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Abstract

Background: Proton pump inhibitors (PPIs) are widely used worldwide and have been linked to kidney diseases. However,
it remains unclear about the role of PPI use in the development of chronic kidney disease (CKD). Aims: To examine the
association between PPI use and risk of CKD. Methods: This is a prospective analysis of 472,373 participants free of any renal
failure diagnosis from the UK Biobank. Incident CKD was identified based on medical history and linkage to data on primary
care and hospital admissions. Self-reported PPI use was firstly assessed using a touchscreen questionnaire, and then confirmed
by a trained staff. We estimated the hazard ratios (HRs) and confidence interval (CIs) with Cox regression models adjusting
for potential confounders. The number needed to harm (NNH) was calculated at one and five years of follow-up. Results We
documented 7,291 cases of CKD over a median of 8.1 years follow-up. After adjustment for potential confounders, regular PPI
users had a 24% increased risk of CKD incident compared to non-regular PPI users (HR1.24, 95%CI1.16 -1.33). The NNH was
773.1 and 177.5 for one and five years of follow-up, respectively. Directly compared with H2 receptor antagonist, a less potent
acid suppressor, PPI use was associated with 17% higher risk of CKD (HR 1.17, 95% CI 1.00 to 1.36). Conclusions Regular
use of PPI is associated with an increased risk of CKD. Healthcare providers should carefully weigh up the potential benefits

against risk in prescribing PPIs, particularly for long-term continuous use.
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Summary

Background:Proton pump inhibitors (PPIs) are widely used worldwide and have been linked to kidney
diseases. However, it remains unclear about the role of PPI use in the development of chronic kidney disease
(CKD).

Aims : To examine the association between PPI use and risk of CKD.

Methods: This is a prospective analysis of 472,373 participants free of any renal failure diagnosis from the
UK Biobank. Incident CKD was identified based on medical history and linkage to data on primary care and
hospital admissions. Self-reported PPI use was firstly assessed using a touchscreen questionnaire, and then
confirmed by a trained staff. We estimated the hazard ratios (HRs) and confidence interval (CIs) with Cox
regression models adjusting for potential confounders. The number needed to harm (NNH) was calculated
at one and five years of follow-up.

Results We documented 7,291 cases of CKD over a median of 8.1 years follow-up. After adjustment for
potential confounders, regular PPI users had a 24% increased risk of CKD incident compared to non-regular
PPI users (HR1.24, 95%CI1.16 -1.33). The NNH was 773.1 and 177.5 for one and five years of follow-up,
respectively. Directly compared with H2 receptor antagonist, a less potent acid suppressor, PPI use was
associated with 17% higher risk of CKD (HR 1.17, 95% CI 1.00 to 1.36).

Conclusions Regular use of PPI is associated with an increased risk of CKD. Healthcare providers should
carefully weigh up the potential benefits against risk in prescribing PPIs, particularly for long-term contin-
uous use.
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INTRODUCTION

Proton pump inhibitors (PPIs) are primarily indicated for both the treatment and prevention of acid-related
disorders, such as gastroesophageal reflux disease[GERD], peptic ulcers and non-steroidal anti-inflammatory
drugs [NSAIDs| bleeding prophylaxis.! Given the combination of high efficacy with low toxicity and safety
of short-term use, PPIs widely prescribed and are among the top 10 most frequently used classes of drugs
worldwide.?3 However, the overutilization of PPIs became health concern, and 40% to 60% were taking a
PPI with no appropriate indication.* Overutilization of PPIs not only increased heathcare cost expenditure
but have also been linked to various adverse effects.* Observational studies have shown that long-term use of
PPIs was associated with Clostridium difficile infection, community-acquired pneumonia, hypomagnesemia,
bone fractures, rheumatoid arthritis and type 2 diabetes®®. Concerns have been raised about increased risk
of kidney disease in PPIs users.

Chronic Kidney Disease (CKD) is a condition where kidneys fail to function optimally. It is characterized
by progressive loss of kidney function that can eventually result in end-stage renal disease (ESRD).1® CKD
is an important contributor to morbidity and mortality worldwide with a global prevalence of CKD 9.1% in
2017, resulting in 35.8 million disability-adjusted life years and 1.2 million deaths.!!Risk factors influencing
CKD are complex, including the unhealthy lifestyles, obesity, cardiovascular disease, diabetes mellitus (DM),
hypertension and inappropriate drugs use.!!"'® The growing drugs use, like NSAIDs, may also be a contrib-
utor to the higher prevalence of CKD.'?!* There is a growing evidence that PPI use might affect kidney
function and thus result in CKD.!>'® A meta-analysis of three observational studies found that PPI use
was associated with increased risk of CKD (risk ratios [RR] 1.29, 95% Confidence Interval [CI|, 1.22-1.36).16
These observational studies are thought-provoking but have important limitations to the evidence base, such
as either inadequate assessment of exposures through retrospective recall or administrative claims data, or
insufficient adjustment of important confounders such as lifestyle habits.!"'6 A recent randomized controlled



trial including over 17 000 participants found that Pantoprazole seemed to have a modest, although not sta-
tistically significant, greater risk of CKD compared with placebo (OR 1.17; 95% CI 0.94 to 1.15).19 However,
this trial was questioned with a short follow-up time and insufficient statistical power.20-21

Given the high prevalence of both PPIs use and CKD incident, understanding their association may have
important influence on the clinical practice. We therefore performed this prospective cohort study to examine
the association between PPI use and incident CKD in the general population using the UK biobank dataset.

Methods
Study and participants

UK Biobank is a well-characterized prospective cohort study of 500,000 individuals aged 4069 years who
were recruited from 21 assessment centers across U.K.. In 2006-2010, eligible participants were invited to
visit the closest assessment center to complete the baseline assessment, including a touchscreen questionnaire,
physical measures and biological samples collection. Further details about the UK Biobank cohort have been
published elsewhere.?2The UK Biobank study have been approved by the North West Multi-centre Research
Ethics Committee, the England and Wales Patient Information Advisory Group, and the Scottish Community
Health Index Advisory Group. All participants provided written informed consent prior to data collection.
In the present study, we excluded participants who subsequently withdrew from the study (n=1298), those
with cancers diagnosis (n=26 820) and renal failure diagnosis (n=2036) prior to baseline, leaving a total of
472,373 participants included in final analysis.

Assessment of PPIs use

At baseline, self-reported PPI use was firstly assessed from participants using a touchscreen questionnaire,
and then confirmed during verbal interview with a trained staff. The recorded type of PPIs included omepra-
zole, lansoprazole pantoprazole, rabeprazole and esomeprazole. In this study, regular use of PPIs was defined
as taking PPIs in most days of week for the last 4 weeks.

Assessment of Outcome

Incident CKD was identified based on medical history and linkage to data on primary care and hospital
admissions. We used the chronic renal failure (synonym of CKD) variables provided by UK Biobank, which
integrated information from these different data sources (including primary care, hospital admissions, self-
report and death register). Details of the algorithms used to identify CKD could be found on the UK Biobank
website (www.ukbiobank.ac.uk ). Participants with prevalent of any type of renal failure were excluded at
baseline. At the time of analysis, complete follow-up was available up to 31 October 2017 for England and
Wales and 31 October 2016 for Scotland.

Covariates

Covariate information were obtained from touchscreen questionnaire and verbal interview at baseline. So-
ciodemographic factors (age, sex, ethnicity), lifestyle habits (smoking status, alcohol consumption, sleep time,
and dietary intake), multivitamin and mineral supplements intake, and general health (overall health rating
and longstanding illness) were self-reported. Index of multiple deprivation based on postcode of residence
was determined as a composite measure of socioeconomic status. Blood pressure was measured by re-
search staff. Current concomitant comorbidities (hyperlipidemia, diabetes, cardiovascular disease, esophagi-
tis/Barrettsesophagus, GERD, peptic ulcer, upper gastrointestinal bleeding) were assessed using the same
way to assess CKD. Other medication use, including aspirin, non-NSAIDs, acetaminophen, angiotensin-
converting enzyme inhibitors[ACEIs|, angiotensin II receptor blockers [ARBs|, beta-blockers, calcium chan-
nel blockers, thiazide diuretics, statin, metformin, histamine-2 receptor antagonists [H2RAs|, and anticoag-
ulants/ antiplatelets drugs, were assessed using the same way to assess PPI use. Height and weight were
measured by trained research staff and used to calculate body mass index (BMI).

Data Analysis



We calculated person-years from the recruitment date to the date of first diagnosis of CKD, death, or the last
date of follow-up, whichever happened first. We fitted Cox regression models with age as the timescale to esti-
mate hazard ratios (HR) and 95% confidence intervals (CI) of PPI use on CKD incidence. First, we stratified
the analyses by sex and age at baseline (in years, 37-55, 55-65, [?7]65 years). We then fitted multivariable-
adjusted models with additional adjustment for ethnicity, socioeconomic status, smoking status, alcohol
consumption, physical activity, fruit and vegetable intake, red and process meat intake, BMI, sleep time,
multivitamin use, mineral supplements intake, current medical status (systolic blood pressure,hyperlipidemia,
diabetes, CVD, overall health rating, longstanding illness ), and concomitant medication use (including as-
pirin, non-aspirin NSAIDs, acetaminophen, ACEIs, ARBs, beta-blockers, calcium channel blockers, thiazide
diuretics, statin, metformin )(modell). To address the possible confounding effect of clinical indications
for PPI use, we additionally adjusted for esophagitis/Barretts esophagus, GERD, peptic ulcer, and upper
gastrointestinal bleeding, H2RA use and anticoagulants/antiplatelets drugs use. Proportional hazards as-
sumption was checked using Schoenfeld’s tests and no violation was shown. For covariates with selections
of ‘do not know ’ and ‘prefer not to answer ’, or with missing data, we included an “unknown/missing”
value indicator. Given that PPIs and H2RAs have similar clinical indications, we investigated the associ-
ation between regular H2RA use and CKD risk and performed a head-to-head comparison between PPIs
andH2RAs.To present possible association in a clinically translatable way, we calculated the number needed
to harm (NNH) based on the method described by Altman D.G and Andersen P.K.23

To evaluate potential effect modifiers, we conducted additional stratified analyses according to sex, age,
BMI, smoking status, alcohol consumption, hypertension, diabetes, GERD and clinical indication for PPI
use. We performed a number of sensitivity analyses to check the robustness of the primary results. First, we
excluded CKD incidents and death cases during the first two years of follow-up to minimize reverse causality.
Second, we excluded participants with cardiovascular disease to minimize potential influence of the medical
condition. Third, we restricted the analyses to participants with no missing data on any covariates. Lastly,
we also performed propensity score matching and inverse treatment probability weights analyses to control
for the influence of confounding variables. All analyses were conducted using the R software (version 3.5.0,
R Foundation for Statistical Computing, Vienna, Austria).

Results

This study included 472,373 participants in the final analyses. Table 1 showed the baseline characteristics of
participants by regular PPI use. At baseline, 46 530 (9.85%) participants reported regular use of PPIs. PPI
users tended to be deprived, consumed less alcohol, less physically active, with a higher rate of comorbidities
(hyperlipidemia, diabetes, and CVD), and were more likely to use other medications (like aspirin, NSAID
sandstatin). As expected, PPI users had higher rate of esophagitis/Barretts esophagus, GERD, peptic ulcer,
and upper gastrointestinal bleeding. Regular PPI users also had a poorer self-reported overall health rating,
and higher rate of longstanding illness.

During a median follow-up of 8.1 years, we documented 1661 incident CKD events among the 46,530 PPI
users (4.53 per 1000 person-years), and 5630 events among 425,843 nonusers (1.65 per 1000 person-years).
In the initial age and sex-stratified model, regular PPI users had 2.15 times higher risk of incident CKD
as compared to non-users (HR 2.15, 95CI 2.03-2.27) (Table 2).The association was attenuated somewhat,
but remained significant after adjustment for potential confounders, including sociodemographic factors,
lifestyle habits, presence of comorbidities, and use of other medications (HR1.24, 95%CI 1.17 -1.31).The
estimated risk was unchanged after further adjustment for clinical indications for PPI use (HR1.24, 95%CI
1.16-1.33).For easy interpretation, NNHs were calculated based on based on the fully adjusted HR and
the CKD incidence among non-PPI users. Every 773.1 (95% CI, 690.3 to 946.5), 406.7 (95% CI, 357.8 to
506.5), and 177.5 (95% CI, 152.8 to 226.5) regular PPI users may result in one CKD case over one, two
and five years, respectively (Figure 1 ). Regarding different types of PPIs, we found the increased risk of
CKD was associated with Omeprazole and Lansoprazole (HR 1.24, 95%CI 1.14 — 1.34 and 1.26, 1.14 — 1.38,
respectively), but not with other PPIs, mainly due to the relative low number of cases (Table 3).

We also found that a slightly stronger association between PPI use and acute kidney injury (AKI). In the



fully adjusted model, regular PPI users had a 30% higher risk of AKI incident (HR 1.30, 95%CI 1.22 — 1.38)
(Table S1 ). Given the similar clinical indications for PPIs and H2RAs, we also evaluated the association
between regular use of H2RAs use and CKD risk. In the basic model, regular use of H2RAs was associated
with a 69% greater risk of CKD (HR 1.69, 95%CI 1.49 — 1.91). However, this association disappeared after
adjustment for potential confounders and clinical indications for H2RAs use (HR 1.03, 95%CI 0.91- 1.16)
(Table S2 ). Direct comparison showed that PPI use was associated with 17% higher risk of CKD compared
with H2RAs use (HR 1.17, 95% CI 1.00 to 1.36) (Table S3 ).

In subgroup analyses, the estimates for risk of CKD associated with PPI use did not differ by age, BMI,
smoking status, alcohol consumption, hypertension, diabetes, GERD and clinical indication for PPI use
(Figure 2 ). However, the estimated risk of CKD with PPI use seemed to be higher among women than
men (p-interactions =0.003). Our primary results remained unchanged in several sensitivity analyses by
excluding CKD incidents and death cases identified during the first 2 years of follow-up, excluding the
participants with cardiovascular disease, and limiting our analysis to participants with no missing covariate
data (Table S4 ). When we applied inverse treatment probability weights based on the propensity scores,
the estimated HR for CKD was 1.40 (95 % CI 1.25-1.57). The results of propensity score-matching analysis
were similar.

Discussion

In this prospective population-based cohort study of over 0.47 million participants, we found that regular use
of PPI was associated with a 24% increased risk of CKD adjusting for several potential confounding variables.
The association was likely to be more marked in men than women. Additional analysis showed that H2RA,
a less potent acid-suppressor, was not associated with CKD. Similar findings were demonstrated for the
outcome of AKI. The association between PPI use and CKD persists across several sensitivity analyses and
did not show clear evidence of variance among the major types of PPIs.

There are increasing evidence from observational studies suggesting that long-term use of PPIs is associated
with risk of kidney disease, such as interstitial nephritis, acute kidney injury, and chronic kidney disease
(CKD)!»17:24 Lazarus and colleagues using data of 10 482 participants in the Atherosclerosis Risk in Com-
munities study found that PPI users had a 50% higher risk of CKD (HR, 1.50, 95%CI 1.14 -1.96) and
validated this findings in a second large cohort of248 751 patients®®. In addition, Arora et al*® and Xie et
al'® also found that the risk of kidney disease was 10 -28% higher in patients who used PPIs than in non-
usersor H2RAs use. Some systematic review and meta-analysis summarized aforementioned three studies
and concluded that PPI use was significantly associated with increased the risks of CKD'72426, However,
lack of adjustment for several important confounders, such as diet, alcohol intake and physical activity, might
introduce bias of the findings?”. Furthermore, PPIs users might have poor health status, which may were
considered as key confounder factors,?®2? but not been controlled in most previous observational studies. In
our study, we controlled for these confounders and confirmed that PPI use could increase the risk of CKD.

In addition to aforementioned observational studies, a large randomized controlled trial was conducted to
evaluate the safety of PPI pantoprazole among 17 598 participants with a median follow-up of 3 years.
The researchers found that pantoprazole was likely to have a modest, although not statistically significant,
higher risk of CKD compared with placebo (OR 1.17; 95% CI 0.94 to 1.15).!% However, the trail had
also some limitations, such as insufficient power, a short follow-up time frame, potential selection bias and
possible conflicts ofinterests?>2!. The estimated effect of this trial was smaller than our estimates (HR
1.24). Possible explanations included different population characteristics and follow-up time, the presence
of residual confounders, and other biases.

Our results also indicated that women were more likely to a higher risk for CKD associated with PPI
use. Similar result was reported that PPI-associated AKI was more frequently among women than men
(55.42%vs 44.58%)3°. Anothercohort study including over 120 000 individuals indicated that the increased
of AKI with statin use was more marked in women than men3'. A similar phenomenon was observed that
PPI induced hypomagnesemia occurs more commonly among women than men32. Since previous studies



have shown that hypomagnesemia was associated with incidence and mortality of kidney disease'®33:34, this

phenomenon might explain this gender disparity. Another possible explanation for this gender disparity was
that drug-induced nephrotoxicity was associated with immune hypersensitivity reaction?®36, which occurs
more commonly in women than men.

The underlying mechanism of the association between PPI use and CKD remain unclear. One possible expla-
nation is that PPIs could increase the risk of acute interstitial nephritis (AIN)37:38 which may transition to
chronic interstitial nephritis, and subsequently result in the development of CKD3%. Previous study revealed
that a significant proportion of patients that suffered PPI-induced AIN did not recover to baseline, having
either partial or no renal recovery, possibly because of rapid progression AIN from inflammatory interstitial
cellular infiltrates to interstitial fibrosis and chronic interstitial nephritis, especially in those patients with
delayed diagnosis or treatment!®3?. Therefore, CKD might be a long-term complication and consequence of
PPI-induced AIN due to incomplete recovery of renal function and chronic interstitial nephritis®®. In addi-
tion, PPI use has been linked to hypomagnesemia, which could cause endothelial dysfunction by promoting
atherosclerosis, inducing inflammation and inhibiting endothelial proliferation®*4°, consequently result in
the development of CKD33. In addition, previous studies found that PPI use was associated with the gut
microbiota alterations*', and diabetes??, which in turn may increase the risk of CKD3343. More research is
required to investigate the underlying mechanisms.

A notable strength of our study is that this study was based on a well-established prospective cohort, which
collected detailed information on lifestyle factors, medications use, and health conditions. We were able
to fully investigate potential confounding factors that were often not available in administrative medical
databases. In addition, the large sample size and event number enabled us to get precisely estimated effects
for individual class of PPIs and subgroups. Lastly, a wide of robust sensitivity analyses enhanced the validity
of our findings.

This study had several limitations. First, as an observational study, we cannot fully exclude potential
confounding effect. PPI users might have poor health status and be more concerned about their personal
health, so they may be more likely to receive CKD related tests. However, the residual confounding effect
might be small as our analyses were based on model with comprehensive adjustment for clinical indication
PPI use, comorbidities and overall health status. Second, because information about PPI use was collected
only once in the baseline, we were unable to investigate the effects of time varying covariates and exposures on
CKD. Third, we could not investigate the possible dose-response relationship due to insufficient information
on dose and duration of PPI use. Lastly, despite the large sample size, this study may not be able to examine
the effect of specific types of PPIs such as esomeprazole, rabeprazole and pantoprazole on CKD due to the
relative low number of cases.

In conclusion, this large cohort study found that regular use of PPIs was associated with increased risk of
CKD. Although the causal relationship cannot be determined with an observational study, given that the
large number of PPI users as well as the potential risk of CKD and other adverse effects such as enteric
infections, healthcare providers should carefully weigh up the potential benefits against risk in prescribing
PPIs, particularly for long-term continuous use. Further researches are needed to confirm our findings and
to explore the possible mechanisms.

ACKNOWLEDGEMENTS

This research has been conducted using the UK Biobank Resource under Application (no. 51671). We thank
all participants and study staff of UK Biobank.

STATEMENT OF INTERESTS: None

FUNDING: This work was supported by the National Natural Science Foundation of China (82003408,
82003524, 82060511 and 82103913), the Startup Fund for the 100 Top Talents Program, SYSU (392012).
The funders had no role in the design and conduct of the study; collection, management, analysis, and
interpretation of the data; preparation, review, or approval of the manuscript; and decision to submit the



manuscript for publication.
AUTHORSHIP
Guarantor of the article: Xiaoyu Dai.

XD and JY conceived of the research. X7, QH and ZJ analyzed the dataset and wrote the first draft of the
manuscript. XD, QH and JY interpreted the results, revised the draft paper, and read and approved the
final manuscript.

SUPPORTING INFORMATION

Additional Supporting Information is available online. STROBE Checklist was in the end of Supporting
Information

References

1. Freedberg DE, Kim LS, Yang YX. The Risks and Benefits of Long-term Use of Proton Pump
Inhibitors: Expert Review and Best Practice Advice From the American Gastroenterological Associa-
tion. Gastroenterology. 2017;152(4):706-715.

2. Targownik LE, Metge C, Roos L, Leung S. The prevalence of and the clinical and demographic char-
acteristics associated with high-intensity proton pump inhibitor use. American Journal of Gastroenterol-
0gy.2007;102(5):942.

3. Forgacs I, Loganayagam A. Overprescribing proton pump inhibitors. Bmj. 2008;336(7634):2-3.

4. Gomm W, von Holt K, Thomé F, et al. Association of Proton Pump Inhibitors With Risk of Dementia:
A Pharmacoepidemiological Claims Data Analysis. JAMA Neurol. 2016;73(4):410-416.

5. Herzig SJ, Howell MD, Ngo LH, Marcantonio ER. Acid-suppressive medication use and the risk for
hospital-acquired pneumonia.Jama. 2009;301(20):2120-2128.

6. Schoenfeld AJ, Grady D. Adverse Effects Associated With Proton Pump Inhibitors. JAMA internal
medicine. 2016;176(2):172-174.

7. Yuan J, He Q, Nguyen LH, et al. Regular use of proton pump inhibitors and risk of type 2 diabetes: results
from three prospective cohort studies. Gut. 2020.

8. Yuan J, Zhang C, Sparks JA, et al. Regular use of proton pump inhibitor and risk of rheumatoid arthritis
in women: a prospective cohort study. Aliment Pharmacol Ther. 2020;52(3):449-458.

9. Freedberg DE, Kim LS, Yang Y-X. The risks and benefits of long-term use of proton pump inhibitors:
expert review and best practice advice from the American Gastroenterological Association. Gastroenterology.
2017;152(4):706-715.

10. Levey AS, Coresh J, Balk E, et al. National Kidney Foundation practice guidelines for chronic kidney
disease: evaluation, classification, and stratification. Annals of internal medicine.2003;139(2):137-147.

11. Global, regional, and national burden of chronic kidney disease, 1990-2017: a systematic analysis for the
Global Burden of Disease Study 2017. Lancet. 2020;395(10225):709-733.

12. Kazancioglu R. Risk factors for chronic kidney disease: an update.Kidney international supplements.

2013;3(4):368-371.

13. Tuttle KR, Alicic RZ, Duru OK, et al. Clinical Characteristics of and Risk Factors for Chronic
Kidney Disease Among Adults and Children: An Analysis of the CURE-CKD Registry. JAMA Network
Open.2019;2(12):1918169-e1918169.



14. Hsu CC, Wang H, Hsu YH, et al. Use of Nonsteroidal Anti-Inflammatory Drugs and Risk of
Chronic Kidney Disease in Subjects With Hypertension: Nationwide Longitudinal Cohort Study. Hyperten-
s10n.2015;66(3):524-533.

15. Xie Y, Bowe B, Li T, Xian H, Balasubramanian S, Al-Aly Z. Proton Pump Inhibitors and Risk of
Incident CKD and Progression to ESRD.J Am Soc Nephrol. 2016;27(10):3153-3163.

16. Helsel BC, Williams JE, Lawson K, Liang J, Markowitz J. Telemedicine and Mobile Health Technology
Are Effective in the Management of Digestive Diseases: A Systematic Review. Dig Dis Sc¢i.2018;63(6):1392-
1408.

17. Al-Aly Z, Maddukuri G, Xie Y. Proton Pump Inhibitors and the Kidney: Implications of Current
Evidence for Clinical Practice and When and How to Deprescribe. Am J Kidney Dis. 2020;75(4):497-507.

18. Arora P, Gupta A, Golzy M, et al. Proton pump inhibitors are associated with increased risk of
development of chronic kidney disease. BMC nephrology. 2016;17(1):1-8.

19. Moayyedi P, Eikelboom JW, Bosch J, et al. Safety of proton pump inhibitors based on a large, multi-
year, randomized trial of patients receiving rivaroxaban or aspirin. Gastroenterology.2019;157(3):682-691.
e682.

20. Losurdo G, Di Leo A, Leandro G. What Is the Optimal Follow-up Time to Ascertain the Safety of
Proton Pump Inhibitors? Gastroenterology. 2020;158(4):1175.

21. Simin J, Liu Q, Fornes R, Brusselaers N. Safety of proton pump inhibitors questioned based on a large
randomized trial of patients receiving rivaroxaban or aspirin. Gastroenterology.2020;158(4):1172-1173.

22. Sudlow C, Gallacher J, Allen N, et al. UK biobank: an open access resource for identifying the causes
of a wide range of complex diseases of middle and old age. PLoS Med. 2015;12(3):e1001779.

23. Altman DG, Andersen PK. Calculating the number needed to treat for trials where the outcome is time
to an event. Bmj.1999;319(7223):1492-1495.

24. Qiu T, Zhou J, Zhang C. Acid-suppressive drugs and risk of kidney disease: A systematic review and
meta-analysis. Journal of gastroenterology and hepatology. 2018.

25. Lazarus B, Chen Y, Wilson FP, et al. Proton pump inhibitor use and the risk of chronic kidney disease.
JAMA internal medicine.2016;176(2):238-246.

26. Wijarnpreecha K, Thongprayoon C, Chesdachai S, Panjawatanana P, Ungprasert P, Cheungpasitporn
W. Associations of Proton-Pump Inhibitors and H2 Receptor Antagonists with Chronic Kidney Disease: A
Meta-Analysis. Dig Dis Sci. 2017;62(10):2821-2827.

27. Desbuissons G, Mercadal L. Is red meat consumption the confounding factor explaining the association
between chronic kidney disease and proton pump inhibitors? Nephrologie & therapeutique.2019;15(4):191-
192.

28. Dai C, Jiang M, Cao Q. Proton-Pump Inhibitor use and the risk of Ischaemic Stroke. Journal of internal
medicine.2018;283(3):330-330.

29. Prasad V, Jena AB. Prespecified Falsification End Points: Can They Validate True Observational
Associations? JAMA.2013;309(3):241-242.

30. Chen G, Ning LJ, Qin Y, Zhao B, Mei D, Li XM. Acute kidney injury following the use of different
proton pump inhibitor regimens: A real-world analysis of post-marketing surveillance data. Journal of
gastroenterology and hepatology. 2021;36(1):156-162.

31. Tonelli M, Lloyd AM, Bello AK, et al. Statin use and the risk of acute kidney injury in older adults.
BMC nephrology.2019;20(1):1-9.



32. Perazella MA. Proton pump inhibitors and hypomagnesemia: a rare but serious complication. Kidney
international. 2013;83(4):553-556.

33. Dousdampanis P, Trigka K, Fourtounas C. Hypomagnesemia, chronic kidney disease and cardiovas-
cular mortality: pronounced association but unproven causation. Hemodialysis international International
Symposium on Home Hemodialysis. 2014;18(4):730-739.

34. Sakaguchi Y, Shoji T, Hayashi T, et al. Hypomagnesemia in type 2 diabetic nephropathy: a novel
predictor of end-stage renal disease.Diabetes Care. 2012;35(7):1591-1597.

35. Raghavan R, Shawar S. Mechanisms of Drug-Induced Interstitial Nephritis. Advances in chronic kidney
disease. 2017;24(2):64-71.

36. Perazella MA. Drug-induced acute kidney injury: diverse mechanisms of tubular injury. Current opinion
in critical care.2019;25(6):550-557.

37. Blank ML, Parkin L, Paul C, Herbison P. A nationwide nested case-control study indicates an increased
risk of acute interstitial nephritis with proton pump inhibitor use. Kidney international.2014;86(4):837-844.

38. Nochaiwong S, Ruengorn C, Awiphan R, et al. The association between proton pump inhibitor use
and the risk of adverse kidney outcomes: a systematic review and meta-analysis. Nephrol Dial Trans-
plant.2018;33(2):331-342.

39. Moledina DG, Perazella MA. PPIs and kidney disease: from AIN to CKD.Journal of nephrology.
2016;29(5):611-616.

40. Ferre S, Baldoli E, Leidi M, Maier JA. Magnesium deficiency promotes a pro-atherogenic phenotype in
cultured human endothelial cells via activation of NFkB. Biochimica et biophysica acta.2010;1802(11):952-
958.

41. Jackson MA, Goodrich JK, Maxan ME, et al. Proton pump inhibitors alter the composition of the gut
microbiota. Gut.2016;65(5):749-756.

42. Yuan J, He Q, Nguyen LH, et al. Regular use of proton pump inhibitors and risk of type 2 diabetes:
results from three prospective cohort studies. Gut. 2020.

43. Yang T, Richards EM, Pepine CJ, Raizada MK. The gut microbiota and the brain-gut-kidney axis in
hypertension and chronic kidney disease. Nature reviews Nephrology. 2018;14(7):442-456.

Table 1. Baseline Characteristics of the Study Populations by PPI use

Regular PPI use Regular PPI use

No Yes
Number of participants” 425843 46530
Mean (SD) Age, years 56.5 (8.11) 59.9 (7.29)
Male 196435 (46.1%) 21058 (45.3%)

N (%) White

Mean (SD) Index of multiple deprivation
Smoking status

Current

Previous

Never

Alcohol consumption

Daily or almost daily

One to four times a week

One to three times a month
Special occasions only or never

402225 (94.5%)
17.1 (13.9)

44839 (10.5%)
141956 (33.3%)
239048 (56.1%)

87605 (20.6%)
210968 (49.5%)
48492 (11.4%)
78778 (18.5%)

44250 (95.1%)
20.0 (15.8)

5328 (11.5%)
19281 (41.4%)
21921 (47.1%)

8213 (17.7%)
19949 (42.9%)
5471 (11.8%)
12897 (27.7%)



Physical activity

Low

Moderate

High

Mean (SD) fruit and vegetable intake
Mean (SD) red and process meat intake (times/week)
Mean (SD) sleep time (hour)
BMI

Multivitamin use

Intake of mineral supplements
Mean (SD) systolic blood pressure (mm hg)
Hyperlipidemia

Diabetes

CVD

Esophagitis/barretts esophagus
Gastroesophageal reflux disease
Peptic ulcer

Upper gastrointestinal bleeding
Overall health rating

Poor

Fair

Good

Excellent

Longstanding illness

Aspirin use

Non-aspirin NSAIDs use
Paracetamol use

ACEIs use

ARBs use

Beta-blockers use

Calcium channel blockers use
Thiazide diuretics use
Metformin use

Statin use

H2RAs use
Anticoagulants/antiplatelets use

62645 (14.7%)
140208 (32.9%)
140908 (33.1%)
4.62 (3.09)
2.81 (1.13)
8.13 (1.12)
27.2 (4.69)
62113 (14.6%)
91120 (21.4%)
139 (19.7)
212875 (50.0%)
23088 (5.4%)
24027 (5.6%)
2356 (0.6%)
8938 (2.1%)
4358 (1.0%)
2217 (0.5%)

Py

13688 (3.2%)
80121 (18.8%)
255332 (60.0%)
76702 (18.0%)
117678 (27.6%)
55564 (13.0%)
69163 (16.2%)
89671 (21.1%)
37531 (8.8%)
9872 (2.3%)
23290 (5.5%)
23416 (5.5%)
23949 (5.6%)
10747 (2.5%)
60405 (14.2%)
7669 (1.8%)
6063 (1.4%)

8625 (18.5%)
13913 (29.9%)
12585 (27.0%)
4.61 (3.21)
2.88 (1.11)
8.09 (1.37)
29.2 (5.13)
8166 (17.5%)
9561 (20.5%)
142 (19.1)
32352 (69.5%)
5404 (11.6%)
8832 (19.0%)
4092 (8.8%)
18720 (40.2%)
5774 (12.4%)
1397 (3.0%)

6259 (13.5%)
16714 (35.9%)
21292 (45.8%)
2265 (4.9%)
27350 (58.8%)
11398 (24.5%)
8039 (17.3%)
15323 (32.9%)
8250 (17.7%)
2712 (5.8%)
6452 (13.9%)
5406 (11.6%)
4870 (10.5%)
2711 (5.8%)
15226 (32.7%)
2098 (4.5%)
2412 (5.2%)

*Values within parenthesis are expressed as percentage.

Table 2. Associations of regular use of PPI with the risk of chronic kidney disease

ACElIs, angiotensin-converting enzyme inhibitors; ARBs, angiotensin IT receptor blockers; H2RAs, histamine-
2 receptor antagonists;CVD, cardiovascular disease; NSAIDs, non-steroidal anti-inflammatory drugs.

Cases,/ Person-years

Hazard Ratio [95% Confidence Interval]

Age and gender stratified model

PPI use
Non-regular PPI user 5630,/3417548 1.00[Reference]
Regular PPI user 1661/366674 2.15[2.03, 2.27]

1.00[Reference]
1.24]1.17, 1.31]

10

+ Multivariable adjusted model 1: additionally adjusted for ethnicity (white, or other), socioeconomic status

Hazard Ratio [95% Confidence Int
Multivariable adjusted model 11



(index of multiple deprivation, fifth),smoking status (never smoker, previous smoker, or current smoker),
alcohol consumption (daily or almost daily, one to four times a week, one to three times a month, special
occasions only or never), physical activity (low, moderate, or high), fruit and vegetable intake ([?]5 portions
or <5 portions), red and process meat intake (<twice/week, 2.0-2.9 twice/week, 3.0-3.9 twice/week, >4.0
twice/week ), BMI, sleep time (<8 hours, 8 hours, 8 to 9 hours,>9 hours), multivitamin use (yes or no),
mineral supplements intake (yes or no), overall health rating (poor, fair, good, excellent) and longstanding
illness (yes, no), hyperlipidemia (yes or no), systolic blood pressure, diabetes (yes or no), CVD (yes or no),
and medications use, including aspirin, non-aspirin NSAIDs, acetaminophen, angiotensin-converting enzyme
inhibitors, angiotensin receptor blocker, beta-blockers, calcium channel blockers, thiazide diuretics, statin,
metformin.

++Multivariable adjusted model 3: additionally adjusted for clinical PPI use indication, including esophagi-
tis/Barretts esophagus, GERD, peptic ulcer, and upper gastrointestinal bleeding, H2RA use and Anticoag-
ulants/antiplatelets use.

Table 3. Associations of type of PPIs with chronic kidney disease

Cases/ Person-years HR. [95% Cl|
Type of PPIs

No PPI use 5630/3417548 1.00

Omeprazole 1023237523 1.24[1.14, 1.34]
Lansoprazole 635/127975 1.26[1.14, 1.38]
Esomeprazole 73/18161 1.08[0.85, 1.39]
Rabeprazole 41/8745 1.16[0.85, 1.59]
Pantoprazole 33/7347 1.15[0.81, 1.63]

Estimated effects were based on the fully adjusted model (see footnote in table 2).
Abbreviation: PPI, proton pump inhibitor; HR, Hazard Ratio; CI, Confidence Interval
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