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Background: Despite reports suggesting a link between obesity and keratoconus, the causal relationship is not fully understood.

Methods: We used genome-wide association study (GWAS) data from public databases for a two-sample Mendelian randomization analysis to investigate the causal link between body mass index (BMI) and keratoconus. The primary method was inverse variance weighted (IVW), complemented by different analytical techniques and sensitivity analyses to ensure result robustness. A meta-analysis was also performed to bolster the findings’ reliability.

Results: Our study identified a significant causal relationship between BMI and keratoconus. Out of 20 Mendelian randomization (MR) analyses conducted, 9 showed heterogeneity or pleiotropy. Among the 11 analyses that met all three MR assumptions, 4 demonstrated a significant causal difference between BMI and keratoconus, while the remaining 7 showed a positive trend but were not statistically significant. Meta-analysis confirmed a significant causal relationship between BMI and keratoconus.

Conclusion: There is a significant causal relationship between BMI and keratoconus, suggesting that obesity may be a risk factor for keratoconus.
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1 Introduction

Keratoconus (KC) is a relatively common congenital developmental anomaly characterized by thinning of the central or paracentral cornea, increased curvature, bilateral asymmetry, and progressive expansion. It initially presents as myopia and irregular astigmatism, leading to vision loss in later stages due to corneal stromal scarring, protrusion, and thinning (1, 2). Globally, its prevalence is estimated to be between 1:375 and 1:2,000 individuals, with a significantly higher rate among younger populations (3). In the early stages, the progression of keratoconus can be slowed with collagen cross-linking, while later stages may require corneal transplantation to restore vision (3). Therefore, identifying other modifiable risk factors for keratoconus is crucial for its prevention and management.

However, the pathogenesis of keratoconus is still unclear, but it is generally considered a multifactorial disease influenced by environmental, genetic, metabolic, viral infection, lifestyle, and immune factors (4, 5).

Body mass index (BMI, kg/m2) is commonly used to measure obesity, with BMI ≥25 considered overweight and BMI ≥30 classified as obese (6). Previous studies have shown that an increase in BMI is associated with a variety of diseases. At a systemic level, higher BMI is linked to a greater risk of type 2 diabetes, cardiovascular diseases, and sleep apnea (7, 8). Locally, when focusing on the eyes, higher BMI is also significantly associated with age-related cataracts, age-related macular degeneration, and diabetic retinopathy (9, 10).

To date, the impact of high BMI on keratoconus remains unclear. Past reports have indicated that in Australian patients (11), a higher BMI was not associated with an increased risk of keratoconus; a recent study in Iran (12) found no significant difference in BMI between keratoconus patients and control subjects. However, recent findings suggest that a high BMI may be a risk factor for keratoconus. Research by Eliasi et al. (13) indicated that in the adolescent population, those who are overweight (OR = 1.42, p < 0.05) and obese (OR = 1.50, p < 0.05) have a higher likelihood of developing keratoconus; Ren et al. (14) suggested that individuals with a high BMI may be more prone to eye rubbing, thereby increasing the risk of KC. Clarifying the causal relationship between high BMI and keratoconus could enhance strategies for keratoconus detection and prevention. However, despite reports of a significant correlation between obesity and keratoconus, the causal link remains unclear due to the influence of confounding factors and the limited number of related studies.

Mendelian randomization (MR) is an emerging method (15) for testing causal relationships between risk factors and various phenotypes. The fundamental principle involves inferring the influence of biological factors on disease by utilizing the effects of genotypes, which are randomly distributed in nature, on phenotypes. Using genetic variants as instrumental variables can effectively reduce biases and confounding factors, thereby increasing the accuracy of causal inference.

To ascertain whether there is a causal relationship between obesity and keratoconus, this study intends to use the two-sample Mendelian randomization (MR) analysis approach to explore the causal link between BMI and keratoconus.



2 Workflow and study design

This study utilizes a two-sample Mendelian randomization approach to investigate the causal relationship between BMI and keratoconus, enhancing result robustness through heterogeneity tests and horizontal pleiotropy tests. Meta-analysis is subsequently used to further ensure the robustness of the findings. The specific workflow is shown in Figure 1. This research employs various BMI-associated single-nucleotide polymorphisms (SNPs) as instrumental variables to assess the causal relationship between BMI and keratoconus. MR analysis must satisfy the following three assumptions: first, the instrumental variables related to the exposure must be closely related to the exposure itself; second, the selected instrumental variables must not be related to any confounding factors between the exposure and outcome; and third, the instrumental variables can only influence the outcome through the exposure, meaning in this study, the chosen instrumental variables can only affect keratoconus through BMI. The study design is illustrated in Figure 2.
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FIGURE 1
 Workflow of the study.
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FIGURE 2
 Study design and key assumptions of Mendelian randomization. Assumption 1: the instrumental variables are closely related to the exposure. Assumption 2: the instrumental variables are not associated with any confounding factors. Assumption 3: the instrumental variables, aside from exposure, are not directly related to keratoconus.




3 Materials and methods


3.1 Data sources

GWAS data related to keratoconus were sourced from the GWAS Catalog1 and Finngen R9.2 The dataset from the GWAS Catalog was obtained from a large-scale GWAS, for which we used the first-phase meta-analysis, including 2,116 cases and 24,626 European ancestry controls. The GWAS data from Finngen R9 included 311 cases and 209,287 European ancestry controls.

To acquire as much BMI-related GWAS data as possible, this study searched Open GWAS3 using “body mass index” as the search term, obtaining all BMI-related GWAS data for European populations. After eliminating duplicate studies, 10 BMI-related GWAS datasets were used for further research, with GWAS IDs being ebi-a-GCST006368, ebi-a-GCST90018947, ebi-a-GCST90025994, ebi-a-GCST90029007, ieu-a-85, ieu-a-835, ieu-a-1089, ieu-b-40, ukb-a-248, and ukb-b-2303. Detailed information about all the BMI-related GWAS datasets is presented in Table 1.



TABLE 1 Detailed information on GWAS data related to BMI.
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3.2 Instrumental variable selection

To select instrumental variables highly related to BMI, we filtered SNPs based on a standard of p < 5 × 10−8, relaxing the criterion to p < 5 × 10−6 if fewer than 5 SNPs were selected. To ensure the independence between SNPs. We removed linkage disequilibrium based on an R2 < 0.001 and distance of Kb < 10,000. Furthermore, weak instrumental variables were eliminated if they had an F value (F = (βexposure/SEexposure)2, where βexposure and SEexposure are the effect value and standard error of the exposure, respectively) <10. Finally, all palindromic SNPs with intermediate allele frequencies were excluded.



3.3 Mendelian randomization analysis

This study employed a two-sample Mendelian randomization approach to explore the causal relationship between BMI and keratoconus, with weighted median as the primary analysis method, supplemented by MR Egger, simple mode, weighted median, and weighted mode as auxiliary analysis methods. Cochran’s Q test was used to assess the heterogeneity of the instrumental variables, with p > 0.05 indicating no heterogeneity; MR PRESSO and MR Egger’s intercept tests were used to determine the presence of horizontal pleiotropy, with p > 0.05 suggesting no pleiotropy, among them, MRPRESSO can detect the residual validity and outliers of MR analysis, which can correct horizontal pleiotropy by removing outliers and further evaluate the robustness of causal relationships. Additionally, leave-one-out sensitivity analysis was conducted to determine if the results were driven by a single strong SNP.



3.4 Meta-analysis

This study incorporated results that met the three fundamental assumptions of MR analysis into meta-analysis to ensure the robustness of the findings. Before conducting meta-analysis, heterogeneity testing was performed on all results. If significant heterogeneity was observed among the results (I2 > 50%), a random-effects model was used; otherwise, a fixed-effects model was employed.



3.5 Data analysis

All analyses were conducted using R 4.3.1 and relevant R packages including “TwoSampleMR (0.5.7),” “MRPRESSO (1.0),” and “metafor.”




4 Result


4.1 Obtaining instrumental variables

After stringent selection and removal of linkage disequilibrium, this study acquired 10 sets of SNPs significantly associated with BMI, with the number of SNPs per set ranging from 7 to 475. Detailed data on the instrumental variables used for MR analysis in each dataset can be found in Supplementary material S1.



4.2 Mendelian randomization analysis

This study conducted a total of 20 MR analyses (10 for BMI X 2 for KC), and after excluding 9 results with heterogeneity and horizontal pleiotropy, 11 were considered to have neither. Detailed results of Cochran’s Q test, MR PRESSO, and MR Egger’s intercept test can be found in Supplementary material S2. Interestingly, among all results, 4 indicated a significant causal relationship between BMI and KC, with outcome data for these 4 results all coming from the FinnGen R9 database.

Specifically, when the exposure data came from a GWAS by Hoffmann et al. (21) involving 315,347 individuals of European ancestry, the OR (IVW) was 1.69, 95% CI was 1.03 to 2.76, p = 0.037. Although not statistically significant, the OR values for MR Egger, simple mode, weighted mode, and weighted median were all >1, consistent with the IVW method. When the exposure data was from Loh et al. (17) involving 532,396 individuals of European ancestry, the OR (IVW) was 1.53, 95% CI was 1.08 to 2.16, p = 0.016, with OR values for the other four auxiliary methods also >1. In the MR analysis of data from Yengo et al. (16) involving 681,275 individuals, the OR (IVW) was 1.68, 95% CI was 1.17 to 2.39, p = 0.005, even though the other four methods did not show statistically significant results. In the MR analysis of data from Ben Elsworth et al. involving 454,884 individuals of European ancestry, the OR (IVW) was 1.83, 95% CI was 1.24 to 2.59, p = 0.001, with the other four methods not showing statistically significant results, but again, all OR values were >1, consistent with the IVW method trend. Scatter plots for all results are shown in Figure 3. Leave-one-out sensitivity analysis results are presented in Figure 4.
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FIGURE 3
 Scatter plots for MR analyses of the causal effect of proinsulin levels on keratoconus. Each line shows the slope corresponding to the estimated MR effect each method. (A) The ID number of the GWAS data related to BMI is ebi-a-GCST006368. (B) The ID number of the GWAS data related to BMI is ebi-a-GCST90029007. (C) The ID number of the GWAS data related to BMI is ieu-b-40. (D) The ID number of the GWAS data related to BMI is ukb-b-2303.
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FIGURE 4
 Leave-one-out sensitivity analysis shows that the results are not caused by a strong single SNP. (A) The ID number of the GWAS data related to BMI is ebi-a-GCST006368. (B) The ID number of the GWAS data related to BMI is ebi-a-GCST90029007. (C) The ID number of the GWAS data related to BMI is ieu-b-40. (D) The ID number of the GWAS data related to BMI is ukb-b-2303.




4.3 Meta analysis

This study included these 11 results in a meta-analysis. Heterogeneity testing revealed no heterogeneity among all results, thus a fixed-effects model was adopted for the meta-analysis. The results showed that BMI is a risk factor for keratoconus. IVW: OR = 1.38, 95% CI (1.238–1.54), p < 0.0001 (Figure 5A); MR Egger: OR = 1.40, 95% CI (1.06–1.84), p = 0.0172 (Figure 5B); simple mode: OR = 1.20, 95% CI (0.88–1.63), p = 0.2415 (Figure 5C); weighted mode: OR = 1.23, 95% CI (0.98–1.54), p = 0.076 (Figure 5D); weighted median: OR = 1.26, 95% CI (1.07–1.48), p = 0.0054 (Figure 5E). Detailed results of heterogeneity testing for the meta-analysis are shown in Figure 5F. Furthermore, the funnel plots can be found in Supplementary Figures S1–S4.
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FIGURE 5
 Meta analysis result of MR. Catalog: GWAS data for KC sourced from GWAS Catalog. Finn: GWAS data for KC sourced from FinnGen R9. FE model: fixed-effects model used for meta-analysis. (A) Meta analysis result of inverse variance weighted. (B) Meta analysis result of MR Egger. (C) Meta analysis result of simple mode. (D) Meta analysis result of weighted mode. (E) Meta analysis result of weighted median. (F) The result of heterogeneity test.





5 Discussion

Given the low natural incidence rate and lengthy disease course of keratoconus (KC), it is challenging to conduct prospective studies on the causal relationship between keratoconus and BMI in the real world. Retrospective studies are susceptible to confounding factors and reverse causality, which can render the results unreliable. Therefore, this study employs genetic variants related to BMI as instrumental variables, utilizing “natural random allocation” to assess whether these genes are associated with the risk of keratoconus. This approach helps to eliminate the influence of confounding factors and reverse causality that may exist in observational studies, providing more reliable evidence of causality.

In this study, the results of 11 Mendelian randomization (MR) analyses appeared inconsistent, possibly due to differences in sequencing results and study populations. However, the meta-analysis ultimately confirmed BMI as a risk factor for KC, with an ORIVW of 1.38, 95% CI (1.24–1.54), p < 0.001. This means for each unit increase in BMI, the risk of developing keratoconus increases by 38%. This suggests a strong causal relationship between higher BMI values and keratoconus, implying that individuals with obesity are at a higher risk of developing KC.

Although the pathophysiological mechanisms by which obesity causes keratoconus are not yet clear, past research has proposed several potential mechanisms.

Inflammatory responses may be a significant cause of keratoconus induced by obesity. Obesity is a systemic chronic metabolic inflammation (24), with upregulation of inflammatory markers such as tumor necrosis factor (TNF-α), interleukins (IL)-6, IL-1β, and CCL2 in the adipose tissue of obese individuals (24, 25). Additionally, organs such as the liver, pancreas, brain, and muscles experience increased exposure to inflammation in the state of obesity, leading to the development of various diseases (26). This chronic inflammation persists over time, and when such “inflammation” occurs in the eye, it can lead to changes in ocular inflammation, resulting in chronic damage to the ocular surface (25). Traditionally, keratoconus (KC) has been viewed as a non-inflammatory disease (27). However, with more in-depth research in recent years, a close association between the onset of KC and inflammation has been discovered (28). Previous studies have confirmed an increased expression of various inflammatory markers such as interleukins, metalloproteinases, and tumor necrosis factors in the corneal tissues and tear samples of patients with keratoconus (29–31). Interleukin 1β (IL-1β) and tumor necrosis factor α (TNF-α) have been shown to reduce the synthesis of collagen, induce apoptosis in corneal cells, and increase the activity of matrix metalloproteinases (MMPs) (31). Interestingly, the expression of MMPs in obese individuals is significantly higher compared to that in normal individuals. Mazor et al. (32) observed an increased expression and activity of MMP-2 in the brain tissues of obese patients, which in turn can reflexively promote obesity. MMPs, including MMP-1, MMP-3, MMP-7, and MMP-13, are enzymes secreted in response to cytokines and growth factors, responsible for the degradation of extracellular matrix proteins (31). In patients with keratoconus (KC), an increase in the proteolytic activity and expression levels of various matrix metalloproteinases (MMPs) and cytokines has been observed compared to healthy controls (29). Compared to healthy individuals and those with other corneal diseases, MMP levels are elevated, and levels of protease inhibitors are reduced in keratoconus specimens (33, 34), which may be a significant factor in the development of KC due to obesity. Furthermore, Dou et al. (35) have discovered through single-cell sequencing that inflammatory markers such as interleukins, metalloproteinases, and chemokines (e.g., CXCL1) are elevated in keratoconus tissue, further confirming the association between the onset of keratoconus and chronic inflammatory responses. Thus, chronic inflammation might be the underlying connection between obesity and the development of keratoconus.

Increased frequency of eye rubbing may be a key factor in the development of keratoconus due to obesity. Previous research indicates that eye rubbing can alter the mechanical stress on the cornea, leading to increased friction between the cornea and the conjunctiva, which causes remodeling of the corneal stromal microstructure and reduces its mechanical stability (36). Research by Dou et al. (35) found that the expression of biomechanical homeostasis regulators, including YAP1 and TEAD1, is elevated in the corneal group of patients with keratoconus, suggesting a biomechanical homeostasis imbalance in the corneal tissues of these patients. Moreover, an increased frequency of eye rubbing can promote the expression of various protease genes in the corneal matrix, including MMP1, MMP3, CTSD, CTSK, etc. (35, 37). This indicates that eye rubbing can not only change the mechanical stress on the cornea but also trigger biochemical reactions, causing an imbalance in corneal matrix protein dissolution and inducing the occurrence of keratoconus.

Recent reports have indicated that high BMI values can lead to damage to corneal epithelial nerves and an increase in dendritic cells in the cornea (38), suggesting that obesity can not only directly cause changes in corneal nerve structures and inflammatory states but also lead to eye discomfort, increase the frequency of eye rubbing in patients, and raise the risk of developing keratoconus. Additionally, it has been reported that obese patients are more prone to eyelid laxity and dermatochalasis compared to healthy individuals, which increases mechanical stress on the cornea from the eyelids, thereby increasing the risk of keratoconus development (13).

Despite recent studies focusing on the relationship between obesity and keratoconus, their findings have not fully ruled out other confounding factors and selection biases. Mendelian randomization (MR) analysis, however, akin to randomized controlled trials, is less susceptible to biases arising from confounding, selection biases, and reverse causality, thereby minimizing the limitations of previous research. Nevertheless, this study still has certain limitations. Firstly, although genetic predictions suggest that high BMI may be one of the risk factors for keratoconus, this study did not provide a detailed explanation of the pathological and physiological mechanisms involved. Secondly, as the GWAS sequencing data for keratoconus predominantly stem from individuals of European ancestry, the MR analysis in this study is limited to European populations, hence the results may not be fully generalizable to other ethnicities.

This study identified a significant causal relationship between high BMI, indicative of obesity, and keratoconus in the European population using Mendelian randomization (MR) methodology, and demonstrated the robustness of this association through various sensitivity analysis methods. Further meta-analysis validated the study findings, further strengthening the causal relationship between obesity and keratoconus. The findings of this study suggest that obesity may be a risk factor for keratoconus in the European population. In clinical management activities targeting obese patients, greater attention should be paid to the potential impact of obesity on ocular health. Furthermore, future research efforts are anticipated to involve more comprehensive whole-genome sequencing data and large-scale multicenter studies to validate the biological mechanisms underlying the association between obesity and keratoconus, elucidating the pathogenesis of keratoconus in greater detail for improved prevention and treatment of both conditions.
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