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Purpose: This study aims to understand the differences in cellular and molecular
patterns between theMain andAccessory (Acc) regions of pterygium tissue,with a focus
on inflammation and mitochondrial energy metabolism.

Methods: We collected bulk RNA sequencing (RNA-seq) data from six pterygium
patients and single-cell RNA-seq data from two pterygium patients. Subsequently, we
investigated pathway enrichment, pathway correlation, differential gene expression,
protein-protein interactions, and cell-cell communication in pterygium.

Results: Bulk RNA-seq analysis revealed distinct expression patterns in the Acc group
compared to the Main and control groups. This finding suggested the need to separate
the Main and Acc regions within pterygium samples and use single-cell data to under-
stand differences between the Main and control groups that bulk data could not
capture. The single-cell data identified a cluster of epithelial cells containing only ptery-
gium samples, which contributed significantly to the ANGPTL, IL1, and KLK signaling
networks. Cells involved in inflammatory pathways associatedwith the integrated stress
response and the renin-angiotensin-aldosterone system, both of which exhibited high
correlations with energy metabolism-associated pathways, were significantly upregu-
lated. Additionally, expression changes in multiple proinflammatory, antioxidant, and
immune-associated genes were identified.

Conclusions: The distinctions between the Main and Acc groups suggest the neces-
sity of distinguishing anatomical regions in future pterygium studies. Additionally, the
pivotal role of epithelial cells from the Main group in the inflammation of pterygium
indicates a potential clinical approach for managing the disease.

Translational Relevance: This study aims to identify apex-specific biomarkers of ptery-
gium for a more efficient diagnosis and treatment.
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Introduction

Pterygium is characterized by a triangular, wedge-
shaped fibrovascular growth extending from the
conjunctiva onto the cornea. Rather than being a
purely degenerative lesion, it is now understood
as a proliferative disorder involving a hyperplastic,
centripetally directed growth of altered limbal epithe-
lial cells, accompanied by Bowman’s layer dissolution,
epithelial-mesenchymal transition, and an activated
fibroblastic stroma with inflammation, neovasculariza-
tion, and extracellular matrix remodeling, all mediated
by the concerted actions of cytokines, growth factors,
and matrix metalloproteinases.1,2 A defining patho-
logical feature is focal limbal stem cell dysfunction.
In our previous study, we demonstrated that intrin-
sic gene regulatory mechanisms are closely linked to
the inflammatory responses in pterygium using RNA
sequencing, and we further identified differences in
gene regulatory patterns between Asian and European
ethnic groups.3

Although surgical excision is commonly performed
to manage pterygium,4 recurrence—characterized by
the regrowth of fibrovascular tissue across the limbus—
remains a major clinical challenge. In addition to
surgery, topical medical therapies such as cyclosporine
have shown efficacy, particularly through their anti-
inflammatory effects.5,6 Given that inflammation plays
a central role in pterygium pathogenesis, medical
approaches targeting inflammatory pathways are of
increasing interest and highlight the need for further
molecular and translational research in this area.

The anatomic characteristics of pterygium affect the
treatment method and its success rate. The anatomy of
pterygium can be divided into three parts: head, neck,
and body.7 The invading portion growing toward the
center of the cornea, which contains the apex of the
tissue is called the head. Pterygium is firmly adherent
to the cornea and is characterized by disruption of
Bowman’s layer, along with alterations in the overlying
epithelium, which may ultimately impair vision. The
communicating part between the body and the head,
which overlies the limbus, is the neck. The conjunc-
tival portion with a base toward the medial canthus
is known as the body. The likelihood of recurrence is
high if the head of the pterygium is not completely

removed during surgery. If the body of pterygium
is not adequately managed, the risk of recurrence
increases as well.8 These points suggest that the patho-
genesis of pterygiummay differ based on its anatomical
regions.

This study aims to provide a considerable under-
standing of pterygium-associated pathogenesis and
identify potential therapeutic targets through bulk
and single-cell RNA sequencing (scRNA-seq) data
analyses. We applied various analytical approaches,
including enrichment analyses and cell-cell communi-
cation analysis across different cell types of pterygium.
Specifically, we investigated the differences between the
anatomical parts of the pterygium and explored factors
that may influence the onset and recurrence of ptery-
gium.

Methods

Sample Collection

Each of the Main, Acc, and Normal samples
of the bulk RNA-seq data was collected from six
primary pterygium patients by elective pterygium
excision, approved by Kyung Hee University Hospi-
tal at Gangdong (IRB No. 2022-04-006). The patients,
aged 61 to 72, included three males and three females.
For bulk RNA-seq data, the head and neck of
the pterygium were collected and denoted as Main,
whereas the body of the pterygiumwas denoted as Acc.
The normal conjunctival tissue from each patient was
collected as a control, denoted as Normal. The samples
were transferred to 2mLEppendorf tubes (Eppendorf,
Hamburg, Germany) and stored at −80°C for subse-
quent total RNA extraction.

ScRNA-seq data was collected by Kyung Hee
University Hospital at Gangdong using the Chromium
Next GEM Single Cell 3′ RNA library kit (v3.1). The
Main and Normal samples were collected from each of
the two pterygium patients in the dataset. The samples
were immediately transferred to 2mLEppendorf tubes
(Eppendorf, Hamburg, Germany) containing MACS
Tissue Storage Solution (Cat: 130-100-008, Miltenyi
Biotec, Bergisch Gladbach, Germany) and packed
on ice.
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RNA-Sequencing

For bulk RNA sequencing, total RNA was
extracted from the tissue samples using standard
protocols, followed by DNase treatment to remove
DNA contamination. For mRNA profiling, an mRNA
purification kit was used, whereas a ribo-zero rRNA
removal kit was used for studies including non-coding
RNA. The purified RNA underwent random fragmen-
tation for short-read sequencing. These fragments
were reverse transcribed into cDNA, and distinct
adapters were ligated to both ends. The library was
PCR-amplified to obtain sufficient quantities for
sequencing and underwent size selection for inserts
of 200–400 base pairs. Paired-end sequencing was
then conducted with a read length appropriate for the
study design. For the scRNA-seq data, the Chromium
Single Cell 3′ Protocol was used to analyze 3′ digital
gene expression of 500 to 10,000 individual cells per
sample. Single cells, reagents, and Gel Beads with
barcoded oligonucleotides were encapsulated into
nanoliter-scale Gel Beads-in-emulsion (GEMs) using
Next GEM Technology. This method allowed the
indexing of each cell’s transcriptome and cell surface
protein with approximately 3,500,000 unique 10x
Barcodes. Within GEMs, poly-adenylated mRNA was
captured by poly(dT) primers, resulting in barcoded,
full-length cDNA synthesis. The resulting Single Cell
3′ gene expression and feature barcode libraries were
sequenced on the Illumina system, using paired-
end sequencing to read both ends of the cDNA
fragments.

Data Preprocessing

For bulk RNA-seq data, FASTQC (v0.11.7) was
used to check the quality of the data, and STAR
(v2.7.3a) and HTSeq-Count (v0.12.4) were used to
map the reads to the reference genome, GRCH38.
The data was normalized using the rlog (regular-
ized log) transformation from the DESeq2 package
(v1.44.0). For scRNA-seq data, FASTQC (v0.11.7)
was performed on the raw sequences for a quality
check. The FASTQ files were preprocessed through
10x Genomics Cloud Analysis by choosing Next
GEM Single Cell 3′ Gene Expression as the library
type and setting checkLibraryCompatibility to true,
Chemistry to auto, createBam to false, disableAbAg-
gregateDetection to false, includeIntrons to true, and
noSecondaryAnalysis to false.9 The resulting gene-
barcode matrix output was downloaded as a Market
Exchange file format. The Seurat R package (v5.1.0)
was used to perform integration. The data was filtered
to those with less than 9000 genes detected per cell

and less than 10,000 unique molecular identifiers
per cell. The data was normalized with the Normal-
izeData function using the LogNormalize method,
and anchor-based canonical correlation analysis
integration was applied through the IntegrateLay-
ers function. The raw and processed RNA-seq datasets
will be provided by the authors upon reasonable
request.

Cell Type Annotation

The Seurat package (v5.1.0) was used to gener-
ate clusters of the cells. After testing for canonical
marker expressions for a range of clustering resolu-
tion values (0.3–1.2), FindNeighbors and FindClus-
ters were performed with a resolution of 0.6. The first
12 principal components (PCs) were chosen based on
the results of the elbow plot and the heatmap of the
top 20 PCs. Cell types were manually assigned to each
cell cluster by matching the expressions of genes with
markers from Zhang et al. and the cell atlas of the
human ocular anterior segment from the Broad Insti-
tute.10 The FindMarkers function was used to further
identify and confirm the differentially expressed genes
(DEGs) between different clusters. FeaturePlot and
VlnPlot were also called to visually confirm the marker
expressions in each cluster.

Differential and Enrichment Analysis

The differential gene expression within the bulk
RNA-seq data was analyzed by performing princi-
pal component analysis (PCA) and EnhancedVolcano
using the DESeq2 package (v1.44.0). The plotPCA
function’s default value of the top 500 genes of highest
variance was used to perform PCA. A P value cutoff
of 0.05 and a log fold change cutoff of 1 were used to
limit the DEGs to those that best represent meaning-
ful changes in expression. The enrichGO function from
the clusterProfiler R package (v4.13.3) was performed
to search for enriched functional pathways. The top 10
common pathways were identified from each compar-
ison group (Main vs. Acc, Normal vs. Acc) and were
merged as a bubble plot. Protein-protein interaction
(PPI) was also depicted by STRING using K-means
clustering with the top 1000 DEGs. Gene ontology
was used to identify the biological processes associ-
ated with cluster 1 from the PPI of both compari-
son groups. For enrichment analysis such as fGSEA
and gene expression profile heatmaps, multiple gene
lists were applied. A custom-made core inflammatory
gene list obtained from Topper et al.11 was used for
inflammatory-associated analysis. For mitochondrial
energy metabolism-associated analysis, a customized
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core gene list acquired from Guarnieri et al. for
heatmap and MitoCarta3.0 gene list for enrichment
analysis (i.e., fGSEA) were used.12

Correlation Analysis

The correlation between the inflammatory and
energy pathways was computed using the Van Der
Waerden test. After testing multiple cutoff values, the
results from fGSEAwere filtered to those with P values
<0.3 to ensure the inclusion of moderate enrichment
signals while limiting the results to relevant pathways.
The results from the VanDerWaerden test were filtered
to those with P values >0.9 and the number of obser-
vations >3.

Cell-Cell Communication Analysis

The CellChat R package (v2.1.2) was used to
compare the interactions between cell types in the
pterygium and control samples. The interactions were
limited to those associated with inflammation from
CellChatDB. ComputeCommunProb was used with
the type as truncatedMean and the trim as 0.05.
Communications with less than 10 cells in each cell
group were filtered out using filter Communication.

Results

Because no prior study has examined the gene
expression profiles of pterygium across different
anatomic regions, we categorized the pterygium
samples into Main (head and neck) and Acc (body)
as shown in Figure 1A. We first identified significant
DEGs (P value cutoff of 0.05 and a log fold change
cutoff of 1) among the Main, Acc, and Normal. A
relatively higher number of DEGs (4436 in Main vs.
Acc; 4180 in Normal vs. Acc) were found when Main
and Normal were analyzed against Acc, compared to
the 115 DEGs found in Main vs. Normal (Fig. 1B).
The PCA plot also revealed a clear separation of
sample points between Acc and the other two groups,
suggesting the presence of distinct genetic expression
patterns between the Acc and Main regions (Fig. 1C).
This finding points out the need for the separa-
tion of pterygium regions, unlike previous studies
that analyzed the Acc and Main regions as a single
group.13

To assess whether the identified DEGs are linked
to functions documented in previous studies, we
conducted a Gene Ontology (GO) analysis (Fig. 1D).
Pathways including synapse organization, epithelium

morphogenesis, and cell junction assembly, commonly
known to be related to organ and system development,
were significantly enriched in both Main and Normal
relative to Acc.

To explore the functional roles of DEGs enriched in
Main and Normal compared to Acc at the proteomic
level, we analyzed PPI networks using STRINGdb.
A prominent cluster associated with organ develop-
ment emerged in the comparison of Main and Acc
(Fig. 1E). The PPI comparing Normal and Acc also
displayed a major cluster associated with system devel-
opment. These observations are consistent with the
findings from the GO analysis, highlighting the distinc-
tion between Acc and Main and similar characteristics
between Main and Normal.

Inflammation and oxidative stress are key factors in
the pathology of pterygium.3 To further investigate the
association between the inflammatory modules and
anatomical region, the normalized enrichment score
(NES) was computed for each module using Fast Gene
Enrichment Analysis (fGSEA) with a customized
inflammatory gene list obtained from Topper et al.11
Most inflammatory modules were generally upregu-
lated in Main and Normal compared to Acc (Fig. 2A).
Specifically, Interleukins in Adaptive Immunity,
Complement Activation/Fibrin Deposition, and
the AGT Regulator Axis in the Renin-Angiotensin-
Aldosterone System (RAAS) were downregulated in
both Main and Normal.

Given the critical role of mitochondrial energy
metabolism in inflammation and oxidative stress, we
further examined gene group activation levels of
mitochondrial energy metabolism-associated pathways
in Acc using MitoCarta3.0 (Fig. 2B).14,15 Consis-
tent with the inflammatory profile, most mitochon-
drial energy metabolism-associated modules, including
oxidative phosphorylation (OXPHOS), mitochondrial
central dogma (MCD), mitochondrial dynamics and
surveillance, signaling, protein import, and homeosta-
sis, were upregulated in Main and Normal compared
to Acc. Most metabolism-associated modules were
also upregulated in the two groups except for the
modules involved in pyruvate metabolism, xenobiotic
metabolism, the urea cycle, glycinemetabolism, choline
and betaine metabolism, and the amidoxime-reducing
complex. The clear distinction between Acc and Main
and the relatively similar regulation patterns between
Main and Normal suggest that the anatomical region
of the samples is highly implicated in its transcriptional
profile, pointing to the need to separate Acc and Main
in future studies.

To provide an overview of the molecular and
cellular landscape of patient-matched selective ptery-
gium samples and normal samples, we processed
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Normal vs Acc

Figure 1. (A) Photo of an eye affected by pterygium. (B) Volcano plots of DEGs from pairwise comparisons among the Main, Normal, and
Acc groups (P < 0.05, log2 fold-change > 0.38). (C) PCA plot of PC1 and PC2 showing separation of Acc group from the Main and Normal
groups. (D) Most commonly enriched pathways from GO analysis. (E) PPI networks with top 1000 significant DEGs.

scRNA-seq using freshly resected pterygium samples
and their adjacent control (cornea) samples from
two patients. Based on the distinct transcriptional
patterns we identified between the anatomical regions
of pterygium, we selectively collected theMain samples

(non-ACC) to represent pterygium. The samples
were integrated using joint analysis of heterogeneous
samples (Fig. 3A).

Using marker genes from Zhang et al.,10 we identi-
fied seven distinct clusters of cell types, includ-
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Figure 2. Lollipop plots of genemodules comparing the Acc groupwith theMain or Normal groups using NESs. (A) Lollipop plot of inflam-
matory modules. (B) Lollipop plots of mitochondrial energy metabolism-associated modules.

A

Endothelial Cell

Melanocyte
Myeloid Cell

T/NK Cell

Epithelial 

Cell

Pterygium specific

Epithelial Cell

Pteryg
Fibroblast

ANGPTL signaling networkB

Main Normal

IL1 signaling networkIL

Main

ork

Normal

KLK signaling networkg gK signaling network

Only in Main

Figure 3. (A) Clustering of integrated data (left) and clusters annotated by their cell types (right). (B) Cell-cell communication of inflamma-
tory signaling networks showing significant contributions of pterygium-specific epithelial cells in the interactions between cell types.

ing epithelial cells (KRT7, KRT5, KRT19), endothe-
lial cells (RAMP3, VWF, PECAM1), fibroblasts
(COL1A1, COL1A2, DCN), T/NK cells (TRAC,
CD3E, CD3D), myeloid cells (CD68, LYZ, TYROBP),
and melanocytes (TYRP1, PMEL, MLANA). Note
that we identified a cluster that only consisted of ptery-

gium samples among the cells annotated as epithelial
cells and denoted the group separately as pterygium-
specific epithelial cells. This indicates that this cluster
may be unique to or highly associated with the Main
group and likely plays a role in the pathology of
pterygium.
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To examine the differential communication patterns
among cell types in Main and Normal samples at the
cellular level, we analyzed the interactions between cell
types within various inflammation-associated signaling
networks using CellChat. Pterygium-specific epithe-
lial cells significantly contributed to the inflamma-
tory response in pterygium through the ANGPTL,
IL1, and KLK signaling networks (Fig. 3B). Fibrob-
lasts, myeloid cells, endothelial cells, and epithelial cells
unveiled interactions with pterygium-specific epithelial
cells in these pathways.

To estimate the activation levels of inflammatory
modules in each cell type, we computed their corre-
sponding NESs through fGSEA using a customized
inflammatory gene list from Topper et al.11 (Fig. 4A).
The epithelial cells in pterygium samples were upregu-
lated in surface marker/receptor signaling in adaptive
immunity and inflammation in innate immunity,
whereas the canonical pathways in innate immunity
were upregulated in both the epithelial and pterygium-
specific epithelial cells. Unlike the epithelial cells
found in both pterygium and control, pterygium-
specific epithelial cells were significantly upregulated
in pathways involved in antioxidant responses and
AA-uptake/biosynthesis from the Integrated Stress
Response (ISR), as well as in complement activa-
tion/fibrin deposition and bradykinin production from
the RAAS (Fig. 4A). RAAS is associated with retinal
vasculopathy and inflammation, suggesting that it may
be one of the pathways that the pterygium-specific
epithelial cells contribute to in the pathology of ptery-
gium.16

In T/NK cells, interleukin activity in adaptive
immunity and most RAAS modules were upreg-
ulated in pterygium. Endothelial cells exhibited
upregulation of surface marker/receptor signaling
in adaptive immunity. Fibroblasts indicated increased
ISR inhibitor and AA-uptake/biosynthesis in the
ISR. Interleukin activity in adaptive immunity as well
as survival factors and cytokines/chemokines in the
ISR were activated in melanocytes. In myeloid cells,
surface markers and cytokines in adaptive immunity,
both non-canonical and canonical modules in innate
immunity, AA-uptake/biosynthesis in the ISR, and the
AGT regulator axis in the RAAS were all upregulated
(Fig. 4A).

To elucidate energy-associated functional mecha-
nisms contributing to the upregulated inflamma-
tory modules, we analyzed the correlation between
inflammatory-associated modules and mitochon-
drial energy metabolism-associated modules using
NES values (Fig. 4B). Considering the heterogeneity
of variances of module activation levels across two
distinct functional categories, we employed a non-

parametric method, Van der Waerden test, to approx-
imate the correlation. Inflammatory modules that
exhibited significant correlations with the mitochon-
drial energy metabolism-associated modules included
interleukins and surface marker receptor signaling
in extracellular immunity, hyaluronan accumula-
tion of the RAAS, antigen presentation involved in
innate immunity, endoplasmic reticulum pathways
of unfolded protein response, and death factors
and sensor/initiator pathways of ISR. Likewise,
the mitochondrial energy metabolism-associated
modules that demonstrated significant correla-
tions with the inflammatory pathways turned out
to be several metabolism-associated pathways (i.e.,
xenobiotic metabolism, glycine metabolism, itaconate
metabolism, NAD biosynthesis and metabolism,
vitamin A metabolism, metals and cofactors, and
nucleotide metabolism), mtRNA metabolism in the
MCD, and CIV subunits and Complex I pathways of
OXPHOS.

The inflammatory modules that unveiled the
highest correlation were AA-uptake/biosynthesis
in the ISR connected to six energy-associated nodes,
followed by bradykinin production in the RAAS
connected to five. These two modules were upreg-
ulated in the pterygium-specific epithelial cells,
suggesting that these cells are potentially impli-
cated in the inflammatory responses highly corre-
lated with the mitochondrial energy metabolism of
pterygium tissues. Fibroblasts and myeloid cells were
also upregulated in AA-uptake/biosynthesis, while
T/NK cells were upregulated in bradykinin production
(Fig. 4A).

To estimate the activation levels of mitochon-
drial energy metabolism-associated modules in
each cell type, we also computed their correspond-
ing NESs through fGSEA using MitoCarta3.0
(Fig. 5). OXPHOS and MCD pathways were gener-
ally downregulated in pterygium. The metabolism-
associated modules, however, were upregulated,
suggesting the metabolic reprogramming toward
metabolism-associated pathways/modules in ptery-
gium.

Metabolism-associated modules upregulated in the
pterygium-specific epithelial cells included choline and
beta metabolism, vitamin metabolism, vitamin A
metabolism, type II fatty acid synthesis, selenoproteins,
and kynurenine metabolism. Fibroblasts of ptery-
gium samples showed up regulations in creatine
metabolism, vitamin A metabolism, urea cycle, serine
metabolism, phospholipid metabolism, and nucleotide
metabolism. Melanocytes were upregulated in GABA
metabolism, electron-carriers, creatine metabolism,
vitamin metabolism, vitamin B1 metabolism, Q-linked
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Figure 4. (A) Lollipop plot displaying NES values (|NES| > 1) of inflammatory modules for each cell type. (B) Correlation between inflam-
matory (pink) and mitochondrial energy metabolism-associated (blue) pathways.

reactions, and molybdenum cofactor synthesis and
proteins. The modules upregulated in the T/NK
cells of pterygium samples included cholesterol, bile
acid, steroid synthesis, catechol metabolism, xenobi-

otic metabolism, and tetrahydrobiopterin synthe-
sis. Endothelial cells and epithelial cells (exclud-
ing pterygium-specific epithelial cells) were mostly
downregulated except for kynurenine metabolism.
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Figure 5. Lollipop plots displaying NES values (|NES| > 1) of metabolism, OXPHOS, and MCD pathways of each cell type.

Among the OXPHOS modules, the Complex
IV subunits in the endothelial cells, Complex IV
assembly factors in the pterygium-specific epithelial
cells, Complex I in fibroblasts, and Complex IV
subunits in T/NK cells were upregulated in ptery-
gium. Among the MCD modules, translation in
epithelial cells, mt-tRNA modification in myeloid
cells, and mt-tRNA synthetases in T/NK cells were
upregulated.

We also examined the expressions of the specific
genes involved. Pterygium-specific epithelial cells
demonstrated the most alterations (Figs. 6A, 6B).
Inflammatory genes significantly upregulated in
pterygium-specific epithelial cells contain: (i) STAT1
and DDX60, which act in sustained proinflamma-
tory responses17,18; (ii) FAS, which actively remove
damaged cells, a process likely driven by chronic
inflammation19; (iii) SLC7A11 and NQO1, impli-
cated in antioxidant defenses20,21; (iv) BDKRB1 and
BDKRB2, which encode bradykinin receptors and are
involved in the inflammatory environment; (v) THBD
and SDC1, associated with ongoing tissue repair
and remodeling.22 Downregulated genes include: (i)

CX3CL1, CSF3, IL6, and CXCL8, which suggest an
overall impairment in immune cell recruitment23,24; (ii)
PPARGC1A and SOD2, which support mitochondrial
dysfunction (Fig. 6A).25

Significantly upregulated genes associated with
mitochondrial energy metabolism include: (i) PKM,
ENO1, and LDHA, which reflect a shift toward
aerobic glycolysis26; (ii) ALDH1L2 and TKT, which
are involved in the pentose phosphate pathway27;
(iii) SOD1, which mitigates oxidative damage in the
cytoplasm. Significantly downregulated genes involved
in mitochondrial energy metabolism contain: (i) FBP1
and SLC16A3, which are a gluconeogenic enzyme
and a lactate transporter, respectively, suggesting
an increased reliance of cells on glycolysis28,29; (ii)
SOD2, which is a mitochondrial superoxide dismu-
tase, further confirming mitochondrial dysfunction
(Fig. 6B).30

Other cell types also appeared to contribute to
the pathogenesis of pterygium. For instance, GDF15,
known to modulate inflammation and promote tissue
repair, was upregulated in fibroblasts. However, the
downregulation of CXCL12 and CCL8 in fibroblasts
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Figure 6. (A) Heatmaps of inflammatory-associated genes and (B) Heatmaps ofmitochondrial energymetabolism-associated genes. Wald
statistics show upregulation (red) and downregulation (blue) of gene expressions.

suggests a reduced capacity for immune cell recruit-
ment, potentially perpetuating unresolved inflam-
mation. Because CXCL12 regulates cell trafficking
and immune responses, its downregulation could
contribute to impaired tissue repair and persistent
inflammation.31

In T/NK cells, the upregulation of oxidative stress
response genes, includingNQO1,HSPE1, andHSPD1,
indicates an adaptive response by these immune
cells to mitigate oxidative damage within the ptery-
gium microenvironment. The upregulation of HSPE1
and HSPD1, which prevent protein misfolding and
maintain mitochondrial proteostasis, suggests that
immune cells are under significant oxidative stress,
leading to a reliance on these proteins to maintain
mitochondrial integrity and mitigate the effects of
chronic stress.32

Discussion

Multiomics approaches powered by computational
analysis are vital for addressing complex biomed-
ical research questions. While such strategies are
highly valuable, the selection of appropriate patho-
logical regions remains critical for deriving clinically
meaningful insights. In pterygium, the Main region—
comprising the cap, head, and neck—is a principal site
of inflammatory activity and direct corneal invasion,
making it a key pathological focus. Surgical removal
has traditionally targeted this region; however, emerg-
ing evidence suggests that including the body and
tail (accessory region) in excision may help reduce
recurrence and improve cosmetic outcomes, and this
practice is increasingly adopted in clinical settings.32,33
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In this study, we separated the Main and Acces-
sory regions of pterygium and identified significant
differences in their transcriptional profiles. The Acces-
sory region was clearly distinguishable from both the
Main region and normal conjunctival tissue in princi-
pal component analysis, and subsequent gene set analy-
sis confirmed distinct molecular signatures for each
compartment. These findings underscore the impor-
tance of anatomical precision in the molecular charac-
terization of pterygium and highlight the potential
clinical relevance of region-specific profiling.

To further investigate the transcriptomic profiles
between Main and Normal, we used dissociation-
based single-cell omics technologies that character-
ize cellular identities and tissue states, enabling us
to examine the molecular and cellular landscape in
patient-matched selective pterygium samples. Based
on the differences in transcriptional profiles within
the anatomical regions of pterygium, we selectively
collected theMain samples for scRNA-seq to represent
pterygium. Cell clustering revealed a group of epithe-
lial cells that were highly involved in the pathology of
pterygium.UsingCellChat, we observed that these cells
were involved in the ANGPTL, IL-1, and KLK signal-
ing pathways. The ANGPTL pathway regulates angio-
genesis, cell migration, and inflammation.34 Specifi-
cally, ANGPTL4, expressed in the conjunctival epithe-
lium of surgically excised pterygia, acts as a secondary
HIF-regulated angiogenic mediator.35 The IL-1 signal-
ing pathway regulates inflammation, immune activity,
and host defense, with studies showing overexpression
of IL-1 in pterygium compared to normal conjunc-
tiva.36 KLKs activate proteases, growth factors, and
cytokines, playing critical roles in cancer and skin
disorders.37 This suggests that the pterygium-specific
epithelial cells found in this study are strongly associ-
ated with the immune alterations of pterygium identi-
fied in prior studies.

To explore the energy-associated functional
mechanisms potentially contributing to the upreg-
ulation of inflammatory modules, we assessed the
association between inflammatory and mitochon-
drial energy metabolism-associated modules. AA-
uptake/biosynthesis in the ISR and bradykinin produc-
tion in the RAAS displayed the highest correlation
with the energy metabolism-associated modules,
suggesting that the two supply considerable energy in
pterygium. The two modules were mainly increased
in the pterygium-specific epithelial cells, matching
our hypothesis that the cell group plays a major
role in the expression of pterygium. Among those
with significant correlations with the inflammatory
modules, pterygium expression was downregulated in
OXPHOS and MCD and upregulated in metabolic

pathways, suggesting a metabolic reprogramming
towards metabolic pathways in pterygium.

We also found the most significantly altered genes
present within pterygium-specific epithelial cells. They
demonstrated an upregulation of key proinflammatory
and stress-associated genes. Specifically, STAT1 and
DDX60 were significantly elevated. STAT1 is critical
in immune responses, where its activation leads to the
transcription of genes involved in immune signaling,
apoptosis, and stress responses.17,18 This contributes to
a proinflammatory environment and potential immune
activation, reflecting chronic exposure to stressors like
UV radiation.

Moreover, the increased expression of SLC7A11
and NQO1, both involved in antioxidant defense
mechanisms, suggests that pterygium-specific epithe-
lial cells are experiencing oxidative stress, possibly
triggered by chronic UV exposure. The upregulation of
SLC7A11, which maintains the cellular redox environ-
ment by promoting glutathione production, indicates
a heightened prerequisite for antioxidant defenses in
response to chronic oxidative stress.17 NQO1 detoxifies
reactive quinones and reduces reactive oxygen species
(ROS), underscoring the oxidative stress response.21
The upregulation of these gene expressions under-
scores the cellular response to oxidative damage in
pterygium, a critical factor contributing to chronic
inflammation and aberrant tissue remodeling.38

The increased expression of BDKRB1 and
BDKRB2 suggests an inflammatory environment
in pterygium caused by promoting vascular perme-
ability, pain, and tissue swelling. Furthermore, the
expression of THBD and SDC1 indicates active tissue
repair and remodeling. As SDC1 is critical in wound
healing, its upregulation highlights its involvement
in the characteristic fibrotic processes observed in
pterygium.22

Conversely, the downregulation of CX3CL1, CSF3,
IL6, and CXCL8 suggests an overall impairment in
immune responses, potentially contributing to chronic
inflammation. CX3CL1 mediates leukocyte adhesion
and the recruitment of immune cell subpopulations. Its
downregulation reflects impaired immune cell recruit-
ment and adhesion, which may perpetuate inflamma-
tion in pterygium tissues.23 CSF3 promotes neutrophil
survival and differentiation, leading to a diminished
capacity for immune surveillance and tissue repair
when reduced in expression.24 This likely contributes
to persistent inflammation and reduced tissue repair,
creating a permissive environment for the progression
of pterygium.

The downregulation of mitochondrial energy
metabolism-associated genes such as PPARGC1A
(PGC-1α) and SOD2 further supports mitochondrial
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dysfunction. The downregulation of PGC-1α, which
is critical for maintaining mitochondrial functions and
detoxifying ROS, exacerbates oxidative stress, poten-
tially explaining the mitochondrial dysfunction and
inflammatory responses found in pterygium-specific
epithelial cells.25

The findings of this study have significant clinical
implications. Pterygium-specific epithelial cells found
in the pterygium head deserve special attention,
because they may be the chief drivers of corneal
invasion. They likely correspond to the cells seen in
Fuchs flecks,39 one of the earliest histologic signs
of UV damage. Similar “pterygium cells” have been
described previously,40 and their pivotal role in sustain-
ing local inflammation provides fresh insight into
disease pathogenesis. Overall, the data reinforce the
view that pterygium is propelled by altered epithelial
cells rather than by Tenon’s capsule fibroblasts. That
distinction matters because although one widely used
surgical technique calls for broad Tenon’s excision,41
procedures that preserve Tenon’s achieve comparable
success rates. Therefore, based on these findings, this
study is of great significance, because it may establish
a new standard for the extent of excision in pterygium
surgery, potentially improving surgical outcomes and
reducing recurrence rates.

The limitations of this study include its small sample
size, cross-sectional design, and the lack of integration
of metabolomic data. Because there are only n = 6 for
our bulk RNA-seq and n = 2 for our scRNA-seq data,
future studies involving larger cohorts are necessary
to overcome the limited statistical power and gener-
alizability of our findings. Also, because of the cross-
sectional nature, it remains unclear how the identified
transcriptomic signatures relate to clinical outcomes
such as disease progression, recurrence risk, or treat-
ment response. Future longitudinal studies incorporat-
ing serial sampling and clinical follow-up will be essen-
tial to clarify these associations. Additional in vitro
experiments are also required to confirm the presence
of pterygium-specific epithelial cells and the functional
roles of the inflammatory biomarkers identified. For
instance, quantitative polymerase chain reaction or
immunohistochemistry can be used on pterygium and
control tissues to compare the expression of genes
found in this study.

Furthermore, although mitochondrial energy
metabolism pathways were significantly correlated
with inflammation in our analysis, a direct assessment
through metabolomics would substantially enhance
the biological relevance and mechanistic interpretation
of these findings. The integration of metabolomic
data–particularly focusing on mitochondrial and
inflammation-related metabolic pathways–could

provide a more comprehensive understanding of
disease pathogenesis and complement the transcrip-
tomic and proteomic analyses performed in this
study. Because of the lack of available metabolomic
datasets from pterygium tissue, this aspect could not
be addressed in the current study; however, we propose
that future studies incorporate metabolomic profiling
or metabolic flux analysis to validate and extend our
multiomics findings.
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