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ABSTRACT

Background: Keratoconus is a progressive corneal ectatic disorder characterized by stromal thinning, anterior corneal
protrusion, irregular astigmatism, and gradual visual deterioration. Although it has traditionally been considered a non-
inflammatory disease, increasing molecular, genetic, and clinical evidence suggests that chronic low-grade inflammation may
contribute to its development and progression.

Objective: This narrative review aims to summarize current evidence on the role of inflammation in keratoconus, with
emphasis on tear-film cytokines, matrix metalloproteinases, oxidative stress, genetic susceptibility, environmental triggers,
inflammatory biomarkers, and emerging therapeutic implications.

Methods: A narrative literature review was conducted using relevant peer-reviewed articles from major scientific databases.
Evidence was synthesized thematically to discuss inflammatory mechanisms, molecular pathways, ocular surface factors,
clinical implications, and future directions in keratoconus research and management.

Main Findings: Current evidence indicates that patients with keratoconus may show increased levels of inflammatory
mediators, including interleukin-1p, interleukin-6, tumor necrosis factor-alpha, high-mobility group box 1, and matrix
metalloproteinases. These mediators may contribute to extracellular matrix degradation, keratocyte dysfunction, stromal
thinning, and progressive corneal weakening. Oxidative stress, cellular senescence, allergy, atopy, dry eye disease, and habitual
eye rubbing may further amplify inflammatory activity at the ocular surface. Recent genetic and molecular studies also suggest
that keratoconus susceptibility may involve both biomechanical and atopy—inflammatory pathways. Corneal collagen cross-
linking remains the established treatment for progressive disease, while anti-inflammatory, exosome-based, intense pulsed
light, and nutritional approaches remain supportive or investigational.

Conclusion: Keratoconus should not be viewed as a purely biomechanical disorder. Current evidence supports a broader
inflammatory-degenerative model in which inflammation, oxidative stress, genetic susceptibility, ocular surface disease, and
environmental factors interact to influence disease progression. Further longitudinal studies, standardized biomarker validation,
and controlled clinical trials are needed before inflammatory markers or emerging therapies can be incorporated into routine
keratoconus care.

Keywords: Keratoconus; inflammation; tear-film biomarkers; cytokines; matrix metalloproteinases; oxidative stress; eye
rubbing; corneal collagen cross-linking
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INTRODUCTION

Keratoconus is a progressive corneal ectatic disorder characterized by localized stromal thinning, anterior protrusion of the cornea,
irregular astigmatism, and gradual deterioration of visual quality. The disease is usually bilateral, although the severity is often
asymmetric between the two eyes (1,2). It most commonly becomes clinically apparent during adolescence or early adulthood, a period
in which visual demands are increasing and disease progression may have a considerable impact on education, daily functioning, and
quality of life (3). As the cornea becomes thinner and more conical, patients may develop increasing myopia, irregular astigmatism,
higher-order aberrations, and reduced best-corrected visual acuity (4,5). Although keratoconus was previously considered an uncommon
condition, recent epidemiological evidence suggests that it is more frequent than earlier estimates indicated. Improved diagnostic
technologies, particularly corneal tomography and anterior segment imaging, have enabled earlier detection of mild and subclinical
disease. Contemporary studies have reported higher prevalence rates, including estimates approaching 1.7% in the United States and a
global prevalence of approximately 138 cases per 100,000 individuals (6). These findings suggest that keratoconus should not be
regarded only as a rare corneal disorder, but as an important clinical condition requiring early recognition, appropriate monitoring, and
timely intervention.

For many years, keratoconus was traditionally described as a non-inflammatory corneal disease. This view was largely based on the
absence of classical inflammatory signs such as corneal neovascularization, marked leukocytic infiltration, and obvious immune-cell
accumulation within the corneal stroma (7-9). As a result, the pathogenesis of keratoconus was mainly attributed to biomechanical
weakening of the corneal tissue, structural abnormalities of the extracellular matrix, and progressive stromal degeneration. However,
this concept has changed considerably over the last two decades. A growing body of molecular, biochemical, genetic, and clinical
evidence now indicates that inflammation may play an important role in the development and progression of keratoconus (5,10). Current
evidence suggests that keratoconus is better understood as a multifactorial disorder rather than a purely degenerative or biomechanical
disease. Several interacting mechanisms appear to contribute to corneal weakening, including inflammatory signaling, extracellular
matrix remodeling, oxidative stress, genetic susceptibility, allergic disease, and environmental triggers such as habitual eye rubbing (11—
13). Studies have demonstrated increased levels of inflammatory mediators in the tear film, corneal tissue, and aqueous humor of patients
with keratoconus. These include pro-inflammatory cytokines such as interleukin-1f, interleukin-6, and tumor necrosis factor-alpha, as
well as chemokines, matrix metalloproteinases, and damage-associated molecular pattern molecules (5,10,14). Among these
inflammatory mediators, matrix metalloproteinases have received particular attention because of their role in extracellular matrix
degradation and stromal remodeling. Increased activity of enzymes such as MMP-9 may disturb the balance between collagen synthesis
and degradation, thereby contributing to progressive thinning of the corneal stroma. In parallel, oxidative stress may further damage
corneal cells and extracellular matrix components, while also stimulating inflammatory pathways and cellular senescence. This creates
a self-sustaining cycle in which oxidative injury, inflammation, and tissue degradation reinforce one another and promote disease
progression (13,15). The inflammatory perspective of keratoconus is also supported by its clinical association with allergic and atopic
disorders. Many patients with keratoconus report ocular allergy, eye rubbing, asthma, eczema, or allergic rhinitis. These conditions are
associated with chronic ocular surface inflammation and may increase mechanical and biochemical stress on the cornea. Eye rubbing,
in particular, may act as an important modifiable factor by inducing epithelial trauma, increasing inflammatory mediator release, and
accelerating structural weakening in susceptible individuals (12,13).

Recent genetic and molecular investigations have added further depth to this evolving understanding. Evidence suggests that keratoconus
susceptibility may involve both structural and inflammatory pathways. Genetic factors related to extracellular matrix integrity may
influence corneal biomechanical stability, whereas immune-related and atopic-inflammatory pathways may increase vulnerability to
chronic low-grade inflammation. This dual contribution helps explain why keratoconus varies widely among individuals in terms of age
of onset, rate of progression, clinical severity, and response to treatment (13,15). Recognition of inflammation as a contributing
component in keratoconus has important clinical implications. Tear-film biomarkers may help identify early disease activity, predict
progression, or monitor treatment response. Similarly, a better understanding of inflammatory and oxidative pathways may support the
development of adjunctive therapies aimed at modifying the ocular surface environment, reducing inflammatory activity, and
complementing established treatments such as corneal collagen cross-linking. However, much of the current evidence remains
heterogeneous, and many proposed biomarkers and emerging therapies still require validation through well-designed longitudinal and
clinical studies. Therefore, this narrative review aims to summarize and critically discuss the current evidence on the role of inflammation
in keratoconus. Particular attention is given to tear-film cytokines, matrix metalloproteinases, oxidative stress, genetic susceptibility,
environmental and atopic factors, and the potential clinical relevance of inflammatory biomarkers and emerging therapeutic approaches.
By integrating evidence from molecular, genetic, and clinical studies, this review seeks to provide a balanced understanding of
keratoconus as a disorder with both biomechanical and inflammatory-degenerative components.

2. METHODS / LITERATURE SEARCH STRATEGY
2.1 Review Design

This article was designed as an updated narrative review to summarize and discuss current evidence regarding the role of inflammation
in the pathogenesis, progression, diagnosis, and management of keratoconus. A narrative review approach was considered appropriate
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because the available literature includes a wide range of evidence, including clinical studies, laboratory investigations, genetic analyses,
biomarker studies, systematic reviews, and emerging therapeutic reports. The aim was not to perform a formal meta-analysis, but to
provide a balanced synthesis of the main biological and clinical concepts linking inflammation with keratoconus.

2.2 Search Sources and Time Frame

A literature search was conducted using major electronic databases, including PubMed/MEDLINE, Google Scholar, Scopus, Web of
Science, ScienceDirect, SpringerLink, and relevant ophthalmology journals. The search focused mainly on articles published from
January 2000 to June 2026, with greater emphasis on recent publications from the last ten years. Older studies were included when they
provided important background information regarding keratoconus pathophysiology, inflammatory mediators, oxidative stress, or
extracellular matrix remodeling.

2.3 Search Terms

The search strategy used combinations of the following keywords and Medical Subject Heading terms where applicable: “keratoconus,”
“inflammation,” “ocular surface inflammation,” “tear film biomarkers,” “cytokines,” “interleukin,” “IL-1B,” “IL-6,” “TNF-alpha,”
“matrix metalloproteinases,” “MMP-9,” “oxidative stress,” “reactive oxygen species,” “cellular senescence,” “HMGBI,” “genetic
susceptibility,” “Mendelian randomization,” “atopy,” “allergy,” “eye rubbing,” “dry eye,” “corneal collagen cross-linking,” “anti-

inflammatory therapy,” “exosomes,” “intense pulsed light,” and “nutritional factors.” Boolean operators such as AND and OR were
used to combine terms and refine the search.

2.4 Eligibility Criteria

ELINT3 ELINT3 EERNT3

Articles were considered eligible if they discussed keratoconus in relation to inflammatory pathways, tear-film or corneal biomarkers,
cytokine expression, matrix metalloproteinase activity, oxidative stress, genetic or immune susceptibility, environmental risk factors,
allergic disease, ocular surface disease, or treatment approaches with potential inflammatory relevance. Original research articles,
systematic reviews, meta-analyses, narrative reviews, experimental studies, genetic studies, and clinically relevant observational studies
were included. Studies were excluded if they were unrelated to keratoconus, did not address inflammatory or associated biological
mechanisms, focused only on surgical technique without relevance to disease pathophysiology, or provided insufficient scientific detail.
Non-peer-reviewed material, thesis-based work, and hypothesis-generating articles were considered only when they provided useful
background or emerging concepts, and their findings were interpreted cautiously.

2.5 Evidence Selection and Synthesis

The identified literature was reviewed thematically rather than statistically. Evidence was grouped according to major biological and
clinical domains, including tear-film cytokines, matrix metalloproteinases, damage-associated molecular patterns, genetic susceptibility,
oxidative stress, environmental influences, ocular surface disease, inflammatory biomarkers, and therapeutic implications. Greater
weight was given to recent peer-reviewed studies, systematic reviews, meta-analyses, and studies with direct relevance to keratoconus.
The findings were synthesized in a descriptive manner to highlight areas of agreement, emerging evidence, and remaining uncertainty.
Particular attention was given to whether inflammatory changes in keratoconus appear to be directly involved in disease progression or
whether they may represent secondary responses to corneal stress and tissue damage. Because this was a narrative review, no formal
risk-of-bias assessment or quantitative pooling of results was performed. However, limitations of the available evidence, including
heterogeneity in study design, variability in tear-sampling methods, small sample sizes, and lack of validated clinical biomarker
thresholds, were considered while interpreting the literature.

3. INFLAMMATORY MECHANISMS IN KERATOCONUS

Keratoconus has traditionally been described as a non-inflammatory ectatic disorder because affected corneas usually do not show the
classical signs of inflammation, such as marked leukocyte infiltration, corneal neovascularization, or obvious immune-cell accumulation.
However, this older view does not fully explain the molecular and biochemical changes now reported in the tear film, ocular surface,
and corneal tissue of patients with keratoconus. Increasing evidence suggests that keratoconus is associated with a chronic, low-grade
inflammatory state that may contribute to extracellular matrix disruption, keratocyte loss, stromal thinning, and progressive corneal
weakening (5,7-10). Inflammation in keratoconus should not be understood in the same way as acute infectious or autoimmune keratitis.
Instead, it appears to be a subtle and persistent biological process involving inflammatory cytokines, proteolytic enzymes, oxidative
stress mediators, and damage-associated molecular signals. These changes may interact with genetic susceptibility, ocular allergy, eye
rubbing, tear-film instability, and environmental stressors, creating a microenvironment that favors progressive ectatic change (11-13).

3.1 Tear-Film Cytokines

The tear film is an important source of information about the ocular surface environment because it can be collected non-invasively and
reflects many biochemical changes occurring at the corneal surface. In keratoconus, several studies have reported altered tear-film
cytokine profiles, with increased concentrations of pro-inflammatory mediators compared with healthy eyes (16). These findings support
the concept that the ocular surface in keratoconus is not biologically inactive, even when there are no visible clinical signs of
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inflammation. Interleukin-1p is one of the most frequently discussed cytokines in keratoconus. It may contribute to disease progression
by promoting keratocyte apoptosis and stimulating enzymes involved in extracellular matrix degradation. Through these mechanisms,
IL-1p can influence stromal remodeling and may play a role in progressive corneal thinning (5,17). Interleukin-6 has also been reported
at increased levels in tear fluid and ocular surface tissues of patients with keratoconus. This cytokine is involved in inflammatory
signaling and may encourage matrix metalloproteinase activity, thereby contributing to extracellular matrix breakdown (18).

Tumor necrosis factor-alpha is another important inflammatory mediator implicated in keratoconus. It can activate inflammatory
pathways and promote proteolytic activity within corneal tissue. Increased TNF-a levels may therefore contribute to a tissue environment
in which collagen degradation and stromal remodeling are favored (5). Other cytokines, including IL-8, IL-17, and transforming growth
factor-beta, have also been discussed in relation to keratoconus, although their exact roles are not completely uniform across studies.
Some mediators may be elevated in certain patient groups, while others may remain unchanged or show variable expression depending
on disease stage, sample type, and laboratory methods (15,19). Recent genetic and Mendelian randomization studies have further
strengthened interest in inflammatory pathways. Associations involving inflammatory mediators such as IL-12B, IL-13, and IL-17A
suggest that immune-related pathways may influence keratoconus susceptibility, although these findings should be interpreted carefully
because genetic association does not always translate directly into clinical disease activity (20). Overall, tear-film cytokine studies
indicate that inflammation is likely to be part of the keratoconus disease process, but more standardized research is needed before these
biomarkers can be used routinely in clinical practice.

3.2 Matrix Metalloproteinases

Matrix metalloproteinases are proteolytic enzymes responsible for the turnover and degradation of extracellular matrix components. In
a healthy cornea, a balance exists between matrix synthesis, matrix degradation, and tissue repair. In keratoconus, this balance appears
to be disturbed, with increased proteolytic activity contributing to stromal weakening and progressive thinning (5). Among the matrix
metalloproteinases, MMP-9 has received particular attention because of its relationship with ocular surface inflammation and
extracellular matrix remodeling. Increased MMP-9 activity may promote degradation of collagen and other stromal components, making
the cornea more vulnerable to biomechanical deformation. This is clinically relevant because progressive weakening of the stromal
architecture is a central feature of keratoconus (5,16).

The activity of MMPs is closely linked to inflammatory signaling. Cytokines such as IL-1p, IL-6, and TNF-a can stimulate the
expression of matrix-degrading enzymes in corneal epithelial cells and stromal fibroblasts. As a result, inflammation and tissue
degradation may reinforce each other. In this cycle, inflammatory mediators increase protease activity, protease activity damages the
extracellular matrix, and tissue injury may further stimulate inflammatory responses (5,18). Other MMPs, including MMP-1, MMP-3,
MMP-7, and MMP-13, have also been discussed in relation to keratoconus. Emerging genetic analyses suggest that some matrix
metalloproteinases may be involved in disease susceptibility, but the strength and clinical relevance of these associations still require
further confirmation (20). At present, MMPs are best understood as important contributors to the inflammatory-degenerative process of
keratoconus rather than isolated causes of the disease.

3.3 HMGBI1 and Damage-Associated Molecular Patterns

High-mobility group box 1 is a nuclear protein that can act as a damage-associated molecular pattern when released into the extracellular
environment. Under normal conditions, HMGBI1 helps regulate nuclear functions. However, when cells are stressed, injured, or
undergoing damage-related changes, HMGB1 may be released outside the cell and can trigger inflammatory signaling (21,22). In
keratoconus, increased HMGB1 levels have been reported in the tear film, suggesting that cellular stress and tissue injury may be present
at the ocular surface. Once released, HMGBI can interact with pattern-recognition receptors such as toll-like receptor 4 and receptor for
advanced glycation end products. These interactions may activate downstream inflammatory pathways and promote the production of
additional cytokines and matrix-degrading enzymes (18,22). The relevance of HMGBI is that it links tissue damage with inflammation.
In keratoconus, repeated epithelial stress, oxidative injury, eye rubbing, and tear-film instability may promote cellular damage. HMGB1
released from stressed or damaged cells may then help maintain a chronic inflammatory microenvironment. This process may partly
explain how mechanical and environmental triggers can become connected with biochemical tissue degradation in susceptible corneas.

3.4 Ocular Surface Inflammation

The ocular surface plays an important role in the inflammatory profile of keratoconus. Many patients with keratoconus also have
symptoms of ocular allergy, dry eye disease, meibomian gland dysfunction, or chronic irritation. These conditions may not only increase
discomfort but may also contribute to disease progression by maintaining a pro-inflammatory tear-film environment (23,24). Allergic
eye disease is particularly relevant because it is commonly associated with itching and habitual eye rubbing. Eye rubbing can produce
direct mechanical stress on the cornea, but it may also stimulate epithelial trauma and inflammatory mediator release. When this occurs
in a cornea that is already genetically or structurally vulnerable, repeated rubbing may accelerate stromal weakening and ectatic
progression (22,23).
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Dry eye disease and tear-film instability may further disturb the ocular surface environment. Reduced tear-film quality can increase
friction, oxidative stress, and epithelial irritation. Inflammatory mediators such as IL-1p, IL-6, TNF-0, and MMP-9 are shared between
keratoconus and other ocular surface disorders, suggesting that these conditions may overlap biologically (25). Therefore, managing
ocular allergy, dryness, and eye rubbing should be considered an important supportive part of keratoconus care. Taken together, the
inflammatory mechanisms in keratoconus appear to involve several interconnected pathways rather than a single isolated mediator. Tear-
film cytokines, matrix metalloproteinases, HMGBI1, oxidative stress, ocular allergy, and tear-film instability may act together to promote
extracellular matrix degradation and stromal thinning. Although inflammation may not be the only cause of keratoconus, current
evidence strongly suggests that it contributes to the disease environment and may influence progression, severity, and future therapeutic

strategies.

Table 1. Inflammatory Biomarkers Implicated in Keratoconus

Biomarker /

Sample / Site

Reported Change

Proposed Role in Disease Process

Clinical Relevance

Mediator Reported in Keratoconus
IL-1B Tear film, | Increased Promotes keratocyte apoptosis and | May indicate inflammatory activity
corneal tissue stimulates  extracellular matrix | and stromal remodeling (5,16,17).
degradation
IL-6 Tear film, | Increased Enhances inflammatory signaling | Potential marker of ocular surface
ocular surface and may stimulate matrix | inflammation and disease activity
tissue metalloproteinase activity (18).

TNF-a Tear film Increased Activates  inflammatory  and | May contribute to chronic low-
proteolytic pathways involved in | grade inflammatory
tissue remodeling microenvironment (5).

IL-8 Tear film /| Variable or | Supports inflammatory cell | Possible supportive biomarker, but

ocular surface increased recruitment and ocular surface | not specific for keratoconus (15,19).
immune activation

IL-17 Tear film /| Variable May influence protease expression | Requires further validation because

genetic and inflammatory signaling findings are not fully consistent
evidence (15,20).
HMGBI1 Tear film Increased Acts as a damage-associated | May link cellular stress with
molecular pattern and activates | persistent inflammation (18,22).
inflammatory pathways
MMP-9 Tear film, | Increased Degrades extracellular matrix and | One of the most promising
corneal contributes to stromal thinning biomarkers, but clinical cutoffs are
epithelium not standardized (5,16).

MMP-13 Genetic /| Possible May  contribute to  matrix | Emerging marker requiring further
molecular association degradation and disease | clinical confirmation (20).
evidence susceptibility

Table 1. Summary of inflammatory biomarkers implicated in keratoconus and their proposed biological and clinical relevance.

4. GENETIC AND MOLECULAR BASIS OF INFLAMMATORY SUSCEPTIBILITY

Keratoconus is a complex disorder in which genetic, molecular, biomechanical, and environmental factors appear to interact rather than
act independently. Although corneal thinning and ectasia are the most visible clinical features, these structural changes may be influenced
by deeper biological pathways involving extracellular matrix regulation, immune signaling, oxidative stress, and inflammatory
susceptibility. Recent genetic studies have therefore shifted attention from a purely mechanical model of keratoconus toward a broader
disease concept in which inherited vulnerability may affect both corneal strength and inflammatory responsiveness (23,24).

4.1 Genetic Susceptibility
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The hereditary contribution to keratoconus has been
recognized for many years, particularly because the disease
may cluster in families and is more common among first-
degree relatives of affected individuals. However, the genetic . .
basis of keratoconus is not simple. Rather than being Genetlc susceptibiiky vumersbity. Environmentsl triggers
explained by a single gene defect, current evidence suggests

that multiple genetic variants may contribute small but \ l /
meaningful effects, influencing corneal structure, epithelial

integrity, stromal remodeling, and immune regulation Eye rubbing, allergy, dry
(23,25). Several genes associated with extracellular matrix v (Y expostte
stability have been investigated in relation to keratoconus. l

These genes are important because the corneal stroma
depends on well-organized collagen fibers, appropriate cross-

Figure 1. Proposed inflammatory-degenerative pathway in keratoconus

QOcular surface irritation

linking, and balanced matrix turnover to maintain its shape and oxidative stress
and biomechanical resistance. Variants affecting collagen
organization or matrix regulation may weaken the cornea and l

make it more vulnerable to progressive deformation under

normal ocular forces (23,24). At the same time, genetic T L s

susceptibility may also influence how the cornea responds to

environmental stress. A genetically vulnerable cornea may be l

less able to tolerate chronic irritation, oxidative injury,

allergic inflammation, or repeated mechanical trauma from Keratocyte apoptosis and
extracellular matrix

eye rubbing. In this way, genetic risk may not directly “cause” degradation

keratoconus on its own, but may create a biological

background in which inflammatory and environmental l

triggers become more damaging (26,27).
Stromal thinning and
4.2 Immune-Related Genes comeal weakening

Growing evidence suggests that immune-related genes may l
also contribute to keratoconus susceptibility. This is
important because it provides a possible explanation for the Progressive ectasia and

wisual deterioration

link between keratoconus, atopy, allergy, ocular surface
inflammation, and inflammatory mediator expression.
Immune-related genetic pathways may influence cytokine
activity, inflammatory cell regulation, and the way corneal tissues respond to cellular stress (20,24). Among the candidate genes
discussed in recent literature, COL1A1, LOXL2, and ITGA1 have been associated with protective effects, largely because of their roles
in extracellular matrix organization and corneal structural stability. In contrast, SFRP1 has been described as a risk-associated gene with
possible involvement in immune and inflammatory signaling pathways (23,24). This contrast is clinically meaningful because it supports
the idea that keratoconus may involve two overlapping biological processes: one related to structural weakness of the cornea and another
related to inflammatory or immune susceptibility.

Single-cell and molecular analyses have also suggested that different genes may influence different disease pathways. For example,
disruption of genes involved in collagen organization may mainly affect tissue architecture, whereas genes linked with immune
regulation may alter inflammatory signaling and cellular response to stress. These findings support a more integrated view of
keratoconus, in which corneal weakening and inflammation are not separate explanations, but connected parts of the same disease
process (24). The interleukin-1 gene cluster has also been discussed in relation to keratoconus. Interleukin-1 family cytokines are
biologically relevant because they can influence keratocyte apoptosis, matrix metalloproteinase activity, and extracellular matrix
degradation. Although the strength of genetic associations may vary between populations and study designs, the relationship between
IL-1-related pathways and corneal tissue remodeling remains an important area for further investigation (25).

4.3 Mendelian Randomization Evidence

Mendelian randomization studies have provided another way to explore whether inflammatory mediators and immune-cell traits may
have a causal relationship with keratoconus. Unlike simple observational studies, Mendelian randomization uses genetic variants as
instrumental variables to examine whether an exposure may contribute to disease risk. This approach can reduce some forms of
confounding, although it still depends on the quality of available genetic data and the assumptions used in the analysis (20,24). Recent
Mendelian randomization analyses have reported associations between keratoconus and several immune or inflammatory factors. These
include inflammatory proteins such as IL-12B and IL-13, as well as possible involvement of IL-17A and matrix metalloproteinase-
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related pathways (20). Some findings have also suggested potential relationships involving macrophage inflammatory protein-1f and
MMP-13, supporting the possibility that immune signaling and matrix degradation may be biologically connected in keratoconus
(20,24).

Immune-cell phenotypes have also been explored in relation to keratoconus risk. Reported associations involving B lymphocyte and T-
cell populations suggest that immune regulation may influence disease susceptibility or progression in some individuals (26). However,
these results should be interpreted carefully. Genetic association and Mendelian randomization findings can highlight possible biological
pathways, but they do not automatically prove that a specific inflammatory mediator is clinically useful as a diagnostic marker or
therapeutic target. Overall, Mendelian randomization evidence strengthens the argument that inflammation is not merely a secondary
observation in keratoconus. It suggests that immune-related pathways may contribute to disease susceptibility. Still, these findings need
confirmation through well-designed clinical studies, functional laboratory research, and longitudinal patient follow-up before they can
be translated into routine clinical practice (20,24).

4.4 Atopy-Inflammatory Liability Pathway

One of the more useful recent concepts in keratoconus genetics is the idea that disease risk may involve both structural and inflammatory
liability. Genomic analyses have proposed two broad pathways: a corneal biomechanical stability pathway and an atopy—inflammatory
liability pathway. The corneal biomechanical stability pathway appears to protect against ectatic change by supporting stromal strength
and matrix organization, whereas the atopy—inflammatory liability pathway may increase susceptibility through immune and allergic
mechanisms (20,24). This model is helpful because it fits well with clinical observations. Many patients with keratoconus have allergic
conjunctivitis, atopic disease, ocular itching, or habitual eye rubbing. In such patients, inflammatory and mechanical factors may act
together. Atopy may increase ocular surface inflammation and itching, eye rubbing may create repeated epithelial and stromal stress,
and genetic susceptibility may reduce the ability of the cornea to resist these insults. Over time, these interacting factors may contribute
to progressive stromal thinning and corneal protrusion (28).

The atopy—inflammatory liability pathway also helps explain why keratoconus does not behave in the same way in every patient. Some
individuals may have stronger biomechanical vulnerability, while others may have more prominent allergic or inflammatory drivers.
This variation may influence age of onset, speed of progression, severity, and response to treatment. It also supports the need for a more
individualized approach to keratoconus management, where clinicians address not only corneal shape and thickness, but also ocular
allergy, rubbing behavior, tear-film instability, and inflammatory risk factors. In summary, genetic and molecular evidence supports the
view that keratoconus is not only a disease of corneal shape, but also a disorder influenced by inherited structural weakness and
inflammatory susceptibility. The interaction between extracellular matrix genes, immune-related pathways, oxidative stress, allergy, and
environmental triggers may create a vulnerable corneal microenvironment. Recognizing these pathways may improve future risk
stratification, biomarker development, and the design of targeted therapies for patients at higher risk of progression (20,23,24,27).

5. OXIDATIVE STRESS AND INFLAMMATION

Oxidative stress is increasingly recognized as an important contributor to the biological changes seen in keratoconus. The cornea is
continuously exposed to ultraviolet radiation, atmospheric oxygen, environmental pollutants, and mechanical stress from blinking or
eye rubbing. Under normal conditions, corneal cells are protected by antioxidant defense systems that help maintain a stable balance
between oxidant production and antioxidant activity. In keratoconus, this balance appears to be disturbed, allowing reactive oxygen
species and reactive nitrogen species to accumulate and damage corneal tissues (28,29). The relationship between oxidative stress and
inflammation is particularly relevant because these two processes can strengthen each other. Oxidative injury may activate inflammatory
signaling pathways, while inflammation itself can increase oxidative burden through cytokine release, cellular stress, and proteolytic
enzyme activity. This interaction may contribute to epithelial dysfunction, keratocyte apoptosis, extracellular matrix degradation, and
progressive stromal thinning in keratoconus (29,30).

5.1 Oxidative Stress in Keratoconus

The cornea is especially vulnerable to oxidative damage because it is directly exposed to external environmental stressors. Ultraviolet
radiation can generate reactive oxygen species within corneal cells, while air pollutants, tear-film instability, and chronic ocular surface
irritation may further increase oxidative stress. In healthy corneal tissue, antioxidant enzymes such as catalase, superoxide dismutase,
and glutathione peroxidase help neutralize these reactive molecules. However, several studies suggest that antioxidant defense
mechanisms may be altered or insufficient in patients with keratoconus (28,29). Excessive oxidative stress can affect the cornea in
several ways. It may damage cellular proteins, lipids, mitochondrial function, and extracellular matrix components. In keratoconus,
these changes are clinically important because the strength and transparency of the cornea depend on healthy keratocytes and a well-
organized stromal matrix. When oxidative injury becomes persistent, corneal cells may lose their ability to maintain normal matrix
repair, leading to progressive weakening of the stromal architecture (29). Oxidative stress may also promote keratocyte apoptosis, which
has been reported as one of the histopathological features of keratoconus. Loss of keratocytes can reduce the capacity of the stroma to
repair and maintain collagen organization. At the same time, oxidative injury may increase the expression of inflammatory cytokines
and matrix-degrading enzymes, thereby linking cellular stress with inflammatory tissue damage (14,29).
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5.2 Cellular Senescence Figure 2. Oxidative stress-inflammation cycle in keratoconus

Cellular senescence is another mechanism that may connect

oxidative stress with chronic inflammation in keratoconus.
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5.3 Oxidative Stress—Inflammation Cycle

The interaction between oxidative stress and inflammation in keratoconus may be understood as a self-reinforcing cycle. Environmental
stressors such as ultraviolet exposure, air pollution, allergy, dry eye, and eye rubbing can increase oxidative burden at the ocular surface.
This oxidative damage may injure epithelial cells and keratocytes, leading to the release of inflammatory mediators and damage-
associated signals (28,31). These inflammatory mediators can then stimulate matrix metalloproteinase activity and extracellular matrix
breakdown. As the stromal matrix becomes damaged, the cornea becomes biomechanically weaker and more susceptible to further
deformation. Tissue injury may also generate additional oxidative stress, creating a repeated cycle of cellular damage, inflammation,
proteolysis, and stromal thinning (29,30).

This cycle is clinically important because it suggests that keratoconus progression may not be driven by mechanical weakness alone.
Instead, corneal weakening may be amplified by ongoing biochemical stress within the ocular surface and stromal microenvironment.
It also supports the need to address modifiable factors that increase oxidative and inflammatory stress, including allergic eye disease,
dry eye, tear-film instability, and habitual eye rubbing (31-34). Although oxidative stress is strongly implicated in keratoconus
pathophysiology, important uncertainties remain. Many studies are cross-sectional, and methods for measuring oxidative markers vary
between laboratories. It is also unclear whether oxidative stress is a primary driver of keratoconus or a secondary response to corneal
tissue injury. Future longitudinal studies are needed to clarify whether oxidative markers can predict disease progression, guide treatment
decisions, or serve as therapeutic targets. Overall, oxidative stress appears to be closely linked with inflammatory activity in keratoconus.
Persistent oxidative injury may promote cellular senescence, cytokine release, matrix metalloproteinase activity, and stromal
degradation. Recognizing this oxidative stress—inflammation cycle provides a broader understanding of keratoconus as an inflammatory-
degenerative condition and may help guide future research into preventive and adjunctive treatment strategies (29-31).

6. ENVIRONMENTAL AND CLINICAL RISK FACTORS

Environmental and clinical factors appear to play an important role in the development and progression of keratoconus, especially when
they act on a genetically or biomechanically vulnerable cornea. These factors do not usually work in isolation. Instead, they may interact
with inflammatory signaling, oxidative stress, tear-film instability, and mechanical trauma to create a corneal microenvironment that
favors stromal weakening and ectatic change. Among these factors, eye rubbing, allergic and atopic disease, dry eye, ocular surface
inflammation, ultraviolet exposure, and environmental stressors have received particular attention (31-34).

6.1 Eye Rubbing
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Eye rubbing is one of the most consistently recognized modifiable risk factors associated with keratoconus. It is commonly reported in
patients with ocular allergy, itching, dry eye symptoms, or chronic ocular irritation. Although eye rubbing may appear to be a simple
behavioral habit, repeated mechanical stress on the cornea can have important biological consequences, particularly in eyes that are
already predisposed to corneal thinning or biomechanical weakness (32). The harmful effect of eye rubbing is likely related to both
mechanical and inflammatory pathways. Repeated rubbing can produce microtrauma to the corneal epithelium and anterior stroma. This
mechanical stress may stimulate epithelial cells and keratocytes to release inflammatory mediators, proteolytic enzymes, and damage-
associated signals. Over time, these changes may contribute to extracellular matrix degradation, keratocyte loss, and progressive stromal
thinning (32,33). Eye rubbing may also increase local temperature and transiently raise intraocular pressure, both of which may place
additional stress on the corneal structure. When this occurs repeatedly, especially in younger patients with active disease, the cornea
may become more susceptible to progressive deformation. For this reason, counseling patients to avoid eye rubbing is an important part
of keratoconus management and should be emphasized early, particularly in children and adolescents with allergic eye disease (32,33).

6.2 Allergy and Atopy

Allergic and atopic conditions are frequently associated with keratoconus. Patients may report allergic conjunctivitis, vernal
keratoconjunctivitis, atopic dermatitis, asthma, eczema, or seasonal allergic rhinitis. These conditions share a tendency toward chronic
immune activation, ocular itching, and persistent surface inflammation. In many patients, allergy and eye rubbing are closely linked,
making it difficult to separate the mechanical effects of rubbing from the inflammatory effects of allergy itself (33). Atopic inflammation
may contribute to keratoconus through several mechanisms. Allergic eye disease is often associated with mast cell activation, increased
immunoglobulin E levels, and Th2-dominant immune responses. These immune changes may increase the release of cytokines and
inflammatory mediators at the ocular surface. In a susceptible cornea, this inflammatory environment may promote matrix
metalloproteinase activity and extracellular matrix breakdown, thereby contributing to stromal weakening (33). Clinically, the
association between keratoconus and atopy has important implications. Patients with persistent ocular allergy, especially those who rub
their eyes frequently, should be assessed carefully for early signs of corneal ectasia. Periodic corneal topography or tomography may be
useful in high-risk individuals, particularly when there is reduced visual quality, increasing astigmatism, frequent prescription changes,
or a family history of keratoconus. Early identification allows timely intervention before advanced corneal distortion develops (33).

6.3 Dry Eye and Ocular Surface Disease

Dry eye disease and ocular surface abnormalities are commonly reported in patients with keratoconus. These conditions may contribute
to discomfort, fluctuating vision, contact lens intolerance, and persistent ocular irritation. Although dry eye may not directly cause
keratoconus, it can worsen the ocular surface environment and may indirectly promote rubbing, inflammation, and tear-film instability
(34). The inflammatory profile of dry eye disease overlaps with several mechanisms described in keratoconus. Increased levels of
cytokines such as IL-1p, IL-6, TNF-a, and MMP-9 have been reported in ocular surface disorders and are also discussed in relation to
keratoconus. This overlap suggests that tear-film instability and ocular surface inflammation may contribute to a shared inflammatory
microenvironment in some patients (34). Meibomian gland dysfunction may further aggravate the problem by reducing tear-film quality
and increasing evaporative stress. A poor-quality tear film can increase friction between the eyelid and corneal surface, leading to
epithelial irritation and discomfort. This may encourage eye rubbing and further stimulate inflammatory mediator release. Therefore,
treatment of dry eye, meibomian gland dysfunction, and ocular surface irritation should be considered a supportive component of
keratoconus care, especially in symptomatic patients (34).

6.4 UV Exposure and Environmental Stressors

The cornea is directly exposed to ultraviolet radiation, atmospheric oxygen, air pollutants, allergens, and other environmental stressors.
These exposures may increase the production of reactive oxygen species and reactive nitrogen species within corneal tissues. Under
normal conditions, antioxidant defense mechanisms help protect the cornea from oxidative injury. In keratoconus, however, several
studies suggest that antioxidant protection may be reduced or insufficient, allowing oxidative stress to contribute to tissue damage
(28,29). Ultraviolet exposure is particularly relevant because it can promote oxidative injury in corneal epithelial cells and keratocytes.
Persistent oxidative stress may damage cellular proteins, lipids, DNA, and extracellular matrix components. It may also activate
inflammatory pathways and increase matrix-degrading enzyme activity. These changes can weaken the stromal structure and may
contribute to the chronic inflammatory-degenerative process observed in keratoconus (28,29). Other environmental factors, including
air pollution, chronic ocular irritation, poor tear-film stability, and allergen exposure, may further increase oxidative and inflammatory
stress at the ocular surface. Although the direct causal role of these factors in keratoconus is not fully established, they may act as
aggravating influences in susceptible individuals. Their effects are likely stronger when combined with allergy, dry eye, and habitual
eye rubbing (31,34).

Overall, environmental and clinical risk factors should be viewed as important contributors to the keratoconus disease environment
rather than isolated causes. Eye rubbing, allergy, atopy, dry eye, and oxidative stress may interact with genetic and biomechanical
susceptibility to accelerate corneal weakening. Recognizing and managing these modifiable factors may help reduce inflammatory
burden, improve ocular comfort, and support strategies aimed at slowing disease progression (32—34).
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Risk Factor Mechanism Linking It to | Inflammatory / Biological Effect | Practical Clinical Implication
Keratoconus
Eye rubbing Repeated mechanical trauma to | Stimulates inflammatory mediator | Patients should be counseled
corneal epithelium and stroma release, epithelial injury, and | strongly to avoid eye rubbing (32).
matrix degradation
Allergic Chronic ocular itching and | Increases cytokines, mast cell | Allergy control should be part of
conjunctivitis immune activation activity, and rubbing behavior keratoconus management (33).
Atopy Systemic allergic tendency | Associated with Th2-mediated | High-risk atopic patients may need
involving asthma, eczema, | inflammation and increased ocular | corneal screening (33).
rhinitis, or dermatitis surface irritation
Dry eye disease Tear-film  instability = and | Promotes irritation, inflammation, | Lubrication and ocular surface
increased ocular surface friction | and rubbing tendency treatment may reduce
inflammatory burden (34).
Meibomian  gland | Poor tear-film lipid layer and | Increases ocular discomfort and | Lid hygiene and tear-film
dysfunction evaporative stress tear-film instability optimization may improve comfort
(34).
UV exposure Direct oxidative stress to | Promotes reactive oxygen species | Oxidative stress may contribute to
epithelial cells and keratocytes | and cellular injury inflammatory-degenerative
progression (28,29).
Air  pollution /| Chronic ocular surface irritation | May increase oxidative stress and | Environmental protection and
environmental inflammatory mediator release ocular surface care may be
irritants supportive (31).

Table 2. Environmental and clinical risk factors that may contribute to inflammatory and oxidative stress pathways in keratoconus.
7. CLINICAL IMPLICATIONS

The growing evidence of inflammatory involvement in keratoconus has important clinical implications. Traditionally, clinical decision-
making in keratoconus has relied mainly on refraction, visual acuity, slit-lamp findings, corneal topography, tomography, pachymetry,
and evidence of progression. These tools remain central to diagnosis and management. However, they mainly describe structural and
optical changes that may already be established. Inflammatory biomarkers may provide additional biological information about disease
activity, especially in early or progressive cases where clinical changes are subtle (5,16). Understanding keratoconus as a condition with
inflammatory, oxidative, genetic, and biomechanical components may help clinicians take a broader approach to patient care. This
includes not only detecting corneal shape changes, but also identifying modifiable contributors such as ocular allergy, dry eye disease,
tear-film instability, and habitual eye rubbing. Such an approach may support earlier intervention, better patient counseling, and more
individualized monitoring strategies (32—34).

7.1 Inflammatory Biomarkers

Tear-film biomarkers have received considerable attention because tears can be collected in a relatively simple and non-invasive way.
Several inflammatory mediators have been reported at increased levels in patients with keratoconus, including IL-1B, IL-6, TNF-a,
HMGB1, and MMP-9. These biomarkers may reflect inflammatory activity at the ocular surface and may help explain the link between
inflammation, extracellular matrix degradation, and progressive stromal thinning (5,16,18). Among the proposed biomarkers, MMP-9
is one of the most clinically relevant because it is closely related to extracellular matrix remodeling. Increased MMP-9 activity may
indicate an active proteolytic environment in which stromal collagen and other matrix components are being degraded. This makes it a
potentially useful marker for disease activity, although it should not yet be considered a stand-alone diagnostic test for keratoconus
(5,16).

Cytokines such as IL-1f, IL-6, and TNF-a may also have clinical value because they represent inflammatory signaling pathways that
can influence keratocyte apoptosis, matrix metalloproteinase expression, and tissue remodeling. HMGB1 may provide additional
information about cellular stress and damage-associated inflammatory activation. Together, these mediators suggest that the tear film
may carry useful biological signals related to disease behavior (18,22). Despite this promise, inflammatory biomarkers are not yet ready
for routine clinical use in most keratoconus patients. Studies vary in their tear collection techniques, laboratory assays, patient selection
criteria, disease severity grading, and control groups. As a result, reliable cut-off values have not been established. Larger longitudinal
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studies are needed to determine whether these biomarkers can consistently predict progression, distinguish active from stable disease,
or guide treatment decisions (5,16).

7.2 Diagnostic Potential

The diagnostic potential of inflammatory biomarkers is greatest in early or subclinical keratoconus, where structural changes may be
mild and visual symptoms may be limited. In such cases, corneal tomography remains the main diagnostic tool, but tear-film markers
could eventually provide supportive biological evidence of disease activity. This may be particularly useful in young patients, patients
with allergic eye disease, and individuals with a family history of keratoconus (5,33). Inflammatory biomarkers may also help identify
patients whose corneas are biologically active even when clinical findings appear relatively stable. For example, a patient may have
mild topographic changes but persistent ocular allergy, eye rubbing, increased tear-film inflammation, and subtle progression over time.
In this context, inflammatory assessment could theoretically help clinicians recognize a higher-risk disease profile before advanced
ectatic changes occur (16,18).

However, biomarker testing should be interpreted with caution. Many inflammatory mediators are not specific to keratoconus and may
also be elevated in dry eye disease, allergic conjunctivitis, meibomian gland dysfunction, contact lens-related irritation, and other ocular
surface disorders. Therefore, inflammatory biomarkers should not be viewed as replacements for clinical examination or corneal
imaging. Their most realistic future role may be as adjunctive tools used alongside tomography, pachymetry, clinical history, and
assessment of ocular surface disease (34). At present, the diagnostic use of inflammatory biomarkers remains largely investigational.
Before these markers can be incorporated into routine practice, future research must standardize sample collection, define normal and
abnormal ranges, clarify disease-stage differences, and determine whether biomarker levels change meaningfully with treatment or
disease progression (5,16).

7.3 Disease Monitoring and Risk Stratification

Inflammatory mechanisms may also be useful for disease monitoring and risk stratification. Keratoconus progression is not uniform;
some patients remain stable for years, while others progress rapidly, particularly during adolescence and early adulthood. Current
monitoring depends mainly on serial corneal imaging, changes in refraction, visual acuity, pachymetry, and clinical judgment.
Inflammatory biomarkers may eventually add another layer of information by identifying patients with a more active biological disease
environment (3,5). Patients with persistent ocular allergy, frequent eye rubbing, dry eye symptoms, or tear-film instability may require
closer follow-up because these factors can increase inflammatory and mechanical stress on the cornea. In such patients, management
should include treatment of allergic conjunctivitis or dry eye, counseling to avoid eye rubbing, optimization of contact lens tolerance
where relevant, and timely consideration of corneal collagen cross-linking when progression is documented (32-34).

Risk stratification may also benefit from integrating genetic and molecular findings. Recent studies suggest that some individuals may
have stronger inflammatory or atopic susceptibility, while others may have greater biomechanical vulnerability. Although this
information is not yet routinely used in clinical practice, it supports the future possibility of more personalized keratoconus care. Patients
with combined risk factors, such as young age, family history, atopy, eye rubbing, progressive tomography changes, and inflammatory
ocular surface disease, may need more frequent monitoring and earlier intervention (20,24,33). Inflammatory assessment may also help
evaluate response to treatment in future research settings. For example, reductions in MMP-9 or other inflammatory mediators after
corneal collagen cross-linking or ocular surface treatment may provide insight into how therapies affect the disease microenvironment.
However, such findings should be considered supportive rather than definitive until validated by larger prospective studies (31). Overall,
the clinical implication of inflammatory research is not that keratoconus should be managed as a classical inflammatory disease. Rather,
it suggests that inflammation is one important part of a wider disease process. A practical clinical approach should combine structural
assessment, progression monitoring, control of ocular surface inflammation, prevention of eye rubbing, and timely biomechanical
stabilization when indicated. This broader approach may improve early detection, reduce modifiable risk factors, and support more
individualized care for patients with keratoconus (5,31-34).

8. THERAPEUTIC IMPLICATIONS AND EMERGING TREATMENTS

The recognition of inflammatory activity in keratoconus has widened the way this disease is understood and managed. Traditionally,
treatment has focused on optical correction and biomechanical stabilization of the cornea. These approaches remain essential,
particularly because progressive stromal thinning and ectasia are the main clinical problems in keratoconus. However, increasing
evidence suggests that ocular surface inflammation, oxidative stress, allergic disease, tear-film instability, and eye rubbing may influence
disease activity and progression. Therefore, management should not be limited only to correcting refractive error or strengthening the
cornea, but should also include attention to the inflammatory and environmental factors that may worsen the disease course (31-34). At
present, most anti-inflammatory and biologically targeted strategies should be considered adjunctive or investigational rather than
replacements for established treatment. Corneal collagen cross-linking remains the main evidence-based treatment for halting
documented progression. Other approaches, including anti-inflammatory therapy, exosome-based treatment, intense pulsed light, and
nutritional support, are promising but require stronger clinical validation before they can be recommended as standard therapy for
keratoconus (31,35-37).
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8.1 Corneal Collagen Cross-Linking

Corneal collagen cross-linking is currently the established standard treatment for progressive keratoconus. Its main therapeutic purpose
is to increase corneal biomechanical strength by inducing additional covalent bonds between stromal collagen fibers. This helps stabilize
the corneal structure and reduce the risk of further ectatic progression. For this reason, cross-linking is particularly important in younger
patients and in those with documented progression on serial corneal imaging (31). Although cross-linking is primarily understood as a
biomechanical treatment, recent studies have suggested that it may also influence the inflammatory microenvironment of the cornea and
tear film. Reductions in tear-film inflammatory mediators, including matrix metalloproteinases, have been reported after cross-linking
in some studies. These findings raise the possibility that part of the clinical benefit of cross-linking may be related not only to mechanical
stabilization but also to modification of proteolytic and inflammatory activity at the ocular surface (31). However, this anti-inflammatory
effect should be interpreted carefully. Cross-linking should not be described mainly as an anti-inflammatory treatment, because its
proven clinical role remains biomechanical stabilization. The reported changes in inflammatory mediators are better understood as
additional biological effects that may support corneal stability, rather than as the primary mechanism of action. Further longitudinal
studies are needed to clarify whether changes in tear-film biomarkers after cross-linking can predict treatment response or long-term
disease stability (31).

8.2 Anti-Inflammatory Approaches

Because keratoconus is associated with low-grade inflammatory activity, anti-inflammatory management may have a supportive role,
especially in patients with ocular allergy, dry eye disease, meibomian gland dysfunction, or persistent eye rubbing. In clinical practice,
this means that associated ocular surface disease should be actively identified and treated. Reducing itching, irritation, and inflammation
may decrease the urge to rub the eyes and may help reduce additional mechanical stress on the cornea (32—34). Topical anti-allergic
medications, lubricants, lid hygiene, and treatment of meibomian gland dysfunction may be useful in selected patients, particularly when
symptoms of itching, dryness, or ocular surface irritation are present. These treatments are not expected to reverse established corneal
ectasia, but they may improve ocular comfort, reduce inflammatory burden, and support overall disease control. Patient education is
equally important, because avoiding habitual eye rubbing remains one of the most practical and modifiable interventions in keratoconus
care (32—-34). Targeted anti-inflammatory therapies are also being explored as possible adjuncts to conventional treatment. Advanced
molecular techniques, including transcriptomic and single-cell analyses, have identified inflammatory activity in corneal tissues, which
may help guide future therapeutic targets. Nevertheless, there is still insufficient clinical evidence to recommend any specific anti-
inflammatory drug as a disease-modifying treatment for keratoconus. Future studies should determine whether controlling inflammatory
pathways can slow progression when used alongside established approaches such as cross-linking (23,31).

8.3 Exosome-Based Therapies

Mesenchymal stem cell-derived exosomes have attracted interest as a possible cell-free regenerative therapy for corneal diseases.
Exosomes are small extracellular vesicles that can carry proteins, lipids, and nucleic acids involved in cell signaling. In experimental
models, mesenchymal stem cell-derived exosomes have shown regenerative, anti-inflammatory, and immunomodulatory properties.
These effects may be relevant to keratoconus because the disease involves stromal remodeling, keratocyte dysfunction, oxidative stress,
and inflammatory mediator activity (35). The potential value of exosome-based therapy lies in its ability to influence several biological
processes at the same time. Experimental evidence suggests that these vesicles may support corneal epithelial repair, regulate
extracellular matrix remodeling, reduce fibrotic responses, and modulate inflammatory signaling. In theory, such effects could help
improve the corneal microenvironment and protect against progressive tissue degradation (35). Despite this promise, exosome-based
therapy remains experimental in the context of keratoconus. There is currently not enough high-quality clinical evidence to support its
routine use for patients with keratoconus. Important questions remain regarding the ideal exosome source, dosage, delivery method,
safety, long-term effect, and whether the treatment can truly alter disease progression. Therefore, exosome-based therapies should be
presented as an emerging research direction rather than an established treatment option (35).

8.4 Intense Pulsed Light

Intense pulsed light has been used mainly in the management of meibomian gland dysfunction and evaporative dry eye disease. Its
possible relevance to keratoconus is related to the close relationship between tear-film instability, ocular surface inflammation, itching,
and eye rubbing. By improving the ocular surface environment, intense pulsed light may theoretically reduce inflammatory activity and
decrease symptoms that encourage rubbing behavior (36). Some studies and hypotheses suggest that intense pulsed light may reduce
inflammatory cytokine levels, oxidative stress, and tear-film protease activity. It may also improve meibomian gland function and tear-
film quality, which could reduce ocular irritation. In patients with keratoconus who also have significant dry eye symptoms or meibomian
gland dysfunction, improvement in ocular surface comfort may be clinically helpful (36). However, the role of intense pulsed light in
keratoconus remains uncertain. It should not be described as a proven treatment for halting keratoconus progression. Its current potential
is best understood as supportive management for associated ocular surface disease rather than direct treatment of corneal ectasia. Well-
designed clinical studies are needed to determine whether intense pulsed light has any measurable effect on inflammatory biomarkers,
eye rubbing frequency, or keratoconus progression over time (36).
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8.5 Nutritional and Supportive Approaches

Nutritional factors may also influence corneal health through
their effects on oxidative stress, inflammation, and tissue
repair. Omega-3 polyunsaturated fatty acids have well-
recognized anti-inflammatory properties and may help support
the ocular surface, particularly in patients with dry eye
symptoms or tear-film instability. Antioxidant-rich nutrition
may also be biologically relevant because oxidative stress is
considered an important contributor to keratoconus
pathophysiology (28,29,37). Although nutritional support may
improve the general ocular surface environment, it should not
be presented as a primary treatment for keratoconus. There is
currently limited evidence that dietary modification or
supplementation alone can prevent progression or reverse
corneal ectasia. Nutritional approaches are better viewed as
supportive measures that may complement standard care,
especially in patients with ocular surface disease, poor tear-film
quality, or increased oxidative stress (37).

Supportive care should also include patient counseling, allergy
control, lubrication, avoidance of eye rubbing, and regular
follow-up with corneal imaging. In progressive cases, timely
corneal collagen cross-linking remains essential. A combined
approach that addresses both biomechanical instability and
modifiable inflammatory triggers may provide the most
practical framework for keratoconus management (31-34).
Overall, therapeutic implications of inflammation in
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Figure 3. Evidence hierarchy of inflammation-related treatments
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keratoconus are promising but should be interpreted with caution. The strongest evidence remains in favor of corneal collagen cross-
linking for progressive disease. Anti-inflammatory, exosome-based, intense pulsed light, and nutritional strategies may have adjunctive
or future roles, but they require further validation through well-designed clinical trials. Until stronger evidence is available, these
approaches should be considered supportive or investigational rather than standard disease-modifying treatments (31,35-37).

Table 3. Therapeutic Implications and Emerging Treatment Approaches

Therapy /| Main Proposed Mechanism Evidence Status Role in  Current | Key Limitation
Approach Practice
Corneal collagen | Strengthens stromal collagen | Established Standard treatment for | Anti-inflammatory effects
cross-linking and stabilizes corneal | progressive documented are possible but not the
biomechanics keratoconus progression main proven mechanism
3.
Allergy control Reduces itching, inflammation, | Clinically Important  adjunctive | Does not reverse
and eye rubbing supportive care in allergic patients | established ectasia (33).
Lubricants / dry | Improves tear-film stability and | Supportive Useful in patients with | Not disease-modifying
eye treatment reduces irritation dry eye or ocular | alone (34).
surface symptoms
Anti- May reduce ocular surface | Investigational May be considered | No specific drug is proven
inflammatory inflammatory activity adjunctive when ocular surface | to halt keratoconus
therapy inflammation is present | progression (23,31).
MSC-derived Regenerative, anti- | Experimental Research-stage therapy | Needs proper clinical trials;
exosomes inflammatory, and not standard treatment (35).
immunomodulatory effects
Intense  pulsed | May improve meibomian gland | Emerging Possible supportive role | Not  proven to  stop
light function and reduce ocular | hypothesis- in  selected ocular | keratoconus  progression
surface inflammation generating surface disease (36).
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Omega-3 /| Anti-inflammatory and | Supportive / limited | May help ocular surface | Should not be presented as
nutritional antioxidant support evidence health primary keratoconus
support treatment (37).

Table 3. Established, supportive, and emerging treatment approaches related to the inflammatory component of keratoconus.

9. LIMITATIONS OF CURRENT EVIDENCE

Although increasing evidence supports an inflammatory component in keratoconus, several limitations should be considered when
interpreting the current literature. Much of the available evidence comes from cross-sectional studies, retrospective analyses, biomarker
comparisons, laboratory investigations, and genetic association studies. These designs are useful for identifying possible relationships,
but they cannot always confirm whether inflammation is a primary cause of keratoconus or a secondary response to corneal stress and
tissue damage (5,16). Another important limitation is the relatively small sample size in many biomarker studies. Tear-film and corneal
tissue studies often include limited patient numbers, and the findings may be influenced by disease severity, age, contact lens use, allergic
eye disease, dry eye status, previous treatment, and sampling technique. Because of these differences, results are not always consistent
across studies, and the same inflammatory mediator may be reported as elevated, unchanged, or variable depending on the population
and methodology used (15,16,34).

Methodological heterogeneity is also a major challenge. Studies differ in tear collection methods, storage conditions, laboratory assays,
diagnostic criteria, grading systems, control groups, and statistical approaches. These variations make it difficult to compare results
directly or to define reliable biomarker thresholds. At present, inflammatory markers such as IL-1p, IL-6, TNF-a, HMGB1, and MMP-
9 remain promising, but they are not sufficiently standardized for routine clinical use in diagnosing keratoconus or predicting progression
(5,16,18). The specificity of inflammatory biomarkers is another concern. Many of the inflammatory mediators reported in keratoconus
are also elevated in other ocular surface conditions, including allergic conjunctivitis, dry eye disease, meibomian gland dysfunction, and
contact lens-related irritation. Therefore, these markers may reflect ocular surface inflammation in general rather than keratoconus-
specific disease activity. This limits their current diagnostic value unless they are interpreted alongside clinical examination, corneal
tomography, pachymetry, refraction, and patient history (33,34).

The evidence regarding emerging therapies is also limited. Corneal collagen cross-linking is well established for progressive
keratoconus, but its possible anti-inflammatory effects require further confirmation. Other approaches, including exosome-based
therapies, intense pulsed light, targeted anti-inflammatory treatments, and nutritional interventions, remain investigational or supportive
at this stage. These therapies should not be presented as proven disease-modifying treatments until stronger evidence from controlled
clinical trials becomes available (31,35-37). Genetic and Mendelian randomization studies have added useful insight into inflammatory
susceptibility, but their clinical translation remains incomplete. These studies can suggest possible biological pathways, yet they do not
automatically prove that a specific immune factor can be used as a treatment target or clinical biomarker. Functional studies and long-
term clinical validation are still required to understand how these genetic findings relate to real-world disease onset, progression, and
treatment response (20,24). Overall, the current evidence supports a meaningful association between inflammation and keratoconus, but
important uncertainties remain. Larger, standardized, longitudinal, and clinically focused studies are needed to clarify whether
inflammatory markers can reliably predict progression, guide treatment timing, or identify patients who may benefit from adjunctive
anti-inflammatory strategies.

10. FUTURE DIRECTIONS

Future research should focus on moving the inflammatory concept of keratoconus from observational evidence toward clinically useful
tools. One of the most important priorities is biomarker validation. Tear-film cytokines, matrix metalloproteinases, HMGB1, oxidative
stress markers, and immune-related proteins should be studied using standardized sampling methods, uniform laboratory protocols, and
clearly defined disease stages. Without standardization, it will remain difficult to determine whether these biomarkers are reliable enough
for routine clinical practice (5,16,18). Longitudinal studies are particularly needed. Most current studies provide a snapshot of
inflammatory activity at a single time point, but keratoconus is a progressive disease. Future research should follow patients over time
to determine whether inflammatory biomarkers can predict progression before significant topographic or tomographic change occurs.
Such studies may help identify patients who require closer monitoring or earlier intervention, especially children, adolescents, patients
with allergy, and individuals with a family history of keratoconus (3,32,33).

Another important direction is the integration of biomarker data with clinical imaging. Corneal tomography, epithelial thickness
mapping, pachymetry, biomechanical assessment, and tear-film biomarker analysis may provide complementary information. A
combined model may be more useful than any single test alone. For example, a patient with mild tomographic changes, increased
inflammatory markers, active allergy, and frequent eye rubbing may represent a higher-risk profile than a patient with similar corneal
shape but no inflammatory or clinical risk factors (5,31-34). Personalized treatment is also an important future goal. Keratoconus does
not behave the same way in every patient. Some patients may have dominant biomechanical weakness, while others may have stronger
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inflammatory, allergic, or oxidative stress-related contributors. A better understanding of these differences may allow clinicians to tailor
management according to individual risk. This could include earlier cross-linking in high-risk progressive cases, stronger control of
ocular allergy and dry eye, behavioral counseling to prevent eye rubbing, and possible adjunctive therapies when supported by evidence
(20,24,31).

Clinical trials are needed to evaluate whether controlling inflammation can alter the course of keratoconus. Future studies should assess
anti-allergic therapy, ocular surface optimization, targeted anti-inflammatory treatment, antioxidant strategies, nutritional support,
intense pulsed light, and regenerative approaches such as exosome-based therapies. These trials should include objective outcomes such
as keratometric progression, corneal thickness, visual acuity, biomechanical parameters, tear-film biomarkers, patient symptoms, and
long-term safety (31,35-37). Further research is also needed to clarify the relationship between inflammation, oxidative stress, and
cellular senescence. These pathways may form a self-sustaining cycle that contributes to stromal degradation and disease progression.
Understanding this cycle may open new therapeutic possibilities aimed at protecting keratocytes, reducing oxidative injury, modulating
inflammatory signaling, and preserving extracellular matrix integrity (28-30). In future, the most practical approach may involve
combining structural, molecular, and clinical risk assessment. This would allow keratoconus to be managed not only as a corneal shape
disorder, but as a complex disease influenced by biomechanical instability, inflammatory activity, ocular surface health, environmental
exposure, and genetic susceptibility.

11. CONCLUSION

Keratoconus should no longer be viewed as a purely biomechanical or degenerative corneal disorder. Current evidence suggests that
corneal structural weakness interacts with inflammatory signaling, oxidative stress, genetic susceptibility, allergic disease, ocular surface
dysfunction, and environmental triggers such as eye rubbing (5,13,20,31-34). Inflammatory mediators, including IL-1p, IL-6, TNF-a,
HMGBI, and matrix metalloproteinases, may contribute to extracellular matrix degradation, keratocyte dysfunction, stromal thinning,
and progressive corneal deformation (18,20,24,28-30). Although corneal collagen cross-linking remains the main evidence-based
treatment for progressive disease, associated factors such as allergy, dry eye, tear-film instability, and eye rubbing should also be
addressed as part of comprehensive care (31-34). Inflammatory biomarkers and emerging therapies are promising, but further
longitudinal studies and clinical trials are needed before they can be used routinely in practice (5,16,35-37).
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