mitigate
oxidative stress-induced senescence in endothelial cells via regulation of mir-
146a/src. Signal Transduct. Target. Ther. 6, 354 (2021).

Jia, Z, Li, F, Zeng, X, Lv, Y. & Zhao, S. The effects of local administration of
mesenchymal stem cells on rat corneal allograft rejection. BMC Ophthalmol. 18,
139 (2018).

Chen, H. et al. NIrp12- and nirc4-mediated corneal epithelial pyroptosis is driven
by gsdmd cleavage accompanied by il-33 processing in dry eye. Ocul. Surf. 18,
783-794 (2020).

Ry, Y. et al. A-melanocyte-stimulating hormone ameliorates ocular surface dys-
functions and lesions in a scopolamine-induced dry eye model via pka-creb and
mek-erk pathways. Sci. Rep. 5, 18619 (2015).

Liu, H. et al. 1,5-diaminonaphthalene hydrochloride assisted laser desorption/
ionization mass spectrometry imaging of small molecules in tissues following
focal cerebral ischemia. Anal. Chem. 86, 10114-10121 (2014).

Sun, N. et al. High-resolution tissue mass spectrometry imaging reveals a refined
functional anatomy of the human adult adrenal gland. Endocrinology 159,
1511-1524 (2018).

Stuart, T. et al. Comprehensive integration of single-cell data. Cell 177,
1888-1902.1821 (2019).

McGinnis, C. S, Murrow, L. M. & Gartner, Z. J. Doubletfinder: doublet detection in
single-cell ra sequencing data using artificial nearest neighbors. Cell Syst. 8,
329-337.e324 (2019).

Xue, R. et al. Liver tumour immune microenvironment subtypes and neutrophil
heterogeneity. Nature 612, 141-147 (2022).

Street, K. et al. Slingshot: cell lineage and pseudotime inference for single-cell
transcriptomics. BMC Genom. 19, 477 (2018).

Rickner, H. D. et al. Single cell transcriptomic profiling of a neuron-astrocyte
assembloid tauopathy model. Nat. Commun. 13, 6275 (2022).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Signal Transduction and Targeted Therapy (2025)10:27


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Identification of glutamine as a potential therapeutic target in dry eye disease
	Introduction
	Results
	Combining MSC and Tβ4 therapy improves dry eye, leading to enhanced restoration of tear secretion, amelioration of pathological damage, and reduced apoptosis
	In situ metabolic mass spectrometry indicates glutamine as a key metabolite for combination therapy strategies
	Inhibition of glutamine attenuates the protective effects of combined therapy on inflammation, apoptosis inhibition, and homeostasis maintenance
	Patient and rat samples suggests the potential involvement of glutaminase 1 (GLS1), an enzyme upstream of glutamine metabolism, in dry eye therapy
	The combination therapy alleviates dry eye damage by inhibiting GLS1 to restore glutamine levels, inhibiting downstream inflammation in DED
	Single-cell dissection of cellular and molecular features underlying glutamine therapy in dry eye disease

	Discussion
	Materials and methods
	Ethical approval
	Animals and treatment
	MSC sources, culture, and administration
	Dry eye disease induction and treatment
	Tear volume measurement
	Tear Film Breakup Time (BUT) Measurement
	Tissue staining
	MALDI-MSI experiment
	Metabolite identification
	Human corneal samples
	Corneal epithelial cell culture and treatment
	High-throughput cytokine analysis
	RNA-seq analysis
	RT-qPCR analysis
	Western blot analysis
	Immunofluorescence staining
	Immunohistochemical staining
	Single-Cell mRNA library preparation and sequencing
	Pre-processing of scRNA-Seq data
	Cell type abundance estimation
	Trajectory analysis
	Statistical analysis

	Supplementary information
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




