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Abstract: Background: To investigate the association between proton pump inhibitor (PPI) exposure
and a risk of type 2 diabetes mellitus (T2DM) among patients with upper gastrointestinal disease
(UGID). Method: We conducted a case—control study from Taiwan’s National Health Insurance
Research Database between 1998 and 2013. A total of 20,940 patients with T2DM and 20,940 controls
were included. The dose of PPIs was categorized according to the cumulative defined daily dose
(cDDD). The risk of T2DM was assessed using conditional logistic regression analysis. Result:
Compared with cDDD < 30, higher dosage of PPI exposure was associated with an increased risk of
T2DM development: ¢cDDD 31-120 (odds ratio [OR]: 1.20, 95% confidence interval [CI]: 1.13-1.26);
¢DDD 121-365 (OR: 1.26, 95% CI: 1.19-1.33); and cDDD > 365 (OR: 1.34, 95% CI: 1.23-1.46). Subgroup
analysis of individual PPI showed that pantoprazole (OR: 1.14, 95% CI: 1.07-1.21), lansoprazole (OR:
1.08, 95% CI: 1.03-1.12), and omeprazole (OR: 1.11, 95% CI: 1.06-1.16) have a significantly higher risk
of T2DM development. Conclusions: A dose-dependent increased risk of T2DM was found among
patients with UGID using higher doses of PPIs compared with those with lower doses of these drugs.
Further studies are necessary to investigate the underlying pathophysiology of PPIs and T2DM.

Keywords: proton pump inhibitors; type 2 diabetes mellitus; upper gastrointestinal disease

1. Introduction

Proton pump inhibitors (PPIs) are commonly prescribed to treat peptic acid diseases.
To date, PPIs have been among the most frequently prescribed medications [1]; however,
PPIs also have problems with overuse or misuse without clear and appropriate indications.
Some prescription guidelines recommended 4-8 weeks of treatment with empirical PPIs
for associated diseases [2,3]. However, inappropriate PPI prescriptions and misuse have
been documented in numerous studies [4,5]. A long-term use of PPIs has been suggested
to increase a risk of gastrointestinal infection [6,7], bone diseases [8], and malabsorption of
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vitamins [9]. An association between PPI exposure and type 2 diabetes mellitus (T2DM)
has also been reported [10,11].

Diabetes is a major global health concern. In 2019, it was estimated that 463 million
people were living with diabetes [12]. Patients with T2DM are more likely to develop hy-
pertension, obesity, hyperlipidemia, and cardiovascular disease (CVD) [13,14]. In addition,
diabetic patients are associated with a unique and widespread form of atherosclerosis and
increased risk of restenosis after revascularization for CVD [15,16], resulting in CVD itself
as a major cause of mortality and morbidities in this population [17]. In clinical practice, it
is common for patients with CVD receiving PPIs to prevent gastrointestinal tract bleeding
in the treatment with anticoagulants and antiplatelets. Taken together, it is vital to explore
the potential association between the use of PPIs and development of T2DM. Furthermore,
some studies suggest that PPI use may affect the gut microbiota composition and impact
its health, which may lead to gut inflammation and changes to the host’s metabolism [18].
The gut microbiota has also been suggested to play an important role in the onset and
progression of T2DM [19].

The association between long-term PPI use and the risk of T2DM is controversial. A
prospective analysis showed that the long-term use of PPIs was associated with a 24%
increased risk of diabetes [11], although they focused on health professionals; thus, the
findings could not be applied to the general population. In addition, the study did not
provide details of PPI dosage, frequency, brand, or indications. A prospective population-
based cohort study showed that PPI use was associated with a 1.7-times increased risk of
incident T2DM [10]. However, contrary results of no association between PPIs and T2DM
have been reported in other studies [20,21], including the weakness of not comparing the
difference between individual PPI and the follow-up period, which was relatively short.

Given the limitations of the above studies, we conducted the present study to in-
vestigate the association between PPI use and T2DM development among a community-
dwelling population in Taiwan, based on the National Health Insurance Research Database
(NHIRD). In addition, we demonstrated whether individual PPI might contribute to the
different risks of T2DM and explored the possible dose-dependent effects.

2. Materials and Methods
2.1. Data Source

This nested case—control study used data from the Taiwan NHIRD from January
1998 to December 2013. The details of the NHIRD have been described in our previous
research [22-25]. Briefly, the National Health Research Institute audits and releases the
NHIRD for scientific and study purposes. The NHIRD has detailed healthcare information
on 23 million enrollees (99.9% of the population of Taiwan) based on a random sample
of all enrollees of the NHI program. There were no significant differences in age, sex,
or healthcare costs between the sample group and the enrollees. The diagnostic codes
used were based on the International Classification of Diseases, 9th Revision, Clinical
Modification (ICD-9-CM). The study protocol was reviewed by the institutional review
board of the Taipei Veterans General Hospital.

2.2. Inclusion Definition for Selection of Cases and Controls

Individuals exposed to any PPI (pantoprazole, lansoprazole, omeprazole, esomepra-
zole, and rabeprazole) for the corresponding indications (peptic ulcer, gastroesophageal
reflux disorder, and upper gastrointestinal bleeding) were eligible for inclusion in this study.
Individuals without a history of diabetes mellitus (ICD-9-CM code: 250) at the time of en-
rollment and those who subsequently developed T2DM (ICD-9-CM codes: ICD-9-CM code:
250.x0 and 250.x2, x = 0-9) diagnosed by board-certified pediatricians, internal medicine
physicians, endocrinologists, and family medicine physicians based on laboratory examina-
tion during the follow-up period were enrolled as the case group. The diagnostic validity
(positive predictive value = 0.92) of T2DM was established in the NHIRD [26]. The time
of the first PPI exposure and the time of T2DM diagnosis were defined as the enrollment
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and endpoint time, respectively. The period between enrollment and the endpoint was
the follow-up period. The matched (1:1) control group was randomly selected based on
age, sex, residence, income, enrollment time, endpoint time, follow-up period, and medical
comorbidities from those who were exposed to any PPI for the corresponding indications
after eliminating the case group and those who had been diagnosed with diabetes mellitus
at any time.

2.3. PPI Exposure

The defined daily dose (DDD) recommended by the World Health Organization
(WHO) is a unit for measuring the prescribed number of drugs. The DDD is the assumed
average maintenance dose per day of a drug consumed for its main indication. We calcu-
lated the sum of the dispensed DDD as the cumulative DDD (cDDD) of PPI use during the
follow-up period. Based on the cDDD, PPI use patterns were separated into four subgroups:
c¢DDD < 30, cDDD 31-120, ¢cDDD 121-365, and ¢cDDD > 365. Such dosage intervals were
based on the methodology of previous studies [27,28]. Patients in the cDDD > 365 group
may represent a person who had continuously received PPI treatment at a standard dosage
for one year. Using the cDDD, we enabled a comparison of drug usage between different
drugs in the same group and allowed for the examination of the dose-response effect of
PPIs on T2DM, which was commonly used in previous pharmacoepidemiologic studies of
PPIs [29-31].

2.4. Covariates

Obesity, dyslipidemia, hypertension, and alcohol use disorders were assessed as
confounding factors. In addition, the level of urbanization (levels 1-5; level 1, most
urbanized region; level 5, least urbanized region) was examined.

2.5. Statistical Analysis

For between-group comparisons, the independent t-test was used for continuous
variables and the Pearson’s X? test was used for nominal variables when appropriate.
Conditional logistic regression analysis was used to investigate the likelihood of subsequent
T2DM after adjusting for demographic data (age, sex, residence, and income), indications
of PPI use, and medical comorbidities (obesity, dyslipidemia, hypertension, and alcohol use
disorders) among PPI users (cDDD categories: <30, 31-120, 121-365, and >365). Subgroup
analysis stratified by sex and each PPI category (pantoprazole, lansoprazole, omeprazole,
esomeprazole, and rabeprazole) was also performed. Sensitivity analysis, after excluding
medical comorbidities (obesity, dyslipidemia, hypertension, and alcohol use disorders),
was performed to examine the independent effect of PPI exposure on subsequent T2DM
risk. A two-tailed p-value < 0.05 was considered statistically significant. All data processing
and statistical analyses were performed using Statistical Package for Social Sciences (SPSS)
version 17 software (SPSS Inc.) and Statistical Analysis Software (SAS) version 9.1 (SAS
Institute, Cary, NC, USA).

3. Results
3.1. Characteristics of Study Participants

Data from 41,880 patients who used PPIs (20,940 in the T2DM group and 20,940 in
the non-T2DM group) were analyzed. The distribution of demographic characteristics,
indication for PPI use, and cDDD category are presented in Table 1. The mean ages at en-
rollment/first time of PPI exposure in the T2DM and non-T2DM groups were 55.82 & 13.48
and 55.87 &+ 13.55 years, respectively. The T2DM group had a significantly higher mean
c¢DDD than that of the non-T2DM group (140.78 £ 230.37 vs. 127.59 £ 199.38, p < 0.001).
There was no significant difference in the indication of PPI use between the T2DM and
non-T2DM groups. However, patients were mostly treated with PPIs under the indication
of peptic ulcers in both groups (97.1% vs. 97.0% in the T2DM and non-T2DM groups,
respectively).
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Table 1. Demographic characteristics of patients who were exposed to PPIs with or without subse-
quent type 2 diabetes.

Patients Exposed to PPIs

With Subsequent Without Subsequent p-Value
Type 2 Diabetes Type 2 Diabetes
(n = 20,940) (n = 20,940)
Age at enrollment/first time of PPI exposure (years, SD) 55.82 (13.48) 55.87 (13.55) 0.702
Sex (n, %) 1.000
Male 12,032 (57.5) 12,032 (57.5)
Female 8908 (42.5) 8908 (42.5)
Indications of PPI use (1, %)
Peptic ulcer 20,336 (97.1) 20,319 (97.0) 0.622
Gastroesophageal reflux disorder 2840 (13.6) 2788 (13.3) 0.465
Upper gastrointestinal bleeding 5383 (25.7) 5543 (26.5) 0.077
Medical comorbidities at enrollment (1, %)
Obesity 158 (0.8) 158 (0.8) 1.000
Hypertension 6894 (32.9) 6894 (32.9) 1.000
Dyslipidemia 3108 (14.9) 3108 (14.9) 1.000
Alcohol use disorders 1038 (5.0) 1038 (5.0) 1.000
Use of PPIs during follow-up period (1, %) <0.001
cDDD, >365 1478 (7.1) 1298 (6.2)
cDDD, 121~365 5936 (28.3) 5534 (26.4)
c¢DDD, 31~120 8771 (41.9) 8552 (40.9)
cDDD, <30 4755 (22.7) 5556 (26.5)
Mean cDDD (SD) 140.78 (230.37) 127.59 (199.38) <0.001
Level of urbanization (1, %) 1.000
1 (most urbanized) 2483 (11.9) 2483 (11.9)
2 5076 (24.2) 5076 (24.2)
3 1760 (8.4) 1760 (8.4)
4 2042 (9.8) 2042 (9.8)
5 (most rural) 9579 (45.7) 9579 (45.7)
Income-related insured amount 1.000
TWD <15,840/mo 8139 (38.9) 8139 (38.9)
TWD 15,841-25,000/ mo 8377 (40.0) 8377 (40.0)
TWD >25,001/mo 4424 (21.1) 4424 (21.1)
Follow-up duration (years, SD) 442 (3.41) 4.37 (3.43) 0.131

3.2. Associations between PPI Exposure and the Risk of T2DM

After adjusting for demographic data, indications for PPI use, and medical comor-
bidities, the association between PPI exposure and T2DM is shown in Table 2. There was
also dose-dependency in the association between PPI dosage and the increased risk of
T2DM (cDDD 31-120, odds ratio [OR]: 1.20; 95% CI: 1.13-1.26; cDDD 121-365, OR: 1.26,
95% CI: 1.19-1.33; ¢cDDD > 365, OR: 1.34, 95% CI: 1.23-1.46) compared with PPI dosage
of cDDD <30. Furthermore, the dose-dependent associations persisted when the patients
were divided into male and female groups.

After excluding medical comorbidities as covariates, sensitivity analysis revealed
similar results (Table 3). In addition, the association between PPI exposure and T2DM
increased with a higher dosage of PPI use (cDDD 31-120, OR: 1.12, 95% CI: 1.05-1.20;
c¢DDD 121-365, OR: 1.20, 95% CI: 1.12-1.29; and ¢DDD > 365, OR: 1.40, 95% CI: 1.35-1.57)
compared with a PPI dosage of cDDD < 30.
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Table 2. Logistical regression models of risk of type 2 diabetes among patients who were exposed

to PPIs.
Males Females All
OR 2 (95% CI) OR 2 (95% CI) OR 2 (95% CI)
Use of PPIs during follow-up period

c¢DDD, <30 1 (reference) 1 (reference) 1 (reference)
cDDD, 31~120 1.21 (1.13-1.29) 1.18 (1.10-1.27) 1.20 (1.13-1.26)
cDDD, 121~365 1.26 (1.18-1.36) 1.25 (1.15-1.35) 1.26 (1.19-1.33)
cDDD, >365 1.33 (1.19-1.48) 1.37 (1.20-1.56) 1.34 (1.23-1.46)

PPIs: proton pump inhibitor; cDDD: cumulative defined daily dose; OR: odds ratio; CI: confidence interval.
2 adjusted for demographic data, indications of PPI use, and medical comorbidities. Bold type indicates statistical
significance.

Table 3. Sensitivity test of risk of type 2 diabetes among patients who were exposed to PPIs.

Total Excluding Medical Comorbidities
OR ? (95% CI) OR P (95% CID)
Use of PPIs during follow-up period
c¢DDD, <30 1 (reference) 1 (reference)
cDDD, 31~120 1.20 (1.13-1.26) 1.12 (1.05-1.20)
c¢DDD, 121~365 1.26 (1.19-1.33) 1.20 (1.12-1.29)
cDDD, >365 1.34 (1.23-1.46) 1.40 (1.35-1.57)

PPIs: proton pump inhibitor; cDDD: cumulative defined daily dose; OR: odds ratio; CI: confidence interval.
2 adjusted for demographic data, indications of PPI use, and medical comorbidities. ® adjusted for demographic
data and indications of PPI use. Bold type indicates statistical significance.

3.3. Associations between Individual PPI and the Risk of T2DM

When divided into individual PPI, pantoprazole (OR: 1.14, 95% CI: 1.07-1.21), lanso-
prazole (OR: 1.08, 95% CI: 1.03-1.12), and omeprazole (OR: 1.11, 95% CI: 1.06-1.16) were
found to be associated with T2DM development (Table 4; all p < 0.05), whereas esomepra-
zole (OR: 1.05, 95% CI: 1.00-1.10) or rabeprazole (OR: 0.96, 95% CI: 0.89-1.04) did not reveal
significant differences.

Table 4. Risk of type 2 diabetes among patients who were exposed to PPIs, stratified by each PPIL

With Subsequent Without Subsequent OR?
Type 2 Diabetes (1, %) Type 2 Diabetes (1, %) (95% CI)
Pantoprazole 2472 (11.8) 2206 (10.5) 1.14 (1.07-1.21)
Lansoprazole 5697 (27.2) 5407 (25.8) 1.08 (1.03-1.12)
Omeprazole 5015 (23.9) 4658 (22.2) 1.11 (1.06-1.16)
Esomeprazole 3858 (18.4) 3808 (17.7) 1.05 (1.00-1.10)
Rabeprazole 1364 (6.5) 1411 (6.7) 0.96 (0.89-1.04)

PPIs: proton pump inhibitor; OR: odds ratio; CI: confidence interval. ® adjusted for demographic data, indications
of PPI use, Charlson Comorbidity Index score, and medical and psychiatric comorbidities. Bold type indicates
statistical significance.

4. Discussion

In the present study, our main findings showed the following: (a) a dose-dependent
effect was found between PPI use and the increased risk of T2DM,; (b) subgroup analysis
showed that the risk of T2DM significantly increased in both male and female patients
receiving PPISs; (c) sensitivity analysis of the exclusion of medical comorbidities showed
similar findings of increased risk of T2DM in patients receiving PPI treatment; and (d)
when stratified by individual PP the risk of T2DM was increased among patients receiving
pantoprazole, lansoprazole, and omeprazole, but not esomeprazole or rabeprazole.
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4.1. Comparison of Other Studies

Our results show that PPI exposure may increase T2DM risk in a dose-dependent
manner. Several studies have also reported similar results. A large randomized controlled
study conducted by 17,598 participants investigated the safety of pantoprazole and found
a trend of association between pantoprazole exposure and the risk of diabetes, although
not significantly (OR: 1.15, 95% CI: 0.89-1.50) [20].

A recent prospective cohort study conducted by Yuan et al. recruited 204,689 health
professionals and showed that regular PPI use was associated with a 24% higher risk of
T2DM (hazard ratio [HR] 1.24, 95% CI: 1.17-1.31), and the risk increased with a longer
duration of PPI exposure [11]. However, this study was based on a certain population,
rather than the general population, and did not provide detailed information regarding
the dosage, brand, frequency, or indication of PPI use. Another prospective cohort study
conducted with 9531 participants showed that incident PPI use was associated with a
significantly increased risk of T2DM, with a hazard of 1.69 (95% CI: 1.36-2.10) [10]. In
addition, they found that the risk of T2DM increased with a higher dosage and longer
duration of PPI exposure, which is consistent with our findings.

On the other hand, other studies have shown contrary results to our study. For exam-
ple, a retrospective cohort study by Lin et al. based on the NHIRD included 388,098 patients,
which showed that patients with upper gastrointestinal disease (UGID) receiving PPIs
had a 20% decreased risk of diabetes compared with patients with UGID without PPI use
over a 5-year follow-up period (HR: 0.80, 95% CI: 0.73-0.88) [21]. This difference may be
attributed to different methodological designs and populations. Compared with Lin et al.,
the present study has several advantages, including a longer follow-up period and further
matched control samples by controlling residence, income, enrollment time, endpoint time,
follow-up period, and medical comorbidities.

Few studies have investigated the differences between individual brands of PPL.
Our analysis of different PPI showed an association between T2DM and pantoprazole,
lansoprazole, and omeprazole. This finding is similar to that of Czarniak et al. [10], who
found a higher risk of T2DM with pantoprazole, omeprazole, and esomeprazole. The
potency of the five PPIs, from low to high, was pantoprazole, lansoprazole, omeprazole,
esomeprazole, and rabeprazole [32]. Our findings showed that PPIs with lower potency
seem to have a higher risk of T2DM. Patients taking PPIs with relatively lower potency,
such as pantoprazole, may need higher equivalent dosage to reach the anti-acid effect
compared with those with relatively higher potency. For example, 20 mg of esomeprazole is
approximately equivalent to 120 mg of pantoprazole [33]. Higher dosage exposure to PPIs
with relatively lower potency may partially explain the increased risk of T2DM. Further
studies investigating the underlying mechanism of PPIs and their metabolic effects are
needed.

4.2. Possible Mechanism

The mechanism underlying the association between PPI exposure and T2DM remains
uncertain. A recent study investigating PPI use and coronavirus disease 2019 (COVID-
19) severity found that PPI exposure was associated with elevated fasting blood glucose
levels [34]. Some studies have suggested that PPI usage may decrease Shannon'’s diversity
and impact the health of the gut microbiota [35,36]. The gut microbiota has been suggested
to play an important role in the onset and progression of T2DM [19]. In addition, PPI
usage is associated with hypomagnesemia [37], and some studies have demonstrated a link
between hypomagnesemia and T2DM by altering cellular glucose transport [38]. However,
the interaction between PPI exposure and T2DM may be complex. Patients diagnosed with
T2DM are more likely to report gastroenterological complaints [39] and may be associated
with higher levels of anti-acid medication exposure.
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4.3. Strengths and Limitations

The present study had several noteworthy strengths. First, we conducted a nationwide
population-based study with a large, unbiased, and well-defined patient sample; therefore,
our study minimized the selection bias. Second, our study focused on analyzing data
from patients with UGID instead of data from the general population, which may decrease
the indication bias. Third, we matched the control group with multiple covariates, such
as residence, income, enrollment time, endpoint time, follow-up period, and medical
comorbidities, to decrease potential confounding factors. Fourth, the present study further
investigated the differences between individual PPI and the risk of T2DM.

Nevertheless, our study had several limitations. First, this was an observational
study from the NHIRD; therefore, it was impossible to infer causality from the results.
In addition, a family history of diabetes mellitus, lifestyle factors (such as diet, physical
activity, and alcohol consumption), and environmental factors (such as air pollution and
cigarette exposure) were not documented in the NHIRD and were not controlled for or
addressed in the present study. Second, we were unable to assess medical adherence to
medications; therefore, in patients with poor compliance, the risk of T2DM may have been
underestimated. Third, as the diagnoses were identified using ICD codes, the risk of T2DM
development may have been underestimated because only patients seeking medical help
were included in this study. Finally, we could not exclude patients whose T2DM was
diagnosed before the establishment of the NHIRD and those who were undiagnosed before
the index date.

5. Conclusions

Our results showed a dose-dependent increased risk of T2DM among patients with
UGID receiving PPIs compared with those without PPIs. Further studies are required to
explore the possible pathophysiological mechanisms underlying this association.

Author Contributions: Conceptualization, M.-H.C.; methodology, M.-H.C; software, M.-H.C.; val-
idation, C.-S.L.; formal analysis, M.-H.C.; investigation, C.-S.L.; resources, M.-H.C.; data curation,
C.-S.L.; writing—original draft preparation, H.-Y.K.; writing—review and editing, C.-S.L., S.-].T.,
T.-].C. and C.-5.C,; visualization, C.-S.L.; supervision, C.-5.C. and M.-H.C.; project administration,
M.-H.C,; funding acquisition, C.-S.C. and M.-H.C. All authors have read and agreed to the published
version of the manuscript.

Funding: The study was supported by grant from Taipei Veterans General Hospital (V106B-020,V107B-
010,V107C-181, V108B-012, V110C-025, V110B-002), Kaohsiung Veterans General Hospital (KGVGH-
110-051, VGHKS-109-070, KSVGH111-082, KSVGH111-181), Yen Tjing Ling Medical Foundation
(CI-109-21, CI-109-22, CI-110-30), and Ministry of Science and Technology, Taiwan (107-2314-B-075-
063-MY3, 108-2314-B-075-037, MOST-109-2314-B-075B-001-MY2). The funding source had no role in
any process of our study.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of the study are available from the
corresponding author upon reasonable request.

Acknowledgments: We thank I-Fan Hu for his friendship and support.

Conflicts of Interest: The authors declare no conflict of interest.

1. Targownik, L.E.; Metge, C.; Roos, L.; Leung, S. The prevalence of and the clinical and demographic characteristics associated with
high-intensity proton pump inhibitor use. Am. J. Gastroenterol. 2007, 102, 942-950. [CrossRef] [PubMed]

2. Katz, P.O.; Dunbar, K.B.; Schnoll-Sussman, EH.; Greer, K.B.; Yadlapati, R.; Spechler, S.J. ACG Clinical Guideline for the Diagnosis
and Management of Gastroesophageal Reflux Disease. Am. ]. Gastroenterol. 2022, 117, 27-56. [CrossRef] [PubMed]


http://doi.org/10.1111/j.1572-0241.2007.01106.x
http://www.ncbi.nlm.nih.gov/pubmed/17313495
http://doi.org/10.14309/ajg.0000000000001538
http://www.ncbi.nlm.nih.gov/pubmed/34807007

Int. |. Environ. Res. Public Health 2022, 19, 8739 80f9

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Farrell, B.; Pottie, K.; Thompson, W.; Boghossian, T.; Pizzola, L.; Rashid, EJ.; Rojas-Fernandez, C.; Walsh, K.; Welch, V.; Moayyedi,
P. Deprescribing proton pump inhibitors: Evidence-based clinical practice guideline. Can. Fam. Physician 2017, 63, 354-364.
[PubMed]

Savarino, V.; Dulbecco, P; de Bortoli, N.; Ottonello, A.; Savarino, E. The appropriate use of proton pump inhibitors (PPIs): Need
for a reappraisal. Eur. |. Intern. Med. 2017, 37, 19-24. [CrossRef] [PubMed]

Chia, C.T.; Lim, W.P; Vu, C.K. Inappropriate use of proton pump inhibitors in a local setting. Singapore Med. ]. 2014, 55, 363-366.
[CrossRef] [PubMed]

Wei, L.; Ratnayake, L.; Phillips, G.; McGuigan, C.C.; Morant, S.V.; Flynn, RW.; Mackenzie, I.S.; MacDonald, T.M. Acid-suppression
medications and bacterial gastroenteritis: A population-based cohort study. Br. |. Clin. Pharmacol. 2017, 83, 1298-1308. [CrossRef]
Garcia Rodriguez, L.A.; Ruigomez, A.; Panes, J. Use of acid-suppressing drugs and the risk of bacterial gastroenteritis. Clin.
Gastroenterol. Hepatol. 2007, 5, 1418-1423. [CrossRef]

Liu, J.; Li, X,; Fan, L.; Yang, ].; Wang, J.; Sun, J.; Wang, Z. Proton pump inhibitors therapy and risk of bone diseases: An update
meta-analysis. Life Sci. 2019, 218, 213-223. [CrossRef]

Koyyada, A. Long-term use of proton pump inhibitors as a risk factor for various adverse manifestations. Therapie 2021, 76, 13-21.
[CrossRef]

Czarniak, P.; Ahmadizar, F.; Hughes, J.; Parsons, R.; Kavousi, M.; Ikram, M.; Stricker, B.H. Proton pump inhibitors are associated
with incident type 2 diabetes mellitus in a prospective population-based cohort study. Br. J. Clin. Pharmacol. 2022, 88, 2718-2726.
[CrossRef]

Yuan, J.; He, Q.; Nguyen, L.H.; Wong, M.C.S.; Huang, J.; Yu, Y.; Xia, B.; Tang, Y.; He, Y.; Zhang, C. Regular use of proton pump
inhibitors and risk of type 2 diabetes: Results from three prospective cohort studies. Gut 2021, 70, 1070-1077. [CrossRef]

Saeedi, P; Petersohn, I; Salpea, P.; Malanda, B.; Karuranga, S.; Unwin, N.; Colagiuri, S.; Guariguata, L.; Motala, A.A.; Ogurtsova,
K.; et al. Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: Results from the
International Diabetes Federation Diabetes Atlas, 9th edition. Diabetes Res. Clin. Pract. 2019, 157, 107843. [CrossRef]

Jakubiak, G.K; Cieslar, G.; Stanek, A. Nitrotyrosine, Nitrated Lipoproteins, and Cardiovascular Dysfunction in Patients with
Type 2 Diabetes: What Do We Know and What Remains to Be Explained? Antioxidants 2022, 11, 856. [CrossRef]

Glovaci, D.; Fan, W.; Wong, N.D. Epidemiology of Diabetes Mellitus and Cardiovascular Disease. Curr. Cardiol. Rep. 2019, 21, 21.
[CrossRef]

Jakubiak, G.K.; Pawlas, N.; Cieslar, G.; Stanek, A. Pathogenesis and Clinical Significance of In-Stent Restenosis in Patients with
Diabetes. Int. J. Environ. Res. Public Health 2021, 18, 11970. [CrossRef]

Thiruvoipati, T.; Kielhorn, C.E.; Armstrong, E.J. Peripheral artery disease in patients with diabetes: Epidemiology, mechanisms,
and outcomes. World ]. Diabetes 2015, 6, 961-969. [CrossRef]

Dal Canto, E.; Ceriello, A.; Ryden, L.; Ferrini, M.; Hansen, T.B.; Schnell, O.; Standl, E.; Beulens, J.W. Diabetes as a cardiovascular
risk factor: An overview of global trends of macro and micro vascular complications. Eur. . Prev. Cardiol. 2019, 26, 25-32.
[CrossRef]

Imhann, E; Vich Vila, A.; Bonder, M.].; Lopez Manosalva, A.G.; Koonen, D.P.Y,; Fu, J.; Wijmenga, C.; Zhernakova, A.; Weersma,
R.K. The influence of proton pump inhibitors and other commonly used medication on the gut microbiota. Gut Microbes 2017, 8,
351-358. [CrossRef]

Gurung, M.; Li, Z.; You, H.; Rodrigues, R.; Jump, D.B.; Morgun, A.; Shulzhenko, N. Role of gut microbiota in type 2 diabetes
pathophysiology. EBioMedicine 2020, 51, 102590. [CrossRef]

Moayyedi, P.; Eikelboom, J.W.; Bosch, J.; Connolly, S.J.; Dyal, L.; Shestakovska, O.; Leong, D.; Anand, S.S.; Stork, S.; Branch,
K.R.H,; et al. Safety of Proton Pump Inhibitors Based on a Large, Multi-Year, Randomized Trial of Patients Receiving Rivaroxaban
or Aspirin. Gastroenterology 2019, 157, 682—-691.e2. [CrossRef]

Lin, H.C.; Hsiao, Y.T.; Lin, H.L.; Uang, Y.S.; Cheng, H-W.; Wang, Y.; Wang, L.H. The use of proton pump inhibitors decreases the
risk of diabetes mellitus in patients with upper gastrointestinal disease: A population-based retrospective cohort study. Medicine
2016, 95, €4195. [CrossRef]

Cheng, C.M.; Chang, W.H.; Chen, M.H,; Tsai, C.F; Su, T.P; Li, C.T.; Tsai, S.J.; Hsu, ].W.,; Huang, K.L.; Lin, W.C,; et al. Co-
aggregation of major psychiatric disorders in individuals with first-degree relatives with schizophrenia: A nationwide population-
based study. Mol. Psychiatry 2018, 23, 1756-1763. [CrossRef]

Chen, M.H,; Lan, WH.; Hsu, ].W.; Huang, K.L.; Su, T.P; Li, C.T.; Lin, W.C.; Tsai, C.F,; Tsai, S.].; Lee, Y.C.; et al. Risk of Developing
Type 2 Diabetes in Adolescents and Young Adults with Autism Spectrum Disorder: A Nationwide Longitudinal Study. Diabetes
Care 2016, 39, 788-793. [CrossRef]

Chen, M.H.; Pan, T.L.; Li, C.T,; Lin, W.C.; Chen, Y.S.; Lee, Y.C.; Tsai, S.J.; Hsu, ].W.; Huang, K.L.; Tsai, C.F,; et al. Risk of stroke
among patients with post-traumatic stress disorder: Nationwide longitudinal study. Br. ]. Psychiatry 2015, 206, 302-307. [CrossRef]
[PubMed]

Chen, M.H,; Su, T.P; Chen, Y.S,; Hsu, ] W,; Huang, K.L.; Chang, W.H.; Bai, Y M. Attention deficit hyperactivity disorder, tic
disorder, and allergy: Is there a link? A nationwide population-based study. J. Child Psychol. Psychiatry 2013, 54, 545-551.
[CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/28500192
http://doi.org/10.1016/j.ejim.2016.10.007
http://www.ncbi.nlm.nih.gov/pubmed/27784575
http://doi.org/10.11622/smedj.2014087
http://www.ncbi.nlm.nih.gov/pubmed/25091884
http://doi.org/10.1111/bcp.13205
http://doi.org/10.1016/j.cgh.2007.09.010
http://doi.org/10.1016/j.lfs.2018.12.058
http://doi.org/10.1016/j.therap.2020.06.019
http://doi.org/10.1111/bcp.15182
http://doi.org/10.1136/gutjnl-2020-322557
http://doi.org/10.1016/j.diabres.2019.107843
http://doi.org/10.3390/antiox11050856
http://doi.org/10.1007/s11886-019-1107-y
http://doi.org/10.3390/ijerph182211970
http://doi.org/10.4239/wjd.v6.i7.961
http://doi.org/10.1177/2047487319878371
http://doi.org/10.1080/19490976.2017.1284732
http://doi.org/10.1016/j.ebiom.2019.11.051
http://doi.org/10.1053/j.gastro.2019.05.056
http://doi.org/10.1097/MD.0000000000004195
http://doi.org/10.1038/mp.2017.217
http://doi.org/10.2337/dc15-1807
http://doi.org/10.1192/bjp.bp.113.143610
http://www.ncbi.nlm.nih.gov/pubmed/25698764
http://doi.org/10.1111/jcpp.12018
http://www.ncbi.nlm.nih.gov/pubmed/23140273

Int. |. Environ. Res. Public Health 2022, 19, 8739 90f9

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Sung, S.F; Hsieh, C.Y,; Lin, H.J.; Chen, Y.W.; Yang, Y.H.; Li, C.Y. Validation of algorithms to identify stroke risk factors in patients
with acute ischemic stroke, transient ischemic attack, or intracerebral hemorrhage in an administrative claims database. Int. J.
Cardiol. 2016, 215, 277-282. [CrossRef] [PubMed]

Li, C.Y; Dai, Y.X.; Chang, Y.T,; Bai, YM.; Tsai, S.J.; Chen, T.]J.; Chen, M.H. Proton Pump Inhibitors Are Associated with Increased
Risk of Psoriasis: A Nationwide Nested Case-Control Study. Dermatology 2021, 237, 884-890. [CrossRef]

Liang, C.S.; Bai, YM.; Hsu, ] W.; Huang, K.L.; Ko, N.Y,; Tsai, C.K; Yeh, T.C.; Chu, H.T.; Tsai, S.J.; Chen, T.J.; et al. The Risk of
Epilepsy after Long-term Proton Pump Inhibitor Therapy. Seizure 2021, 87, 88-93. [CrossRef]

Lei, W.Y.; Wang, ]. H.; Yi, C.H,; Liu, T.T.; Hung, ].S.; Wong, M.W.; Bair, M.].; Vaezi, M.F.; Orr, W.C.; Chen, C.L. Association between
use of proton pump inhibitors and colorectal cancer: A nationwide population-based study. Clin. Res. Hepatol. Gastroenterol. 2021,
45,101397. [CrossRef]

Peng, Y.C.; Lin, C.L.; Hsu, W.Y,; Lu, L.T.; Yeh, H.Z.; Chang, C.S.; Kao, C.H. Proton Pump Inhibitor Use is Associated with Risk of
Pancreatic Cancer: A Nested Case-Control Study. Dose Response 2018, 16, 1559325818803283. [CrossRef]

Lassalle, M.; Le Tri, T.; Afchain, P.; Camus, M.; Kirchgesner, J.; Zureik, M.; Dray-Spira, R. Use of Proton Pump Inhibitors and
Risk of Pancreatic Cancer: A Nationwide Case-Control Study Based on the French National Health Data System (SNDS). Cancer
Epidemiol. Biomarkers Prev. 2022, 31, 6626-6669. [CrossRef]

Kirchheiner, J.; Glatt, S.; Fuhr, U.; Klotz, U.; Meineke, I.; Seufferlein, T.; Brockmoller, J. Relative potency of proton-pump
inhibitors-comparison of effects on intragastric pH. Eur. . Clin. Pharmacol. 2009, 65, 19-31. [CrossRef]

Graham, D.Y,; Lu, H.; Dore, M.P. Relative potency of proton-pump inhibitors, Helicobacter pylori therapy cure rates, and meaning
of double-dose PPI. Helicobacter 2019, 24, e12554. [CrossRef]

Shafrir, A.; Benson, A.A.; Katz, L.H.; Hershcovici, T.; Bitan, M.; Paltiel, O.; Calderon-Margalit, R.; Safadi, R.; Shauly-Aharonov, M.
The Association Between Proton Pump Inhibitors and COVID-19 is Confounded by Hyperglycemia in a Population-Based Study.
Front. Pharmacol. 2022, 13, 791074. [CrossRef]

Imhann, E; Bonder, M.].; Vich Vila, A.; Fu, J.; Mujagic, Z.; Vork, L.; Tigchelaar, E.F.; Jankipersadsing, S.A.; Cenit, M.C.; Harmsen,
H.J.; et al. Proton pump inhibitors affect the gut microbiome. Gut 2016, 65, 740-748. [CrossRef]

Jackson, M.A.; Goodrich, ] K.; Maxan, M.E.; Freedberg, D.E.; Abrams, ].A.; Poole, A.C.; Sutter, ].L.; Welter, D.; Ley, R.E; Bell, ].T.;
et al. Proton pump inhibitors alter the composition of the gut microbiota. Gut 2016, 65, 749-756. [CrossRef]

Park, C.H.; Kim, E.H.; Roh, Y.H.; Kim, H.Y.; Lee, S.K. The association between the use of proton pump inhibitors and the risk of
hypomagnesemia: A systematic review and meta-analysis. PLoS ONE 2014, 9, e112558. [CrossRef]

Ahmed, F; Mohammed, A. Magnesium: The Forgotten Electrolyte-A Review on Hypomagnesemia. Med. Sci. 2019, 7, 56.
[CrossRef]

Zawada, A.E.; Moszak, M.; Skrzypczak, D.; Grzymislawski, M. Gastrointestinal complications in patients with diabetes mellitus.
Adv. Clin. Exp. Med. 2018, 27, 567-572. [CrossRef]


http://doi.org/10.1016/j.ijcard.2016.04.069
http://www.ncbi.nlm.nih.gov/pubmed/27128546
http://doi.org/10.1159/000517515
http://doi.org/10.1016/j.seizure.2021.03.008
http://doi.org/10.1016/j.clinre.2020.02.017
http://doi.org/10.1177/1559325818803283
http://doi.org/10.1158/1055-9965.EPI-21-0786
http://doi.org/10.1007/s00228-008-0576-5
http://doi.org/10.1111/hel.12554
http://doi.org/10.3389/fphar.2022.791074
http://doi.org/10.1136/gutjnl-2015-310376
http://doi.org/10.1136/gutjnl-2015-310861
http://doi.org/10.1371/journal.pone.0112558
http://doi.org/10.3390/medsci7040056
http://doi.org/10.17219/acem/67961

	Introduction 
	Materials and Methods 
	Data Source 
	Inclusion Definition for Selection of Cases and Controls 
	PPI Exposure 
	Covariates 
	Statistical Analysis 

	Results 
	Characteristics of Study Participants 
	Associations between PPI Exposure and the Risk of T2DM 
	Associations between Individual PPI and the Risk of T2DM 

	Discussion 
	Comparison of Other Studies 
	Possible Mechanism 
	Strengths and Limitations 

	Conclusions 
	References

