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Abstract

Objective: Proton pump inhibitors (PPIs) are among the most commonly used medications for 

patients with osteoarthritis (OA). Various types of PPIs have different impacts on lowering serum 

magnesium level that may affect knee OA progression. We aimed to compare the risk of clinically 

relevant endpoint of knee replacement (KR) among initiators of five different PPIs with that 

among histamine-2 receptor antagonist (H2RA) initiators.

Design: Among patients with knee OA (≥50 years) in The Health Improvement Network 

database in the UK we conducted five sequential propensity-score matched cohort studies to 

compare the risk of KR over five-year among patients who initiated omeprazole (n=2,672), 

pantoprazole (n=664), lansoprazole (n=3,747), rabeprazole (n=751), or esomeprazole (n=827) 

with those who initiated H2RA.

Results: The prevalence of PPI prescriptions among participants with knee OA increased from 

12.7% in 2000 to 44.0% in 2017. Two-hundred-and-seventy-four KRs (30.8/1000 person-years) 

occurred in omeprazole initiators and 230 KRs (25.4/1000 person-years) in H2RA initiators. 

Compared with H2RA initiators, the risk of KR was 21% higher in omeprazole initiators 

(hazard ratio [HR]=1.21,95% confidence interval [CI]:1.01–1.44). Similar results were observed 

when pantoprazole use was compared with H2RA use (HR=1.38,95%CI:1.00–1.90). No such an 

increased risk of KR was observed among lansoprazole (HR=1.06,95%CI:0.92–1.23), rabeprazole 

(HR=0.97,95%CI:0.73–1.30), or esomeprazole (HR=0.83,95%CI:0.60–1.15) initiators compared 

with that among H2RA initiators.

Conclusions: In this population-based cohort study, initiation of omeprazole or pantoprazole 

use was associated with a higher risk of KR than initiation of H2RA use. This study raises concern 

regarding an unexpected risk of omeprazole and pantoprazole on accelerating OA progression.
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INTRODUCTION

Osteoarthritis (OA) is a leading cause of pain, disability, and socioeconomic cost 

worldwide1. To date, there is no effective treatment available that can halt OA progression, 
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and the main goal of clinical management remains pain control with treatments such as oral 

non-steroidal anti-inflammatory drugs (NSAIDs)2. However, NSAIDs use is associated with 

various adverse effects3, 4, including gastrointestinal complications4, and co-prescription of 

proton pump inhibitors (PPIs) with NSIADs is recommended as a cost-effective therapy for 

OA patients with moderate or high gastrointestinal risk5–9. As a result, PPIs are currently 

among the most commonly used medications for patients with OA.

The prescription of PPIs has been rising in recent years, particularly among older 

adults10–12. While PPIs have been generally perceived to be safe and effective, an increasing 

concern has been raised on its potential adverse effect of hypomagnesemia10, 11, 13, 14. 

Histamine-2 receptor antagonist (H2RA) is another class of acid-lowering medication that 

are widely used in the treatment of acid-related gastrointestinal diseases. Previous studies 

also reported that H2RA use was associated with increased risk of hypomagnesemia 

compared with nonuse, but the magnitude of association was smaller than that with PPI 

use15–17. In addition, the effect of lowering serum magnesium also varies depending on 

the type of PPIs18, 19. Using the Food and Drug Administration Adverse Event Reporting 

System database studies have found that omeprazole, pantoprazole, or lansoprazole, but 

not rabeprazole users appeared to experience much higher risk of hypomagnesemia than 

esomeprazole users18, 19.

Magnesium is an essential ion that plays an instrumental role in supporting and sustaining 

health. A six-month dietary magnesium restriction significantly decreased both articular 

cartilage chondrocyte density and growth plate chondrocyte column formation in rats20, and 

local intra-articular administration of magnesium sulfate following collagenase injection in 

rats attenuated the development of OA21. Several observational studies in humans showed 

an inverse association of either dietary magnesium intake or serum magnesium levels with 

the prevalence of radiographic knee OA22–25, and a prospective cohort study reported lower 

dietary magnesium intake was associated with worse pain and function among individuals 

with radiographic knee OA26. To our knowledge, no study has examined the relation of 

various types of PPIs to the risk of knee OA progression via their different impacts on 

lowering serum magnesium level that is potentially associated with knee OA.

To fill this knowledge gap, we conducted five sequential propensity-score matched cohort 

studies to compare the risk of clinically relevant endpoint of knee replacement (KR) among 

individuals with knee OA who initiated one of the five PPIs, i.e., omeprazole, pantoprazole, 

lansoprazole, rabeprazole, or esomeprazole, with those who initiated H2RA to minimize 

confounding by indication using an active comparator. In addition, we also compared the 

risks of KR among initiators of omeprazole, pantoprazole, lansoprazole, or rabeprazole 

with that among esomeprazole initiators as esomeprazole may have the lowest risk of 

hypomagnesemia among different types of PPIs18, 19.

METHODS

Data Source

We used The Health Improvement Network (THIN), an electronic medical record database 

from general practitioners (GP) in the United Kingdom (UK). THIN contains health 
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information on approximately 17 million participants from 770 general practices in the UK, 

and previous research has shown that THIN is representative of the UK population in terms 

of patient demographics and the prevalence of common illnesses27. During consultation 

with patients, health information is recorded on site by GP using a computerized system. 

The information includes socio-demographics, anthropometrics, lifestyle factors, details 

from GP visits, diagnoses from specialists’ referrals as well as hospital admissions, and 

results of laboratory tests. The Read classification system is used to code specific diagnoses 

and a drug dictionary in Read code and ATC code formats based on data from the 

Multilex classification system28, 29. This study was approved by the THIN Scientific Review 

Committee (18THIN073).

Study Population

Our study population included individuals aged ≥ 50 years who had a diagnosis of knee 

OA identified by Read codes (see Supplemental Table 1) between January 2000 and May 

2018. We excluded subjects who either had a KR prior to a knee OA diagnosis, or subjects 

with body mass index (BMI) > 40 kg/m2, history of joint infection, or comorbidities with 

poor prognosis (end-stage renal disease on dialysis, severe pulmonary disease requiring 

supplemental oxygen, pancreatic cancer, esophageal cancer, gastric cancer, or metastatic 

cancer)30 as the medications under the investigation are unlikely to have an impact on the 

risk of KR for those people who were deemed unlikely to be a candidate for KR (i.e., the 

outcome of our study).

Assessment of Exposure and Active Comparators

We identified individuals who initiated either one of the five PPIs (i.e., omeprazole, 

pantoprazole, lansoprazole, rabeprazole, or esomeprazole) or comparative H2RA (i.e., 

ranitidine or cimetidine) through ATC codes (see Supplemental Table 1), limiting to oral 

formulations. Initiators of either PPI or comparative H2RA were required to be continuously 

enrolled with the general practice for ≥ one year before the first prescription date of the 

medication of interest (i.e., index date) and to be naive to either the specific PPI or its 

comparative H2RA before the index date. PPI and H2RA initiation all occurred after knee 

OA diagnosis.

Assessment of Outcome

The outcome of interest was incident KR identified by Read codes. Previous studies have 

used this approach to identify joint replacements in THIN30–32.

Sequential Propensity-score Matched Cohorts

We conducted five sequential propensity-score matched cohort studies to compare the 

risks of KR among initiators of omeprazole, pantoprazole, lansoprazole, rabeprazole, or 

esomeprazole with that among H2RA initiators, respectively. For example, to compare the 

risk of KR among omeprazole initiators with that among H2RA initiators, we divided 

time between 2000 and 2018 into 19 one-year time blocks. Within each time block, we 

assembled a cohort of omeprazole initiators, defined as patients who started omeprazole 

during that time block, and a comparator cohort of H2RA initiators, defined as patients 
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who started H2RA during the same time block. Propensity-scores (i.e., predicted probability 

of omeprazole initiation) were estimated using logistic regression, separately for each time 

block. The variables included in the model consisted of sociodemographic factors (age at 

index date, sex, the Townsend Deprivation Index score33), BMI, duration of OA prior to 

the index date, lifestyle factors (i.e., smoking status, and alcohol use), comorbidities and 

medication use prior to the index date, and healthcare utilization during the two years 

before the index date (see Table 1). Individuals with missing values of BMI, smoking status, 

drinking status, or Townsend Deprivation Index were excluded when the propensity-score 

was calculated. For each omeprazole user, we identified a propensity-score matched H2RA 

user during the time block using a greedy matching algorithm34. We used the same approach 

to assemble the other four comparator cohorts.

Statistical Analysis

We described the annual prevalence of prescriptions for overall PPI, overall H2RA, and each 

specific PPI among patients with knee OA. For a specific calendar year, the denominator of 

yearly prevalence was all person diagnosed with OA up to that year. Of them, we obtained 

the numerator of individuals who had a prescription or had prescription period covered 

within this year. We compared the baseline characteristics of each of the PPI cohorts with 

the comparison cohorts (i.e., H2RA). Participants began accruing risk time from the index 

date until the date of KR, death, age of 90, date of disenrollment in THIN, or the end of the 

fifth year of follow-up (i.e., approximately 95% of subjects took PPI for five years or less), 

whichever occurred first.

For each study cohort, we calculated the incidence rate of KR. We calculated the cumulative 

incidence rate of KR to depict risk of KR for each cohort accounting for competing risk of 

death35. We fitted Cox proportional hazard models to determine the relation of each specific 

PPI initiation vs. H2RA initiation to the risk of KR. We tested the proportional hazards 

assumption for each comparison cohorts using the Kolmogorov supremum test36.

We performed several sensitivity analyses to assess the robustness of our study findings. 

First, we performed asymmetric trimming to exclude patients whose propensity-score was 

below the 2.5th percentile of the propensity-score of each specific PPI cohort and above 

97.5th percentile of the propensity-score of comparison cohort; thus, patients who were 

treated with specific PPI most contrary to prediction were excluded from the analyses to 

minimize potential unmeasured confounders. Second, since individuals with missing values 

of BMI, smoking status, drinking status, or Townsend Deprivation Index were excluded 

when the propensity-score was calculated, we imputed values using a sequential regression 

method based on a set of covariates as predictors37. Details of the missing data imputation 

procedure can be found in the Supplemental Text. Finally, since the analyses may not 

fully adjust for potential confounders we performed quantitative sensitivity analyses to 

assess the minimum unmeasured confounding effect that would need to explain away an 

association observed in previous analyses conditional on the measured covariates that have 

been adjusted for38.
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In addition, we took the same approach to conduct another four sequential propensity-

score matched cohort studies to compare the risks of KR among initiators of omeprazole, 

pantoprazole, lansoprazole, or rabeprazole with that among esomeprazole initiators.

All P-values were two-sided. All statistical analyses were performed using SAS version 9.4 

(SAS Institute Inc., Cary, NC, USA).

RESULTS

As shown in Figure 1A, the prevalence of PPI prescriptions among participants with knee 

OA increased from 12.7% in 2000 to 44.0% in 2017. In comparison, the annual prevalence 

of H2RA prescription decreased slightly from 7.3% in 2000 to 4.7% in 2017. Prevalence of 

prescriptions of each specific PPI is depicted in Figure 1B. Omeprazole and lansoprazole 

were the two most commonly prescribed PPIs in the UK, and each of their prescription 

increased from 5.6% and 6.4% in year 2000 to 29.7% and 16.5% in year 2012, respectively, 

and then remained stable. The prevalence of esomeprazole prescription increased slightly but 

was still low during the study period (<1.6%). Pantoprazole prescription was uncommon and 

stable during the study period (0.5%−1.4%), and the prevalence of rabeprazole prescription 

was also low and appeared to decrease steadily over time (from 1.5% to 0.2%).

The selection process of included participants and the baseline characteristics of four 

propensity-score matched cohorts are shown in Supplemental Figure 1 and Table 1, 

respectively. The mean age ranged from 69.6 to 71.0 years, and approximately 40% were 

men. The characteristics of each specific PPI cohort and its matched comparison cohorts 

were well-balanced, with all standardized differences being < 0.139.

The cumulative incidence of KR was higher in the omeprazole cohort than that in the H2RA 

cohort (Figure 2A). As shown in Table 2, 274 KRs (30.8/1000 person-years) occurred in 

the omeprazole initiators and 230 (25.4/1000 person-years) occurred in the H2RA initiators 

during the five years follow-up period. Compared with H2RA use, the hazard ratio (HR) 

of KR for omeprazole use was 1.21 (95% confidence interval [CI]: 1.01 to 1.44). Similar 

findings were also observed when risk of KR among the pantoprazole cohort was compared 

with that among the H2RA cohort (HR=1.38, 95% CI: 1.00 to 1.90) (Figure 2B, Table 2). 

There was no apparent difference in the risk of KR between lansoprazole (HR=1.06, 95% 

CI: 0.92 to 1.23) or rabeprazole (HR=0.97, 95% CI: 0.73 to 1.30) cohort with its comparison 

H2RA cohort (Figure 2C, Figure 2D, Table 2). Esomeprazole use had a lower risk of KR 

(HR=0.83, 95% CI: 0.60 to 1.15) than H2RA use (Figure 2E, Table 2). In all analyses, the 

proportional hazards assumption for Cox-proportional model was not violated (P > 0.05).

The results from various sensitivity analyses are presented in Table 2. Exclusion of 

participants with the extreme propensity-score or missing data imputation did not change 

the association materially. Furthermore, the quantitative sensitivity analyses indicated that an 

unobserved confounder would have to be associated with both omeprazole or pantoprazole 

use and risk of KR by a HR of at least 1.64 above and beyond the measured confounders to 

explain away the association between omeprazole or pantoprazole use and risk of KR when 
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compared with H2RA use, based on the assumption that the prevalence of this unmeasured 

confounder is 100% in the PPI groups.

When we compared the risk of KR among the initiators of different PPIs, the characteristics 

of each specific PPI cohort and its matched comparison cohort were well-balanced, with 

all standardized differences being < 0.1 (Supplemental Table 2)39. The HRs of KR for 

omeprazole and pantoprazole use were 1.57 (95% CI: 1.13 to 2.17) and 1.37 (95% CI: 

1.03 to 1.81) compared with esomeprazole use, respectively. However, no significantly 

increased risk of KR was observed among lansoprazole (HR=1.20, 95% CI: 0.88 to 1.65) or 

rabeprazole (HR=1.24, 95% CI: 0.88 to 1.75) use 284 than esomeprazole use (Table 3).

DISCUSSION

Using data collected from THIN we found that the prescriptions of overall PPI increased 

dramatically whereas H2RA prescription remained low among participants with knee OA in 

the UK during the study period. This finding was in agreement with a previous report based 

on the data collected from Clinical Practice Research Datalink in the UK40. In addition, 

omeprazole was more commonly prescribed than lansoprazole, pantoprazole, rabeprazole, 

and esomeprazole. Our study showed that initiation of either omeprazole or pantoprazole 

was associated with an increased risk of KR when compared with initiation of either H2RA 

or esomeprazole.

Possible Explanations and Previous Studies

While the biological mechanisms of the current findings are not fully understood, 

magnesium may be the link between PPI use and the risk of KR. Animal studies have 

found that intra-articular magnesium sulfate attenuated the development of OA by reducing 

the chondrocyte apoptosis21. Serum magnesium levels were also inversely associated with 

prevalence of knee chondrocalcinosis41, 42, a strong predictor of OA43. In addition, both 

dietary and serum magnesium were inversely associated with serum C-reactive protein 

(a circulating inflammatory marker)44–46. Finally, magnesium is also an antagonist of N-

methyl-D-aspartate receptors, which plays an important role in nociceptive transmission, 

modulation and sensitization of pain47. Indeed, results from meta-analyses demonstrated that 

systemic magnesium was effective in minimizing postoperative pain48. Thus, magnesium 

could be effective in OA by reducing chondrocyte apoptosis, attenuating calcification, 

inhibiting inflammation, and/or relieving pain.

A case-control study conducted in twins found that the odds ratio (OR) of knee radiographic 

OA decreased by 35% for each standard deviation increase of serum levels of magnesium 

(~0.08 mmol/L)22. Results from the Johnston County Osteoarthritis Project indicated 

subjects in the top four quintiles of dietary magnesium intake had lower risk of knee 

radiographic OA compared with those in the lowest quintile23. An inverse dose-response 

relationship between both dietary magnesium intake and serum magnesium levels with 

prevalent radiographic knee OA was also found among Chinese population24, 25. Recently, 

a prospective cohort study showed that lower dietary magnesium intake was associated with 

worse pain and function among subjects with radiographic knee OA26.
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Several studies have shown that long-term use of PPIs reduces serum magnesium 

level, which is likely explained by disturbance of gastrointestinal handling of 

magnesium10, 13, 14, 49, 50. While hypomagnesemia seems to be a class-effect of PPIs, 

interestingly, severity appears to vary according to the type of PPIs18, 19. Studies reported 

that the risk of hypomagnesemia was higher for pantoprazole (OR=4.3), followed by 

omeprazole (OR=3.8) and lansoprazole (OR=1.7) than esomeprazole18, 19. Consistent with 

these findings18, 19, our study demonstrated that omeprazole or pantoprazole initiators had 

significantly higher risk of KR than esomeprazole users. In addition, we also observed 

a lower risk of KR among esomeprazole initiators than that among H2RA initiators. 

As previous studies reported that H2RA use was associated with an increased risk of 

hypomagnesemia compared with nonuse15–17, future studies are warranted to confirm 

whether our findings could be explained by the less impact of esomeprazole on lowering 

magnesium level than of H2RA.

Strengths and Limitations

Several strengths of our study are noteworthy. First, in adults, dietary intake or serum 

magnesium levels are likely to be present long before the occurrence of OA. As a 

result, observational studies of dietary intake or serum magnesium assessed at a single 

time point in relation to the risk of OA progression among subjects with OA (i.e., a 

potentially intermediate variable) are susceptible to selection bias (i.e., event bias or collider 

bias)51, 52. To mitigate this bias, we examined initiation of various PPIs after subjects have 

already had a diagnosis of knee OA whereby magnesium levels may be altered by the 

new use of these agents, thus avoiding potential selection bias due to conditioning on an 

intermediate variable. 345 Second, observational studies of comparing risk of KR between 

magnesium supplement users with non-users (or PPI users versus non-users) are susceptible 

to confounding by indication bias. Instead, we assembled several comparative cohorts who 

initiated different types of PPIs or H2RA; thus, these subjects had the similar indication 

for different comparative cohorts. Third, the results from various sensitivity analyses were 

consistent, supporting the robustness of our study findings.

Potential limitations of our study also deserve comment. First, we postulated that the 

observed association may be due to PPIs’ impact on the levels of serum magnesium; 

however, we can’t verify this mechanism owing to lack of serum magnesium data from 

THIN. Second, while we used several approaches to control for potential confounding bias, 

as in any observational study we can’t rule out residual confounding. Third, knee images 

were not available in THIN; thus, we were unable to examine the association between 

PPIs and the risk of progression of structural lesions of knee OA. However, KR has been 

generally accepted as a “hard” outcome in cohort studies of knee OA30, 53–55. Fourth, 

because use of over-the-counter PPIs or H2RA was not recorded in THIN, the exposure 

assessment is susceptible to misclassification bias. Such bias, if occurred, is likely to be 

non-differential and would dilute the observed association towards the null. In addition, 

since the National Health Service England provides healthcare with most services free, 

it is unlikely that most patients would purchase these drugs over-the-counter without a 

prescription, especially these medications are often used for a long period of time among 

elder patients with OA who are at high-risk for the development of gastrointestinal events. 

Zeng et al. Page 8

Osteoarthritis Cartilage. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Last, THIN does not include data on adherence to these medications; thus, misclassification 

of the medication use could occur and bias the study findings.

Clinical Implications

Our findings, if confirmed by others, could have important clinical implications. PPIs were 

widely used among patients with knee OA (44.0% in THIN database in 2017). Of them, 

omeprazole was the most commonly prescribed PPIs, whereas esomeprazole only accounted 

for less than 1.6% of PPI prescriptions. Compared with either H2RA or esomeprazole, the 

risk of KR for omeprazole was higher. Although previous studies have shown that KR 

greatly improves the symptoms and physical function among the majority of patients with 

end-stage symptomatic knee OA, the surgical procedure itself is neither inexpensive nor 

risk-free56. Thus, reducing the number of KRs could greatly decrease the burden of OA on 

society. Since there is no apparent difference with respect to the safety profiles57 and cost 

between esomeprazole and other PPIs, esomeprazole appears to be a better choice than other 

PPIs for reducing gastrointestinal complications from NSAIDs while minimizing the risk of 

KR among patients with knee OA.

Conclusion

In this population-based cohort study, initiation of omeprazole or pantoprazole use was 

associated with a higher risk of KR than initiation of H2RA use. This study raises 

concern regarding an unexpected risk of omeprazole and pantoprazole on accelerating OA 

progression. Of available PPIs, esomeprazole has a lower prescription pattern, but appears to 

be a better option for minimizing the risk of KR among patients with knee OA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Secular Trend of Prevalence of Prescription of (A) Overall PPI and H2RA, and (B) 
Omeprazole, Pantoprazole, Lansoprazole, Rabeprazole, and Esomeprazole, among Patients with 
Knee Osteoarthritis in The Health Improvement Network Database.
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OA, osteoarthritis; PPI, proton pump inhibitor; H2RA, Histamine-2 receptor antagonist.
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Figure 2. Time to Knee Replacement over Five Years for the Propensity-score Matched 
Cohorts of Knee Osteoarthritis Patients with Initiation of (A) Omeprazole, (B) Pantoprazole, 
(C) Lansoprazole, (D) Rabeprazole, or (E) Esomeprazole Compared with Initiation of H2RA 
adjusting for Competing Risk of Death.
H2RA, Histamine-2 receptor antagonist.
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