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Abstract: This review article comprehensively examines the alterations in scleral collagen fibers and the extracellular matrix (ECM)
during myopia progression, with a particular focus on the scleral hypoxia theory and inflammatory mechanisms. It delves into key
signaling pathways, including the matrix metalloproteinase - 2 (MMP-2) pathway, hypoxia - inducible factors (HIF-1o and HIF-2a)
pathways, and the Wnt signaling pathway. By elucidating the intricate relationships between these signaling pathways, this article
highlights the latest advancements in myopia prevention and control strategies that target the sclera. Moreover, it provides novel
insights into the molecular mechanisms underlying scleral remodeling and explores their potential therapeutic applications for
effectively managing myopia progression.
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Introduction

In recent years, myopia has emerged as a significant global public health concern. Epidemiological studies on the
prevalence of high myopia predict that by 2050, the global incidence of high myopia will increase approximately
fivefold, potentially affecting nearly one billion individuals worldwide.! Despite the availability of various corrective
measures, including spectacle lenses, orthokeratology, and refractive surgeries, 34.6% of high myopia patients experience
irreversible visual impairment due to associated complications.” These complications encompass a range of serious
conditions, such as retinal detachment, glaucoma, cataract, macular degeneration, and scleral staphyloma.® Although the
exact pathogenesis of high myopia remains elusive, a growing body of evidence has elucidated the critical role of
reduced scleral collagen fiber diameter and structural defects in the progression of myopia. This review aims to
comprehensively summarize the current understanding of the relationship between scleral structural alterations and
myopia progression. Additionally, it explores potential therapeutic strategies targeting the sclera to decelerate myopia
development, thereby offering insights into future research directions and clinical interventions.

Structure and Biomechanics of the Sclera
In emmetropic eyes, the sclera forms an approximately spherical structure with a vertical diameter of around 24 mm. The Tenon’s
capsule, situated between the sclera and conjunctiva, imparts a looser consistency to the posterior scleral structure and facilitates
the transmission of extraocular muscle forces to the sclera. Type I collagen fibers (COL-1) constitute the major component of the
sclera, with mesenchyme interspersed between cellular adhesions and collagen fibrils. Collagen not only dictates the scleral
rigidity but also maintains the dynamic equilibrium of other ocular structures through its robust, constantly remodeling
framework.* The extracellular matrix (ECM), rich in collagen fibers, ultimately determines the biomechanical properties of
the sclera.

Scleral morphology exhibits adaptive changes during accommodation for objects at varying distances. While age-related
factors influence these alterations, emerging evidence strongly implicates scleral morphological changes in the progression of
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Figure | illustrates the interrelationships among various pathways.

myopia.” In experimental myopia models, researchers have observed that axial elongation is accompanied by thinning of both
the posterior and anterior sclera, with the latter correlating significantly with increasing axial length.® Sun et al demonstrated
that an increase in small-diameter collagen fibers within the scleral outer layer, coupled with reduced fibroblast activity, leads
to decreased COL-1 synthesis.” Concurrently, the progression of myopia is associated with a decline in ECM protein content
and GAG side chains. Clinically, myopic patients not only exhibit increased axial length but also a deeper vitreous cavity.

Recent advancements in scleral epigenetics have expanded our understanding of myopia pathogenesis. For instance,
EFEMPI, a key regulator of the ECM, modulates collagen and proteoglycan levels upon overexpression, thereby altering
the ECM architecture.® Tkeda et al further revealed that mechanical force-induced knockout or inhibition of scleral PERK
and ATF6 genes can effectively control axial elongation, suggesting their critical roles in myopia progression.’

The retinal-scleral cascade signaling pathway elucidates that during ametropia development, blurred visual signals
originating from the retina are transmitted to the retinal pigment epithelium and choroid, ultimately triggering scleral
remodeling.'® This remodeling process is characterized by decreased collagen synthesis, enhanced collagen degradation,
reduced collagen fiber content, increased fibroblast-to-myofibroblast transdifferentiation (FMT) and alterations in fiber
diameter.'" Liu et al reported decreased expression of the transcription factor YES-associated protein (YAP), a key
regulator of the ECM signaling pathway, across various myopia models.'?> ECM stiffness modulates YAP accumulation,
subsequently reducing COL1A1 expression in fibroblasts and ultimately impairing COL-1 production. GAG and all-trans
retinoic acid (atRA) are integral components of the retinal-scleral cascade signaling pathway. Brown et al demonstrated
that oral administration of atRA in mice induced scleral changes analogous to those observed in form deprivation myopia
models, accompanied by significant biomechanical alterations, while the levels of sGAG remained relatively
unchanged.'? These modifications lead to ECM remodeling, resulting in decreased scleral tensile strength and increased
permeability.'*

Collectively, these findings underscore the complex interplay between collagen fibers, ECM components, and diverse
signaling pathways during scleral remodeling. Current theories on myopia progression predominantly focus on scleral
hypoxia and inflammatory responses. This review systematically synthesizes and analyzes the molecular mechanisms and
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interconnections of relevant pathways, and provides an overview of sclera-targeted myopia prevention and control
strategies, thereby offering novel perspectives for myopia management.

Mechanisms Related to Scleral Remodeling

HIF - la and HIF - 2a Pathways

Lin et al reported that glycolysis and lactic acid production were elevated under scleral hypoxia conditions.'> Moreover,
increased glycolytic activity and lactic acid accumulation have been implicated in the development of myopia. Currently,
the scleral hypoxia theory is widely recognized as one of the key mechanisms underlying axial elongation. Scleral
hypoxia triggers the thinning and remodeling of the scleral ECM. Single-cell RNA sequencing of the sclera has revealed
the activation of several critical signaling pathways, including the hypoxia signaling pathway, elF2 signaling pathway,
and mTOR signaling pathway. Local administration of anti-hypoxia eye drops has been shown to counteract the
activation of these pathways and effectively control myopia progression.'®

Notably, the hypoxia signaling pathway has been extensively studied, with key factors such as hypoxia-inducible
factor la (HIF-1a) and hypoxia-inducible factor 2a (HIF-2a) being central to its investigation. In mouse models,
knockout of HIF-la led to the development of hyperopia in form deprivation-induced myopia. This pathway also
involves the presence of FMT and alterations in ECM receptors, leading to the proposed mechanism of “myopia-
sclera hypoxia dependence, regulation of fibroblast differentiation, and ECM remodeling”."’

In human scleral fibroblasts exposed to hypoxic conditions, significant upregulation of HIF-1a, LAMA4 expression,
and p38 phosphorylation levels was observed. PCR analysis further demonstrated enhanced expression of miR-150-5p.
Overexpression of miR-150-5p suppressed LAMA4 content, inhibited the expression of COL1A1 and TIMP-2, and
promoted MMP?2 expression. Conversely, LAMA4 knockout inhibited COL1A1 and TIMP-2 expression while increasing
MMP2 expression through suppression of the p38 MAPK signaling pathway.'® These findings have elucidated the
molecular mechanism of the HIF-1/ miR-150-5p/ LAMA4/ p38 MAPK axis in pathological myopia.

In addition to its genetic implications, HIF-1a also mediates environmental interactions. Notably, HIF-2a exhibits
a distinct expression pathway compared to HIF-1a. HIF-2a upregulation promotes matrix metalloproteinase - 2 (MMP-2)
expression, whereas scleral knockout of HIF-2a inhibits MMP2 upregulation and the decrease in COL1al content,
effectively suppressing form deprivation-induced myopia. In contrast to scleral HIF-1a knockout, form deprivation-
induced MMP-2 levels remained unchanged.'” However, it is important to note that knockout techniques in animal
experiments carry the risk of compensatory gene activation, thereby limiting their translational potential.>’

VEGF Pathway

The Vascular Endothelial Growth Factor (VEGF) pathway plays a crucial role in various physiological and pathological
processes. In the context of scleral changes, its mechanism encompasses multiple aspects, including the regulation of
angiogenesis, transduction of hypoxia signals, and imbalance in ECM metabolism.*!

Mounting evidence has demonstrated a strong correlation between the development of myopia, particularly axial
myopia, and scleral hypoxia. Hypoxia-inducible factors (HIF-1o/HIF-2a) are key regulators in this process. They can
activate the transcription of the VEGF pathway, predominantly upregulating the expression of VEGF-A165. This
upregulation subsequently promotes angiogenesis and alters vascular permeability.>?

In experimental myopia models, scleral hypoxia appears to exacerbate local metabolic reprogramming via the HIF-VEGF
pathway. For instance, it stimulates the expression of key glycolytic enzymes, such as Enolase 2 (ENO2) and Triosephosphate
Isomerase 1 (TPI1), which leads to the accumulation of lactic acid. Additionally, through histone lactylation (eg, H3K18la), it
regulates gene expression. Ultimately, these events induce FMT and ECM remodeling, enhance the contractility of fibroblasts,
reduce the synthesis of COL-1, and increase the activity of matrix metalloproteinases (MMPs). The heightened MMP activity
further degrades the ECM, resulting in scleral thinning and axial elongation.”?

While the direct role of VEGF in myopia development still awaits more robust experimental validation, its angiogenic
properties in hypoxic conditions are likely to indirectly impact ECM homeostasis by modifying the scleral microcircula-
tion. For example, VEGF-A165 may modulate the mechanical signal perception of fibroblasts via the integrin-Focal
Adhesion Kinase (FAK) pathway. Alternatively, it may collaborate with other growth factors, such as Transforming

Clinical Ophthalmology 2025:19 heeps: 1701



Yin and Ge

Growth Factor-p (TGF-B), to regulate the equilibrium between MMPs and Tissue Inhibitors of Metalloproteinases
(TIMPs), thereby intensifying the disruption of the scleral structure.**

Notably, anti-VEGF therapy has been extensively applied in the treatment of retinopathy. However, its potential in
controlling myopia remains to be fully explored. Future research should focus on developing targeted intervention
strategies that specifically address the sclera’s unique metabolic and signaling pathways.*’

MMP - 2 Pathway

Studies utilizing family - based and twin models have established the heritability of myopia. Currently, over 30 regions across
the human genome, encompassing nearly all chromosomes, have been identified to harbor susceptibility or causative variants
associated with myopia. Genome - wide association studies have further screened 284 candidate myopia genes.?®

MMPs are zinc - dependent metalloendopeptidases capable of cleaving or degrading a diverse array of ECM
components and other extracellular proteins. Among them, MMP - 2, a gelatinase initially discovered in cardiomyocytes,
participates in multiple biological processes, including inflammation and immune responses, and plays a crucial role in
cell migration, chemotaxis, and mitosis. Notably, MMP - 2 is present not only in the cytoplasm but also in the nucleus. Its
transcription is influenced by DNA methylation and histone acetylation, and post - transcriptional regulation is mediated
by microRNA (miRNA) mechanisms.?” However, in a study of form - deprivation myopia in guinea pigs, no significant
changes in the methylation level of MMP - 2 were observed.”® Protein kinase C has been shown to significantly modulate
the phosphorylation process of MMP - 2, although this aspect has not been extensively explored for myopia control. In
form - deprivation (FD) - induced myopic mice, an elevated MMP - 2 content was detected in the sclera, accompanied by
decreased collagen content, which led to enhanced ECM degradation.”

Research on scleral remodeling - related pathways aims to identify strategies for antagonizing or inhibiting these
pathways to retard myopia progression and mitigate associated complications. Beyond its role in reducing aqueous humor
production and lowering intraocular pressure, the a - receptor agonist brimonidine has been found to downregulate MMP - 2
expression. This pharmacological action affects the scleral structure and helps control myopia progression.>® She et al
demonstrated that amphiregulin (AREQG) is involved in scleral remodeling during form - deprivation myopia via the ERK1/
2 - MMP - 2 pathway.”' By administering an AREG antibody, the activation of MMP - 2 by related signaling pathways can
be blocked, thereby reducing scleral remodeling. However, brimonidine is associated with neurological side effects, such as
drowsiness and fatigue, which are particularly prevalent in pediatric patients.*>

TGF -B Pathway

TGF-B, a pivotal regulator of fibrosis, is categorized as a potent fibrosis-inducing factor. Secreted as inactive precursors, TGF-§
proteins are subsequently transported to the ECM.* Previous studies have demonstrated that TGF-p facilitates fibroblast repair
and promotes the transdifferentiation of cardiomyocytes into myofibroblasts.>* In the context of scleral biology, a reduction in
TGF-B levels has been associated with decreased myofibroblast density, while diminished expression of TGF-f subtypes leads to
a decrease in scleral collagen content, thereby contributing significantly to scleral remodeling.*

Notably, different TGF-f subtypes exhibit distinct effects on ECM remodeling. Studies in tree shrews have investigated the
impact of individual TGF-$ subtypes on myopia development, highlighting their differential roles in myopia progression.
Zhang et al reported that compared with the control group, levels of TGF-1, COL-1, and a-smooth muscle actin (a-SMA)
were significantly decreased in a lens-induced myopia model, suggesting the occurrence of scleral remodeling.*®

The biological functions of TGF-f are primarily mediated through the activation of the TAK1/NF-xB signaling
pathway.?” Specifically, TGF-B1 modulates scleral remodeling by regulating MMP-2 activity. During the early stages of
endoplasmic reticulum (ER) stress, TGF-f1 expression and COL1A1 synthesis are upregulated via the activation of the
inositol-requiring enzyme 1 (IRE1), protein kinase R-like endoplasmic reticulum kinase (PERK), and activating
transcription factor 6 (ATF6) signaling pathways.*® This process initiates the unfolded protein response (UPR), ultimately
enhancing scleral strength.’® Conversely, elevated TGF-B2 expression may contribute to scleral thinning by inhibiting
collagen synthesis or promoting its degradation, thereby exacerbating axial myopia progression.*” These findings suggest
that pharmacological interventions targeting ER stress pathways may represent a promising strategy for controlling
myopia progression.
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cAMP Pathway

Cyclic adenosine monophosphate (cAMP), a well - characterized second messenger, plays a crucial role in signal
transduction. It activates protein kinase A and cAMP response element binding proteins. cAMP is synthesized from
ATP through the catalytic action of adenylate cyclase (AC), and its degradation is mediated by phosphodiesterase.*'

AC has been shown to inhibit collagen synthesis and impede the transformation of fibroblasts into myofibroblasts.
Conversely, the inhibition of cAMP hydrolase phosphodiesterase 4B (PDE4B) expression results in a reduction of scleral
collagen fiber expression.*” The regulation of cAMP - related processes operates within a dynamic equilibrium.
A moderate increase in cAMP levels can facilitate normal refractive development, whereas excessive activation
exacerbates pathological remodeling. In the context of cardiovascular disease research, cAMP has been demonstrated
to modulate the TGF - B pathway.*’

Future investigations focusing on the sclera should aim to further elucidate the differential expression patterns of cAMP
across various myopia models. Additionally, exploring precise intervention strategies targeting the cAMP pathway, such as
local drug delivery systems or gene - editing techniques, is essential. These approaches seek to balance the pro - fibrotic and
anti - fibrotic effects of cAMP, thereby offering novel perspectives for the prevention and management of myopia.

Whnt Signaling Pathway

The Wnt signaling pathway exerts a multifaceted influence on myopic scleral alterations, primarily through three distinct yet
interrelated mechanisms: retinal signal transduction, modulation of scleral fibroblast biological behavior, and ECM remodeling.**
Upon exposure to myopia-inducing visual stimuli, such as form deprivation or prolonged near work, retinal ganglion cells and
retinal pigment epithelial cells (RPE) release an array of signaling molecules, including dopamine and TGF-B1. These molecules
activate the Wnt signaling cascade in the sclera via intercellular communication, driving the proliferation, migration, and
transdifferentiation of scleral fibroblasts into myofibroblasts. Consequentially, these cellular transformations lead to significant
changes in the composition of the scleral ECM, most notably a reduction in COL-1 synthesis.*’

Furthermore, research has revealed that the expression level of DKK-1, a potent inhibitor of the Wnt/B-catenin pathway, is
markedly decreased in the blood of myopic patients.*® Supplementation with DKK-1 has shown promise in decelerating axial
eye growth and impeding myopia progression. Animal studies have firmly established a strong correlation between excessive
activation of the Wnt signaling pathway and myopia development. In a form-deprivation-induced myopia mouse model, for
instance, activation of the Wnt pathway was evidenced by an upregulation of -catenin levels. Oral administration of Wnt
pathway inhibitors led to a significant increase in TGF-B1 expression in the cell supernatant of the myopic group compared to
untreated myopic controls.*” Leveraging the well-characterized interaction between TGF-B1 and MMP-2, this intervention
effectively mitigated myopia progression. Collectively, these findings provide compelling evidence for the pivotal role of the
Wht signaling pathway in the pathogenesis of myopia, thereby offering a robust theoretical foundation for the development of

Wnt pathway-targeted prevention and treatment strategies.

Inflammatory Factor Pathways
Currently, accumulating evidence suggests a correlation among axial length elongation, scleral thinning in high myopia,
and inflammatory factors.*® Interleukin-6 (IL-6), a well - characterized cytokine, plays a central role in the inflammatory
cascade and is involved in inflammation and immune regulation across diverse tissues.*’ IL-6 has been extensively
studied in the context of diabetic retinopathy, age - related macular degeneration, and other aqueous humor - associated
cytokines.”®

Yu et al reported that elevated concentrations of IL-6 and IL-1p in aqueous humor were significantly correlated with
myopic axial length.”' Subsequent studies with larger sample sizes also demonstrated overexpression of IL-6 in the
aqueous humor of high myopia patients. While increased levels of inflammatory factors in the aqueous humor have been
detected, their definitive relationship with axial length requires further investigation. Chen et al demonstrated that
inhibiting inflammatory factors such as IL-6, IL-8, and TNF-a using specific reagents effectively controlled myopia
progression, highlighting the role of inflammation in myopia development.*?
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Scleral macrophages, which differentiate from monocytes, have been shown to upregulate MMP-2 expression in the
sclera.>® By interacting with fibroblasts, these macrophages contribute to ECM remodeling. In form - deprivation myopia
(FDM) - induced mouse models, M2 macrophage polarization was observed, and inhibition of this polarization effectively
suppressed myopia progression.”* Research on scleral fibroblasts has revealed that IL-6 expression is upregulated under
hypoxic conditions. This upregulation affects the proliferation and differentiation of human scleral fibroblasts through the
TGF-B1/ Smad2/ MMP-2 signaling pathway, leading to scleral remodeling.> These findings indicate that hypoxia can trigger
inflammatory responses. Moreover, studies in other disease models have shown that hypoxia acts as a pathogenic factor in
certain inflammatory diseases, while an inflammatory state can reciprocally induce hypoxia.>® Illustrates the interrelationship
of the above pathways (Figure 1).

Sclera-Targeted Strategies for Myopia Prevention and Control

Scleral staphyloma is a characteristic manifestation of pathological myopia, although it can also be observed in non-high
myopia cases. Patients with scleral staphyloma have an elevated risk of choroidal retinal atrophy. The advent of wide -
area optical coherence tomography (OCT) has enabled more timely detection and diagnosis of scleral staphyloma. The
presence of scleral staphyloma is associated with significant thinning of scleral collagen, as well as elongation and
attenuation of scleral tissue.’’

Posterior scleral reinforcement (PSR), a treatment modality aimed at controlling the progression of pathological
myopia, was first introduced in 1930. In 1961, Curtin proposed the X - shaped buckle method, which was further refined
into the Snyder - Thompson single - band reinforcement method in 1972. Over time, continuous advancements have been
made in both reinforcement materials and surgical techniques. PSR has become the most widely used surgical approach
for the treatment of pathological myopia.>*->

Posterior scleral contraction (PSC) represents a modified surgical procedure.®®* This technique employs a widened
reinforcement material. The length of the pressure band is approximately 1.5 times the axial length, while the bandwidth
in the macular area is around 0.4 times the axial length, with careful avoidance of the vortex veins. The bandwidth on the
rectus muscle side is approximately 2-3 mm, and the material is sutured adjacent to the superior and inferior rectus
muscles. The reinforcement materials have evolved from allogeneic sclera to allogeneic dura mater. A study by Jinlei Ma
et al demonstrated that genipin - cross - linked allogeneic dura mater exhibits higher density compared to allogeneic
sclera. Following enzymatic degradation, it shows enhanced elasticity, superior control of axial growth, excellent
histocompatibility, and no reported adverse effects.®® The effectiveness of these surgical interventions in improving
fundus diseases associated with pathological myopia has been substantiated.

Currently, scleral collagen cross - linking has only been performed in animal experiments, and further research is
required to evaluate its safety and efficacy.®*

Conclusion

The structural alterations of the sclera during axial elongation have been well-documented. These scleral changes,
characterized by the thinning of COL-1 fibers and remodeling of the ECM, lead to irreversible ocular modifications and
significant visual impairment, thereby substantially impacting the quality of life and health of modern populations. The
pathogenesis of myopia involves the dysregulation of multiple signaling pathways. Among these, the scleral hypoxia-
associated HIF-la and HIF-2a pathways play a pivotal role in myopia development. Hypoxic conditions activate
glycolysis, increasing lactic acid production and promoting scleral ECM remodeling. The molecular mechanism of the
HIF-1a/miR-150-5p/LAMA4/p38 MAPK axis has been experimentally validated, while HIF-2a contributes to myopia
progression by upregulating MMP-2.Upon activation by hypoxia-inducible factors (HIFs), the VEGF pathway indirectly
influences scleral structure by promoting angiogenesis, altering metabolic processes, and disrupting ECM homeostasis. In
the MMP-2 pathway, elevated MMP-2 levels exacerbate ECM degradation. Although a-receptor agonist brimonidine and
amphiregulin (AREG) antibodies can modulate MMP-2 activity to control myopia progression, their potential side effects
require further investigation.In the TGF-p pathway, different subtypes exert opposing effects on scleral remodeling and
participate in myopia development via endoplasmic reticulum stress or regulation of MMP-2 activity. The cAMP
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pathway maintains a dynamic equilibrium in regulating scleral collagen synthesis and cellular transformation, yet precise
intervention strategies targeting this pathway remain to be explored.

Collectively, these findings on signaling pathways provide a robust theoretical foundation for the development of
targeted myopia therapies. Notably, Zhang et al demonstrated that octahedral palladium (Pd) nanocrystals can mitigate
oxidative stress in scleral fibroblasts, thereby retarding myopia progression.®> Additionally, various drug intervention
strategies can modulate scleral metabolism by targeting distinct signaling pathways, offering promising avenues for
future myopia management.

Currently, prevalent myopia control methods include spectacle correction, orthokeratology (Ortho - K) lenses, and
atropine eye drops. Orthokeratology lenses primarily reshape the anterior corneal surface without altering the overall
corneal curvature. Night - time wear of Ortho - K lenses can result in central corneal epithelial thinning or thickening,
increased astigmatism, higher - order aberrations, and refractive changes. In clinical investigations, 0.01% atropine often
demonstrates limited efficacy in halting myopia progression, whereas 0.05% atropine exhibits a more favorable control
effect.® Corneal refractive surgeries correct ametropia by modifying the corneal anterior surface; however, they carry
a risk of rare but severe complications, such as corneal ectasia.®’ Studies on defocus glasses have indicated that optical
effects regulate normal ocular growth in healthy eyes.®® Nevertheless, this optical regulation has minimal impact on
scleral remodeling processes in patients with pathological myopia.

Despite the steadily increasing annual incidence of myopia, implementing evidence - based strategies to safeguard
adolescent ocular health and mitigate the impact of myopia - related complications can effectively reduce the burden on
public health.

Author Contributions

All authors made a significant contribution to the work reported, whether that is in the conception, analysis and
interpretation, or in all these areas; took part in drafting, revising or critically reviewing the article; gave final approval
of the version to be published; have agreed on the journal to which the article has been submitted; and agree to be
accountable for all aspects of the work.

Funding
Jinan Mingshui Eye Hospital Research Project “Efficacy Evaluation of Posterior Scleral Shortening for the Treatment of
Traction Macular Lesions in High Myopic Eyes” (N0.2025-1-02).

Disclosure
The authors report no conflicts of interest in this work.

References

1. Holden BA, Fricke TR, Wilson DA, et al. Global prevalence of myopia and high myopia and temporal trends from 2000 through 2050.
Ophthalmology. 2016;123(5):1036—1042. doi:10.1016/j.ophtha.2016.01.006
2. Haarman AEG, Enthoven CA, Tideman JWL, Tedja MS, Verhoeven VIM, Klaver CCW. The complications of myopia: a review and meta-analysis.
Invest Ophthalmol Vis Sci. 2020;61(4):49. doi:10.1167/i0vs.61.4.49
3.Li L, Cui YJ, Zou Y, et al. Genetic association study of SOX2 gene polymorphisms with high myopia in a Chinese population. Eur J Ophthalmol.
2021;31(2):734-739. doi:10.1177/1120672120904666
4. Yasir ZH, Sharma R, Zakir SM. Scleral collagen cross linkage in progressive myopia. Indian J Ophthalmol. 2024;72(2):174-180. doi:10.4103/1JO.
1JO 1392 23
. Consejo A, Radhakrishnan H, Iskander DR. Scleral changes with accommodation. Ophthalmic Physiol Opt. 2017;37(3):263-274. doi:10.1111/
opo.12377
6. Yan H, Li J, Wang C, Mei CQ. Effect of axial elongation on anterior scleral thickness in myopia. Indian J Ophthalmol. 2025;73(1):35-40.
doi:10.4103/1J0.1JO_444 24
7. Sun Y, Sha Y, Yang J, et al. Collagen is crucial target protein for scleral remodeling and biomechanical change in myopia progression and control.
Heliyon. 2024;10(15):e35313. doi:10.1016/j.heliyon.2024.e35313
. Shi WQ, Li T, Liang R, Li B, Zhou X. Targeting scleral remodeling and myopia development in form deprivation myopia through inhibition of
EFEMP1 expression. Biochim Biophys Acta Mol Basis Dis. 2024;1870(3):166981. doi:10.1016/j.bbadis.2023.166981
9. Ikeda SI, Kurihara T, Jiang X, et al. Scleral PERK and ATF6 as targets of myopic axial elongation of mouse eyes. Nat Commun. 2022;13(1):5859.
doi:10.1038/541467-022-33605-1

W

oo

Clinical Ophthalmology 2025:19 heeps: 1705


https://doi.org/10.1016/j.ophtha.2016.01.006
https://doi.org/10.1167/iovs.61.4.49
https://doi.org/10.1177/1120672120904666
https://doi.org/10.4103/IJO.IJO_1392_23
https://doi.org/10.4103/IJO.IJO_1392_23
https://doi.org/10.1111/opo.12377
https://doi.org/10.1111/opo.12377
https://doi.org/10.4103/IJO.IJO_444_24
https://doi.org/10.1016/j.heliyon.2024.e35313
https://doi.org/10.1016/j.bbadis.2023.166981
https://doi.org/10.1038/s41467-022-33605-1

Yin and Ge

10.

11.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Brown DM, Mazade R, Clarkson-Townsend D, Hogan K, Datta Roy PM, Pardue MT. Candidate pathways for retina to scleral signaling in
refractive eye growth. Exp Eye Res. 2022;219:109071. doi:10.1016/j.exer.2022.109071

McBrien NA, Gentle A. Role of the sclera in the development and pathological complications of myopia. Prog Retin Eye Res. 2003;22(3):307-338.
doi:10.1016/51350-9462(02)00063-0

. Liu X, Yuan Y, Wu Y, Zhu C, Liu Y, Ke B. Extracellular matrix stiffness modulates myopia scleral remodeling through integrin/f-actin/yap axis.

Invest Ophthalmol Vis Sci. 2025;66(2):22. doi:10.1167/i0vs.66.2.22

. Brown DM, Yu J, Kumar P, et al. Exogenous all-trans retinoic acid induces myopia and alters scleral biomechanics in mice. Invest Ophthalmol Vis

Sci. 2023;64(5):22. doi:10.1167/iovs.64.5.22

. Boote C, Sigal 1A, Grytz R, Hua Y, Nguyen TD, Girard MJA. Scleral structure and biomechanics. Prog Retin Eye Res. 2020;74:100773.

doi:10.1016/j.preteyeres.2019.100773

. Lin X, Lei Y, Pan M, et al. Augmentation of scleral glycolysis promotes myopia through histone lactylation. Cell Metab. 2024;36(3):511-525.¢7.

doi:10.1016/j.cmet.2023.12.023

. Wu H, Chen W, Zhao F, et al. Scleral hypoxia is a target for myopia control. Proc Natl Acad Sci U S A. 2018;115(30):E7091-E7100. doi:10.1073/

pnas.1721443115

. Zhao F, Zhang D, Zhou Q, et al. Scleral HIF-1a is a prominent regulatory candidate for genetic and environmental interactions in human myopia

pathogenesis. EBioMedicine. 2020;57:102878. doi:10.1016/j.ebiom.2020.102878

.RenY, Yang X, Luo Z, Wu J, Lin H. HIF-1a aggravates pathologic myopia through the miR-150-5p/LAMA4/p38 MAPK signaling axis. Mol Cell

Biochem. 2022;477(4):1065-1074. doi:10.1007/s11010-021-04305-z

Wu W, Su'Y, Hu C, et al. Hypoxia-induced scleral Hif-2a upregulation contributes to rises in MMP-2 expression and myopia development in mice.
Invest Ophthalmol Vis Sci. 2022;63(8):2. doi:10.1167/i0vs.63.8.2

Lariviere WR, Chesler EJ, Mogil JS. Transgenic studies of pain and analgesia: mutation or background genotype? J Pharmacol Exp Ther. 2001;297
(2):467-473. doi:10.1016/S0022-3565(24)29558-6

Kulshrestha A, Singh N, Moharana B, Gupta PC, Ram J, Singh R. Axial myopia, a protective factor for diabetic retinopathy-role of vascular
endothelial growth factor. Sci Rep. 2022;12(1):7325. doi:10.1038/s41598-022-11220-w

Mathis U, Ziemssen F, Schaeffel F. Effects of a human VEGF antibody (Bevacizumab) on deprivation myopia and choroidal thickness in the
chicken. Exp Eye Res. 2014;127:161-169. doi:10.1016/j.exer.2014.07.022

Hu WZ, Chu RY. Changes and mechanisms of the sclera in myopia. Chin J Optom Ophthalmol. 2001;3(1):56-58.

Yu Q, Zhou JB. Scleral remodeling in myopia development. Int J Ophthalmol. 2022;15(3):510-514. doi:10.18240/ijo.2022.03.21

Ding T, Chen Y. Advances in anti-VEGF therapy for retinopathy of prematurity. /nt J Ophthalmol. 2023;23(08):1328.

Tedja MS, Wojciechowski R, Hysi PG, et al. Genome-wide association meta-analysis highlights light-induced signaling as a driver for refractive
error. Nat Genet. 2018;50(6):834-848. doi:10.1038/s41588-018-0127-7

Maybee DV, Ink NL, Ali MAM. Novel roles of MT1-MMP and MMP-2: beyond the extracellular milieu. Int J Mol Sci. 2022;23(17):9513.
doi:10.3390/ijms23179513

Ding X, Fu D, Ge S, Guan Q, Chen M, Yu Z. DNA methylation and mRNA expression of IGF-1 and MMP-2 after form-deprivation myopia in
Guinea pigs. Ophthalmic Physiol Opt. 2020;40(4):491-501. doi:10.1111/0p0.12696

Zhao F, Zhou Q, Reinach PS, et al. Cause and effect relationship between changes in scleral matrix metallopeptidase-2 expression and myopia
development in mice. Am J Pathol. 2018;188(8):1754—1767. doi:10.1016/j.ajpath.2018.04.011

Xiang A, Peng Z, He H, et al. The potential of brimonidine for myopia treatment: targeting MMP-2 to regulate choroidal thickness and control eye
growth. Heliyon. 2024;10(18):e37416. doi:10.1016/j.heliyon.2024.e37416

She M, Li T, Shi W, Li B, Zhou X. AREG is involved in scleral remodeling in form-deprivation myopia via the ERK1/2-MMP-2 pathway. FASEB
J. 2022;36(5):€22289. doi:10.1096/1j.202200132R

Cimolai N. A review of neuropsychiatric adverse events from topical ophthalmic brimonidine. Hum Exp Toxicol. 2020;39(10):1279—-1290.
doi:10.1177/0960327120918307

Larson C, Oronsky B, Carter CA, et al. TGF-beta: a master immune regulator. Expert Opin Ther Targets. 2020;24(5):427-438. doi:10.1080/
14728222.2020.1744568

Venugopal H, Hanna A, Humeres C, Frangogiannis NG. Properties and functions of fibroblasts and myofibroblasts in myocardial infarction. Cells.
2022;11(9):1386. doi:10.3390/cells11091386

McBrien NA. Regulation of scleral metabolism in myopia and the role of transforming growth factor-beta. Exp Eye Res. 2013;114:128-140.
doi:10.1016/j.exer.2013.01.014

Zhang R, Wen Y, Liu J, et al. The miR-15b-5p/miR-379-3p-FOXO axis regulates cell cycle and apoptosis in scleral remodeling during experimental
myopia. J Transl Med. 2024;22(1):710. doi:10.1186/s12967-024-05523-x

Ku H, Chen JJ, Chen W, et al. The role of transforming growth factor beta in myopia development. Mol Immunol. 2024;167:34-42. doi:10.1016/].
molimm.2024.01.011

Chen X, Shi C, He M, Xiong S, Xia X. Endoplasmic reticulum stress: molecular mechanism and therapeutic targets. Signal Transduct Target Ther.
2023;8(1):352. doi:10.1038/541392-023-01570-w

Chen QZ. Interaction and Mechanism Between Endoplasmic Reticulum Stress and TGF-B1 in Scleral Matrix Remodeling of Experimental Myopia
in Guinea Pigs[D]. Shanghai Jiao Tong University; 2017.

Lyu XT, Song YZ, Zhang FJ. Regulation of bFGF and TGF-B2 in human scleral fibroblasts by the lumican gene mutation associated with myopia.
Zhonghua Yan Ke Za Zhi. 2021;57(4):277-283. doi:10.3760/cma.j.cn112142-20200825-00553

Zhang H, Kong Q, Wang J, Jiang Y, Hua H. Complex roles of cAMP-PKA-CREB signaling in cancer. Exp Hematol Oncol. 2020;9(1):32.
doi:10.1186/s40164-020-00191-1

Zhao F, Zhou H, Chen W, et al. Declines in PDE4B activity promote myopia progression through downregulation of scleral collagen expression.
Exp Eye Res. 2021;212:108758. doi:10.1016/j.exer.2021.108758

Cai Y, Zhou Y, Yang Q, et al. Blockade of endothelial adenosine receptor 2 A suppresses atherosclerosis in vivo through inhibiting CREB-ALKS-
mediated endothelial to mesenchymal transition. Pharmacol Res. 2024;203:107156. doi:10.1016/j.phrs.2024.107156

1706 hetps: Clinical Ophthalmology 2025:19


https://doi.org/10.1016/j.exer.2022.109071
https://doi.org/10.1016/s1350-9462(02)00063-0
https://doi.org/10.1167/iovs.66.2.22
https://doi.org/10.1167/iovs.64.5.22
https://doi.org/10.1016/j.preteyeres.2019.100773
https://doi.org/10.1016/j.cmet.2023.12.023
https://doi.org/10.1073/pnas.1721443115
https://doi.org/10.1073/pnas.1721443115
https://doi.org/10.1016/j.ebiom.2020.102878
https://doi.org/10.1007/s11010-021-04305-z
https://doi.org/10.1167/iovs.63.8.2
https://doi.org/10.1016/S0022-3565(24)29558-6
https://doi.org/10.1038/s41598-022-11220-w
https://doi.org/10.1016/j.exer.2014.07.022
https://doi.org/10.18240/ijo.2022.03.21
https://doi.org/10.1038/s41588-018-0127-7
https://doi.org/10.3390/ijms23179513
https://doi.org/10.1111/opo.12696
https://doi.org/10.1016/j.ajpath.2018.04.011
https://doi.org/10.1016/j.heliyon.2024.e37416
https://doi.org/10.1096/fj.202200132R
https://doi.org/10.1177/0960327120918307
https://doi.org/10.1080/14728222.2020.1744568
https://doi.org/10.1080/14728222.2020.1744568
https://doi.org/10.3390/cells11091386
https://doi.org/10.1016/j.exer.2013.01.014
https://doi.org/10.1186/s12967-024-05523-x
https://doi.org/10.1016/j.molimm.2024.01.011
https://doi.org/10.1016/j.molimm.2024.01.011
https://doi.org/10.1038/s41392-023-01570-w
https://doi.org/10.3760/cma.j.cn112142-20200825-00553
https://doi.org/10.1186/s40164-020-00191-1
https://doi.org/10.1016/j.exer.2021.108758
https://doi.org/10.1016/j.phrs.2024.107156

Yin and Ge

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Wang Z, Jie RP, Liu X. Research progress on the role and mechanism of the Wnt signaling pathway in myopia pathogenesis. Int J Ophthalmol.
2025;25(01):99-103.

Liu NE, Liu SY, Zhang Y. Roles of retinal signaling molecules in the occurrence and progression of myopia. Chin J Ocul Fundus Dis. 2023;39
(8):696-700.

Qiu LM, Wo D, Zhu WD. Research on the regulation of LRP5/6 and B-catenin by Wnt signaling pathway inhibitors IGFBP-4 and Dkk!1 in different
ways. Acta Rehabil Med. 2017;27(04):22-26,32.

Li M. Regulatory Mechanism of the Wnt/B-Catenin Signaling Pathway on Scleral Remodeling in Experimental Myopia[D]. Shanghai Jiao Tong
University; 2016.

Xu R, Zheng J, Liu L, Zhang W. Effects of inflammation on myopia: evidence and potential mechanisms. Front Immunol. 2023;14:1260592.
doi:10.3389/fimmu.2023.1260592

Kaur S, Bansal Y, Kumar R, Bansal G. A panoramic review of IL-6: structure, pathophysiological roles and inhibitors. Bioorg Med Chem. 2020;28
(5):115327. doi:10.1016/j.bmc.2020.115327

Lopez-Contreras AK, Martinez-Ruiz MG, Olvera-Montaiio C, et al. Importance of the use of oxidative stress biomarkers and inflammatory profile
in aqueous and vitreous humor in diabetic retinopathy. Antioxidants. 2020;9(9):891. doi:10.3390/antiox9090891

Yu Q, Wang C, Liu Z, et al. Association between inflammatory cytokines and oxidative stress levels in aqueous humor with axial length in human
myopia. Exp Eye Res. 2023;237:109670. doi:10.1016/j.exer.2023.109670

Chen CS, Hsu YA, Lin CH, et al. Fallopia Japonica and Prunella vulgaris inhibit myopia progression by suppressing AKT and NF«kB mediated
inflammatory reactions. BMC Complement Med Ther. 2022;22(1):271. doi:10.1186/512906-022-03747-2

Zhao F, Wu H, Reinach PS, et al. Up-regulation of matrix metalloproteinase-2 by scleral monocyte-derived macrophages contributes to myopia
development. Am J Pathol. 2020;190(9):1888—1908. doi:10.1016/j.ajpath.2020.06.002

Zheng B, Cui D, Deng B, et al. Form-deprivation myopia promotes sclera M2-type macrophages polarization in mice. Biochem Biophys Res
Commun. 2024;737:150490. doi:10.1016/j.bbrc.2024.150490

Liu L, Zhou W, Fan Y, et al. Effect of Interleukin 6 on scleral fibroblast proliferation, differentiation, and apoptosis involved in myopic scleral
remodeling. Ophthalmic Res. 2022;65(5):529-539. doi:10.1159/000524502

Saas P, Fan GC. Editorial: hypoxia and inflammation: a two-way street. Front Immunol. 2023;14:1171116. doi:10.3389/fimmu.2023.1171116
Ohno-Matsui K, Jonas JB. Posterior staphyloma in pathologic myopia. Prog Retin Eye Res. 2019;70:99-109. doi:10.1016/j.preteyeres.2018.12.001
Wang YH, Qiao LY. Analysis of the treatment effect of posterior scleral reinforcement on pathological myopia. Zhonghua Yan Ke Za Zhi. 2021;57
(12):952-957. doi:10.3760/cma.j.cn112142-20210707-00324

Chen CA, Lin PY, Wu PC. Treatment effect of posterior scleral reinforcement on controlling myopia progression: a systematic review and
meta-analysis. PLoS One. 2020;15(5):€0233564. doi:10.1371/journal.pone.0233564

Xue AQ, Wang SL, Zhu SQ, Chang F, Chen M, Wang QM. Efficacy observation of modified posterior scleral reinforcement in the treatment of
pathological myopia. Chin J Optom Ophthalmol. 2007;05:332-334.

Xue A, Bao F, Zheng L, Wang Q, Cheng L, Qu J. Posterior scleral reinforcement on progressive high myopic young patients. Optom Vis Sci.
2014;91(4):412—418. doi:10.1097/0OPX.0000000000000201

Zhu SQ, Zheng LY, Pan AP, Yu AY, Wang QM, Xue AQ. The efficacy and safety of posterior scleral reinforcement using genipin cross-linked
sclera for macular detachment and retinoschisis in highly myopic eyes. Br J Ophthalmol. 2016;100(11):1470-1475. doi:10.1136/bjophthalmol-
2015-308087

Ma J, Wu F, Liu Z, et al. Biomechanical considerations of patching material for posterior scleral reinforcement surgery. Front Med. 2022;9:888542.
doi:10.3389/fmed.2022.888542

Wang M, Zhang F, Liu K, Zhao X. Safety evaluation of rabbit eyes on scleral collagen cross-linking by riboflavin and ultraviolet A. Clin Exp
Ophthalmol. 2015;43(2):156-163. doi:10.1111/ce0.12392

Zhang L, Yi K, Sun Q, et al. Palladium nanocrystals regulates scleral extracellular matrix remodeling in myopic progression by modulating the
hypoxia signaling pathway Nrf-2/Ho-1. J Control Release. 2024;373:293-305. doi:10.1016/j.jconrel.2024.07.031

Lanca C, Pang CP, Grzybowski A. Effectiveness of myopia control interventions: a systematic review of 12 randomized control trials published
between 2019 and 2021. Front Public Health. 2023;11:1125000. doi:10.3389/fpubh.2023.1125000

Bao F, Lopes BT, Zheng X, Ji Y, Wang J, Elsheikh A. Corneal biomechanics losses caused by refractive surgery. Curr Eye Res. 2023;48
(2):137-143. doi:10.1080/02713683.2022.2103569

Shen L, He W, Yang W, Yan W, Yang C. Effect of wearing peripheral focus-out glasses on emmetropization in Chinese children aged 6-8 years:
study protocol for a 2-year randomized controlled intervention trial. Trials. 2023;24(1):746. doi:10.1186/s13063-023-07799-8

Clinical Ophthalmology Dovepre SS

Taylor & Francis Group
Publish your work in this journal

Clinical Ophthalmology is an international, peer-reviewed journal covering all subspecialties within ophthalmology. Key topics include: Optometry;
Visual science; Pharmacology and drug therapy in eye diseases; Basic Sciences; Primary and Secondary eye care; Patient Safety and Quality of Care
Improvements. This journal is indexed on PubMed Central and CAS, and is the official journal of The Society of Clinical Ophthalmology (SCO). The
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.
dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/clinical-ophthalmology-journal

Clinical Ophthalmology 2025:19 [ £] X in a 1707


https://doi.org/10.3389/fimmu.2023.1260592
https://doi.org/10.1016/j.bmc.2020.115327
https://doi.org/10.3390/antiox9090891
https://doi.org/10.1016/j.exer.2023.109670
https://doi.org/10.1186/s12906-022-03747-2
https://doi.org/10.1016/j.ajpath.2020.06.002
https://doi.org/10.1016/j.bbrc.2024.150490
https://doi.org/10.1159/000524502
https://doi.org/10.3389/fimmu.2023.1171116
https://doi.org/10.1016/j.preteyeres.2018.12.001
https://doi.org/10.3760/cma.j.cn112142-20210707-00324
https://doi.org/10.1371/journal.pone.0233564
https://doi.org/10.1097/OPX.0000000000000201
https://doi.org/10.1136/bjophthalmol-2015-308087
https://doi.org/10.1136/bjophthalmol-2015-308087
https://doi.org/10.3389/fmed.2022.888542
https://doi.org/10.1111/ceo.12392
https://doi.org/10.1016/j.jconrel.2024.07.031
https://doi.org/10.3389/fpubh.2023.1125000
https://doi.org/10.1080/02713683.2022.2103569
https://doi.org/10.1186/s13063-023-07799-8
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Structure and Biomechanics of the Sclera
	Mechanisms Related to Scleral Remodeling
	HIF - 1α and HIF - 2α Pathways

	VEGF Pathway
	MMP - 2 Pathway
	TGF -β Pathway
	cAMP Pathway
	Wnt Signaling Pathway
	Inflammatory Factor Pathways
	Sclera-Targeted Strategies for Myopia Prevention and Control

	Conclusion
	Author Contributions
	Funding
	Disclosure

