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Background: Research on metformin, sulfonylureas, and open-angle glaucoma risk in type 2 diabetes mellitus (T2DM) has yielded 
inconsistent findings. This study examined associations between hypoglycemic treatments and glaucoma diagnosis rates.
Methods: This retrospective cohort study analyzed electronic health records of newly diagnosed T2DM patients from the Merative™ 
Explorys® Therapeutic Dataset (2010–2022), comparing three groups: metformin monotherapy, sulfonylureas plus metformin combi
nation, and untreated controls. Propensity score matching balanced demographics, glycemic control, body mass index, blood pressure, 
lipid levels, and comorbidities. Cox proportional hazards models calculated adjusted hazard ratios for incident glaucoma.
Results: After 1:1 propensity score matching, metformin monotherapy (N=100,387) showed a non-significant trend toward higher 
glaucoma diagnosis rates compared to matched controls (HR 1.106, 95% CI 1.014–1.207, p=0.023; adjusted HR 1.076, 95% CI 
0.995–1.163, p=0.067). Patients receiving combination therapy with sulfonylureas and metformin (N=38,692) demonstrated statisti
cally significantly higher glaucoma diagnosis rates relative to matched controls (HR 1.235, 95% CI 1.077–1.417, p=0.002; adjusted 
HR 1.194, 95% CI 1.075–1.326, p=0.001). Direct comparison between combination therapy and metformin monotherapy did not reach 
statistical significance (adjusted HR 1.084, 95% CI 0.973–1.207, p=0.144).
Conclusion: This observational study found associations between diabetes medications and increased glaucoma diagnosis rates but 
cannot establish causality. Multiple competing explanations exist: reverse causation (clinicians preferentially prescribing metformin to 
diabetic patients with emerging glaucoma based on prior protective literature), confounding by indication (sicker patients requiring 
medication having inherently higher glaucoma risk), and detection bias (differential surveillance patterns). The non-significant 
metformin monotherapy finding (p=0.067) aligns with recent meta-analyses showing no association. While the statistically significant 
combination therapy association warrants investigation, it should not be interpreted as definitive causation. Prospective studies 
controlling for disease severity, surveillance patterns, and treatment indication are needed to disentangle these explanations and 
inform clinical practice.
Keywords: glaucoma, metformin, sulfonylureas, type 2 diabetes mellitus, retrospective cohort study

Introduction
Type 2 diabetes mellitus (T2DM) represents a significant health burden in the United States of America, affecting 
millions of individuals. Approximately 37.3 million people in the United States have diabetes, with the majority being 
T2DM.1 The disease is characterized by impaired glucose metabolism and is associated with numerous microvascular 
and macrovascular complications. Among these complications, the relationship between T2DM and glaucoma has 
garnered increasing attention in recent years.

Metformin, a biguanide, is widely recognized as the first-line pharmacological treatment for T2DM, while sulfony
lureas are commonly prescribed as second-line agents or in combination therapy.2 Despite these findings, the potential 
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interaction between different hypoglycemic agents and glaucoma risk remains poorly understood, necessitating further 
investigation.

Previous studies have suggested that metformin may offer protective effects against glaucoma. A paper by Lin 
demonstrated a significant protective association between metformin usage and open-angle glaucoma risk in diabetic 
patients.3 The retrospective cohort analysis revealed that patients receiving the highest doses of metformin - those 
exceeding 1,110 grams over a two-year period - experienced a 25% lower risk of developing open-angle glaucoma 
compared to non-users. This risk reduction was quantified by a hazard ratio of 0.75, with a 95% confidence interval of 
0.59 to 0.95. The findings indicate that metformin’s protective effects may increase with higher dosages, suggesting 
a dose-response relationship. Another paper by Vergroesen reinforces metformin’s protective effects against open-angle 
glaucoma in Type 2 diabetes patients. The research demonstrated that patients receiving metformin treatment exhibited 
a substantially reduced risk of developing open-angle glaucoma, with an odds ratio of 0.18 (95% confidence interval: 
0.08–0.41) when compared to patients not treated with the medication.4 This represents an 82% reduction in risk, 
providing compelling support for metformin’s potential protective properties.

However, these findings have been inconsistent, and the potential interaction between different hypoglycemic 
medications in relation to glaucoma risk has not been thoroughly investigated. A paper by George found that there 
was no association between the effects of metformin on the incidence of open-angle glaucoma.5 Similarly, a meta- 
analysis by Kim revealed no significant association between metformin usage and incidence of open angle glaucoma 
among patients with type 2 diabetes.6 Furthermore, the addition of sulfonylureas to metformin therapy may introduce 
complex pharmacological interactions that could influence glaucoma risk. The paper by Vashisht found an increased risk 
of developing glaucoma compared to other antidiabetic medications.7 Specifically, the study quantified this elevated risk 
with a hazard ratio of 1.15 (95% confidence interval: 1.11–1.19), indicating that sulfonylurea users faced approximately 
15% higher odds of developing eye-related complications.

Given the conflicting evidence and lack of comprehensive studies assessing both metformin and sulfonylureas 
together, this study aims to fill this gap by evaluating their association with glaucoma risk in a large, retrospective cohort.

Methods
Study Design and Population
This retrospective cohort study utilized the Merative™ Explorys® Therapeutic Dataset Delivered, a de-identified, 
aggregated electronic health record (EHR) database containing longitudinal clinical data from multiple healthcare 
systems across the United States. The dataset encompasses structured and coded medical information including demo
graphics, diagnoses (International Classification of Diseases, Ninth and Tenth Revisions, Clinical Modification [ICD- 
9-CM and ICD-10-CM] codes), procedures (Current Procedural Terminology [CPT] codes), laboratory results, vital 
signs, and medication prescriptions (National Drug Code [NDC] codes) from both inpatient and outpatient encounters 
between January 1, 2010, and December 31, 2022.

The study cohort was extracted from the Therapeutic Dataset by the Center for Health Care Data at UTHealth 
Houston School of Public Health. The extraction included all patients meeting initial eligibility criteria (T2DM diagnosis, 
age ≥40 years, comprehensive eye examination) with complete data on required baseline covariates for propensity score 
matching. The database represents an insured population with documented healthcare encounters from participating 
health systems, which may differ from the general US population in terms of healthcare access, screening rates, and 
disease detection patterns. This potential selection bias is discussed in the Limitations section.

The study population was divided into three distinct groups based on their medication regimens: no hypoglycemic 
medication (n=162,191), metformin monotherapy (n=105,555), and combination therapy with sulfonylureas and metfor
min (n=38,836). All analyses were performed using Python programming language with statistical and data manipulation 
libraries.

To minimize confounding, we performed separate 1:1 nearest-neighbor propensity score matching without replace
ment for the metformin monotherapy group (N = 100,387) and the sulfonylureas + metformin combination group (N = 
38,692), each matched against patients who received no hypoglycemic medications. The matching algorithm was 
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implemented using Python’s scikit-learn library. The propensity score model included demographic factors (age, sex, 
race/ethnicity), clinical parameters (BMI, HbA1c, blood pressure, heart rate, lipid levels), and comorbidities (hyperten
sion, kidney disease, hyperlipidemia). We acknowledge that our propensity score model did not include explicit measures 
of diabetes duration from initial diagnosis or healthcare utilization frequency, which represent potential sources of 
residual confounding that are discussed in the Limitations section. After matching, control group sizes equaled their 
corresponding treatment groups.

Statistical Analysis
All statistical analyses were performed using Python 3.9 (Python Software Foundation) with the following libraries: 
pandas 1.3.5 for data manipulation, NumPy 1.21.5 for numerical operations, scikit-learn 1.0.2 for propensity score 
matching, lifelines 0.27.4 for survival analysis, and matplotlib 3.5.1 for data visualization.

Propensity Score Matching
Propensity scores were estimated using multivariable logistic regression, with treatment group assignment as the 
dependent variable. The matching algorithm used 1:1 nearest-neighbor matching without replacement with a caliper 
width of 0.01 standard deviations of the logit of the propensity score. After matching, we assessed covariate balance 
using standardized mean differences (SMD), with SMD < 0.1 considered indicative of adequate balance.

Survival Analysis
Time-to-event analysis was conducted using Cox proportional hazards regression models. Follow-up time was calculated 
from the index date until the earliest of: (1) first confirmed glaucoma diagnosis (event), (2) death, (3) disenrollment from 
the database, or (4) end of data availability (December 31, 2022). Patients who did not experience the event during 
follow-up were right-censored at their last recorded clinical encounter.

Both unadjusted and adjusted Cox models were fitted. The adjusted models included all propensity score matching 
covariates (age, sex, race/ethnicity, BMI, HbA1c, blood pressure, heart rate, lipid levels, and comorbidities). The 
proportional hazards assumption was tested using Schoenfeld residuals. Tied event times were handled using Efron’s 
approximation method.

Hazard ratios (HR) and 95% confidence intervals (CI) were calculated using the Wald method. All statistical tests 
were two-sided with α = 0.05 as the threshold for statistical significance. No adjustments were made for multiple 
comparisons, as our analyses were considered exploratory rather than confirmatory.

Missing Data
Missing data for covariates were handled using complete case analysis. Patients with missing values for any propensity 
score matching variable were excluded from the analysis.

Code and Data Availability
Python code implementing the propensity score matching and survival analysis is available from the corresponding 
author upon reasonable request to qualified researchers with appropriate institutional data access permissions. The dataset 
used is a proprietary commercial database. Researchers interested in accessing this dataset should contact Merative 
directly. Due to data use agreements and patient privacy protections, we cannot share patient-level data. Summary 
statistics and aggregated results are provided in the manuscript and tables.

Medication Exposure Assessment and Limitations
Our study identified medication exposure based on prescription fill records captured in the electronic health record 
database. However, several important limitations must be acknowledged regarding medication exposure assessment:

Cumulative Dose
We were unable to calculate cumulative metformin or sulfonylurea exposure (measured in grams per year or defined 
daily doses) due to incomplete data on prescription strength, quantity dispensed, and duration of therapy. This represents 
a critical limitation, as prior research has suggested that metformin’s potential ocular effects may be dose-dependent, with 
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some studies reporting protective associations only at cumulative doses exceeding 1,110 grams over two years. Our 
inability to stratify by cumulative dose means we cannot test the high-dose metformin protection hypothesis that has been 
cited in the literature. This prevents us from reconciling our findings with dose-stratified results from prior studies and 
limits conclusions we can draw about metformin’s potential ocular effects.

Medication Adherence
We assumed that prescription fills reflected actual medication consumption, which may not be accurate. Patients may not 
take medications as prescribed due to side effects, cost, or other barriers. This measurement error would tend to dilute 
any true associations, potentially underestimating both protective and harmful effects.

Treatment Duration and Switching
While we captured the index date of medication initiation, we did not systematically track treatment discontinuation, 
dose changes, or switching to alternative medications during follow-up. Patients classified in treatment groups at baseline 
may have subsequently discontinued therapy or changed regimens.

Data Collection
Comprehensive baseline demographic and clinical data for all patients was collected. Demographic information included 
age, sex, and race/ethnicity. Clinical parameters encompassed body mass index (BMI), vital signs (heart rate and blood 
pressure), and laboratory values (HbA1c, triglycerides, and cholesterol). Comorbidities were identified through specific 
diagnostic codes: hypertension was identified using ICD-9 codes 401.x-405.x and ICD-10 codes I10-I15.x; chronic 
kidney disease through ICD-9 codes 584.x-585.x and ICD-10 codes N17.x-N18.x; and hyperlipidemia through ICD-9 
codes 272.0–272.4 and ICD-10 codes E78.0-E78.5.

Index Date Definition and Temporal Considerations
To minimize potential immortal time bias, we employed a systematic approach to define index dates across all treatment 
groups. The index date was defined as the date of the patient’s first eligible comprehensive eye examination after entering 
the database and meeting all inclusion criteria, regardless of medication status. For patients in treatment groups, this 
approach ensures that the observation period begins only after both eye care engagement and medication exposure 
criteria are met.

For the control group (no hypoglycemic medication), the index date was the first comprehensive eye examination 
after database entry. For metformin monotherapy patients, the index date was the later of: (1) first comprehensive eye 
examination or (2) first metformin prescription fill, ensuring patients had both eye care access and medication exposure. 
For combination therapy patients, the index date was the later of: (1) first comprehensive eye examination or (2) first 
prescription fill for both metformin and sulfonylurea medications.

This approach was designed to ensure comparable observation periods across groups while maintaining the temporal 
relationship between medication exposure and outcome assessment. However, we acknowledge that patients must 
survive and remain enrolled in care to receive treatment, which could introduce survival bias favoring treated groups 
compared to untreated controls.

Case and Control
Cases of open-angle glaucoma were identified through a systematic process utilizing both ICD-9 codes (365.10, 365.11, 
365.12) and ICD-10 codes. The ICD-10 codes encompassed unspecified open-angle glaucoma (H40.10X0-H40.10X4), 
primary open-angle glaucoma (H40.11-series), and low-tension glaucoma (H40.12-series). To ensure diagnostic accu
racy, two or more diagnoses separated by at least 14 days was required. A two-diagnosis threshold was chosen to reduce 
false positives while ensuring sufficient case capture, consistent with prior epidemiological studies on glaucoma. The 
case population was restricted to patients aged 40 years or older at first diagnosis.

Control selection followed a comprehensive exclusion protocol as seen in Figure 1. All patients with any glaucoma- 
related diagnoses, including open-angle, acute angle-closure, chronic angle-closure, and other specified types of 
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Figure 1 Study cohort selection from the Merative™ Explorys® Therapeutic Dataset Delivered. Patients were grouped based on hypoglycemic medication exposure.
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glaucoma were removed. Then, patients with prescriptions for glaucoma medications, identified through NDC codes, 
including beta-blockers, prostaglandin analogs, alpha-2 adrenergic agonists, and carbonic anhydrase inhibitors were 
excluded. Patients with a history of glaucoma surgery, identified through specific CPT codes (66170, 66,172, 66,174, 
66175, and related procedures), were also excluded. To ensure adequate ophthalmologic surveillance, we required 
controls to have at least one comprehensive eye examination, identified through appropriate CPT codes (92004, 
92,014, 99,204, 99,205, 99,214, 99,215, 99,244, 99,245). Medication adherence was not directly measured; thus, our 
analysis assumes that prescriptions filled were consistently taken as directed, which may dilute effect estimates and 
introduce measurement bias.

The primary outcome was the incident diagnosis of primary open-angle glaucoma (POAG). Patients were followed 
from the index date until the earliest of the following: first confirmed POAG diagnosis (event), death, disenrollment, or 
end of data availability (December 31, 2022). Patients who did not develop glaucoma during follow-up were right- 
censored at their last recorded encounter. We acknowledge that our analysis assumes prescription fills reflect true 
adherence, which may not be accurate. Claims-based adherence measures, such as the proportion of days covered, 
were not available. Additionally, cumulative dosage data (defined daily dose) were not collected, limiting the ability to 
perform a dose-response analysis.

Cox proportional hazards models were used to calculate adjusted hazard ratios for incident glaucoma, with statistical 
significance set at p < 0.05. All analyses were conducted using Python, leveraging pandas for data manipulation, scikit- 
learn for propensity score matching, and lifelines for survival analysis. 95% confidence intervals were calculated for all 
hazard ratios to assess the precision of our estimates.

Results
Baseline Characteristics
Our study included 306,582 patients across three treatment groups, as seen in Tables 1 and 2. After adjusting for 
confounders through propensity score matching, metformin monotherapy showed a non-significant trend toward higher 

Table 1 Baseline Characteristics of Patients Treated with No Hypoglycemic Medications or Specific Hypoglycemic Medications

Factors Statistics Level or Unit Treatment Type

Group 1a N=162191 Group 2b N=105555 Group 3c N=38836

Glaucoma N (Col %) No 160 327 (98.85) 104 432 (98.94) 38332 (98.7)
N (Col %) Yes 1864 (1.15) 1123 (1.06) 504 (1.3)

Demographics

Age Mean ± SD Years 65.80 ± 11.56 60.92 ± 10.48 61.06 ± 10.79

Sex N (Col %) Female 89010 (54.88) 54,367 (51.51) 17587 (45.29)
N (Col %) Male 73181 (45.12) 51188 (48.49) 21249 (54.71)

Race and Ethnicity N (Col %) White or Caucasian 118 643 (73.15) 72951 (69.11) 25837 (66.53)
N (Col %) Black or African American 13789 (8.5) 9744 (9.23) 3248 (8.37)

N (Col %) Asian or Pacific Islander 2569 (1.58) 2425 (2.30) 759 (1.95)

N (Col %) Hispanic or Latino 1073 (0.66) 1023 (0.97) 699 (1.8)
N (Col %) Other 4768 (2.94) 4281 (4.06) 1797 (4.63)

N (Col %) Unknown 21349 (13.16) 15131 (14.33) 6496 (16.73)

Vital Sign during the baseline period

BMI Mean ± SD kg/m2 30.94 ± 7.17 32.52 ± 7.09 32.54 ± 7.11
Heart Rate Mean ± SD bpm 77.77 ± 14.87 77.95 ± 14.27 78.54 ± 14.16

SBP Mean ± SD mm (Hg) 131.98 ± 20.55 132.13 ± 19.38 132.44 ± 19.29

DBP Mean ± SD mm (Hg) 74.82 ± 12.41 76.30 ± 11.82 76.13 ± 11.59

(Continued)
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glaucoma diagnosis rates compared to matched controls (aHR 1.076, 95% CI 0.995–1.163, p=0.067), which does not 
reach the threshold for statistical significance and is consistent with no association. Combination therapy with sulfony
lureas and metformin was associated with statistically significantly higher rates of incident glaucoma diagnosis compared 
to matched controls (aHR 1.194, 95% CI 1.075–1.326, p=0.001).

Notably, both treatment groups demonstrated adjusted hazard ratios above 1.0, which contradicts the hypothesis that 
these medications exert direct protective effects on glaucoma pathophysiology. However, these associations reflect 
differences in documented glaucoma diagnosis rates in clinical records rather than direct measurements of intraocular 
pressure changes or optic nerve pathology. Multiple competing explanations for these observed associations are discussed 
below, including reverse causation, confounding by indication, and detection bias. This data is portrayed in Figure 2.

Discussion
Before interpreting these associations as evidence of causal drug effects on glaucoma pathophysiology, it is essential to 
consider multiple competing explanations that our observational design cannot definitively exclude. The observed 
associations may reflect: true causal effects of medications on glaucoma development, reverse causation whereby patients 

Table 1 (Continued). 

Factors Statistics Level or Unit Treatment Type

Group 1a N=162191 Group 2b N=105555 Group 3c N=38836

Laboratory during the baseline period

HbA1c Mean ± SD % 6.56 ± 1.32 6.80 ± 1.40 7.25 ± 1.67
Triglycerides Mean ± SD mg/dl 151.49 ± 74.46 158.74 ± 77.81 162.83 ± 80.26

Cholesterol Mean ± SD mg/dl 178.55 ± 40.81 178.04 ± 40.25 175.62 ± 40.71

Comorbidities

Hyperlipidemia N (Col %) No 33760 (20.81) 15463 (14.65) 5240 (13.49)
N (Col %) Yes 128 431 (79.19) 90092 (85.35) 33596 (86.51)

Hypertension N (Col %) No 25981 (16.02) 17691 (16.76) 5440 (14.01)

N (Col %) Yes 136 210 (83.98) 87864 (83.24) 33396 (85.99)
Chronic Kidney Disease N (Col %) No 117 154 (72.23) 92503 (87.63) 32448 (83.55)

N (Col %) Yes 45037 (27.77) 13052 (12.37) 6388 (16.45)

Notes: a No hypoglycemic medication history. b Monotherapy with metformin without any other hypoglycemic medication history. c Combination therapy of sulfonylureas 
and metformin without any other hypoglycemic medication history.

Table 2 Hazard Ratios for Incident Glaucoma by Hypoglycemic Treatment Type After 1:1 Propensity Score Matching

Treatment Type Patient Count (N) Glaucoma (N) HR (95% CI), p-valuea aHR (95% CI), p-valueb

Monotherapy with metformin 100 387 1097 (1.09%) 1.106 (1.014, 1.207), p = 0.023 1.076 (0.995, 1.163), p = 0.067

Matched Control Group 100 837 929 (0.93%)
Sulfonylureas + Metformin 38692 345 (0.89%) 1.235 (1.077, 1.417), p = 0.002 1.194 (1.075, 1.326), p = 0.001

Matched Control Group 38692 511 (1.32%)

Sulfonylureas + Metformin 38692 504 (1.30%) 1.043 (0.917, 1.186), p = 0.516 1.084 (0.973, 1.207), p = 0.144
Monotherapy with metformin 38692 387 (1.00%)

Notes: a Baseline characteristics at first T2DM diagnosis, such as age, race and ethnicity, sex, body mass index, hemoglobin A1c levels, heart rate, diastolic blood 
pressure, systolic blood pressure, triglycerides, cholesterol, hyperlipidemia, hypertension, and chronic kidney disease were balanced between treatment and control 
groups. The p-value is obtained from the Wald test to test the significance of each coefficient in the Cox proportional hazards model. b Baseline covariates are balanced 
between groups to estimate the Average Treatment Effect on the Treated (ATT). Hazard ratios and p-values are obtained from the Weighted Cox model. The 
comparison between sulfonylureas + metformin versus metformin monotherapy was performed to assess whether combination therapy confers additional glaucoma risk 
beyond metformin alone.
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with emerging glaucoma or elevated intraocular pressure are preferentially prescribed metformin based on prior literature 
suggesting protective effects, confounding by indication wherein patients requiring pharmacologic diabetes treatment 
have inherently higher glaucoma risk through shared pathophysiology, or detection bias through differential ophthalmo
logic surveillance patterns. Our retrospective observational design cannot definitively distinguish among these possibi
lities, which fundamentally limits causal interpretation of our findings.

These findings challenge the previously held assumptions about metformin’s protective effects against glaucoma in 
T2DM patients. The results indicate associations with increased glaucoma diagnosis rates for both metformin mono
therapy and combination therapy with sulfonylureas, compared to untreated controls. This observation stands in notable 
contrast to previous studies, particularly those by Lin and Vergroesen,3,4 which suggested protective effects of metformin 
against glaucoma. One possible explanation for this discrepancy is differences in dosage exposure, as prior research 
emphasized a protective effect only at higher cumulative doses. Additionally, differences in study design and population 
characteristics, such as baseline ophthalmologic monitoring, may have influenced the observed associations. Lin 
demonstrated a 25% lower risk of developing open-angle glaucoma in high-dose metformin users, while Vergroesen 
found an 82% reduction in risk. The contradictory nature of our findings warrants careful consideration. However, more 
recent literature has challenged these findings. Several studies, including large meta-analyses, suggest that the protective 
effect of metformin may be dose-dependent. Notably, lower cumulative doses (<1,200g/year) have been associated with 
reduced glaucoma risk (HRs 0.81–0.83), while higher doses provided no clear benefit.8 These findings contradict Lin’s 
reported dose-response trend and may explain discrepancies with our results, which grouped all metformin users 
regardless of dose. The inability to assess cumulative dose in our dataset represents a key limitation and highlights the 
need for future dose-response analysis.

The non-significant finding for metformin monotherapy in our study (aHR 1.076, p=0.067) is consistent with recent 
meta-analyses by Kim et al and George et al showing no significant association between metformin use and glaucoma 
incidence. Our study adds to this null literature rather than contradicting it. The statistically significant finding for 

Figure 2 Adjusted hazard ratios for associations with incident glaucoma diagnosis by treatment group. These hazard ratios represent observational associations with 
documented glaucoma diagnosis rates rather than established causal effects on glaucoma pathophysiology. Combination therapy showed a statistically significant association 
(p=0.001, marked with *), while metformin monotherapy showed a non-significant trend (p=0.067). Error bars represent 95% confidence intervals. Multiple competing 
explanations for these associations are discussed in the text, including reverse causation, confounding by indication, and detection bias.

https://doi.org/10.2147/OPTH.S545641                                                                                                                                                                                                                                                                                                                                                                                                                                                                         Clinical Ophthalmology 2026:20 8

Lim et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



combination therapy with sulfonylureas (aHR 1.194, p=0.001) warrants further investigation but must be interpreted in 
light of the multiple potential biases discussed above.

Furthermore, recent work by Huang et al found that lower cumulative metformin doses (<1,200g/year) were 
associated with reduced glaucoma risk (HR 0.81–0.83), while higher doses provided no clear benefit—a finding that 
contradicts Lin’s reported dose-response trend. Our inability to perform dose-stratified analyses prevents us from 
reconciling our results with these conflicting dose-dependent findings and highlights a critical limitation of our study. 
If metformin’s effects are indeed dose-dependent, our approach of grouping all metformin users regardless of dose 
intensity may obscure true associations at specific dose ranges.

The observation that combination therapy with sulfonylureas and metformin showed a higher risk ratio compared to 
controls (HR 1.235, 95% CI 1.077–1.417, p = 0.002; adjusted HR 1.194, 95% CI 1.075–1.326, p = 0.001) is particularly 
noteworthy. This significant finding aligns with previous research by Vashisht,7 who found an elevated risk of eye-related 
complications with sulfonylurea use compared to other diabetic medications (HR 1.15). Moreover, metformin mono
therapy (N=100,387) revealed an elevated glaucoma risk compared to matched controls (HR 1.106, 95% CI 1.014–1.207, 
p = 0.023; adjusted HR 1.076, 95% CI 0.995–1.163, p = 0.067). While the direct comparison between combination 
therapy and metformin monotherapy did not reach statistical significance, the trend suggests a potential additive effect on 
glaucoma risk when sulfonylureas are combined with metformin. This finding raises important questions about potential 
synergistic mechanisms between these medications that might influence glaucoma development.

Reverse Causation
Perhaps the most plausible alternative explanation for our findings is reverse causation, wherein the direction of the 
association is opposite to what we initially hypothesized. Specifically, clinicians who are aware of prior literature 
suggesting metformin’s potential protective effects against glaucoma may have been more likely to prescribe or intensify 
metformin therapy in diabetic patients showing early signs of glaucoma or elevated intraocular pressure during routine 
ophthalmologic screening.

This mechanism would create an apparent association between metformin use and subsequent glaucoma diagnosis 
even if metformin has no direct effect (protective or harmful) on ocular tissues. Consider the following scenario: 
A patient with type 2 diabetes undergoes comprehensive eye examination and is found to have borderline elevated 
IOP or early structural changes concerning for glaucoma. The ophthalmologist communicates these findings to the 
patient’s primary care physician or endocrinologist. The diabetes provider, having read studies by Lin et al and 
Vergroesen et al suggesting metformin’s protective effects, decides to initiate or escalate metformin therapy preferentially 
over other options, hoping to provide dual metabolic and ocular benefits. Subsequently, the patient’s glaucoma progresses 
to clinically diagnosable disease despite metformin treatment, and this patient now appears in our dataset as a “case” in 
the metformin-exposed group.

This type of confounding by indication is notoriously difficult to control in observational research. Propensity score 
matching can adjust for measured confounders but cannot account for unmeasured factors that influenced prescribing 
decisions, including subtle clinical findings (such as borderline IOP elevations or early optic nerve changes) not captured 
in structured electronic health record data.

Confounding by Disease Severity
A related concern is confounding by diabetes severity and overall health status. Patients requiring pharmacologic 
treatment for diabetes likely have more severe disease, poorer glycemic control, longer disease duration, or multiple 
comorbidities compared to those managed successfully with lifestyle modifications alone (our untreated control group). 
These same factors, advanced diabetes, poor metabolic control, vascular dysfunction, systemic inflammation, are 
independently associated with higher glaucoma risk through shared pathophysiologic mechanisms including microvas
cular damage, oxidative stress, and neuroinflammation.

Although we attempted to control for measured disease severity indicators (HbA1c, BMI, comorbidities), numerous 
unmeasured factors may differ between treated and untreated groups, including duration of diabetes before diagnosis, 
glycemic variability not captured by single HbA1c measurements, systemic inflammatory burden, genetic susceptibility 
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to diabetic complications, and social determinants of health affecting disease management. These unmeasured confoun
ders could explain the observed associations without requiring any direct pharmacologic effect of the medications on 
glaucoma development.

Detection Bias
Additionally, patients receiving regular diabetes medication management may have different patterns of healthcare 
utilization and ophthalmologic surveillance compared to untreated controls. Although we required comprehensive eye 
examinations for all participants, the frequency, quality, and thoroughness of ongoing ophthalmic care may differ 
systematically between groups. Patients on diabetes medications may have more frequent follow-up visits, be referred 
more readily to ophthalmology, undergo more intensive diagnostic testing when glaucoma is suspected, and have longer 
follow-up duration with more opportunities for glaucoma detection. This differential surveillance could increase apparent 
glaucoma incidence in medicated groups through enhanced detection rather than reflecting true differences in disease 
development.

Implications for Interpretation
Given these multiple plausible alternative explanations, our findings should be interpreted cautiously. Our retrospective 
observational design cannot definitively distinguish among these possibilities. This fundamental limitation underscores 
why observational associations, even when statistically significant and adjusted for measured confounders, cannot 
establish causality without complementary evidence from randomized controlled trials or mechanistic studies.

Interestingly, the reverse causation hypothesis could explain not only our findings but also some of the protective 
associations reported in prior studies. If prescribing patterns have evolved over time as awareness of potential ocular 
effects spread, with earlier studies capturing metformin prescribed to healthier patients and later studies (including ours) 
capturing metformin prescribed specifically to higher-risk patients based on prior protective literature, this could produce 
contradictory findings across studies that reflect changing clinical practice rather than true pharmacologic effects.

Our findings demonstrate an increased risk of open-angle glaucoma (OAG) with both metformin monotherapy and 
metformin-sulfonylurea combination therapy compared to controls not receiving hypoglycemic medications. Several 
biological mechanisms might explain the observed associations. Metformin and sulfonylureas have distinct mechanisms 
and act through different pathways. Metformin activates AMPK, triggering a series of metabolic effects such as 
suppressing hepatic gluconeogenesis, enhancing glucose uptake in muscle tissue, and improving insulin sensitivity.9–11 

Sulfonylureas stimulate insulin secretion from pancreatic β-cells by binding to and closing ATP-sensitive potassium 
channels.12,13

While metformin is known to influence AMPK signaling pathways,14,15 its effects on intraocular pressure regulation 
remain poorly understood.16 As an AMPK activator, metformin alters cellular energy metabolism, potentially affecting 
the energy-intensive processes of aqueous humor production and outflow. Recent translational studies have provided 
crucial insights into AMPK’s role in trabecular meshwork bioenergetics. Chatterjee demonstrated that AMPK serves as 
a central regulator of extracellular matrix homeostasis and cytoskeletal arrangement in the trabecular meshwork.17 In 
their study, AMPKα2-null mice exhibited 6% higher intraocular pressure and decreased aqueous humor clearance 
compared to wild-type mice, highlighting AMPK’s critical role in maintaining normal outflow facility.17 Furthermore, 
cultured human trabecular meshwork cells showed that AMPK activation suppressed the expression of various extra
cellular matrix proteins under both basal and TGF-β2 stimulatory conditions.17

The trabecular meshwork requires substantial energy for maintaining cytoskeletal integrity and cellular homeostasis, 
with AMPK functioning as a critical bioenergetic sensor in these cells.18 Disruption of these energy-dependent processes 
could potentially impact outflow facility and increase IOP over time. Recent work by Xu has demonstrated that 
metformin treatment in human trabecular meshwork cells significantly activated AMPK signaling and promoted 
cytoskeletal recovery through the integrin/ROCK pathway, while simultaneously upregulating F-actin expression.19 

This study revealed that metformin reduced reactive oxygen species production and restored damaged microfilaments 
in trabecular meshwork cells, suggesting complex metabolic reprogramming effects.19
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However, it is important to distinguish between IOP elevation and glaucoma risk, as these are related but not 
equivalent phenomena. While elevated IOP is a major risk factor for glaucoma development and progression, glauco
matous optic nerve damage can occur at normal IOP levels, and conversely, some individuals with elevated IOP never 
develop glaucoma.20 The relationship between AMPK activation and glaucoma risk may involve mechanisms beyond 
simple IOP elevation. Recent research has shown that AMPK hyperactivation in retinal ganglion cells promotes dendrite 
retraction, synaptic loss, and neuronal dysfunction during glaucomatous stress, suggesting that AMPK dysregulation 
could contribute to neurodegeneration independent of IOP changes.21 This dual role of AMPK—as both a protective 
regulator in trabecular meshwork cells and a potentially harmful mediator in retinal ganglion cells—may explain the 
complex relationship between metformin use and glaucoma risk observed in our study.

A paper by Ho found that sulfonylurea use was associated with increased intraocular pressure (IOP).22 While 
sulfonylureas primarily target ATP-sensitive potassium (KATP) channels in pancreatic β-cells to stimulate insulin 
secretion, similar channels are also expressed in ocular tissues, including the trabecular meshwork and ciliary epithelium. 
However, the precise role of KATP channels in these tissues remains poorly characterized. Beyond KATP inhibition, 
sulfonylureas share structural features with sulfonamide compounds, which have been implicated in IOP elevation 
through nonpupillary block mechanisms, such as choroidal effusion, lenticular swelling, and anterior displacement of the 
lens-iris diaphragm.23–25 These mechanisms have been well-documented in cases of sulfonamide-induced secondary 
angle closure and may plausibly contribute to altered aqueous humor dynamics in some patients. Sulfonylureas also 
exhibit an estimated 10% risk of cross-reactivity with sulfa drugs, suggesting they may share similar adverse ocular 
effects.26 Together, these findings provide a biologically plausible explanation for the increased glaucoma risk associated 
with sulfonylurea use observed in our study.

These results underscore the complexity of managing chronic diseases with multiple potential complications and 
highlight the need for continued research into the interactions between different treatment modalities and their long-term 
effects on patient outcomes. Further investigation through prospective studies will be crucial for establishing causality 
and understanding the temporal relationship between medication use and glaucoma development.

Limitations and Future Research
This study benefits from a large sample size, the use of propensity score matching to control for confounding factors, and 
a comprehensive evaluation of multiple treatment modalities. However, several important limitations must be acknowl
edged in interpreting the findings.

Control Group Heterogeneity and Selection Bias
A significant limitation of our study design is the potential for substantial differences between our control group (patients 
without hypoglycemic medications) and treated groups. Patients not receiving hypoglycemic medications may represent 
a fundamentally different population with respect to diabetes severity, glucose control, duration of disease, or access to 
care. These patients may have milder diabetes, better lifestyle management, different comorbidity profiles, or may 
represent newly diagnosed patients who have not yet initiated pharmacotherapy. This heterogeneity could introduce 
confounding that propensity score matching may not fully address. Additionally, the absence of hypoglycemic medica
tion use could indicate different healthcare utilization patterns, which may affect the likelihood of glaucoma screening 
and detection.

Temporal Bias and Immortal Time
Our study design carries a risk of immortal time bias, as patients in the treatment groups must survive and remain in care 
long enough to receive their medications, while control patients enter the study based solely on having a comprehensive 
eye examination. This survival requirement could artificially reduce the observed glaucoma risk in treated groups. 
Although we defined the index date as the date of the patient’s first eligible comprehensive eye examination after 
database entry, the requirement for patients to survive to treatment initiation introduces a temporal bias that may affect 
our risk estimates.
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Database and Population Limitations
The retrospective design inherently introduces potential biases that could affect the results. Our reliance on this 
specific database introduces the possibility of selection bias, as it may not fully capture all relevant patient 
populations. Specifically, the insured population in this database likely has higher rates of glaucoma screening 
and detection compared to the general population, as insured individuals generally have better access to routine eye 
care and preventive services. This screening bias could influence estimates of glaucoma incidence and impact 
observed associations between medications and glaucoma risk. Additionally, our database disproportionately 
represents patients from specific US regions and affiliated health systems, potentially introducing geographic and 
institutional biases. These limitations may restrict the generalizability of our findings to broader or international 
populations.

Missing Glaucoma-Specific Risk Factors
This study leverages a large, well-matched sample size that offers robust statistical power to detect modest associations. 
However, several glaucoma-specific variables were unavailable in our dataset, which may have introduced residual 
confounding. Our analysis was limited by the absence of several important glaucoma-specific risk factors, including 
family history of glaucoma and baseline intraocular pressure measurements. Family history is one of the strongest risk 
factors for glaucoma development, and baseline IOP is a critical predictor of glaucoma risk. The unavailability of these 
variables in our dataset may have resulted in residual confounding, as patients with these risk factors might be more 
likely to receive certain treatments or have different baseline glaucoma risk profiles. Additionally, we lacked information 
on central corneal thickness, cup-to-disc ratio, visual field data, and other structural measures that influence glaucoma 
risk assessment and could affect the accuracy of our glaucoma case identification.

Medication Adherence and Dosing
While we identified associations between medication use and glaucoma development, we could not assess medication 
adherence or dosing patterns. Our analysis assumes that prescriptions filled were consistently taken as directed, which 
may not reflect actual medication exposure. Poor adherence could dilute effect estimates and potentially explain some of 
the observed associations. Furthermore, we were unable to assess cumulative drug exposure (defined daily dose), which 
limits the ability to evaluate dose-response relationships. Prior studies have shown that metformin’s effects on glaucoma 
risk may vary with cumulative dose, and our inability to examine this prevents us from reconciling our findings with the 
broader literature.

Causality and Surveillance Bias
The retrospective nature of the analysis prevents us from establishing causality between medication use and glaucoma 
development. Furthermore, surveillance bias could be a factor, as patients receiving regular diabetes care may have more 
frequent ophthalmologic evaluations, increasing the likelihood of glaucoma diagnosis compared to untreated controls. 
Although a comprehensive eye exam was required for control patients, residual detection bias remains a possibility, 
particularly if the frequency or quality of eye examinations differed between groups.

Mechanistic Understanding
While we discuss potential biological mechanisms below, we emphasize that these remain speculative hypotheses. Our 
observational data cannot establish whether the observed associations reflect true causal effects of medications on 
glaucoma biology or are instead driven by unmeasured confounding, reverse causation, and detection bias inherent to 
retrospective claims-based research. The mechanistic pathways described should be viewed as hypotheses that could 
explain potential drug effects if such effects exist, but they do not constitute evidence that such effects actually occur in 
clinical practice. The proposed biological mechanisms remain largely theoretical due to limited direct literature examin
ing how these medications specifically affect ocular tissues. While we have described potential pathways through AMPK 
signaling and KATP channels, the actual mechanistic relationships require validation through controlled experimental 
studies.
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Inability to Perform Sensitivity Analyses for Temporal Biases
The structure of our dataset precluded implementation of advanced sensitivity analyses such as time-dependent Cox 
models, landmark analyses, or inverse probability-weighted marginal structural models that could help address immortal 
time bias and time-varying exposure. Specifically, we have prescription fill dates but lack precise medication start/stop 
dates and day-by-day exposure status required for time-varying covariates. Patients in treatment groups must survive and 
remain enrolled in care long enough to receive their medications, while control patients enter the study based solely on 
having a comprehensive eye examination. This survival requirement could artificially affect the observed associations, 
though the direction of bias is unclear given competing mechanisms (immortal time bias favoring treated groups vs 
reverse causation favoring controls). We acknowledge this represents an important limitation and emphasize that 
prospective studies with clearly defined exposure periods are essential to address this concern definitively.

Unmeasured Confounding by Diabetes Duration and Healthcare Utilization
Our propensity score model did not include explicit measures of diabetes duration from initial disease onset or healthcare 
utilization frequency. These represent important potential confounders that may influence both medication selection 
patterns and glaucoma detection rates. Patients with longer diabetes duration may be more likely to receive treatment 
intensification and undergo more comprehensive ophthalmologic screening. Higher healthcare utilization may indepen
dently increase glaucoma detection through increased surveillance, creating apparent associations with medications that 
reflect detection bias rather than true disease incidence. These unmeasured factors could contribute to residual con
founding in our estimates despite matching on measured clinical parameters.

Inability to Test High-Dose Metformin Protection Hypothesis
A frequently cited finding in the literature is that metformin may only exert protective effects against glaucoma at high 
cumulative doses. Our dataset did not include sufficient detail on prescription strength, quantity, or treatment duration to 
calculate cumulative drug exposure (defined daily doses). Therefore, we cannot determine whether our findings of no 
protective effect, or potentially increased associations, apply uniformly across all dose ranges or whether high-dose users 
might show different patterns. This represents a critical gap in our analysis and prevents direct comparison with dose- 
stratified findings from prior studies. The conflicting dose-response relationships reported in the literature (Lin: protection 
at >1,110g; Huang: protection at <1,200g/year, no benefit at higher doses) cannot be evaluated with our data.

Reverse Causation as Primary Alternative Explanation
Perhaps most critically, reverse causation represents a plausible alternative explanation whereby clinicians, aware of 
literature suggesting metformin’s potential protective effects, may have preferentially prescribed or escalated metformin 
therapy in diabetic patients showing early signs of glaucoma or elevated IOP during routine screening. This protopathic 
bias is notoriously difficult to control in observational research and could fully explain our observed associations without 
requiring any direct drug effect on ocular tissues. Our study design cannot distinguish between this mechanism and true 
causal effects.

Future Research Directions
Given these limitations, several key areas warrant further investigation. Prospective studies are needed to confirm these 
findings and establish causality, particularly regarding the temporal relationship between medication initiation and 
glaucoma development. Future studies should consider using active comparators (comparing different diabetes medica
tions) or time-to-treatment analyses to better control for treatment selection bias. Time-dependent Cox models or 
landmark analyses could help address immortal time bias.

The role of medication adherence and dosing patterns requires examination through prospective monitoring with 
objective adherence measures. Pharmacogenetic studies may help identify high-risk subgroups based on genetic factors 
that could not be accounted for in our current study. Additionally, the role of newer diabetes medications, such as GLP-1 
receptor agonists, in modifying glaucoma risk warrants further investigation, as this study was limited to older 
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therapeutic options.27 A recent study by Muayad revealed that GLP-1 receptor agonists offer significant protection 
against primary open-angle glaucoma and ocular hypertension in patients with T2DM, compared to those treated with 
metformin.28

Exploring potential biomarkers to predict individual risk could help personalize treatment approaches, addressing the 
limitation of our current one-size-fits-all risk assessment. Translational studies examining the effects of these medications 
on cultured trabecular meshwork cells, animal models of glaucoma, and human ocular tissues could provide mechanistic 
insights to support or refute our clinical observations.

These limitations and areas for future research highlight the complexity of managing chronic diseases with multiple 
potential complications. Our results underscore the need for continued research into the interactions between diabetes 
treatments and their long-term effects on patient outcomes, particularly through prospective studies that can overcome the 
limitations inherent in this retrospective design.

Conclusion
This large-scale retrospective cohort study examined associations between common diabetes medications and incident 
glaucoma diagnosis in type 2 diabetes patients. Our findings revealed a non-significant trend for metformin monotherapy 
(aHR 1.076, 95% CI 0.995–1.163, p=0.067) and a statistically significant association for combination therapy with 
sulfonylureas (aHR 1.194, 95% CI 1.075–1.326, p=0.001) compared to untreated controls. The non-significant finding for 
metformin monotherapy aligns with recent meta-analyses finding no association, while the significant finding for 
combination therapy warrants further investigation.

However, multiple fundamental limitations prevent us from drawing definitive causal conclusions from these 
observational data. Most critically, reverse causation represents a plausible alternative explanation whereby clinicians 
aware of literature suggesting metformin’s potential protective effects may have preferentially prescribed or intensified 
metformin therapy in diabetic patients showing early signs of glaucoma or elevated intraocular pressure. Additionally, 
confounding by indication means that patients requiring pharmacologic diabetes treatment likely have more severe 
disease and more systemic complications than those managed with lifestyle alone—factors that independently increase 
glaucoma risk through shared pathophysiologic mechanisms. Detection bias through differential ophthalmologic surveil
lance patterns between groups could also inflate apparent glaucoma incidence through enhanced detection rather than true 
disease differences. Furthermore, critical unmeasured confounders including diabetes duration, cumulative medication 
dose, treatment adherence, family history of glaucoma, and baseline intraocular pressure were unavailable, limiting our 
ability to fully adjust for confounding. Given these substantial limitations, our findings should be interpreted as 
hypothesis-generating observations requiring prospective validation rather than as definitive evidence of causal drug 
effects.

Metformin and sulfonylureas remain appropriate first- and second-line therapies for type 2 diabetes based on 
their established efficacy for glycemic control and cardiovascular outcomes. Our observational findings do not 
provide sufficient evidence to alter prescribing patterns or treatment guidelines. Clinicians should continue selecting 
diabetes medications based on metabolic efficacy, safety profiles, patient preferences, and cost - not on speculative 
ocular effects suggested by inconsistent observational data. Clinicians should not prescribe or avoid metformin 
based on perceived glaucoma effects, as neither protective nor harmful effects have been definitively established. 
The prior literature suggesting protection and our current findings suggesting possible associations with increased 
diagnosis rates likely both reflect confounding, reverse causation, and detection bias rather than true causal drug 
effects.

For all patients with type 2 diabetes, regardless of medication regimen, regular comprehensive ophthalmologic 
examinations remain essential for early detection of diabetic retinopathy, glaucoma, and other ocular complications. 
Our findings reinforce rather than change this existing clinical guidance.

This study contributes to ongoing scientific dialogue about diabetes medication effects on ocular health by 
providing large-scale evidence from a diverse US healthcare database. Our findings serve as a corrective to 
premature claims of protective effects while acknowledging that we cannot definitively establish harmful effects 
either. The inconsistency across observational studies likely reflects the profound challenges of controlling 
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confounding in observational pharmacoepidemiology rather than revealing true pharmacologic effects. By expli
citly discussing reverse causation, confounding by indication, and detection bias, we hope this manuscript helps 
readers critically evaluate not only our findings but also the broader literature on medication-glaucoma associa
tions. The fundamental lesson is that observational associations, even when statistically significant and adjusted 
for measured confounders, cannot establish causality - a principle that applies to claims of both protective and 
harmful effects.

Until prospective randomized evidence becomes available, the relationship between diabetes medications and 
glaucoma risk remains uncertain. Clinicians and patients should approach claims of ocular benefits or harms with 
appropriate skepticism, focusing instead on the well-established metabolic benefits that justify these medications’ 
widespread use in type 2 diabetes management.
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