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Cathepsins and age-related macular degeneration
A Mendelian randomization study unveiling causal 
relationships
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Abstract 
Age-related macular degeneration (AMD) is a leading cause of vision impairment and blindness in older adults, profoundly affecting 
millions of individuals worldwide. Cathepsins are a crucial class of proteolytic enzymes that participates in multiple biological 
process. However, the role of cathepsins in AMD still remains unclear. This study aims to probe into the causal relationship 
between cathepsins and AMD using a 2-sample Mendelian randomization (MR). Instrumental variables associated with exposure 
(cathepsins) and the outcome (AMD) were sourced from published genome-wide association studies. To estimate the causal 
effects, methodologies such as inverse variance weighted, MR-Egger, and weighted median estimation (WM) were employed. 
Reverse MR and multivariate MR analyses were also performed. The elevated levels of cathepsin B significantly increased the risk 
of dry AMD, with an odds ratio (OR) of 1.068 (95% CI = 1.007–1.133) and a P-value of .029). Sensitivity analyses confirmed the 
robustness of these findings, with no evidence of heterogeneity or pleiotropy. Reverse MR analyses indicated that total AMD might 
elevate levels of cathepsin E (OR = 1.04, P = .029). Multivariate MR analysis showed significant associations between specific 
cathepsins and AMD subtypes, including cathepsin G and cathepsin O with significantly increasing risk. The study revealed a 
potential causal effect of cathepsin B on AMD, especially dry AMD. These findings provide potential therapeutic targets for AMD, 
and further research is needed to understand the underlying mechanisms.

Abbreviations: AMD = age-related macular degeneration, CNV = choroidal neovascularization, dAMD = dry AMD, ECM = 
extracellular matrix, GWAS = genome-wide association studies, IVs = instrumental variables, IVW = inverse variance weighted, 
MMPs = matrix metalloproteinases, MR = Mendelian randomization, OR = odds ratio, ROS = reactive oxygen species, RPE = 
retinal pigment epithelial, SNP = single-nucleotide polymorphism, TSMR = two-sample MR, VEGF = vascular endothelial growth 
factor, wAMD = wet AMD, WM = median estimation.
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1. Introduction
Age-related macular degeneration (AMD), a progressive 
chronic disease of the central retina, is a leading cause of vision 
impairment and blindness in older adults, profoundly affecting 
millions of individuals worldwide.[1,2] The disease manifests pri-
marily in 2 forms: wet AMD (wAMD) and dry AMD (dAMD), 
which are both associated with progressive visual impairment.[3] 
Moreover, the pathophysiology of AMD is complex and mul-
tifactorial, involving genetic, age, environmental, and lifestyle 
risk factors.[4] Notably, genetic polymorphisms play a signifi-
cant role in AMD, with regulating complement, lipid, angio-
genic, and extracellular matrix pathways being implicated.[5] 
Nowadays, the therapeutic strategies of AMD mainly include 

anti-vascular endothelial growth factor (anti-VEGF) therapies 
for neovascular AMD, and laser therapies or surgical interven-
tions for dAMD.[4,6] Anti-VEGF drugs, such as ranibizumab 
and bevacizumab, can inhibit angiogenesis and have proven 
effective in slowing disease progression and improving visual 
outcomes.[7] Additionally, recent phase 3 clinical trials with 
intravitreal anticomplement factors like pegcetacoplan and 
avacincaptad pegol have shown promise in reducing the pro-
gression of geographic atrophy, heralding potential new treat-
ment avenues for dAMD.[6] However, while these treatments 
have revolutionized the management of neovascular AMD, 
they come with potential systemic safety concerns that war-
rant further investigation. Therefore, future research needs to 
focus on elucidating the underlying mechanisms, exploring new 
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treatment targets, and developing comprehensive, multi-faceted 
therapeutic approaches.

Cathepsins are a crucial class of proteolytic enzymes that 
belong to the cysteine, serine, and aspartic protease families. 
Structurally, cathepsins are classified into 3 major groups 
according to the residue in their catalytic triad: cysteine 
cathepsins (e.g., cathepsin B, L, and K), serine cathepsins (e.g., 
cathepsin A and G), and aspartic cathepsins (e.g., cathepsin 
D and E).[8] During the process, cathepsins are synthesized 
as inactive proenzymes, or zymogens, and are required pro-
teolytic cleavage for activation. The activation often occurs 
within the acidic environment of lysosomes, and is regulated at 
multiple levels, including gene expression, proteolytic activa-
tion, and inhibition by endogenous inhibitors such as cystatins 
and serpins.[9–11] This precise regulation is critical, as dysregu-
lation can lead to excessive or insufficient proteolytic activity, 
contributing to pathological conditions. Recent research has 
highlighted the versatile roles of cathepsins beyond their tradi-
tional lysosomal degradation functions, like apoptosis, antigen 
presentation, and extracellular matrix remodeling.[12–16] This 
versatility underscores their involvement in various human 
diseases, including neurodegenerative disorders, cardiovascu-
lar diseases, cancer, and inflammatory conditions.[13,17,18] It is 
reported that cathepsins, encompassing various subtypes such 
as cathepsin A, B, D, L, and Z, are present in the choroid.[19] 
Moreover, these proteolytic enzymes are involved in the deg-
radation of the extracellular matrix and protein metabolism, 
thereby playing a crucial role in preserving the normal struc-
ture and function of the choroid.[20] Empirical studies have 
demonstrated that cathepsins B, Z, and L are instrumental 
in modulating the formation of choroidal neovascularization 
(CNV). Furthermore, the inhibition of these specific cathep-
sins has been shown to significantly reduce the extent of CNV 
lesions. In addition, the pathogenesis of AMD is related to oxi-
dative stress, and the activity of cathepsins may be affected 
by oxidative stress, thereby participating in the pathological 
process of AMD.[19–21] Furthermore, genetic mutations and 
polymorphisms in cathepsin genes have been linked to specific 
hereditary diseases, providing insights into their physiological 
relevance and potential as therapeutic targets.[22–24] In recent 
years, the role of cathepsins in ocular diseases has emerged as 

a crucial area of study, and the relationship between cathepsins 
and AMD still needs further investigated.

Mendelian randomization (MR) analysis is a statistical 
method that exploits the inherent properties of common genetic 
variations to evaluate the causal association between environ-
mental exposures and diseases, by mimicking a lifelong ran-
domized controlled trial.[25,26] Of these, 2-sample MR analysis 
can utilize single-nucleotide polymorphism (SNP)-exposure and 
SNP-outcome associations from independent GWASs and com-
bine them into a single causal estimate.[27] In our ongoing study, 
genetic variants associated with the exposure (in this study, 
cathepsins) are identified as proxies instrumental variables (IVs) 
and are then tested for their combined effect on the outcome (in 
this study, AMD). Thus, we performed a 2-sample MR analysis 
to probe into the potential relationship between the cathepsins 
and AMD, utilizing data obtained from whole-genome associa-
tion studies.

2. Materials and methods

2.1. Study design

In this study, two-sample MR (TSMR) were employed to eval-
uate the causal relationship between 9 cathepsins and the risk 
of developing AMD. Genetic variants associated with expo-
sure (in this study, cathepsins) are identified as proxies (IVs) 
and are then tested for their combined effect on the the out-
come (in this study, AMD). The MR analysis was guided by 
3 primary hypotheses: strong association hypothesis: selected 
SNPs must exhibit a strong association with levels of cathep-
sins (exposure). No confounding hypothesis: SNPs should 
not be associated with any potential confounding factors that 
could influence both cathepsin levels and AMD risk. Exclusive 
influence hypothesis: SNPs should influence the risk of AMD 
exclusively through their impact on cathepsin levels, indicating 
the absence of genetic pleiotropy. The flow chart of this study 
is shown in Figure 1. All participants in the studies provided 
written informed consent, and the research protocols were 
approved by the respective institutional ethics committees. 
Genetic samples were sourced from separate genome-wide 
association studies (GWAS) databases to minimize overlap 

Figure 1.  Flowchart of the study design.
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and biases. This thorough approval process eliminated the 
need for additional ethical clearances for this MR study.

2.2. GWAS for instrumental variables and outcomes

The MR analysis utilized genetic instruments to measure the 
levels of 9 cathepsin sourced from the INTERVAL study involv-
ing 3301 participants from European descent.[28] Public access 
to the data is available through the GWAS database website 
(https://gwas.mrcieu.ac.uk.).

The genetic data for AMD were sourced from the latest 
FinnGen consortium database (DF10).[29] This extensive data-
base comprises 9721 cases of AMD, accompanied by 381,339 
control individuals, ensuring a robust dataset for thorough anal-
ysis. Within this dataset, the dAMD subset encompasses 6651 
cases and is complemented by 272,504 controls. Additionally, 
the wAMD data consist of 5239 cases and 273,920 controls. 
Together, these comprehensive datasets provide a valuable 
resource for investigating the genetic factors associated with 
different forms of AMD in a large population. Further specifics 
and data details are available via the official FinnGen website 
(https://www.finngen.fi/en/).

2.3. Selection of instrumental variables

The selection of SNPs as instrumental variables was essential 
for establishing the accuracy of the causal relationship between 
cathepsins and AMD. To affirm the validity and accuracy of this 
relationship, rigorous steps were undertaken to identify and 
select the most suitable SNPs associated with the exposure fac-
tors. Given the limited pool of SNPs available for MR analysis, 
a significance threshold was set at P < 5 × 10−6 to identify those 
SNPs that demonstrated strong associations with the exposures 
being studied. Additionally, to prevent the influence of linkage 
disequilibrium, an r2 threshold of 0.001 and a clump window 
size of 10,000 kilobases were applied. Moreover, it was impera-
tive to confirm that the selected SNPs were not associated with 
any confounding factors that might distort the observed rela-
tionships between the exposures and outcomes. Consequently, 
each SNP was rigorously verified to ensure that it affected the 
outcome exclusively through its impact on the exposure factors, 
thereby maintaining a clear and unambiguous path of causality 
within the analysis.

2.4. Statistical methods

To test the hypothesis that genetic instruments affect AMD by 
influencing cathepsins, we utilized MR analysis methods. Then, 
we performed inverse variance weighted (IVW) analysis of 
MR estimates for all instrument variables to derive the overall 
MR estimate for the effect of cathepsin on the AMD. The IVW 
method was primarily utilized to assess causality, yielding sig-
nificant results when the P-value fell below .05. The causality 
was evaluated using the odds ratio (OR) and a 95% confidence 
interval (CI), with an OR value <1 indicating a protective effect 
and an OR value >1 signifying a risk factor.

To test the hypothesis that genetic instruments affect AMD 
by influencing cathepsins, we utilized MR analysis methods. 
Specifically, the IVW approach was applied to derive the over-
all MR estimate for the effect of cathepsins on AMD across all 
instrumental variables. The IVW method, which assumes all 
genetic instruments are valid and free of horizontal pleiotropy, 
was selected for its statistical power and efficiency in combining 
SNP-level effects. The IVW method primarily assessed causality, 
with significance determined at a threshold of P < .05. Causality 
was evaluated using ORs and 95% CI, where an OR <1 indi-
cated a protective effect and an OR >1 suggested a risk factor.

To affirm the robustness of the results, the MR-Egger and 
Weighted Median methods served as supplementary analyses. 

These methods provide alternative perspectives on causality 
and help mitigate potential biases from pleiotropy or invalid 
instruments. Additionally, a reverse MR analysis was conducted 
to investigate the possibility of reverse causation, examining 
whether AMD could influence cathepsin levels. In the multi-
variable MR analysis, we assessed the direct causal effects of 
each cathepsin on different AMD subtypes, considering mul-
tiple exposures simultaneously. The criteria for selecting spe-
cific cathepsins as adjustment variables were based on their 
known biological relevance and the need to account for pleio-
tropic effects that might confound the analysis. This approach 
enhances the specificity of causal estimates by isolating the effect 
of individual cathepsins while adjusting for potential shared 
genetic influences. In this study, the threshold of P < .05 was 
used to determine statistical significance.

2.5. Sensitivity analysis

The efficacy of the MR approach hinges on a pivotal assump-
tion of pleiotropy absence. Consequently, it is imperative to 
assess the likelihood of pleiotropy when employing MR tech-
niques. In order to delve deeper into the robustness of our 
findings against potential pleiotropic effects, we conducted 
a series of sensitivity analyses. First, heterogeneity was esti-
mated using Cochran Q test. Cochran Q is a measure of het-
erogeneity among causal estimates and serves as an indicator 
of the presence of horizontal pleiotropy.[30] Second, we used 
the weighted median and MR-Egger methods as mentioned 
above.[31,32] Specifically, a weighted median is robust to invalid 
instruments and can provide consistent estimation even when 
up to 50% of the weight is from invalid SNPs. The MR-Egger 
method may provide correct estimates as long as instrument 
strength is independent of the direct effect assumption is sat-
isfied. The P-value of the MR-Egger intercept indicates the 
presence of horizontal heterogeneity, with a P-value < .05 
indicating the possibility of heterogeneity. Finally, Leave-one-
out analysis was conducted to exclude SNPs with extreme 
influences.

2.6. Software and tools

Conduct all statistical analyses using the R software (4.3.3), uti-
lizing specialized packages such as TSMR and MR-PRESSO for 
MR analyses. R language packages, such as ggplot2 and forest 
plot package, were applied to plot scatter plots and forest plots.

3. Results

3.1. Association of various cathepsins with different 
subtypes of AMD

This study employed 2-Sample MR analyses to investigate the 
effects of 9 cathepsins (B, E, F, G, H, L2, O, S, and Z) on the 
overall risk and various histological subtypes of AMD, including 
total AMD, dAMD, and wAMD. Notably, the univariable MR 
analysis indicated that elevated levels of cathepsin B significantly 
increased the risk of dry AMD, with an OR of 1.068 (95% 
CI = 1.007–1.133) and a P-value of .029 (Table 1). However, 
the IVW method did not reveal any causal associations between 
the other types of cathepsins and overall AMD or its major his-
tological subtypes.

3.2. MR sensitivity analysis

To address potential overlooks of pleiotropic effects by the IVW 
method, sensitivity analyses were conducted. Cochran Q test 
indicated no significant heterogeneity among the SNPs (P > .05). 
Furthermore, both the weighted media and MR-Egger intercept 
showed no evidence of horizontal pleiotropy. The scatter plots 

https://gwas.mrcieu.ac.uk
https://www.finngen.fi/en/
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of these analyses, as illustrated in Figure 2, highlighting the con-
sistency of the findings across different MR methods. Lastly, the 
results of the leave-one-out analysis further demonstrated the 
robustness of these findings.

3.3. Reverse MR analysis

To explore the potential, reverse causality, we conducted reverse 
MR analyses. The results revealed no reverse causation between 
cathepsin B and all kinds of AMD risks (Table 2). Interestingly, 
the analysis suggested that total AMD might elevate levels of 
cathepsin E (Table 2). Cathepsin E, an intracellular aspartic 
protease, is integral to various physiological and pathological 
processes, including intracellular protein metabolism, antigen 
processing, immune responses, tumorigenesis and develop-
ment, and neurological disorders.[33–35] Despite its established 
roles, there is a lack of research investigating the involvement of 
cathepsin E in the pathogenesis of AMD. Drawing on its mecha-
nisms of action in other diseases, we hypothesize that cathepsin 
E may contribute to the onset and progression of AMD through 
the regulation of mitochondrial function. However, the role of 
cathepsin E in the pathogenesis of AMD needs further study. In 
addition, the IVW method supported this observation with sta-
tistically significant OR (OR = 1.040, 95% CI = 1.004–1.078, 
P = .029), and no pleiotropy was indicated in the tests.

3.4. Multivariable MR analysis

We conducted a multivariable MR analysis to assess the 
genetic predisposition involving multiple cathepsins in rela-
tion to the risk of different AMD subtypes. However, after 
adjusting for the influence of other cathepsins, no statistically 
significant causal associations were observed between multi-
ple cathepsins and total AMD (Table 3). However, the analy-
sis revealed that elevated levels of cathepsin B were robustly 
associated with an increased risk of dAMD after adjustment 
for the effects of other cathepsins. This association was quan-
tified with an OR of 1.075 (95% CI = 1.007–1.147) and a 
P-value of .030 (Table 3). Additionally, in wAMD, cathepsin 
G and cathepsin O were both found to significantly increase 
risk. To be specific, cathepsin G and cathepsin O were both 
found to significantly increase risk of in wAMD by multiple 
MR analysis. Cathepsin G is a serine protease primarily pro-
duced by neutrophils and can play a role in inflammation 
related diseases by participating in immune responses. Thus, 
cathepsin G may participate in the occurrence and develop-
ment of wAMD by regulating the production of cytokines 
and chemokines, activating and shedding cell surface recep-
tors, and promoting apoptosis.[36,37] For cathepsin O, it is a 
cysteine protease capable of catalyzing the cleavage of pep-
tide bonds, thereby contributing to protein degradation. In 
wAMD, it may play a role in the pathogenesis and progression 

Table 1

Effect of cathepsins on AMD and its histological subtypes estimated by univariable Mendelian randomization analysis.

Cathepsin SNPs

Inverse variance weighted MR-Egger Weighted median

OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

Cathepsin B
 � AMD 20 1.051 (0.985–1.122) .131 1.033 (0.882–1.209) .695 1.009 (0.935–1.088) .820
 � Dry AMD 20 1.068 (1.007–1.133) .029* 1.038 (0.902–1.194) .612 1.007 (0.924–1.097) .874
 � Wet AMD 20 1.051 (0.957–1.155) .299 1.061 (0.844–1.335) .619 1.041 (0.940–1.153) .436
Cathepsin E
 � AMD 9 0.974 (0.897–1.056) .521 .941 (0.816–1..084) .427 .936 (0.855–1.024) .151
 � Dry AMD 9 0.955 (0.890–1.025) .204 0.971 (0.863–1.093) .638 0.948 (0.856–1.051) .311
 � Wet AMD 9 0.988 (0.866–1.127) .854 0.906 (0.726–1.131) .413 0.939 (0.842–1.047) .253
Cathepsin F
 � AMD 12 1.029 (0.963–1.100) .399 1.007 (0.856–1.185) .933 1.021 (0.940–1.109) .620
 � Dry AMD 12 1.0233 (0.958–1.093) .495 0.963 (0.826–1.124) .645 1.015 (0.929–1.108) .747
 � Wet AMD 12 1.017 (0.928–1.114) .720 1.090 (0.876–1.356) .457 0.951 (0.856–1.057) .354
Cathepsin G
 � AMD 12 1.028 (0.959–1.102) .435 1.124 (0.971–1.300) .148 1.055 (0.964–1.155) .245
 � Dry AMD 12 0.980 (0.903–1.065) .639 1.057 (0.882–1.266) .564 0.966 (0.866–1.078) .538
 � Wet AMD 12 1.099 (0.972–1.243) .132 1.251 (0.960–1.630) .129 1.098 (0.965–1.249) .158
Cathepsin H
 � AMD 11 1.001 (0.966–1.036) .976 0.965 (0.920–1.013) .185 0.988 (0.951–1.027) .544
 � Dry AMD 11 1.008 (0.959–1.059) .764 0.976 (0.914–1.043) .491 0.992 (0.948–1.037) .719
 � Wet AMD 11 0.978 (0.933–1.026) .362 0.927 (0.869–0.988) .004 0.957 (0.911–1.006) .081
Cathepsin O
 � AMD 12 0.968 (0.902–1.039) .369 1.010 (0.857–1.191) .904 0.935 (0.844–1.036) .198
 � Dry AMD 12 0.936 (0.861–1.018) .123 1.004 (0.828–1.218) .967 0.912 (0.815–1.021) .109
 � Wet AMD 12 1.009 (0.918–1.108) .860 1.024 (0.824–1.272) .835 0.972 (0.855–1.105) .661
Cathepsin S
 � AMD 23 0.980 (0.927–1.037) .484 0.885 (0.816–0.960) .008 0.945 (0.886–1.007) .080
 � Dry AMD 23 0.981 (0.917–1.050) .579 0.877 (0.791–0.971) .020 0.926 (0.858–0.999) .046
 � Wet AMD 23 0.984 (0.928–1.044) .593 0.914 (0.826–1.010) .093 0.909 (0.840–0.984) .018
Cathepsin L2
 � AMD 12 0.928 (0.858–1.004) .063 0.967 (0.788–1.186) .754 0.926 (0.835–1.028) .150
 � Dry AMD 12 0.921 (0.837–1.015) .096 0.742 (0.583–0.944) .036 0.975 (0.852–1.116) .713
 � Wet AMD 12 0.909 (0.807–1.024) .118 1.245 (0.950–1.631) .143 0.903 (0.781–1.043) .165
Cathepsin Z
 � AMD 13 1.004 (0.953–1.057) .879 0.954 (0.884–1.031) .260 0.962 (0.900–1.029) .249
 � Dry AMD 13 1.016 (0.950–1.087) .642 0.933 (0.852–1.022) .165 0.973 (0.886–1.056) .510
 � Wet AMD 13 0.973 (0.912–1.039) .417 0.954 (0.861–1.057) .392 0.957 (0.883–1.037) .286

AMD = age-related macular degeneration, CI = confidence interval, MR = Mendelian randomization, OR = odds ratio.
*Indicates P value < .05.
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of the disease by degrading the extracellular matrix and facil-
itating angiogenesis.[19,20] Cathepsin G was associated with 
an increased risk of wAMD (OR = 1.106, 95% CI = 1.002–
1.220, P = .047), and cathepsin O was even more strongly 
linked to increased risk (OR = 1.178, 95% CI = 1.025–1.353, 
P = .021), as depicted in Figure 3.

4. Discussion
Age-related macular degeneration is a progressive, vision- 
threatening disease that affects the elderly population. The 
development and progression of AMD involves a highly com-
plex factors in which the genetic variation influences the disease 
risk substantially.[2] In this study, we analyzed the causal link 

Figure 2.  Scatter plots of MR analysis for cathepsins and AMD subtypes. Each point represents the effect of a SNP on both the exposure (cathepsins) and the 
outcome (AMD subtypes). Different colored regression lines indicate causal effects estimated using various algorithms. AMD = Age-related macular degenera-
tion, MR = Mendelian randomization SNP = single-nucleotide polymorphism.
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between 9 different cathepsins and the risk of various histolog-
ical subtypes of AMD using MR analyses. Based on the analy-
sis of univariable MR, reverse MR, and multivariable MR, our 
findings indicate that cathepsin B is a significant risk factor for 
AMD, particularly for the dAMD. Furthermore, no evidence of 
reverse causality for cathepsin B was observed.

AMD can be categorized into early and advanced stages clin-
ically. The advanced stage poses a significant threat to visual 
acuity and encompasses both dAMD and wAMD. dAMD is 
characterized by geographic atrophy of the retinal pigment epi-
thelial (RPE), photoreceptors, and choriocapillaris, leading to 
progressive retinal cell loss and a subsequent decline in visual 
acuity. In contrast, wAMD is marked by choroidal neovascu-
larization (CNV), which results in subretinal leakage of blood, 
lipids, and fluids, as well as the formation of fibrous scars.[3] 
Although the pathogenesis of AMD remain unclear, chronic 
inflammation, lipid deposition, oxidative stress, and impaired 
maintenance of the extracellular matrix are closely linked to 
the pathogenesis of AMD.[38,39] Cathepsins are a group of pro-
teolytic enzymes involved in various physiological processes, 
including protein degradation, antigen presentation, and tis-
sue remodeling.[16] Research has reported that cathepsin can be 
involved in the pathogenesis of AMD in multiple ways, such 
as the activity of cathepsin in Bruch membrane and RPE cells 
affecting extracellular matrix remodeling, which in turn affects 
the progression of AMD. Meanwhile, Cathepsin can participate 
in the expression and activity of VEGF, promoting the forma-
tion of new blood vessels in wet AMD.[40,41] In recent years, the 
role of cathepsins in ocular diseases has emerged as a crucial 
area of study, given their involvement in maintaining ocular 
homeostasis and their contribution to the pathogenesis of sev-
eral eye conditions.

In the present study, we identified cathepsin B as a signif-
icant risk factor for AMD, with a particular emphasis on its 
association with dAMD. The findings derived from the IVW 

methods were corroborated by other complementary analyti-
cal approaches, and there was no indication of pleiotropy or 
reverse causality. In contrast, we found no significant associa-
tion between cathepsin B and wAMD. Cathepsin B is an import-
ant lysosomal cysteine protease that plays a key role in many 
physiological and pathological processes. Its activity is closely 
related to the occurrence and progression of many diseases, 
including cancer, neurodegenerative diseases, cardiovascular 
diseases, liver diseases and parasitic infections. Previous stud-
ies have explored possible mechanisms related to cathepsin B 
and tumors, suggesting that it can promote tumor cell invasion 
and metastasis by degrading extracellular matrix and basement 
membrane, and can activate matrix metalloproteinases (MMPs) 
and VEGF to promote tumor angiogenesis, thus participating 
in the occurrence and development of various cancers (such 
as breast cancer, colorectal cancer, prostate cancer, and brain 
tumor).[16,42] Besides, studies indicated that Cathepsin B can 
degrade extracellular matrix, weaken the stability of arterial 
wall, promote plaque rupture, and participate in atherosclero-
sis.[43] Furthermore, the relationship between cathepsin B and 
glaucoma had been investigated, suggesting that cathepsin B 
was significantly overexpressed in the trabecular meshwork of 
glaucoma patients. These enzymes contribute to the remodeling 
of the extracellular matrix, which is crucial for the maintenance 
of intraocular pressure. Dysregulated cathepsin activity may 
lead to impaired outflow of aqueous humor, subsequently caus-
ing elevated intraocular pressure and optic nerve damage.[44,45] 
Research has demonstrated that in AMD, the aberrant activity 
of cathepsin B can disrupt the equilibrium in the degradation of 
extracellular matrix (ECM) components. Specifically, an upreg-
ulation in cathepsin B activity may result in excessive degrada-
tion of specific ECM components, thereby compromising the 
structural integrity of the retina. This disruption can adversely 
affect the exchange of materials and interactions between RPE 
cells and the choroid, ultimately leading to RPE cell dysfunction 

Table 2

Effect of AMD and its histological subtypes on cathepsins estimated by reverse Mendelian randomization analysis (ranked by P-value).

Exposure Outcome Methods Number of SNPs P-value OR OR 95% LCI OR 95% UPCI

AMD Cathepsin E IVW 164 .029* 1.040 1.004 1.078
Cathepsin H IVW 164 .193 1.024 0.988 1.061
Cathepsin F IVW 164 .296 1.020 0.983 1.059
Cathepsin B IVW 164 .406 0.985 0.950 1.021
Cathepsin L2 IVW 164 .500 0.987 0.950 1.025
Cathepsin O IVW 164 .503 1.012 0.977 1.049
Cathepsin Z IVW 164 .547 1.011 0.975 1.050
Cathepsin G IVW 164 .732 0.993 0.957 1.032
Cathepsin S IVW 164 .923 0.998 0.964 1.034

dAMD Cathepsin E IVW 127 .163 1.025 0.990 1.062
Cathepsin F IVW 127 .184 1.025 0.988 1.064
Cathepsin Z IVW 127 .208 1.022 0.988 1.057
Cathepsin G IVW 127 .255 0.980 0.947 1.015
Cathepsin L2 IVW 127 .296 0.982 0.949 1.016
Cathepsin O IVW 127 .406 1.015 0.981 1.050
Cathepsin S IVW 127 .727 0.994 0.959 1.030
Cathepsin H IVW 127 .797 0.996 0.962 1.030
Cathepsin B IVW 127 .848 0.997 0.963 1.031

wAMD Cathepsin H IVW 140 .052 1.035 1.000 1.072
Cathepsin E IVW 140 .055 1.031 0.999 1.064
Cathepsin O IVW 140 .160 1.023 0.991 1.056
Cathepsin B IVW 140 .254 1.020 0.986 1.054
Cathepsin G IVW 140 .267 0.982 0.952 1.014
Cathepsin F IVW 140 .275 1.019 0.985 1.053
Cathepsin S IVW 140 .296 1.017 0.985 1.050
Cathepsin Z IVW 140 .384 1.016 0.980 1.053
Cathepsin L2 IVW 140 .569 0.991 0.960 1.023

AMD = age-related macular degeneration, CI = confidence interval, dAMD = dry AMD, IVW = inverse variance weighted, LCI = low confidence interval, MR = Mendelian randomization, OR = odds ratios, 
SNPs = single-nucleotide polymorphisms, UPCI = UP confidence interval, wAMD = wet AMD.
*Indicates P value < .05.
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and facilitating the progression of AMD. Moreover, cathepsin 
B can participate in the degradation process of reactive oxy-
gen species (ROS) within RPE cells. Its abnormality may cause 
the accumulation of incompletely degraded ROS components 
within RPE cells, affect the normal metabolism of the cells, 
and then damage the function of RPE cells. In addition, in the 
pathological progression of dAMD, cathepsin B may impair 
mitochondrial function, leading to the overproduction of ROS. 
These ROS can subsequently damage cellular biomacromole-
cules, resulting in oxidative stress that contributes to cellular 
aging and apoptosis in RPE cells, thereby advancing the pro-
gression of AMD.[17,19,41,44,45] However, the mechanism of cathep-
sin B in AMD is still complex and unclear, and further research 
is needed to clarify its role.

Furthermore, the results of reverse MR analyses indicated 
that total AMD might elevate levels of cathepsin E. Cathepsin 
E is an endopeptidase belonging to the aspartic protease family, 
which plays a key role in many physiological functions such as 
protein degradation, immune response regulation and apoptosis. 
It has been reported that cathepsin E can be involved in a variety 
of human diseases, such as tumors, neurodegenerative diseases 
and metabolic diseases.[46,47] However, the role of cathepsin E 
in the pathogenesis of AMD needs further study. Additionally, 
Cathepsin G and cathepsin O were both found to significantly 
increase risk of in wAMD by multiple MR analysis. Cathepsin G 
is a serine protease primarily produced by neutrophils and can 
play a role in inflammation related diseases by participating in 
immune responses.Previous studies have found that the expres-
sion and activity of Cathepsin G in neutrophils of COVID-19 
patients are related to the severity of the disease and may be 
significantly increased in severe patients, indicating the mecha-
nism of action of neutrophil Cathepsin G in the thrombosis of 

COVID-19 patients.[48–50] As for wAMD, Cathepsin G may regu-
late the production of cytokines and chemokines, activating and 
shedding cell surface receptors, and promoting apoptosis.[14,36,37] 
For cathepsin O, it is a cysteine protease capable of catalyzing 
the cleavage of peptide bonds, thereby contributing to protein 
degradation, and it may degrade the extracellular matrix and 
facilitating angiogenesis to participate in the pathogenesis of 
wAMD. Besides, Cathepsin O may play a regulatory role in 
the immune microenvironment, influencing the interactions 
between diseased cells and immune cells, thereby contributing 
to the pathogenesis of wAMD.[19,20] More importantly, popula-
tions may vary in their genetic and environmental characteris-
tics, which can affect the generalizability of the results. Different 
subgroups within the population may have different causal 
relationships between the exposure and the outcome. Moreover, 
many diseases have complex pathophysiological mechanisms 
that may not be fully captured by genetic variants. Therefore, 
while reverse MR analysis is a valuable approach for exploring 
causal relationships, it needs to be carefully considered when 
interpreting the results. In our study, we have accounted for the 
specific subtype of AMD) and incorporated the most extensive 
publicly available dataset to enhance the accuracy of the reverse 
MR results.

In conclusion, the primary genetic evidence from this study 
reveals that high levels of cathepsin B increase the risk of AMD, 
particularly dAMD. This may provide a novel biochemical 
marker (cathepsin B) for the prediction, screening, early diag-
nosis, and prognosis of dAMD. Further study that pays more 
attention to the level of cathepsin B in the aqueous or plasma 
of dMAD patients. However, our study has some limitations. 
Firstly, the data are sourced from the INTERVAL study involv-
ing participants from European descent, which may not be 

Table 3

Forest plot of multivariate MR analysis results (ranked by P-value).

Exposure Number of SNPs P-value (IVW) OR OR 95% LCI OR 95% UPCI

AMD
 � Cathepsin B 1 .179 1.042 0.981 1.107
 � Cathepsin O 0 .295 1.057 0.953 1.172
 � Cathepsin L2 1 .343 0.956 0.872 1.049
 � Cathepsin H 2 .421 0.982 0.941 1.026
 � Cathepsin S 1 .466 0.980 0.927 1.036
 � Cathepsin F 3 .574 1.022 0.947 1.104
 � Cathepsin E 0 .604 0.982 0.917 1.051
 � Cathepsin G 0 .685 1.015 0.943 1.094
 � Cathepsin Z 2 .892 1.005 0.935 1.081
dAMD
 � Cathepsin B 1 .030* 1.075 1.007 1.147
 � Cathepsin G 0 .204 0.949 0.876 1.029
 � Cathepsin E 0 .282 0.960 0.892 1.034
 � Cathepsin S 1 .496 0.979 0.922 1.040
 � Cathepsin F 3 .507 1.028 0.947 1.117
 � Cathepsin L2 1 .585 0.972 0.880 1.075
 � Cathepsin H 2 .765 0.993 0.948 1.040
 � Cathepsin O 0 .798 1.015 0.907 1.135
 � Cathepsin Z 2 .818 1.009 0.933 1.092
wAMD
 � Cathepsin Z 2 .973 0.998 0.906 1.100
 � Cathepsin O 0 .021* 1.178 1.025 1.353
 � Cathepsin G 0 .047* 1.106 1.002 1.220
 � Cathepsin H 2 .091 0.952 0.898 1.008
 � Cathepsin L2 1 .166 0.916 0.810 1.037
 � Cathepsin B 1 .488 1.029 0.949 1.115
 � Cathepsin S 1 .534 0.977 0.906 1.053
 � Cathepsin E 0 .757 0.986 0.900 1.080
 � Cathepsin F 3 .961 0.997 0.900 1.105

AMD = age-related macular degeneration, CI = confidence interval, dAMD = dry AMD, IVW = inverse variance weighted, LCI = low confidence interval, MR = Mendelian randomization, OR = odds ratio, 
SNPs = single-nucleotide polymorphisms, UPCI = UP confidence interval, wAMD = wet AMD.
*Indicates P value < .05.
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generalizable to other populations. Also, the use of 2 dataset 
and the AMD have complex pathophysiological mechanisms 
that may not be fully captured by genetic variants can cause 
inaccurate to some extent. Secondly, although our findings 
have identified causal relationships between certain cathepsins 
and AMD, the underlying mechanisms remain unclear. Thirdly, 
while reverse MR analysis did not find a reverse causal relation-
ship between cathepsin B and AMD, it still needs to be carefully 
considered when interpreting the results, due to the population 
heterogeneity, confounding factors and external validity. Finally, 
as with all MR analyses, our results are vulnerable to violations 
of the assumptions of MR and no MR result in isolation can 
be categorically regarded to prove causation. Understanding the 
specific mechanisms by which cathepsins contribute to AMD 
will be instrumental in developing targeted therapies for these 
conditions.
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