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Proton pump inhibitors and all-
cause mortality in colorectal cancer
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Proton pump inhibitors (PPIs) are commonly prescribed medications, but their relationship to
mortality in colorectal cancer (CRC) remains poorly understood. This study aims to evaluate the
association between PPl use and all-cause mortality IN newly diagnosed CRC. This retrospective cohort
study utilized electronic medical records from a network comprising over 80 million patients across

57 healthcare organizations in the USA. We identified adult patients with a first-time CRC diagnosis
between January 1, 2010, and December 31, 2022, ensuring at least one year of follow-up. Patients
were classified as new users or non-users of PPIs at the time of CRC diagnosis. A lag time of 6 months
was adopted to minimize protopathic bias. The primary outcome was all-cause mortality. Patients in
the study group were matched with patients controls by using 1:1 propensity matching. The analysis
included 252,022 patients (126,011 PPl users and 126,011 non-users) matched on propensity scores.
PPl users had a higher mortality risk at 1 year (HR=1.42), 2 years (HR=1.44), and over the entire
follow-up period (HR =1.40). Sensitivity analyses, which excluded early outcomes, and ancillary
analyses, which compared to those on histamine-2 receptor antagonists, confirmed the robustness of
these results. Even for former PPl users, the all-cause mortality HR was 1.39. PP| use was associated
with an increased risk of all-cause mortality in CRC patients. These findings highlight the need for
further research to explore the underlying mechanisms and clinical implications of PPl use in this
population. The study indicates that PPIs are associated with increased all-cause mortality in CRC. This
highlights the need for careful consideration when prescribing PPIs to this population.
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Abbreviations

CRC Colorectal cancer

CI Confidence interval

H2RA Histamine-2 receptor antagonists

HR Hazard ratio

ICD International classification of diseases
(0N Overall survival

PPI Proton pump inhibitors

PSM Propensity score match

PFS Progression-free survival

STROBE  Strengthening the reporting of observational studies in epidemiology
SMD Standardized mean differences

The incidence of colorectal cancer (CRC) has been rising worldwide and now accounts for approximately 10%
of all cancer cases. In addition, CRC is the third most often diagnosed cancer and the third most common cause
of cancer-related death in both men and women in the United States!. The prognosis is not solely due to the
characteristics of the cancer itself; it also depends on host and microenvironment factors?. Alterations in the

1Department of Supportive Oncology, Atrium Health Levine Cancer, Charlotte, NC, USA. 2Department of
Medicine, Wake Forest University School of Medicine, Winston-Salem, NC, USA. 3Department of Medicine lll,
Gastroenterology, Metabolic Diseases, and Intensive Care, University Hospital RWTH Aachen, Aachen, Germany.
“Department of Solid Tumor Oncology, Atrium Health Levine Cancer, Charlotte, NC, USA. "Hemby Family Endowed
Chair in Supportive Oncology, Atrium Health Levine Cancer, Charlotte, NC, USA. ®Organ Transplant Center of
Excellence, King Faisal Specialist Hospital & Research Center, Riyadh, Saudi Arabia. "Division of Gastroenterology
and Hepatology, Weill Cornell Medicine, New York, NY, USA. 8The Center for Supportive Oncology, 1021 Morehead
Medical Drive, Suite 70100, Charlotte, NC 28204, USA. “‘email: dr.arunkumar.krishnan@gmail.com

Scientific Reports | (2025) 15:21315 | https://doi.org/10.1038/s41598-025-05570-4 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-05570-4&domain=pdf&date_stamp=2025-6-12

www.nature.com/scientificreports/

microenvironment can influence the behavior of cancer and patient outcomes, encompassing elements like diet,
medication, and microbiota’.

Several plausible biological mechanisms suggest that several medications, like aspirin*®, metformin*>, and
statins®, may reduce the risk of CRC and/or improve its prognosis. On the other hand, epidemiological studies in
noncancer populations suggest an association between proton pump inhibitors (PPI) use and higher CRC risk.
Some observational studies found a greater risk of CRC with PPI use”8. However, others disagreeg‘B. Therefore,
the clinical relationship between PPI usage and the incidence of CRC needs to be determined, and additional
investigations are important”'13, Furthermore, there is a notable lack of literature on the relationship of PPIs
to survival in CRC.

A few studies have identified a negative association between PPI and cancer prognosis!*!>. In two recent
epidemiological studies, an association between PPI use and higher CRC-specific mortality was observed!®17.
However, a Canadian study revealed a 34% greater all-cause mortality with PPI use's. Conversely, in another
tumor site in untreated head and neck squamous cell cancer, in a cohort of 596 patients with the use of either
PPIs or Histamine 2 receptor antagonists (H2RAs) was linked to longer overall survival'®. Although PPIs are
most often prescribed for upper gastrointestinal symptoms, PPIs might affect cancer outcomes by modifying the
acidic tumor microenvironment or enhancing cancer cells chemosensitivity?’. Consequently, the relationship of
PPIs with CRC survival remains inconclusive, necessitating further investigation.

Prior population-based studies evaluating the association between PPI and CRC survival have had conflicting
results. This discrepancy can be attributed to their limitations, including time-related biases, such as immortal
time bias and protopathic bias. In addition, a recent study revealed that over a quarter of patients undergoing
anticancer treatment were concurrently on PPIs?!. This highlights their widespread utilization within the cancer
population. In light of this, the primary objective of our population-based study was to assess whether PPI use
was correlated with a greater risk of all-cause CRC mortality.

Methods

Data sources

We used electronic medical records from the TriNetX research network (Cambridge, MA, USA) to investigate
any association between PPIs and all-cause mortality. The electronic supplementary material Methods contains
details of the data source, quality checks, and diagnosis codes for patient selection (according to predefined
International Classification of Diseases (ICD)-9 and ICD-10 codes). The TriNetX network HAS been described
in previous reports*>?*. We followed the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) reporting guidelines. All methods were carried out in accordance with relevant guidelines and
regulations.

Study design and study participants

This was a large, population-based, retrospective cohort study. We identified all adults (aged > 18 years) with
a first-time CRC diagnosis from January 1, 2010, to December 31, 2022. The identification of CRC was based
on specific predefined ICD-9 and ICD-10 codes. We limited the study cohort to at least 1 year of follow-up.
Furthermore, to reduce reverse causality and detection bias, we only included individuals with > 1 year of follow-
up after the start of the study. Patients were followed from the first date of CRC diagnosis to any cause of death
or the end of the study (December 31, 2022), whichever occurred first.

Drug exposure

We adopted a new-user, active comparator design, which compared those newly treated with PPIs (esomeprazole,
lansoprazole, omeprazole, pantoprazole, or rabeprazole) with non-users. We used non-users as primary analysis
controls, defined as either H2RAs or PPIs. Finally, as recommended in the literature, we used a lag time of 6
months to allow for a sufficient latency period and minimize reverse causality (protopathic bias)?#?. Given the
potential association between PPIs and a higher risk of developing CRC, we defined non-users as individuals
without a recorded PPI prescription post-diagnosis. If individuals using PPIs are exposed from the moment of
CRC diagnosis, it could introduce an immortal time bias because mortality cannot occur before the first use of
PPI post-diagnosis.

Outcome
The primary outcome was all-cause mortality.

Matching process

We used a propensity score match (PSM) method to compare new PPI users and non-users. The PSM was
performed using 1:1 to reduce confounding effects. The covariates were adjusted in the PSM model for priori-
identified potential confounders, like age, sex, race/ethnicity, nicotine dependence, body mass index, cancer
type, comorbidities, and medications (Table 1). Logistic regression obtained the propensity scores, and a greedy
nearest-neighbor matching algorithm performed the matching with a caliper of 0.1 pooled SD. The balance of
potential confounding variables was evaluated using standardized mean differences (SMD) with a threshold
set a- priori at 0.10. We used SMD to measure the magnitude of differences between groups (rather than the
p-value) because of their insensitivity to sample size. Logistic regression was performed using both Python
(Python Software Foundation, Wilmington, Delaware, USA) and R 3.4.4 software (R Foundation for Statistical
Computing, Vienna, Austria) to ensure outputs matched and the order of the rows in the covariate matrix was
randomized to eliminate this bias.

Scientific Reports |

(2025) 15:21315 | https://doi.org/10.1038/s41598-025-05570-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Before the propensity score match

After the propensity score match

PPI Users

PPI Users Non -Users

Variables (N=208443) | Non-Users (N=127122) | SMD | (N=127106) | (N=127106) | SMD
Age in years, mean + SD 69.1+14.6 67.3£15.2 0.1191 | 67.5%15 67.3+15.2 0.0155
Sex, n (%), Female 107,796(51.7) | 69,226(54.4) 0.0550 | 693,445(4.5) | 69,210(54.4) | 0.0021
Elti};;ei\cri;?o?{ﬁzno 10,884(5.2) 6557(5.1) 0.0029 | 6450(5.0) 6557(5.1) 0.0038
I;\?hciet’e n (%) 146,104(70.0) | 89,782(70.6) 0.0117 | 90,651(71.3) | 89,767(70.6) | 0.0153
Black o Afican Americans 25500) | i0500) 00056 | 39640.1) | 4035.1) | 00028
Asian ; ; ’ p p ’
Others 29,024(13.9) | 15,912(12.5) 0.0416 | 14,832(11.6) | 15,912(12.5) | 0.0261
Nicotine dependence, n (%) 43,917(21.0) | 30,725(24.1) 0.0742 | 30,395(23.9) | 30,711(24.1) | 0.0058
Alcohol dependence, n (%) 9028(4.3) 6554(5.1) 0.0388 | 2862(2.2) 2674(2.12) 0.0102
BMI (kg/mz), mean+SD 29+6.98 29+7.01 0.0029 | 29+7.05 29+7.01 0.0058
Indications for use of PPI, n (%)
Gastro esophageal reflux disease 77,276(37.0) | 49,385(38.8) 0.0366 | 50,877(40.0) | 49,373(38.8) | 0.0242
Gastritis 14,347(6.8) | 10,314(8.1) 0.0467 | 10,135(7.9) | 10,312(8.1) | 0.0051
Gastric ulcer 6945(3.3) 4927(3.8) 0.0292 | 4609(3.6) 4925(3.8) 0.0131
Peptic ulcer 6177(2.9) 4519(3.5) 0.0333 | 4291(3.3) 4517(3.5) 0.0097
Gastroduodenitis 5772(2.7) 3845(3.0) 0.0152 | 3891(3.0) 3844(3.0) 0.0022
Comorbidities, n (%)
Hypertension 112,292(53.8) | 71,140(55.9) 0.0420 | 70,731(55.6) | 71,131(55.9) | 0.0063
Diabetes mellitus 59,734(28.6) | 40,091(31.5) 0.0628 | 39,307(30.9) | 40,077(31.5) | 0.0131
Hyperlipidemia 73,538(35.2) | 46,537(36.6) 0.0277 | 46,259(36.3) | 46,533(36.6) | 0.0045
Chronic lower respiratory diseases 57,117(27.4) | 38,619(30.3) 0.0657 | 38,356(30.1) | 38,605(30.3) | 0.0043
Cardiac arrhythmias 39,872(19.1) | 28,182(22.1) 0.0752 | 27,188(21.3) | 28,168(22.1) | 0.0187
Hypercholesterolemia 37,120(17.8) | 25,175(19.8) 0.0511 | 24,096(18.9) | 25,173(19.8) | 0.0214
Atrial fibrillation 24,978(11.9) | 14,965(11.7) 0.0065 | 15,469(12.1) | 14,962(11.7) | 0.0123
Heart failure 30,523(14.6) | 20,572(16.1) 0.0426 | 20,123(15.8) | 20,566(16.1) | 0.0095
Ischemic heart disease 55,142(26.4) | 36,390(28.6) 0.0486 | 35,863(28.2) | 36,377(28.6) | 0.0090
Cerebrovascular disease 37,759(18.1) | 27,112(21.3) 0.0808 | 26,548(20.8) | 27,098(21.3) | 0.0106
Chronic kidney disease 49,436(23.7) | 34,039(26.7) 0.0705 | 33,663(26.4) | 34,028(26.7) | 0.0065
Peripheral vascular diseases 21,383(10.2) | 15,337(12.0) 0.0574 | 14,676(11.5) | 15,334(12.0) | 0.0160
Diabetic retinopathy 5008(2.4) 3437(2.7) 0.0191 | 3397(2.6) 3436(2.7) 0.0019
Diabetic polyneuropathy 10,987(5.2) 7451(5.8) 0.0258 | 7361(5.7) 7449(5.8) 0.0030
Diabetic nephropathy 10,434(5.0) 6997(5.5) 0.0223 | 6940(5.4) 6995(5.5) 0.0019
Acute pancreatitis 6502(3.1) 4796(3.7) 0.0358 | 4667(3.6) 4793(3.7) 0.0052
Other diseases of Pancreas 8139(3.9) 5636(4.4) 0.0265 | 5695(4.4) 5635(4.4) 0.0023
Diseases of gallbladder 6568(3.1) 4753(3.7) 0.0322 | 4652(3.6) 4751(3.7) 0.0041
Diseases of biliary tract 8574(4.1) 6122(4.8) 0.0340 | 6155(4.8) 6119(4.8) 0.0013
Cirrhosis of liver 7775(3.7) 4980(3.9) 0.0098 | 4891(3.8) 4980(3.9) 0.0036
Osteoarthritis 57,663(27.6) | 38,516(30.2) 0.0581 | 38,262(30.1) | 38,506(30.2) | 0.0042
Obstructive sleep apnea 20,911(10.0) 14,138(11.1) 0.0354 | 13,951(10.9) 14,137(11.1) | 0.0047
Liver diseases 36,120(17.3) | 25,442(20.0) 0.0690 | 25,136(19.7) | 25,433(20.0) | 0.0059
Systemic connective tissue disorders | 14,931(7.1) 11,378(8.9) 0.0657 | 11,006(8.6) 11,369(8.9) 0.0101
AJCC TNM and Staging System:
T 17,244(8.3) 9004(7.1) 0.1592 | 8508(6.7) 7174(5.6) 0.0951
N 18,431(8.8) 10,028(7.9) 0.1627 | 8415(6.6) 6951(5.5) 0.0927
M 13,838(6.6) | 8867(7.1) 0.1598 | 7599(6.1) 6301(5.1) 0.0913
Stage 1 7521(3.6) 5502(4.3) 0.0653 | 4282(3.4) 4093(3.2) 0.0160
Stage 2 9652(4.6) 8352(6.6) 0.0793 | 7448(5.9) 6947(5.5) 0.0423
Stage 3 8659(4.1) 5157(4.1) 0.0907 | 5496(4.3) 4768(3.7) 0.0632
Stage 4 7894(3.8) 6456(5.1) 0.0840 | 6607(5.2) 6367(5.0) 0.0527
Cancer treatment, n (%)
Chemotherapy 44,402(21.3) | 34,547(27.1) 0.1374 | 34,154(26.8) | 34,531(27.1) | 0.0067
Antineoplastics, antimetabolites 25,076(12.3) | 13,907(10.9) 0.3685 | 13,145(10.3) | 12,849(19.1) | 0.0904
Radiotherapy 9760(4.6) 7433(5.8) 0.0522 | 7283(5.7) 7433(5.8) 0.0051
Surgery 144,350(69.2) | 110,283(86.7) 0.6074 | 110,142(86.6) | 110,250(86.7) | 0.0370
Continued
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Before the propensity score match After the propensity score match

PPI Users PPI Users Non -Users
Variables (N=208443) | Non-Users (N=127122) | SMD | (N=127106) | (N=127106) | SMD
Medications, n (%)
Beta-blockers 79,321(38.0) | 51,871(40.8) 0.0563 | 51,733(40.7) | 51,860(40.8) | 0.0020
Aspirin 66,105(31.7) | 43,833(34.4) 0.0588 | 43,865(34.5) | 43,821(34.4) | 0.0007
NSAIDs usage 129,421(62.0) | 87,469(68.8) 0.1416 | 86,798(68.2) | 87,454(68.8) | 0.0111
Hypoglycemic drugs 31,162(14.9) | 20,557(16.1) 0.0337 | 20,191(15.8) | 20,553(16.1) | 0.0078
Insulin 45,103(21.6) | 29,682(23.3) 0.0410 | 30,158(23.7) | 29,674(23.3) | 0.0090
Antiarrhythmics 110,046(52.7) | 78,546(61.7) 0.1826 | 79,255(62.3) | 78,530(61.7) | 0.0118
Antilipemic agents 75,659(36.2) | 48,604(38.2) 0.0401 | 48,284(37.9) | 48,598(38.2) | 0.0051
ACE inhibitors 50,494(24.2) | 32,234(25.3) 0.0262 | 32,100(25.2) | 32,232(25.3) | 0.0024
Diuretics 72,087(34.5) | 46,223(36.3) 0.0372 | 46,242(36.3) | 46,220(36.3) | 0.0004
Vitamin D supplement 43,189(20.7) | 31,267(24.5) 0.0927 | 29,848(23.4) | 31,263(24.5) | 0.0261
Vitamin E supplement 8199(3.9) 5715(4.4) 0.0280 | 5521(4.3) 5715(4.4) 0.0074
Calcium channel blockers 50,240(24.1) | 33,638(26.4) 0.0543 | 32,671(25.7) | 33,633(26.4) |0.0172
Antihypertensive combinations 923(0.4) 628(0.4) 0.0075 | 606(0.4) 628(0.4) 0.0025

Table 1. Demographic and clinical characteristics of patients with colorectal Cancer by proton pump inhibitor
use and Non-Users. PPI, proton pump inhibitor; SMD, standard mean difference; SD, standard deviation;
BMI, body mass index; ACE, angiotensin-converting-enzyme; T/N/M represent tumor size (T), lymph node
involvement (N), and metastasis (M) stages, respectively

Statistical analyses

All analyses were done using the TriNetX real-time analytics platform. This involved dynamic and immediate
data analysis, enabling continuous processing and interpretation. Categorical variables with the Pearson x2
test and continuous variables were compared using an independent-sample t-test. Continuous variables were
expressed as mean + SD and categorical variables as frequency and percentage. Analyses examined the outcome
by using Cox proportional hazards models. HRs and ClIs, along with tests for proportionality, were calculated
using R’s Survival package v3.2-3. The results were validated by comparison with the output from SAS version
9.4. Patients were censored when the time window ended or the day after the last fact in their record. We utilized
a 1:1 propensity matching strategy to establish comparable groups, including PPIs, H2RAs, and non-users. In
addition, we used this approach to effectively balance covariates between the groups. We incorporated a robust
variance estimator in the Cox regression model to account for clustering within the 1:1 propensity-matched
sample and address any loss of independence among individuals from the matching procedure?. The robust
variance estimator is essential to enhance the accuracy of our analytical approach and ensure study validity. A
priori-defined two-sided alpha of <0.05 indicated statistical significance.

Ancillary analysis

We analyzed new users of H2RAs (cimetidine, famotidine, nizatidine, and ranitidine) as a control in the ancillary
analysis. In this, we matched new users of PPIs to new H2RA users on propensity scores. We deliberately chose
H2RAs as the comparator because H2RAs are a clinically relevant cohort used for indications similar to PPIs;
hence, H2RAs were chosen as it was aimed to minimize confounding by therapeutic indication. Concurrent
prescriptions of PPIs and H2RAs at cohort entry were excluded to ensure a clear distinction between exposure
groups. Furthermore, the study cohort included individuals who switched to or added on treatment between the
study drug classes (PPI to H2RA or vice versa).

Sensitivity analyses

We conducted four sensitivity analyses to ensure robustness due to the study outcome’s heterogeneous nature. In
the first analysis, we evaluated the relationship of PPI use to mortality using Cox proportional hazards models
with a lag time of 24, and 36 months. Both used the same methods as the primary analysis. In the second
analysis, we compared former users based on whether they had a history of PPIs before cancer diagnosis. In the
third analysis, we estimated study outcomes by excluding outcomes 6 months and 1 year after the index event.
In the fourth analysis, we compared former users based on whether they had a history of PPIs or H2RA before
cancer diagnosis. All the analyses were performed the same methods as the primary analysis.

Results

Baseline characteristics (PPls vs. Non-users)

In this cohort study, we examined the baseline characteristics and laboratory findings of 208,443 PPI users and
127,122 non-users with colorectal cancer before and after propensity score matching. Post-matching, each group
contained 127,106 individuals (Supplementary Fig. 1). The average age of PPI users was 69.1 years (SD =14.6)
before matching, compared to 67.3 years (SD = 15.2) among non-users. Post-matching, the ages were comparable
(67.5 years, SD=15.0 vs. 67.3 years, SD=15.2). Female representation was similar across both groups, with a
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PPI-Users Non-users
Outcome (n=126011), N | (n=126011), N | HR (95% CI)
At 1 year 7862 5563 1.42 (1.37-1.47)
At 2 years 13,304 9419 1.44 (1.39-1.58)
Overall outcome during follow-up | 22,190 17,277 1.40 (1.29-1.61)

Table 2. Hazard ratios (95% Cls) for All-Cause mortality between new users of proton pump inhibitors
compared with Non-users. CI, confidence interval; HR, hazard ratio; PPI, proton pump inhibitor.

PPI-Users Non-users
Outcome (n=126011), N | (n=126011), N | HR (95% CI)
At 12 months | 12,690 10,590 1.21(1.16-1.54)

Table 3. Hazard ratios (95% Cls) for All-Cause mortality between new users of proton pump inhibitors
compared to Non-Users by extending the lag exposure. CI, confidence interval; HR, hazard ratio; PPI, proton
pump inhibitor.

slightly lower disparity post-matching (51.7% vs. 54.4% pre-matching; 54.5% vs. 54.4% post-matching, Table 1).
The mean follow-up was 3.6 1.1 years for the PPI group and 3.1+ 1.0 years for the non-users.

Before matching, notable differences in health-related conditions were observed. PPI users had lower rates
of alcohol and nicotine dependence, and other conditions like diabetes mellitus, hypertension, hyperlipidemia,
and various cardiovascular and pulmonary diseases also differed (Table 1). After matching, these differences
were significantly less, indicating effective matching. Specific gastrointestinal indications for PPI use, like
gastroesophageal reflux disease and gastritis, showed expected variations between the groups but converged
post-match (Table 1). Significant differences were found in cancer stage and treatment. The use of antineoplastics,
chemotherapy, and surgery was more frequent among PPI users than non-users before matching. Post-matching
adjustments effectively balanced these differences, particularly the utilization of specific cancer therapies and
surgical interventions (Table 1).

Outcomes (Risk of mortality relative to non-users)
For the primary outcome assessed at 1 year, PPI users had a substantially higher mortality rate than non-users,
with 7862 events in PPI versus 5563 in the non-PPI (HR=1.42 (95% CI: 1.37-1.47). After 2 years, there were
higher than 13304 events in the PPI versus 9419 in the non-users (HR=1.44 (95% CI: 1.39-1.58). Throughout
the total follow-up period, the cumulative incidence of death was 22190 for PPI users and 17277 for non-users
(HR=1.40 (95% CI: 1.29-1.61), Table 2).

Secondary analysis considered the effect of delayed exposure by 12 months to account for potential latency
effects. At 12 months, the HR fell to 1.21 (95% CI: 1.16-1.54) for PPI users (Table 3). These findings suggest that
earlier PPI is associated with a higher mortality risk, but this appears to decrease over time.

Ancillary analysis (H2RAs comparison)

Clinical characteristics of the PPIs and H2RA groups are compared in Supplementary Table 1. Post-matching,
each group contained 127,106 individuals (Supplementary Fig. 2). The mean follow-up was 3.8+ 1.0 years for
the PPIs and 3.1 1.1 years for the H2RA group. When comparing PPI to H2RA, among the 127,106 using PPIs,
32,481 deaths were recorded, whereas, among the 127,106 H2RA users, 30,301 deaths were observed. The hazard
ratio (HR) for all-cause mortality in PPI users compared to H2RA users was 1.12 (95% CI: 1.05-1.68), a 12%
greater risk of death in PPI users (Supplemental Table 2).

Sensitivity analysis

To assess the robustness of our findings, a time-stratified analysis showed variations in the hazard ratios for all-
cause mortality at different intervals. At two years, the HR was 1.02 (95% CI: 1.01-1.05), with 21,030 PPI users
and 20,749 deaths in H2RA users. At three years, the HR was 1.02 (95% CI: 1.00-1.04), with 24,867 deaths in PPI
users and 24,633 in H2RA users (Supplemental Table 3).

In the second analysis, we examined all-cause mortality among former PPI users compared to non-PPI users,
matching baseline characteristics in another cohort of 131,116 patients each. The HR for all-cause mortality
among former PPI users was 1.39 (95% CI: 1.37-1.42, Supplemental Table 4). In a third analysis, we excluded
outcomes from the first few months of the study. After excluding the first 6, and 12-month periods, the mortality
HR for PPI users versus non-users was between 1.32 and 1.41 (Supplemental Table 5). In our fourth analysis,
among former users, the all-cause mortality analysis included 131,126 former PPI users and 131,126 former
H2RA users. There were 35,827 deaths among former PPI users compared to 35,668 deaths among former
H2RA users. The hazard ratio for all-cause mortality in former PPI users versus former H2RA users was 1.01
(95% CI: 1.00-1.03, Supplemental Table 6).
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Discussion

The primary objective of this study was to analyze all-cause mortality in CRC new users of acid suppression
with PPI, H2RA, or non-users. We observed a moderate independent effect of new PPI use relative to non-
users. PPI users had a 42% higher risk of all-cause mortality at 1 year (HR=1.42) and a 44% higher risk after
two years (HR =1.44). These findings were confirmed in the sensitivity analysis, which excluded those who died
within 1 year of index CRC diagnosis. The cumulative incidence of all-cause mortality risk over the follow-up
period was 40% higher for PPI users (HR=1.40). Even though the all-cause mortality risk seemed to decrease
when accounting for delayed exposure, with an adjusted HR of 21% higher mortality (HR=1.21), the overall
risk remains substantial. Similarly, compared to those on H2RAs, the all-cause mortality risk for PPI users was
12% higher (HR=1.12). New PPI users after CRC diagnosis who continued PPI treatment (compared to non-
users) also showed a consistent yet small greater all-cause mortality through 3 years when varying the exposure
ascertainment period.

PPIsare commonly used among cancer patients to prevent gastric ulceration that can result from chemotherapy,
corticosteroids, and radiotherapy®”?®. Furthermore, PPI use has been correlated to poorer overall health®.
Specifically, PPIs may be associated with poorer overall health in CRC. The potential mechanisms underlying
the possible effect of PPIs on CRC development warrant exploration. A systematic review highlighted that PPIs
may not stimulate CRC development via the trophic effect of gastrin (as previously suggested)*’. Instead, PPIs
might paradoxically inhibit CRC development, possibly through their anti-tumor properties, mainly exhibited
by omeprazole and pantoprazole. Moreover, certain PPIs, such as omeprazole and pantoprazole, are potential
inhibitors of T lymphokine-activated killer cell-originated protein kinase, which could contribute to anti-tumor
effects. In addition, PPI can also induce gut dysbiosis through their direct action on the HK/ATPase pump, which
reduces gastric acidity’!. This reduction in gastric acidity can lead to dysbiosis, gut microbiota overgrowth, and
an increase in nitrites and N-nitroso compounds, which are carcinogenic. Additionally, dysbiosis caused by PPIs
could result in increased altered autophagy, drug metabolism, or immunosuppression®>~34,

Several studies have found an adverse relationship between PPI use and CRC prognosis. In a retrospective
population-based study in Taiwan with nearly 21,000 patients in each cohort®, PPI use was associated with
higher all-cause and cancer-specific mortality, with a dose-response effect evident. Notably, PPI use was not
associated with earlier recurrence; a lower risk was noted in PPI users (although without a dose-response
effect). Others reported similar findings®, i.e. PPI use during adjuvant Cape/CAPOX therapy was associated
with poorer progression-free survival (PFS) and overall survival (OS). Furthermore, a post-hoc analysis of the
AXEPT trial revealed that while there was improved survival with FOLFIRI in PPI users, no detriment was
observed in PPI users on XELIRI'®. However, the overall interaction by PPI treatment was significant for OS/
PFS, which suggested a complex relationship between PPI use and treatment outcomes.

Other studies have also contributed to understanding the interaction of PPI use with CRC prognosis. A
Danish population-based registry study found no association between PPI use and CRC prognosis®’. However,
Wong et al.'”. suggested that adjuvant CAPOX plus PPI was associated with lower recurrence-free survival,
unlike the lack of a similar association with FOLFOX. Chu et al.*. reported findings from a prospective study in
gastrointestinal cancers, indicating that PPI use alongside CAPOX+/- lapatinib led to poorer PFS and OS than
non-users. Graham et al.!® also noted that PPI use at CRC diagnosis was associated with shorter OS regardless
of stage.

In contrast, several studies did not establish a clear association between PPI use and CRC prognosis. One
suggested no association of PPI use with CRC prognosis in primarily early-stage CRC patients®. Similarly,
others found no association of pathologic response to neoadjuvant treatment with PPI use, although higher rates
of adverse events were noted*. Lin et al.>. conducted a meta-analysis and reported no clear association between
PPI use and OS or PFS in Cape-based regimens. Still, subgroup analysis suggested a potential negative effect in
early-stage PPI+ Cape users. Wang et al.1”. also showed that there was no significant association between PPI use
and CRC prognosis in their studies.

Given the heterogeneous nature of CRC and the multifactorial influences on prognosis, study findings may
arise due to differences in patient populations, study designs, treatment protocols, and outcome measures. In
light of these diverse findings, it is imperative to consider the nuanced relationship between PPI use and CRC
prognosis, highlighting the need for further research.

Our study also has several strengths. It is the largest study to date to examine the association of PPI with
all-cause mortality in CRC, consisting of ‘real-world’ data with long follow-up times. First, we analyzed large
population-based, multicentre data nationwide from healthcare organizations. Second, baselines and potential
confounders were adjusted to create a robust control group. Third, the large sample size in the propensity-
matched analyses resulted in narrower CIs, demonstrating higher precision. Hence, using PSM provided
additional strength to the study. Furthermore, we used a new user cohort study design as a comparator, which
reduced the potential for unmeasured confounding®. We used a detailed view of the association between PPI use
and overall mortality by comparing it with H2RA users. Finally, our study highlighted the effects of immortal-
time; when we used a time-varying approach to account for immortal-time bias, we found that PPI use was
associated with higher mortality in CRC. The present study offers valuable insights into the relationship between
PPI use and colorectal cancer outcomes. Moreover, the meticulous methodology in data collection and analysis
enhances credibility. By rigorously controlling for confounding variables and utilizing robust statistical methods,
we have strived to minimize bias and ensure reliability. Additionally, the large sample size and longitudinal
nature provide a solid foundation for meaningful conclusions. Another major strength lies in its large sample
size (high number of events> 30,000 deaths) and the robustness of the analytic methods, including propensity
score matching.

Several limitations are noteworthy. First, the retrospective design and the reliance on an EHR-based database
limited our results. Data from EHR-based databases are susceptible to coding errors whenever patient information
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is translated into diagnosis codes. Standardized measures identified cases to minimize documentation errors.
Second, we did not account for some residual confounding - even after adjusting potential confounders. However,
we used new users as a cohort to reduce the potential for unmeasured confounding. In addition, the “new user”
criteria excluded only those with recorded PPI prescriptions 12 months prior, potentially overlooking prior use.
Third, we lacked information about disease stage and grade, family history, and genetic risk factors. In addition,
information on cancer stage, chemotherapy, and radiotherapy was unavailable for all patients. The cancer
stage critically influences both prognosis and treatment decisions. Without this information, it is challenging
to contextualize the effects of PPI use across different CRC profiles. However, medication prescription is not
synonymous with actual adherence, as some patients may have been prescribed but did not take the medication.
In addition, during the study period, some PPIs became available as over-the-counter medications, making
it impossible to account for them. In addition, this study lacks information about PPI dosage, hampering the
assessment of their potential association with treatment outcomes. This limitation could lead to inaccurate
estimates of exposure and, consequently, the association with mortality. Drug adherence may be misclassified,
but such misclassification would probably attenuate a correlation with PPI use, underestimating the “true” effect.
We were also unable to account for the PPI therapeutic indication. We also did not differentiate between PPI types
used by participants. Since different PPIs may have varying degrees of enzyme inhibition and drug interactions,
this could significantly influence the specific effects of individual drugs. Fourth, the exclusion of details on anti-
EGEFR treatments is another limitation, particularly given the importance of EGFR pathways in CRC and the
potential for PPI pharmacokinetic interactions. This omission could lead to an incomplete view of the factors
influencing mortality in our cohort. The TriNetX database does not provide detailed information on whether
patients underwent curative surgery or had advanced CRC. Therefore, we were unable to assess whether the
increased mortality risk associated with PPI use differs between these groups. Future studies should investigate
this potential difference. Finally, our study did not measure other clinical endpoints, like cause-specific mortality
and progression-free survival, due to a lack of detailed clinical information in the dataset.

Conclusions

PPIs were associated with higher all-cause mortality in our CRC cohort. In line with this, our results suggest that
PPI use may negatively affect the prognosis of CRC patients, which was supported by our statistically significant
findings showing an association between post-diagnostic PPI use and all-cause mortality. Whether the use of
PPIs is causally linked or contributes to a higher mortality risk in CRC, the findings have significant implications
for better PPI prescribing. This could involve avoiding unnecessary use or reducing the duration as clinically
indicated, given that assuming they are entirely harmless may be inappropriate. However, given the limitation of
retrospective data, there remains a need for larger prospective studies to further investigate the causality of this
association by extending the follow-up period, minimizing the potential impact of confounding, and evaluating
the optimal timing for initiation. Additionally, microbiota changes in CRC patients treated with PPIs would be
useful in identifying when the negative impacts of PPIs may appear. In addition, given the complexity of CRC
etiology, further research is warranted to elucidate the mechanisms and clinical implications of PPI use in CRC
management.

Data availability
Data is provided within the manuscript or supplementary information files. All data generated or analysed dur-
ing this study are included in this published article and its supplementary information file.
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