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Abstract
● AIM: To investigate the molecular mechanisms underlying 
the influence of hypoxia and alpha-ketoglutaric acid (α-KG) 
on scleral collagen expression.
● METHODS: Meta-analysis and clinical statistics were 
used to prove the changes in choroidal thickness (ChT) 
during myopia. The establishment of a hypoxic myopia 
model (HYP) for rabbit scleral fibroblasts through hypoxic 
culture and the effects of hypoxia and α-KG on collagen 
expression were demonstrated by Sirius red staining. 
Transcriptome analysis was used to verify the genes and 
pathways that hypoxia and α-KG affect collagen expression. 
Finally, real-time quantitative reverse transcription 
polymerase chain reaction (RT-qPCR) was used for reverse 
verification.
● RESULTS: Meta-analysis results aligned with clinical 
statistics, revealing a thinning of ChT, leading to scleral 
hypoxia. Sirius red staining indicated lower collagen 
expression in the HYP group and higher collagen expression 
in the HYP+α-KG group, showed that hypoxia reduced 
collagen expression in scleral fibroblasts, while α-KG 
can elevated collagen expression under HYP conditions. 
Transcriptome analysis unveiled the related genes and 
signaling pathways of hypoxia and α-KG affect scleral 
collagen expression and the results were verified by RT-qPCR.
● CONCLUSION: The potential molecular mechanisms 
through which hypoxia and α-KG influencing myopia 
is unraveled and three novel genes TLCD4, TBC1D4, 
and EPHX3 are identified. These findings provide a new 
perspective on the prevention and treatment of myopia via 
regulating collagen expression.
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INTRODUCTION

M yopia, commonly known as short-sightedness or 
nearsightedness, is a prevalent condition typically 

onset during childhood. The causative factors for myopia 
encompass both genetic and environmental elements[1]. 
Projections indicate that nearly 50% of the global population 
will be myopic by 2050, with uncorrected refractive errors 
identified as a primary cause of visual impairment[2-3]. 
Consequently, myopia prevention emerges as the optimal 
strategy to mitigate pathological myopia and its associated 
complications[4]. Despite its prevalence, the mechanisms 
underlying myopia remain elusive, underscoring the imperative 
need to identify causative factors and develop effective 
strategies for prevention and treatment.
The sclera, serving as the principal connective tissue of the 
eyes, plays a pivotal role in vision[5]. Scleral remodeling 
impacts the onset and progression of myopia[6]. Furthermore, 
collagen metabolism influences scleral mechanical properties 
and remodeling[7]. The choroid functions as the ocular vascular 
layer, delivering oxygen and nutrients to the retina and sclera. 
In myopia patients, choroidal blood perfusion is diminished[8-9], 
leading to scleral ischemia and hypoxia. Recent studies have 
shown that myopia and scleral remodeling are related to 
hypoxia, resulting in the activation of the hypoxia-inducible 
factor-1α (HIF-1α) signaling pathway and reduced collagen 
expression in human scleral fibroblasts[10]. Hypoxia-induced 
up-regulation of HIF-2α further contributes to the degradation 
of collagen type I α1 by elevating matrix metallopeptidase 2 
(MMP-2) expression[11]. HIF-1 regulates collagen prolyl-4-
hydroxylase 1 (P4HA1) and P4HA2 expression in fibroblasts, 
promoting collagen deposition[12]. Hypoxia also stimulates 
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collagen synthesis in keloid fibroblasts[13]. Therefore, the 
effect of hypoxia on collagen expression in different cells is 
inconsistent.
Alpha-ketoglutaric acid (α-KG), a crucial intermediate 
metabolite in the tricarboxylic acid cycle, is involved in the 
hypoxia signaling pathway and collagen biosynthesis. α-KG has 
been shown to enhance collagen hydroxylation by increasing 
P4HA activity in breast cancer cells, consequently elevating 
collagen expression[14]. In lung myofibroblasts, α-KG may 
promote collagen expression by activating mTOR complex 1[15]. 
Notably, collagen hydroxylase P4HA1 in breast cancer cells 
enhances HIF-1 protein stability by reducing α-KG availability 
and generating succinate[16]. Consequently, we posit that α-KG 
plays a role in collagen synthesis and the regulation of the HIF-1α 
signaling pathway, thereby influencing scleral remodeling.
In this experiment, we successfully extracted and cultured 
rabbit scleral fibroblasts, establishing a hypoxic myopia cell 
model (HYP). Sirius red staining was employed to investigate 
the impact of hypoxia and α-KG on scleral fibroblast collagen. 
Transcriptome sequencing elucidated the effects of hypoxia and 
α-KG on the transcriptional profile of scleral fibroblasts, with 
subsequent gene ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) functional enrichment analyses 
shedding light on the molecular mechanisms influencing 
collagen expression. Validation of newly identified genes was 
achieved through real-time quantitative reverse transcription 
polymerase chain reaction (RT-qPCR), presenting innovative 
insights and theoretical guidance for comprehending myopia-
related molecular mechanisms and advancing the prevention 
and treatment of myopia.
MATERIALS AND METHODS
Ethical Approval  The study was approved by the Ethics 
Committee of the Shandong Second Medical University 
(No.2023SDL129). The study was conducted in accordance 
with the principles of the Declaration of Helsinki. The 
informed consent was obtained from the subjects. The study 
was conducted in accordance with the ARVO Statement for the 
Use of Animals in Ophthalmic and Vision Research.
Changes in Choroidal Thickness in Myopia
Meta-analysis  Theme words “myopia” and “thickness” were 
used for literature searches on PubMed. Review Manager 5.4 
was employed for Meta-analysis, excluding documents with 
inconsistent parameters.
Clinical study of choroidal thickness in myopia children  
Choroidal thickness (ChT) tests were conducted on children 
aged 6–12y at the Ophthalmic Center of the Affiliated Hospital 
of Shandong Second Medical University. All cases in this 
study were mild or moderate myopia (-0.50 D ≥ equivalent 
spherical lens>-6.00 D after cycloplegia; The curvature is 
between 42.0 and 42.0 D, and the vision can be corrected to 0). 

There were 11 males (22 eyes) and 14 females (28 eyes) aged 
8.13±1.8 years old, and there was no significant difference 
in general clinical data between the two groups. All myopic 
children underwent post-cycloplegic optometry, eye axe, and 
ChT (averaging 3 measurements) using Spectralis-enhanced 
depth imaging optical coherence tomography mode at initial 
examination and re-examination after 6mo. To minimize 
operational errors, all inspections were carried out by the 
same inspector. To avoid the influence of diurnal variation on 
ChT results, all subjects were examined between 14:00 and 
16:00, and in the undilated state to avoid interference with data 
caused by anticholinergic drugs such as tropicamide.
Extraction and Treatment of Rabbit Scleral Fibroblasts
Extraction of scleral fibroblasts  Scleral tissue extracted 
from 1-month-old New Zealand white rabbits, cut into small 
pieces no more than 1 mm3. Collagenase II was added for 
tissue breakdown; cells were cultured in Dulbecco’s modified 
Eagle’s medium/F12 medium with 2× penicillin-streptomycin 
and 15% fetal bovine serum at 37°C, 5% CO2. In about 1wk, a 
single cell can be seen sticking to the wall, or cells can climb 
out of the edge of the tissue.
Treatment of scleral fibroblasts  After adhesion, cells were 
treated with 5% O2 for a hypoxia model or medium containing 
2 mmol/L α-KG for 24h.
Collagen Expression Determined by Sirius Red  Sirius red 
staining method used to detect intracellular collagen expression 
in this experiment was referred to the relevant references[17], 
and Image J was utilized for semi-quantitative analysis.
Transcriptome Sequencing 
Total RNA extraction and quality control  Trizol was 
employed for RNA extraction. RNA sample concentration 
≥100 ng/µL, total amount >2 μg, OD260/280 value between 
1.8 and 2.2, OD260/230 ≥2.0, and RIN detected by Agilent 
2100 Bioanalyzer ≥6.5.
Preparation and quality control of total RNA-seq library  
Magnetic beads with oligo-dT were used for to enrichment 
and purification of mRNA. The elution-bound mRNA was 
thermally fractured so that the fragments were distributed 
between 100–300 bp. Synthesize the first cDNA, hydrolyze 
and digest the RNA, synthesize the two-strand cDNA and the 
double-strand cDNA was purified by Agencourt AMpure XP 
magnetic beads. Add the end complement system, at the same 
time, a single adenylate “A” is added to the end-modified 
double-stranded cDNA 3’ ends to prevent flat-end self-linking. 
T4 DNA ligase was used to connect illumina sequencing 
splices to both ends of the library DNA, used an Agencourt 
SPRI select nucleic acid fragment screening kit to screen 
fragment size. The cDNA library was amplified by PCR, and 
the library concentration and fragment length distribution 
were detected by Qubit and Agilent 2100 Bioanalyzer. The 
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required concentration was >5 ng/μL, and the fragment length 
was concentrated between 300–400 bp. The library was finally 
sequenced in illumina high-throughput sequencing platform 
with 2×150 bp double-ended sequencing mode.
RNA-seq data processing methods  1) Raw data filtering 
with FastQC and R packages for obtaining high-quality 
clean data. 2) STAR software for read alignment, Picard for 
data analysis, such as calculating the distribution and base 
proportion of different samples in introns, exons, and gene 
spacer regions, and was also used to analyze the saturation and 
redundant sequences of samples. 3) RSeQC software was used 
to randomly extract and compare sequences contained in the 
reference genome, and the extracted fragments were used for 
expression quantitation and mRNA analysis of the transcript. 
4) The expression level (FPKM value) of each obtained 
RNA was counted, and StringTie was used to quantify the 
expression of the transcript and compare the FPKM value of 
samples from different groups. Deseq2 software was used to 
analyze the differentially expressed genes. The differential 
genes need to satisfy P<0.05 and |log2 (fold change)| >1, 
where log2 (fold change) >1 was labeled as up-regulated (Up), 
log2 (fold change) <-1 was labeled as down-regulated (Down), 
and the marker that does not meet the above conditions is non-
significant differentially expressed genes (Not DEG). Use 
Morpheus to draw the heat map. 5) Using cluster Profiler for 
GO analysis and KEGG analysis. According to the P, the most 
significantly enriched 10 GO items in the biological processes 
(BP), cell components (CC), and molecular functions (MF) 
categories were screened respectively. KEGG enrichment 
analysis annotated the differentially expressed genes into 
databases such as metabolic pathway databases and calculated 
the normalized enrichment scores through hypergeometric 
tests to determine the proportion of differentially expressed 
genes in a GO or metabolic pathway. The significantly up or 
down-regulated genes were located at the top or bottom of the 
gene set. The thresholds for the above analysis are P<0.05 and 
adjust P<0.05.
RT-qPCR  RNA was reverse transcribed to cDNA using a 
PCR reverse transcription kit. Amplification was performed 
on a PCR apparatus (Roche 810), and the final cDNA obtained 
was stored at -30°C. cDNA was used as a template for qPCR 

and performed on a PCR apparatus with SYBR Green PCR 
Master Mix. The primer sequences used were listed in Table 1. 
Relative mRNA expression was calculated using the 2-ΔΔCt method.
Statistical Analysis  Statistical analysis was performed using 
GraphPad Prism 8 software. Continuous variables were 
represented by mean±standard deviation (mean±SD), and a 
paired t-test was used for comparison between the two groups. 
The test level was α=0.05.
RESULTS
Choroidal Thickness Meta-Analysis Results  The Meta-
analysis findings underscored a significant reduction in ChT 
among individuals with myopia. The choroid, replete with 
capillaries supplying oxygen and nutrients to the sclera and 
retina, plays a pivotal role in modulating choroidal blood 
perfusion. In an effort to elucidate the impact of myopia on the 
human choroid, a comprehensive search of PubMed spanning 
the years 2017 to 2022 yielded 462 pertinent literature 
articles. Following a meticulous review of titles and content, 
358 articles were excluded due to their lack of relevance to 
the research. Subsequently, a thorough examination of the 
remaining 104 articles identified 11 sources containing the 
requisite data. The amalgamated data encompassed 1663 
myopic patients and 980 normal controls. Meta-analysis of 
the compiled data was performed, with the results depicted 
in Figure 1. The forest plot illustrates that ChT in individuals 
with myopia was notably thinner compared to emmetropic 
individuals[18-28]. The results showed that ChT was thinner in 
patients with myopia.
Choroidal Thinning During Myopia Progression in 
Children  Biological parameters of myopic children’s eyes 
attending the optometry clinic or undergoing physical 
examinations at the Ophthalmic Center of the Affiliated 
Hospital of Shandong Second Medical University between 
November 2021 and June 2022 were detailed in Table 2. 
The spherical equivalent of myopic children measured 

Table 1 Primers for intersecting genes
Gene information Forward primer sequence Reverse primer sequence

β-actin CCAGCTGCCGACCACC ATCCATGGTGAGCTGAGCG

TLCD4 TACGCATTGCCACGATACCAC TGCTCCAAGTCTTTCGTAGGGT

TBC1D4 CAGCCCAGTGTATGCTACCG TCATGCGGCTGCCAAATACC

EPHX3 GGCTCACAGGACCCATCAAC CAGCCCCAGCTCGAAGTAAG

Figure 1 Forest map illustrating the Meta-analysis results of choroidal thickness in myopic and emmetropic individuals  SD: Standard 

deviation; Total: Sample size.
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-2.71±1.15 D initially and -3.46±1.15 D after 6mo. The 
axial length measured 23.92±0.72 mm at the first assessment 
and increased to 24.35±0.77 mm after 6mo. Notably, over 
the 6mo period, the eye axis of the 25 children lengthened, 
and eye refraction increased, indicative of ongoing myopia 
development.
ChT levels measured twice before and after 6mo were 
302.21±10.37 and 296.14±10.45 µm, respectively, indicating 
a significant thinning of ChT. Clinical statistical results 
consistently mirrored the findings of the Meta-analysis, 
demonstrating that myopia progression coincided with axial 
lengthening, increased refraction, and decreased ChT. These 
changes, in turn, influenced choroidal blood perfusion, leading 
to choroidal-scleral hypoxia. The observed correlation suggests 
that hypoxia may be a contributing factor to induced myopia 
and scleral remodeling.
Impact of Hypoxia and α-KG on Collagen Expression in 
Scleral Fibroblasts  To discern the effects of hypoxia and α-KG 
on collagen expression, rabbit scleral fibroblasts were extracted 
and cultured. Subsequent to extraction, cells underwent 
treatment with hypoxia (5% O2) in a three-gas incubator or were 
exposed to a culture medium enriched with 2 mmol/L α-KG. 
Collagen expression was visualized through Sirius red staining 
(Figure 2). Notably, collagen expression in scleral fibroblasts 
within the HYP group was substantially lower than that in the 
control group. Conversely, the introduction of α-KG markedly 
elevated collagen expression in scleral fibroblasts under 
hypoxia conditions. These findings unequivocally demonstrate 
the significant influence of both hypoxia and α-KG on collagen 
expression in rabbit scleral fibroblasts.
RNA-seq Analysis of Scleral Fibroblasts under Hypoxia 
and α-KG Treatment
Differential gene expression analysis  Scleral fibroblasts 
underwent treatment with hypoxia and α-KG, followed by 
sample collection, total RNA extraction, and quality control for 
sequencing analysis. In the RNA-seq data analysis, principal 
component analysis (PCA) was employed to reduce the 
dimensionality of the entire genome information dataset. PCA 
utilizes the most crucial features to represent all expression 
information, ensuring the selected new feature variables are 
uncorrelated. As depicted in Figure 3, the linear distance 
between the control group, HYP group, and HYP+α-KG group 
was substantial, indicating significant differences between 

the groups. This suggests that hypoxia and α-KG exert a 
pronounced effect on the gene expression profile of scleral 
fibroblasts.

Table 2 Comparison of ocular biological parameters in the first measurement and after 6mo         mean±SD

Parameters Total eye count Beforea 6mo P
SE, D 50 -2.71±1.15 -3.46±1.15 <0.01
AL, mm 50 23.92±0.72 24.35±0.77 <0.01
ChT, µm 50 302.21±10.37 296.14±10.45 <0.01

SE: Spherical equivalent; AL: Axial length; ChT: Choroidal thickness. aThe first measurement.

Figure 2 Sirius red staining results for sclera fibroblasts  A: Control 
group; B: HYP group; C: HYP+α-KG group; D: Relative collagen content 
in control, HYP, and HYP+α-KG groups; aP<0.001; Scale: 10 µm. HYP: 
Hypoxic myopia model; KG: Ketoglutaric acid.

Figure 3 PCA analysis results of different treatment groups  The red 
dot represents the three replicates of the control group, the green 
triangle represents the three replicates of the HYP group, and the 
blue square represents the three replicates of the HYP+α-KG group. 
PCA: Principal component analysis; C: Control; HYP: Hypoxic myopia 
model; KG: Ketoglutaric acid.
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RNA-seq Unveils the Impact of Hypoxia on Collagen 
Expression in Scleral Fibroblasts
Differential gene screening  Differential expression analysis 
using Deseq2 software for HYP vs control revealed 91 
differentially expressed genes, with 56 Up and 35 Down genes 
(Figure 4).
Enrichment analysis of differential genes  The top 10 GO 
functions significantly enriched in BP, CC, and MF were 
illustrated in Figure 5. The results highlighted MF related 
to hypoxia, including the activity of carbon-oxygen lyase. 
CC encompassed cellular components associated with 
ion channels, with BP reflecting alterations in the cellular 
glycolysis process, potentially linked to energy production 

reduction by hypoxia and subsequent inhibition of extracellular 
matrix production and collagen synthesis.
The Figure 6 scatterplot showcases the enrichment of 
KEGG pathways, with the HIF-1 signaling pathway and the 
peroxisome proliferators-activated receptors (PPAR) signaling 
pathway prominently enriched among HYP vs control 
differentially expressed genes. Notably, the HIF-1 signaling 
pathway exhibited significant enrichment, as indicated 
by the upper-right positioning of the dot representing this 
pathway.
These analyses shed light on the intricate molecular responses 
of scleral fibroblasts to hypoxia, emphasizing the modulation 
of collagen expression and key signaling pathways.

Figure 4 Volcano map (A) and cluster analysis map (B) of differentially expressed genes of HYP vs control  A: Red dots signify Up genes, green 

dots denote Down genes, and blue dots represent Not DEG. The ordinate of the volcano map represents the value of -lgP, with smaller P values 

indicating greater significance of differences. B: It portrays high repeatability across samples, where each column represents a different group, 

and each row represents a distinct gene. Up: Up-regulated; Down: Down-regulated; Not DEG: Non-significant differentially expressed genes; C: 

Control; HYP: Hypoxic myopia model.

Figure 5 Gene ontology classification statistics of HYP vs control differentially expressed genes (top 10)  BP: Biological processes; CC: Cell 

components; MF: Molecular functions; HYP: Hypoxic myopia model.
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RNA-seq Unveils the Impact of α-KG on Collagen 
Expression in Scleral Fibroblasts
Differential gene screening  Differential expression analysis 
for HYP+α-KG vs HYP revealed 37 differentially expressed 
genes, comprising 20 Up and 17 Down genes (Figure 7).
Enrichment analysis of differential genes  The top 10 GO 
functions are depicted in Figure 8. Notably, MF related to 
actin binding and cytoskeletal protein binding, along with CC 
and BP associated with cytoskeleton-related components and 
processes, were significantly altered. These findings suggest 
that α-KG treatment activated diverse biological processes in 
scleral fibroblasts in response to HYP stimulation, potentially 
inhibiting hypoxia-related biological changes.
The Figure 9 scatterplot reveals the enrichment of KEGG 
pathways, with the Morphine addiction signaling pathway 
prominently enriched among HYP+α-KG vs HYP differentially 
expressed genes. Given Morphine’s association with collagen 
expression, the result suggests that α-KG might enhance 

collagen expression through a signaling pathway, thereby 
potentially contributing to improved eye growth and development.
RT-qPCR Verification of New Genes Discovered by RNA-
seq  The Venn diagram in Figure 10 illustrates the intersection 
of differentially expressed genes between HYP vs control and 
HYP+α-KG vs HYP. Three genes, namely ISG15, TLCD4, 
and TBC1D4, were identified at the intersection of decreased 
expression in HYP vs control and increased expression in 
HYP+α-KG vs HYP. Additionally, one gene, EPHX3, was 
identified at the intersection of increased expression in HYP vs 
control and decreased expression in HYP+α-KG vs HYP.
Studies have reported the relationship between ISG15 
and collagen. RT-qPCR verification was conducted on the 
intersection genes TLCD4, TBC1D4, and EPHX3.
The results, depicted in Figure 11, demonstrated the 
consistency of the RT-qPCR results with the trends observed 
in RNA-seq, providing robust confirmation of the expression 
changes in the identified intersection genes.

Figure 6 Scatterplot of KEGG pathway enrichment analysis for HYP vs control differentially expressed genes  KEGG: Kyoto Encyclopedia of 

Genes and Genomes; HIF: Hypoxia-inducible factor; PPAR: peroxisome proliferators-activated receptors; HYP: Hypoxic myopia model. 

Figure 7 Volcano map (A) and cluster analysis map (B) of differentially expressed genes of HYP+α-KG vs HYP  A: Red dots denote Up genes, 

green dots represent Down genes, and blue dots indicate Not DEG; B: Emphasizes the notable alterations in gene expression patterns. Up: Up-

regulated; Down: Down-regulated; Not DEG: Non-significant differentially expressed genes; HYP: Hypoxic myopia model; KG: Ketoglutaric acid.
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DISCUSSION
The refractive state of the eye can be divided into orthotropia 
and ametropia. Myopia is a type of ametropia in the eye. That 
is, the external parallel light passing through the refractive 
system of the eye focuses on the refractive state in front 
of the macular fovea. Since the outbreak of Corona Virus 
Disease 2019 in China in early 2020, Chinese people have 
been quarantined at home many times and outdoor activities 

have been restricted. The prevalence rate of myopia among 
school-age children has increased[29], and young children are 
in a critical period of vision development, and more sensitive 
to environmental changes, so myopia deviation is more 
obvious[30]. The increasing prevalence of myopia during early 
childhood has heightened the risk of developing high myopia 
in adulthood, and the pathological consequences include 
posterior scleral staphyloma, choroidal retinal atrophy, macular 
degeneration, and other related eye disease, which are the main 
causes of visual impairment and blindness[31-32]. Scholars have 
never stopped the study of myopia, but the specific molecular 
mechanism of myopia is still unclear.
Molecular Mechanism of Hypoxia Reducing Collagen 
Expression in Scleral Fibroblasts  Studies have shown that 
collagen levels in human scleral fibroblasts are reduced after 
ambient oxygen concentration is reduced to 5%[10]. In contrast, 
in triple-negative breast cancer cells, hypoxia activates lysyl 
oxidase, which leads to the cross-linking and stabilization of 
extracellular matrix proteins, especially collagen type I, by 

Figure 8 Gene ontology classification statistics of HYP+α-KG vs HYP differentially expressed genes (top 10)  BP: Biological processes; CC: Cell 

components; MF: Molecular functions; HYP: Hypoxic myopia model; KG: Ketoglutaric acid.

Figure 11 RT-qPCR results for the intersection genes of HYP vs 

control and HYP+α-KG vs HYP  aP<0.05; bP<0.01; cP<0.001. HYP: 

Hypoxic myopia model; KG: Ketoglutaric acid; RT-qPCR: Real-time 

quantitative reverse transcription polymerase chain reaction.

Hypoxia and α-KG effect scleral collagen expression

Figure 9 Scatterplot of KEGG pathway enrichment analysis of 

HYP+α-KG vs HYP differentially expressed genes  KEGG: Kyoto 

Encyclopedia of Genes and Genomes; HYP: Hypoxic myopia model; 

KG: Ketoglutaric acid.

Figure 10 Venn diagram of differentially expressed genes  Group A: 

HYP vs control Down genes; Group B: HYP+α-KG vs HYP Up genes; 

Group C: HYP vs control Up genes; Group D: HYP+α-KG vs HYP Down 

genes. Up: Up-regulated; Down: Down-regulated; HYP: Hypoxic 

myopia model; KG: Ketoglutaric acid.
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mediating the conversion of lysine residues in collagen and 
elastin precursors to highly active aldehydes[33]. Therefore, the 
expression of collagen is affected by many factors. In different 
cells or different physiological and pathological states, hypoxia 
treatment may have opposite effects on collagen content.
The main protein in the sclera is collagen. Among HYP vs 
Control differentially expressed genes, HIF-1 is considered 
to be the main coordinator of cellular adaptive response to 
hypoxia, which can affect a variety of indicators including the 
extracellular matrix. ANGPT4 is the target product of HIF-1 
transcription[34], while NDUFA4L2 is a target of HIF, and its 
induction by HIF-1 is related to the decrease of mitochondrial 
oxygen consumption, thus reducing the production of reactive 
oxygen[35]. MMP-2 increased in myopia, and collagen type I 
synthesis decreased significantly, resulting in an imbalance, 
the lower the ratio of collagen type I to collagen type V, 
the smaller the diameter of collagen fibril[36-37] and promote 
myopia. Hypoxia-sensitive gene Ca9 decreases and promotes 
basement membrane assembly (collagen type Ⅳ α1) at high 
oxygen levels[38], whereas hypoxia expression increases. 
Other studies have shown that the expression of LRRC15 in 
fibroblasts inhibits collagen production[39]. In ISG15 deficient 
cells, collagen and adhesion molecules decreased and MMP 
increased[40-41].
Hypoxia deactivates Hippo signaling[42], MOB1B is a core 
component of the Hippo signaling pathway and is crucial for 
the expression of collagen type XVII protein[43]. In zebrafish, 
the potential loss of LRRC4C leads to myopia displacement in 
axial elongation and refractive state[44].
GO and KEGG analysis showed that the above-related 
differentially expressed genes were enriched in carbon-
oxygen lyase activity, ion channel correlation and other 
molecular functions and cell components, biological processes 
of glycolysis, the HIF-1, and the PPAR signaling pathways. 
extracellular ENO1 in the crosstalk with the intracellular 
glycolytic pathway via HIF-1α[45]. Because ion channels 
exist widely in the body and participate in basic biological 
processes, the study of channel-related lesions has always 
aroused great interest in scientific and medical circles[46]. In 
addition, transepithelial transport of ions and/or fluids in the 
retinal pigment epithelium can affect the growth of the eyes[47]. 
In a form-deprivation myopia-induced guinea pig model, 
glycolysis is associated with atropine treatment of myopia[48]. 
Hypoxia also activates the HIF-1α signaling pathway and 
reduces collagen expression[10]. Activation of the PPAR-γ 
signaling pathway can reduce collagen synthesis and partially 
inhibit airway fibrosis in the treatment of asthma[49], and when 
the expression or activity of PPAR-γ is inhibited, its effect on 
reducing α-smooth muscle actin and collagen type I expression 
is inhibited[50].

In conclusion, hypoxia-induced changes in gene expression, 
particularly those related to collagen regulation, contribute 
significantly to the understanding of myopia’s molecular 
underpinnings. The interplay between hypoxia, HIF-1 
signaling, and extracellular matrix components provides a 
comprehensive perspective on the complex mechanisms 
driving myopia development.
Molecular Mechanism of α-KG Enhancing Collagen 
Expression in Scleral Fibroblasts under Hypoxia  In 
recent years, most of the research on myopia at home and 
abroad is on the sclera. By inducing experimental myopia 
in guinea pigs, the biomechanical changes of myopic sclera 
were studied by frozen sections[51]. MMP-2 is proven to 
participate in the scleral development of form-deprivation 
myopia in guinea pigs[52]. Scleral cross-linking is a potential 
treatment for controlling myopia progression[53], and other 
treatment options such as slowing myopia progression through 
scleral fibroblast transplantation[54] have great limitations. 
However, nightly use of 0.05% atropine eyedrops compared 
with placebo resulted in a significantly lower incidence of 
myopia and a lower percentage of participants with fast 
myopic shift at 2y, further research is needed to replicate 
the findings[55]. The 7-methylxanthine can increase collagen 
concentration and collagen fibrils diameter in the posterior 
sclera[56]. Clinical trials on myopic children have shown that 
7-methylxanthine can reduce axial elongation of the eye and 
myopia progression[57], but the specific mechanism is still 
unknown. The metabolic molecule α-KG is closely related to 
hypoxia, the HIF-1α signaling pathway, and collagen synthesis 
has become the focus of follow-up research. α-KG is an 
intermediate metabolite of the human biochemical process, 
which is relatively safe. It can be used as a substrate molecule 
to participate in biochemical reactions regulated by the HIF-1α 
signaling pathway, regulate the occurrence and development of 
diseases by inhibiting the HIF-1α signaling pathway, and also 
participate in the biosynthesis process of proline hydroxylation 
modification of collagen peptide chain in cells. Whether α-KG 
can regulate scleral remodeling and myopia development 
has not been reported in the literature. Ge et al[15] found that 
α-KG promotes collagen translation and stability by mediating 
mammalian target of rapamycin (mTOR) activation and proline 
hydroxylation. The conclusion of this experiment, α-KG 
increases the production and stability of collagen, and when 
the expression of collagen is reduced in hypoxia treatment, the 
addition of α-KG can restore the content of collagen. HIF-1α 
proline hydroxylation is an indispensable step in the HIF-1α 
ubiquitination degradation process. In the presence of oxygen, 
α-KG and oxygen participate in the reaction to hydroxylate 
the proline on HIF-1α, thus entering the HIF-1α ubiquitination 
process.
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In addition, in the differentially expressed genes and enrichment 
pathways of HYP+α-KG vs HYP, the change of ISG15 
expression is contrary to that of hypoxia, and the addition of 
α-KG increases the expression of ISG15, thereby increasing 
the expression of collagen[40-41]. In the absence of interleukin-18 
(IL-18) signaling, collagen deposition, and key fibrosis-related 
genes are reduced[58].
GO and KEGG analysis showed that these differential genes 
were mainly concentrated in cytoskeleton-related molecular 
functions, cell components, biological processes, and the 
Morphine addiction pathway. Studies have shown that 
keratinocyte migration and cytoskeletal structural components 
are weakened in high myopia[59]. Simian immunodeficiency 
virus-infected rhesus macaques exposed to morphine increased 
accumulation of interstitial collagen[60].
In summary, α-KG’s ability to counteract hypoxia-induced 
changes in gene expression, particularly in relation to 
collagen, positions it as a promising candidate for myopia 
control. Further investigations into the specific mechanisms 
and potential applications of α-KG in myopia treatment are 
essential for advancing our understanding and developing 
effective interventions.
In this study, the transcriptome of rabbit scleral fibroblasts 
treated with HYP and HYP+α-KG was compared and 
analyzed to explore the genes and related pathways of hypoxia 
and α-KG influencing myopia, as shown in Figure 12, we 
identified genes and other metabolic pathways with collagen 
metabolism and hypoxia signaling pathways related to myopia 
and identified new genes related to hypoxia and α-KG by RT-

qPCR, which may contribute to the prevention and control 
of myopia. By comparing the gene expression patterns of 
different treatments, the molecular mechanism of myopia 
occurrence and development will be further revealed.
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