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Abstract

Proton pump inhibitors (PPIs) have off-target activity on fatty acid synthase (FASN), a critical 

enzyme in energy balance and cancer growth. We evaluated risk of common obesity-related 

cancers: breast, colorectal (CRC), and endometrial, with use of PPI and histamine-2 receptor 

antagonists (H2RA) in 124,931 postmenopausal women enrolled in the Women’s Health Initiative. 

Incident cancer cases were physician-adjudicated. Cox proportional hazards models were used to 
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estimate multivariable hazard ratios (HR) and 95% confidence intervals (CI) for cancer incidence 

after year 3. There were 7956 PPI ever users and 9398 H2RA only users. Ever use of either 

PPI or H2RA was not associated with risk of breast cancer (n=9186) nor risk of endometrial 

cancer (n=1231). The risk of CRC (n=2280) was significantly lower in PPI users (HR=0.75, 95% 

CI=0.61–0.92), but not in H2RA users (HR=1.13, 95% CI=0.97–1.31). The association of PPI 

use with CRC was apparent regardless of BMI or NSAID use, and was stronger with longer 

PPI duration (p=0.006) and potency (p=0.005). The findings that PPI use, but not H2RA use, 

demonstrate an inverse dose-response relationship with risk of CRC is consistent with preclinical 

data showing FASN inhibition prevents colon cancer progression and supports a role of PPI in 

CRC prevention.
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Introduction

Obesity is highly prevalent among women in the United States and represents a major 

modifiable risk factor for the development of cancer1. In particular, obesity has been linked 

to increased risk of postmenopausal breast, colon, and endometrial cancers, and to worse 

outcomes in patients with breast and colon cancers2–6.

Human fatty acid synthase (FASN) plays a critical role in lipogenesis as the sole cytosolic 

enzyme responsible for de novo synthesis of palmitate via the condensation of acetyl-CoA 

and malonyl-CoA7. Expression of FASN is regulated by energy balance. Exercise and 

caloric restriction downregulate FASN, while FASN is upregulated in obesity and functions 

to store excess glucose as lipids in adipose depots8–10. The typical Western diet contains 

sufficient free fatty acids such that FASN is not required for normal cell function; therefore, 

its expression is very low in normal cells with the exception of lactating breast, cycling 

endometrium, and adipose tissue11. In contrast, cancer cells require de novo fatty acid 

synthesis for survival12. Conversely, inhibition of FASN induces apoptosis selectively in 

cancer cells in vitro and in vivo, with minimal effect on non-malignant cells13, 14. Thus, it 

is an ideal potential target for prevention of cancer development, and it is hypothesized that 

inhibitors of FASN may have chemopreventive effects15.

FASN is overexpressed in breast, colon, and endometrial cancers and is related to 

clinicopathologic features of the disease. In women diagnosed with breast cancer, those 

with tumors exhibiting higher levels of FASN are more likely to be postmenopausal and 

to have a higher BMI16. In addition, tumors with FASN overexpression are significantly 

more likely to recur after initial therapy17–19. In colon cancer, FASN overexpression has 

been associated with improved survival outcomes; however, in an analysis done within the 

Nurses’ Health Study and the Health Professionals Follow-Up Study, the effect of FASN 

on colon cancer outcomes was modified by BMI20. In normal weight patients, FASN 

overexpression was associated with improved survival; however, in overweight and obese 

patients, FASN overexpression was associated with increased mortality, consistent with what 
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is seen in breast cancer. Similarly, FASN tumor overexpression is associated with increased 

risk of endometrial cancer recurrence21.

In preclinical studies, proton pump inhibitors (PPI) effectively downregulate FASN 

enzymatic activity and reduce carcinogensis22, 23. PPIs are currently FDA approved for 

the treatment of a variety of acid- related disease of the digestive system and are well- 

tolerated with minimal adverse effects. To date, studies examining the association of acid 

suppression with risk of several malignancies have had mixed results24, 25,26. Here, we 

sought to specifically evaluate PPIs and the risk of obesity-associated cancers given the 

relationships between FASN, energy balance, and cancer pathogenesis. There is a critical 

need to determine whether commonly used, generally safe medications can be repurposed 

as chemopreventive agents. The Women’s Health Initiative study of postmenopausal U.S. 

women was therefore utilized to investigate the hypothesis that PPI use is associated 

with decreased risk of the most common obesity-related cancers in women, including 

postmenopausal breast cancer, colon cancer, and endometrial cancer.

Materials and Methods

Study population

Details concerning the WHI study design have been published elsewhere27. Briefly, the 

WHI included an observational study (OS; N = 93,676) and four overlapping clinical trials 

(CT; n = 68,132), which included hormone therapy (estrogen alone and estrogen plus 

progestin) , dietary modification, and calcium and vitamin D supplementation trials. Women 

were recruited between October 1, 1993, and December 31, 1998 at 40 clinical centers 

in the United States. Participants were eligible if aged 50 to 79 years, postmenopausal, 

planned to remain in the area where they lived at recruitment, and had an estimated 

survival of at least 3 years. All protocols were approved by institutional review boards 

at participating institutions. WHI participants attended baseline screening visits during 

which they completed self-administered questionnaires regarding demographics, medical 

and reproductive histories, family history of cancer, physical activity, and other risk factors. 

Height (cm), weight (kg), waist and hip circumferences and diastolic and systolic blood 

pressures were measured by clinic staff, and current prescription and over the counter (OTC) 

medication use was recorded. A significant portion of this information was updated at year 3 

of follow-up in both the OS and CT cohorts.

PPI is a relatively new class of medications, and use was limited during the time of initial 

cohort enrollment; therefore, the present analyses considered cancer incidence that occurred 

at year 3 or later as endpoints. A total of 36,877 cohort members were excluded from 

this study due to one or more of the following criteria: (1) did not complete medication 

inventory at baseline or year 3 (n=21,420); (2) had prior diagnosis of breast, colorectal 

or endometrial cancer before year 3 (n=11,679); (3) did not have follow-up after year 3 

(n=971); or (4) had missing body mass index (BMI, body weight (kg)/ height (m)2), a major 

covariate in the study, at year 3 (n=4,978). After exclusions, 124,931 women were available 

for analysis of breast and colorectal cancers. After further exclusion of women reporting 

hysterectomy prior to year 3 (n=51,918, this includes all women in the estrogen alone arm 
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of the hormone replacement CT), 73,013 women were available for analysis of endometrial 

cancer (Supplemental Figure 1).

Exposure assessment

A computer- driven medication- inventory system was developed to capture current 

medication use28. All women were asked to provide medication data at baseline and year 

3. Participants were asked to bring prescription and OTC medications used regularly (≥ 

2 times/week) over the previous 2 weeks to their clinic visit to facilitate completion of a 

computer- assisted interview about current medication use. The duration of use and strength 

of each medication were recorded. We focused specifically on users of acid suppressive 

medications. We evaluated both PPI and histamine 2 receptor antagonists (H2RA) in order 

to isolate potential associations of FASN inhibition with cancer risk, rather than of acid 

suppression. Drugs in the PPI class included: esomeprazole, lansoprazole, omeprazole, 

pantoprazole, and rabeprazole. Drugs in the H2RA class included: cimetidine, famotidine, 

nizatidine, and ranitidine. Women who reported use at either baseline or year 3 were 

considered ever users. Durations of use reported at each visit for each class of medications 

were integrated to calculate cumulative duration. Potency of PPI was considered as “high” 

if the strength of PPI was higher than 20 mg, and we classified women based on the 

highest potency reported. Participants using both PPI and H2RA were classified as PPI 

users. Women who did not use acid suppressive medication were considered the reference 

population in regression models. Based on our prior phase II trial in breast cancer patients29 

that showed omeprazole biological activity after only 4–7 days of treatment, we did not 

incorporate a lag in exposure in the statistical analyses.

Potential covariates

Information on all covariates was obtained by self- report and measurements obtained at 

either the baseline or year 3 visit. Baseline visit information was used for demographics, 

reproductive history (including pregnancy, hormone replacement therapy, age at menarche, 

and contraceptive use), family history of cancer, habitual diet and alcohol intake, and 

waist circumstance, while year 3 information was used for smoking, other medication use, 

medical and cancer screening histories (prior hysterectomy, mammography screening, and 

sigmoidoscopy/colonoscopy), body weight and height, and physical activity measured as 

metabolic equivalent tasks (METs hours/week). The Healthy Eating Index (HEI 2015) was 

calculated from the food frequency questionnaire30.

Outcome ascertainment

Incident invasive and in situ cancer cases were reported by questionnaire annually in OS and 

semi-annually in CT. Medical records were obtained and reviewed, and cancer diagnoses 

were confirmed by physician adjudicators. Only confirmed cancer diagnoses occurring after 

year 3 were considered as cases. Breast cancer cases were further characterized by sex 

steroid hormone receptor status (positive, negative, or undetermined) as noted in the medical 

record and confirmed by adjudicators. The vital status of all participants was confirmed 

using National Death Index linkages at 2- to 3-year intervals. Women were followed through 

February 28, 2020.
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Statistical analyses

The number of person-years at risk was calculated from the date of the year 3 time 

point of the WHI cohort to the date of each cancer diagnosis, death or last follow-

up, whichever occurred first. Cox proportional hazards regression models were used to 

estimate multivariable- adjusted hazard ratios (HR) and 95% confidence intervals (CI) for 

associations between acid suppressive medication use (PPI and/or H2RA) and cancer risk 

for the three cancer types. Two models were fitted for each cancer type to examine potential 

confounding. Model 1 adjusted for age, BMI, randomization assignment for hormone 

therapy trials, and an indicator for OS versus CT cohorts. Model 2 further adjusted for 

variables specifically predictive of each cancer type based on a review of the literature. 

Because additional covariates differed by cancer site, the number of women included in 

the analytic cohort varied for each outcome (N=121,615 for breast cancer, N=122,117 for 

colorectal cancer, and N=71,931 for endometrial cancer analyses).

Women with missing values on selected covariates ≤ 2% were excluded from the fully-

adjusted multivariable model; otherwise, women remained in the analysis with unknown/

missing indicator variables for covariates with missing values of more than 2% (physical 

activity, alcohol intake, age at menopause, and family history of breast, colorectal and 

endometrial cancer). First, we calculated HRs among PPI users or H2RA users versus non- 

users of either medication. Second, we calculated HRs and 95% CIs according to two 

measures of PPI exposure: cumulative duration of use (<1 year, 1 to 3 years, or >3 years) 

and maximum strength used (low vs high), using non-PPI users as the reference. Linear 

trend in cancer risk was tested using median duration of each category for duration of use 

and using ordinal values for potency. We hypothesized a priori that associations between 

PPI use and cancer risk would be modified by obesity20 and non-steroidal anti-inflammatory 

drug (NSAIDs) /aspirin (ASA) use31, 32. Therefore, we calculated HR according to duration 

of PPI use stratified by dichotomized BMI (≥30 vs. <30 kg/m2) and NSAIDs/ASA use status 

(yes vs. no) and tested the interaction (P interaction) using a cross-product term between 

median duration of the three categories of PPI use and dichotomized BMI or NSAIDs/ASA 

use in regression models. NSAIDs/ASA use at year 3 was used for this stratified analysis, 

instead of continuous use at both baseline and year 3, because a preclinical study indicated 

that intermittent dosing of combinations did not alter inhibitory effects of PPI33. The 

proportional hazards assumption was checked with a time- dependent main explanatory 

variable in the model as well as graphically. All statistical analyses were performed using 

SAS 9.4 (SAS Institute, Cary, NC, USA). All statistical tests were two-sided.

Results

Of the 124,931 women included in this study, 107,577 reported no use of either acid 

suppressive medication, while 7,956 were PPI users and 9,398 were sole H2RA users (Table 

1). There was no appreciable difference in age at enrollment, race, smoking history, or total 

calorie intake across these groups. Both types of medication users had lower educational 

attainment, family income and alcohol intake, earlier menarche, later menopause, higher 

frequency of use of hormone therapy, higher use of other medications to treat chronic 

conditions, higher incidence of cancer screening tests, and were more obese and physically 
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inactive relative to non-users. PPI users were more likely to be enrolled in the southern 

region of the United States, compared with the other groups (Supplemental Table 1).

During an average follow-up period of 14.1 years after the year 3 survey, 9186 newly 

diagnosed breast, 2280 newly diagnosed colorectal, and 1231 newly diagnosed endometrial 

cancer cases were ascertained. The risk of breast cancer did not differ by overall use of 

PPI or H2RA (Table 2). There were 1688 ductal carcinoma in situ cases (DCIS) among 

the total 9186 breast cancer cases; however, exclusion of the DCIS cases did not change 

these associations. Further, combining both invasive and in situ cases, we carried out 

analyses stratified by hormone receptor status (Supplemental Table 2). There were 7102 

hormone receptor positive, 1077 hormone receptor negative, and 1007 hormone receptor 

status unclassifiable cases. PPI use was not associated with the risk of any hormone receptor 

subtype, while a decreased risk in H2RA ever users was seen for hormone receptor status 

unclassifiable breast cancer (HR 0.73, 95% CI 0.56–0.96).

The risk of colorectal cancer among PPI users was significantly reduced in both models (HR 

0.71, 95% CI 0.58–0.86 with model 1 and HR 0.75, 95% CI 0.61–0.92 with model 2). This 

association did not change when we adjusted for consistent NSAID/ASA use at baseline and 

year 3 as done in a previous WHI study34, instead of year 3 use, in model 2 (HR=0.75 95% 

CI 0,62–0.92) (Table 2). The risk of endometrial cancer was decreased in PPI users but did 

not reach statistical significance. H2RA use was not associated with risk of either colorectal 

or endometrial cancer (Table 2).

Further analysis according to level of PPI exposure, based on either cumulative duration or 

maximum potency, did not reveal any dose response trends for breast cancer. We observed 

decreased risk of colorectal cancer with increasing PPI both in duration of use and in 

potency. The p-values for linear trend with the fully adjusted model were 0.006 and 0.005, 

respectively. For endometrial cancer, an inverse-dose-response trend was found with potency 

only (p=0.048 for the fully adjusted model) and the risk of endometrial cancer in high 

potency users was significantly reduced (HR 0.50, 95% CI 0.26–0.96 with model 1 and HR 

0.51, 95% CI 0.26–0.98 with model 2) (Table 3). We did not find any dose-response-trend 

with duration of H2RA use for any of the three cancers (Supplemental Table 3).

Analyses stratified by obesity (yes/no) and NSAID/ASA use (yes/no) with fully adjusted 

models did not reveal any significant interactions with duration of PPI use for breast or 

colorectal cancer. Decreased risk of colorectal cancer with duration of PPI use was similarly 

observed in both strata of BMI and NSAID/ASA use. However, there was an indication that 

reduced risk of endometrial cancer associated with prolonged PPI use was more pronounced 

in NSAID/ASA users (p-trend = 0.032), while the p-value for the interaction remained 

marginal (0.06) with small sample size (Table 4). Further testing of interaction based on 

potency did not provide any additional information (Supplemental Table 4) for breast or 

colorectal cancer. This interaction test was not done for endometrial cancer due to small 

sample size.
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Discussion

The present study is one of the largest prospective cohort studies of PPI and cancer risk, 

with the exception of record linkage studies based on administrative databases25, 35. The 

majority of earlier studies were focused on digestive tract cancers because of the primary 

pharmacological action of PPI in gastric acid suppression. In contrast, our study was the 

first to investigate the association of PPI use with risk of several types of obesity- associated 

cancers, given its auxiliary effects on FASN suppression, the role of FASN in cancer 

development 15, 36, and robust preclinical data23, 31, 37. PPIs also enhance cancer cell 

apoptosis via off-target inhibition of V-ATPase, which may induce apoptosis in malignant 

cells 38, 39. Our study of postmenopausal women participating in the WHI did not show 

an association between PPI use and breast cancer risk, but did show an inverse association 

between PPI ever use and colorectal cancer risk with a dose- responsive trend. H2RA use 

was examined as well to explore whether the association between PPI use and cancer risk 

may be to acid suppression; no association was observed for H2RA use and colorectal 

cancer. The association of PPI use with endometrial cancer was inconclusive, although there 

was some suggestion of a protective effect with high potency PPI or concurrent NSAID use. 

Partly due to prior hysterectomy being an eligibility criterion in one of the WHI hormone 

therapy trials, the number of incident endometrial cancer cases was limited.

To our knowledge, this is the first prospective cohort study to evaluate PPI use and breast 

cancer risk. Several record linkage studies showed inconsistent results. A population-based 

case-control record linkage study from Iceland did not show any association (odds ratio 

(OR) 1.03, 95% CI: 0.92–1.16)24. In contrast, a case-control study from Taiwan based 

on claims data reported that PPI use was associated with lower risk of breast cancer 

(OR 0.75, 95% CI 0.72–0.78) 40. In addition, a cohort study of gastric ulcer patients in 

Taiwan revealed a markedly reduced risk of breast cancer in association with PPI use (HR 

0.32, 95% CI 0.20–0.49) 41. This alternate result may be secondary to different ethnicity, 

differing etiologies of breast cancer, and varied competing risks between Asian and US 

populations. Prior work has discovered FASN is essential to breast cancer cell survival and 

is implicated in chemotherapeutic resistance14, 42. Our prior phase II trial of high potency 

omeprazole in patients with triple negative breast cancer29 showed downregulation of FASN 

expression and enzymatic activity in triple negative tumor tissue after only 4–7 days of PPI 

exposure. In addition, the pathologic complete response rate to the combination of PPI with 

standard neoadjuvant chemotherapy was 72.4% (95% CI 52.8–87.3), significantly higher 

than historical rates. Based on these findings and the known association between energy 

balance and postmenopausal breast cancer, we hypothesized that perhaps PPI may have 

chemopreventive properties through FASN inhibition, particularly for obese patients or those 

at risk for triple negative tumors. In this prospective cohort study within the WHI with 

adjustment for many confounding variables, we found no association between PPI use and 

any subtype of breast cancer, regardless of BMI, PPI duration, or PPI potency. Although 

these results did not support our hypothesis, continued investigation of FASN in obesity- 

related breast cancer pathogenesis is warranted, as it is possible that other effects of PPI use 

that could not be measured in this cohort study may have attenuated the impact of FASN 

inhibition, such as alteration of the gut microbiome43, 44.
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Concerns have been raised about potential adverse effects of long- term PPI use on 

colorectal cancer risk due to suppression of gastric acid leading to higher levels of systemic 

gastrin, inducing colon epithelial proliferation45. Studies investigating this question have 

been inconsistent; those that have found a non- significant increase in colorectal cancer 

risk with PPI use have been primarily in non- North American populations35. A recent 

meta-analysis of 10 studies investigating PPI use and risk of colorectal cancers did not 

exclude protective or adverse effects of PPI on colorectal cancer risk (RR 1.24, 95% CI 

0.93–1.66); however, risk did decrease with longer duration of PPI use in that analysis35. 

Prior work has primarily been limited to studies based on administrative databases or 

medical records with lack of adjustment for important confounders such as BMI, NSAID 

use, prior colonoscopy, and family history. A prospective study of PPI and H2RA and 

colorectal cancer risk in the Nurses’ Health Study (NHS) and Health Professionals Follow- 

up Study (HPFS) that included these adjustments found that PPI current use in women was 

significantly associated with lower risk of colorectal cancer (HR 0.80, 95% CI 0.65–0.98), 

similar to the point estimate seen in the present study46. Lack of association with H2RA in 

our study also indicates that the observed association with PPI was unlikely due to alteration 

of the gut microbiome caused by acid suppression. Alternatively, although we included prior 

colonoscopy in the multivariable analysis, we cannot completely rule out a possibility that 

PPI users, who suffered from gastrointestinal conditions and needed more potent medication 

than H2RA, underwent colonoscopy screening and polyp resection more often during the 

follow-up period, which may explain the association with lower cancer risk in our study.

Prior preclinical work has shown anticancer properties of PPI on colon cancer cells in 
vitro and in vivo. In vivo work in an azoxymethane-induced colorectal cancer rat model 

found dietary omeprazole significantly reduced aberrant crypt foci formation in a dose-

response fashion31. In addition to prevention of early cancer initiation, omeprazole has also 

been shown to reduce progression to adenocarcinoma from the adenoma stage31. Madka 

et al showed later use of omeprazole in an azoxymethane-induced colorectal cancer rat 

model suppressed progression of adenoma to adenocarcinoma in a dose dependent manner, 

including a significant reduction in tumor multiplicity23. Transcriptomic analysis showed a 

significant increase in inhibitory gene expression and downregulation of adenocarcinoma 

progression genes with omeprazole compared to controls47. Our clinical findings show a 

clear inverse association between PPI use and colorectal cancer risk but no association 

for H2RA, which does not inhibit FASN, supporting preclinical data on colon cancer 

prevention.

Strengths of the present study include the large sample size and the availability of data 

on a wide range of confounding factors not readily available in investigations based on 

administrative databases. Because of these strengths, we were able to adjust for baseline 

differences in numerous health-related factors between PPI/H2RA users and non-users. This 

analysis is further strengthened by exposure assessment of regular medication use based on 

direct examination of prescription and non-prescription pill bottle/packages that participants 

brought at each clinic visit28 , rather than relying on participants’ memory and self-report. 

Thus, identification and classification of medications were less prone to error.

Ballinger et al. Page 8

Nutr Cancer. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Several limitations are present in our study. As PPI is a newer class of medications, its 

usage has been increasing since FDA approval for an OTC version in 200348. Thus, we 

would expect that some fraction of women who were classified as non-users became 

users at some points during the follow-up period. To assess the extent of this exposure 

misclassification, we examined partial cohort data at years 6 and 9, which covered 42% 

and 9% of the study subjects included in this analysis, respectively. At both time points, 

approximately 70% of PPI ever users in this study remained users, while 94% and 89% 

of never user remained non-users at year 6 and 9, respectively. Thus, PPI users in our 

study were considered relatively stable over time. Overall, these data indicate that extent 

of misclassification was relatively small and that misclassification may have led to an 

underestimate of the association. In addition, because the number and frequency of pills 

taken were not collected in WHI, our ability to perform more detailed analyses beyond 

duration and potency was limited. Self- selection bias should also be considered. Our 

study subjects were volunteers in long- term clinical trials and a cohort study and were 

relatively well educated, thus caution needs to be exercised in generalizing the results 

of this study to postmenopausal women in the general population. Indications for taking 

medications are not available for PPIs and H2RAs in the WHI; however, this is unlikely 

to impact our results as the indications for these medications are similar. PPIs are used 

for H. pylori eradication, but for a period of 14 days and thus unlikely to impact results. 

We also acknowledge that multiple endpoints, subgroups, and exposure measurements were 

tested in this study, involving multiple comparisons. Thus, conventional p-values should be 

interpreted very cautiously, taking potential biological mechanisms and clinical significance 

into consideration. Finally, for colorectal and endometrial cancers, we had limited statistical 

power to test interactions between PPI and co-factors that may potentiate the effect of PPI.

In conclusion, we found that PPI use was associated with lower risk of colorectal cancer 

in postmenopausal women. Given that H2RA use did not show any association, the results 

suggest that other off- target effects of PPI could explain the association with reduced 

risk, such as the inhibition of FASN or VTPase that are not seen with H2RAs. There is 

growing interest in FASN inhibitors for cancer treatment and data are emerging for cancer 

prevention49, warranting further evaluation. There is an intriguing possibility that PPI might 

be utilized together with NSAIDs to minimize the gastro-intestinal toxicities and maximize 

tumor suppressive effects in colorectal cancer prevention50. Continued work to repurpose 

PPIs and other clinically approved drugs with known history, mechanism, and side effect 

profile will advance cancer prevention efforts.
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Refer to Web version on PubMed Central for supplementary material.
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Table 1.

Characteristics of participants by acid suppressive medication (as N and % unless noted).

Numbers of women with acid suppressive medication use
1

Overall Never PPI ever H2RA ever

124,931 107,577 7,956 9,398

Age, in years, Mean (SD) 66.1 (7.1) 66.0 (7.1) 67.2 (6.9) 66.8 (7.0)

Ethnicity

Not Hispanic/Latino 119,167 (95.4) 102,556 (95.3) 7,610 (95.7) 9,001 (95.8)

Hispanic/Latino 5,064 (4.1) 4,395 (4.1) 314 (3.9) 355 (3.8)

Unknown/Not reported 700 (0.6) 626 (0.6) 32 (0.4) 42 (0.4)

Race

American Indian/Alaska Native 358 (0.3) 302 (0.3) 24 (0.3) 32 (0.3)

Asian 3,296 (2.6) 3,097 (2.9) 95 (1.2) 104 (1.1)

Native Hawaiian/Other PI 112 (0.1) 108 (0.1) 1 (0.0) 3 (0.0)

Black 9,955 (8.0) 8,455 (7.9) 651 (8.2) 849 (9.0)

White 107,916 (86.4) 92,787 (86.3) 6,969 (87.6) 8,160 (86.8)

More than one race 1,516 (1.2) 1,299 (1.2) 116 (1.5) 101 (1.1)

Unknown/Not reported 1,778 (1.4) 1,529 (1.4) 100 (1.3) 149 (1.6)

Observation Study assignment

No 56,356 (45.1) 48,925 (45.5) 3,233 (40.6) 4,198 (44.7)

Yes 68,575 (54.9) 58,652 (54.5) 4,723 (59.4) 5,200 (55.3)

Hormone Therapy (HT) trial assignment

Randomized to HT 22,957 (18.4) 20,061 (18.6) 1,251 (15.7) 1,645 (17.5)

Healthy Eating Index 2015

Mean (SD) 65.3 (10.4) 65.6 (10.3) 64.1 (10.5) 63.9 (10.3)

Physical Activity
2
 MET hours/week, Mean (SD)

12.9 (14.1) 13.4 (14.3) 10.2 (12.3) 10.2 (12.2)

BMI (kg/m2)
2

<25 42,541 (34.1) 38,639 (35.9) 1,640 (20.6) 2,262 (24.1)

25 to <30 43,874 (35.1) 37,613 (35.0) 2,894 (36.4) 3,367 (35.8)

≥30 38,516 (30.8) 31,325 (29.1) 3,422 (43.0) 3,769 (40.1)

Aspirin use
2

No 91,434 (73.2) 79,283 (73.7) 5,600 (70.4) 6,551 (69.7)

Yes 33,497 (26.8) 28,294 (26.3) 2,356 (29.6) 2,847 (30.3)

Non-steroidal anti-inflammatory (NSAID) medication use
2

No 101,925 (81.6) 89,391 (83.1) 5,715 (71.8) 6,819 (72.6)

Yes 23,006 (18.4) 18,186 (16.9) 2,241 (28.2) 2,579 (27.4)

Diabetes medication use
2

No 118,948 (95.2) 102,739 (95.5) 7,391 (92.9) 8,818 (93.8)

Yes 5,983 (4.8) 4,838 (4.5) 565 (7.1) 580 (6.2)

Lipid lowering medication use
2
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Numbers of women with acid suppressive medication use
1

Overall Never PPI ever H2RA ever

124,931 107,577 7,956 9,398

No 105,652 (84.6) 92,332 (85.8) 5,866 (73.7) 7,454 (79.3)

Yes 19,279 (15.4) 15,245 (14.2) 2,090 (26.3) 1,944 (20.7)

Antacids use
2

No 120,278 (96.3) 104,116 (96.8) 7,523 (94.6) 8,639 (91.9)

Yes 4,653 (3.7) 3,461 (3.2) 433 (5.4) 759 (8.1)

1
Variables were updated at year 3 after enrollment.

2
Acid suppressive medication use definitions: Never – not using PPI or H2RA at either time point; PPI ever – using PPI at baseline or year 3 (could 

also have used H2RA); H2RA ever – using H2RA at baseline or year 3 but never used PPI. Abbreviations: PPI - Proton pump inhibitors, H2RA - 
histamine-2 receptor antagonists.
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Table 2.

Hazard ratios (HR) and 95% CI for breast, colorectal and endometrial cancers according to ever, past and 

current acid suppressive medication (ASM) use at year 3.

Model 1
1

Model 2
2

N (%)
3

HR (95% CI) HR (95% CI)

Breast cancer

Never ASM 7,969 (0.54) Reference Reference

PPI use 572 (0.56) 1.01 (0.93–1.10) 1.01 (0.93–1.10)

H2RA use 645 (0.53) 0.95 (0.88–1.03) 0.95 (0.87–1.03)

Colorectal cancer

Never ASM 1,985 (0.13) Reference Reference

PPI use 106 (0.10) 0.71 (0.58–0.86) 0.75 (0.61–0.92)

H2RA use 189 (0.15) 1.07 (0.92–1.25) 1.13 (0.97–1.31)

Endometrial cancer
4

Never ASM 1,086 (0.12) Reference Reference

PPI use 54 (0.11) 0.80 (0.61–1.05) 0.81 (0.61–1.07)

H2RA use 91 (0.15) 1.11 (0.90–1.38) 1.13 (0.91–1.40)

1
Model 1 was adjusted for age and BMI (n breast cancer events=9,186, colorectal cancers n=2,280, endometrial cancer models n events=1,231). 

All Models were stratified by observational study/clinical trial status and hormone therapy (HT) trial arm assignment.

2
Model 2 was adjusted for variables in model 1 plus additional variable specific for each cancer type:

Breast cancer models include region, race and ethnicity, education, Total MET hours/week, alcohol consumption, age at menarche, age at 
menopause, hormone replacement therapy use, number of months breastfed, oral contraceptive use, number of term pregnancies, family history of 
breast cancer, mammogram history, lipid lowering medications and antacid use (n events=8,970).

Colorectal cancer models include region, race and ethnicity, education, Total MET hours/week physical activity, alcohol consumption, HEI 2015, 
smoking status, family history of colorectal cancer, hormone replacement therapy use, oral contraceptive use, lipid lowering medications, diabetes 
medication, calcium supplement, NSAIDs or ASA use, sigmoidoscopy, or colonoscopy and antacid use (n events=2,220).

Endometrial cancer models include region, race and ethnicity, education, family history of endometrial cancer, hormone replacement therapy use, 
oral contraceptive use, age at menarche, age at menopause, number of term pregnancies, Lipid lowering medication, diabetes medication use, and 
antacid use (n events = 1,217).

3
N (%) – number of cancer events and annualized percent

4
Those with hysterectomy were excluded from the endometrial cancer models
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Table 3.

Hazard ratios (HR) and 95%CI for breast, colorectal and endometrial cancers according to cumulative duration 

and maximum potency of proton pump inhibitor (PPI) medications used.

Model 1
1

Model 2
2

Cancer PPI exposure N (%)
3

HR (95% CI) HR (95% CI)

Breast Duration 0 YR 8,614 (0.54) Reference Reference

<1 203 (0.56) 1.02 (0.89–1.17) 1.02 (0.89–1.17)

1-<3 202 (0.51) 0.92 (0.80–1.05) 0.91 (0.79–1.05)

3+ 167 (0.66) 1.17 (1.00–1.36) 1.16 (1.00–1.36)

Trend
4

P=0.329 P=0.353

Potency
5 Never 8,614 (0.54) 1 (Reference) 1 (Reference)

Low 423 (0.57) 1.03 (0.93–1.13) 1.03 (0.93–1.14)

High 149 (0.55) 0.99 (0.84–1.16) 0.98 (0.83–1.16)

Trend
6 P=0.815 P=0.888

Colorectal Duration 0 YR 2,174 (0.13) Reference Reference

<1 42 (0.11) 0.80 (0.59–1.09) 0.84 (0.62–1.15)

1-<3 39 (0.09) 0.67 (0.48–0.91) 0.68 (0.49–0.95)

3+ 25 (0.09) 0.64 (0.43–0.94) 0.69 (0.47–1.03)

Trend
4

P=0.001 P=0.006

Potency
5 Never 2,174 (0.13) 1 (Reference) 1 (Reference)

Low 79 (0.10) 0.71 (0.57–0.89) 0.75 (0.59–0.94)

High 27 (0.10) 0.69 (0.47–1.01) 0.73 (0.49–1.07)

Trend
6 p<0.001 P=0.005

Endometrial
7 Duration 0 YR 1,177 (0.12)

Reference Reference

<1 20 (0.11) 0.86 (0.55–1.34) 0.88 (0.57–1.38)

1-<3 20 (0.10) 0.73 (0.47–1.14) 0.73 (0.47–1.14)

3+ 14 (0.12) 0.80 (0.47–1.35) 0.80 (0.47–1.36)

Trend
4

P=0.143 P=0.147

Potency
5 Never 1,177 (0.12) 1 (Reference) 1 (Reference)

Low 45 (0.12) 0.90 (0.67–1.21) 0.91 (0.67–1.22)

High 9 (0.07) 0.50 (0.26–0.96) 0.51 (0.26–0.98)

Trend
6 P=0.041 P=0.048

1
Model 1 adjusted for age and BMI (n breast cancer events=9,186, colorectal cancers n=2,280, endometrial cancer models n events=1,231). All 

models were stratified by OS/CT status and HT trial arm

2
Multivariable models for each cancer include the same covariates listed for Model 2 in Table 2.

3
N (%) – number of cancer events and annualized percent.

4
Test for trend assigning median value to each category of duration.
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5
Potency of ≤ 20 mg/day was classified as “low” and > 20 mg/d was classified as “high” potency.

6
Test for trend assigning values, 0, 1 ,2 for never, low and high potencies.

7
Those with hysterectomy are excluded from the endometrial cancer models.
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Table 4.

Multivariable Hazard ratios (HR) and 95% CI for breast, colorectal and endometrial cancers according to 

duration of PPI use stratified by body mass index (BMI) and use of non-steroidal anti-inflammatory drugs 

(NSAIDs) and aspirin.

BMI <30 BMI >=30 Interaction-P-value
3

PPI duration (yrs) N (%)
1

HR
2
 (95% CI) N (%)

1
HR

2
 (95% CI)

Breast cancer

0 5,678 (0.51) 1 (Reference) 2,732 (0.60) 1 (Reference) 0.496

<1 114 (0.53) 1.02 (0.85–1.23) 84 (0.61) 1.01 (0.81–1.26)

1-<3 97 (0.44) 0.84 (0.69–1.03) 99 (0.60) 0.98 (0.80–1.20)

3+ 79 (0.60) 1.13 (0.91–1.42) 87 (0.74) 1.19 (0.96–1.48)

P-trend
4 0.988 0.206

Colorectal cancer

0 1,412 (0.12) 1 (Reference) 705 (0.15) 1 (Reference) 0.774

<1 23 (0.10) 0.82 (0.54–1.24) 18 (0.12) 0.86 (0.54–1.38)

1-<3 21 (0.09) 0.72 (0.47–1.11) 16 (0.09) 0.64 (0.39–1.05)

3+ 11 (0.08) 0.61 (0.34–1.11) 14 (0.11) 0.76 (0.45–1.30)

P-trend
4 0.029 0.077

Endometrial cancer

0 658 (0.09) 1 (Reference) 505 (0.19) 1 (Reference) 0.321

<1 11 (0.10) 1.02 (0.56–1.86) 9 (0.14) 0.76 (0.39–1.47)

1-<3 8 (0.07) 0.67 (0.33–1.35) 12 (0.15) 0.76 (0.43–1.35)

3+ 7 (0.12) 1.11 (0.53–2.34) 7 (0.12) 0.63 (0.30–1.33)

P-trend
4 0.666 0.128

No NSAID/Aspirin NSAID/Aspirin use

Breast cancer

0 5,056 (0.53) 1 (Reference) 3,354 (0.55) 1 (Reference) 0.578

<1 109 (0.57) 1.04 (0.86–1.25) 89 (0.55) 1.00 (0.81–1.24)

1-<3 100 (0.52) 0.93 (0.76–1.13) 96 (0.50) 0.90 (0.73–1.10)

3+ 74 (0.62) 1.08 (0.85–1.36) 92 (0.72) 1.26 (1.02–1.55)

P-trend
4 0.893 0.215

Colorectal cancer

0 1,311 (0.13) 1 (Reference) 806 (0.13) 1 (Reference) 0.626

<1 25 (0.13) 0.91 (0.61–1.35) 16 (0.10) 0.75 (0.46–1.23)

1-<3 12 (0.06) 0.42 (0.24–0.75) 25 (0.12) 0.96 (0.65–1.44)

3+ 15 (0.12) 0.82 (0.49–1.36) 10 (0.07) 0.57 (0.30–1.06)

P-trend
4 0.022 0.106

Endometrial cancer

0 660 (0.11) 1 (Reference) 503 (0.14) 1 (Reference) 0.060

<1 14 (0.14) 1.22 (0.72–2.07) 6 (0.08) 0.53 (0.24–1.18)
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BMI <30 BMI >=30 Interaction-P-value
3

PPI duration (yrs) N (%)
1

HR
2
 (95% CI) N (%)

1
HR

2
 (95% CI)

1-<3 14 (0.14) 1.13 (0.66–1.92) 6 (0.06) 0.39 (0.18–0.88)

3+ 7 (0.12) 0.99 (0.47–2.09) 7 (0.11) 0.67 (0.32–1.42)

P-trend
4 0.793 0.032

1
N (%) – number of cancer events and annualized percent

2
Multivariable models for each cancer include the same covariates listed for Model 2 in Tables 2 but exclude BMI and NSAID/ASA from the 

respective stratified analysis. All models were stratified by observational study/clinical trial status and hormone therapy trial arm.

3
Interaction was tested in a separate model including the interaction term between median duration in trend analysis and a dichotomized 

stratification variable and their main effects in addition to the covariates included in stratified analyses.

4
P-trend – test for trend assigning median value to each category of duration

Nutr Cancer. Author manuscript; available in PMC 2024 January 01.


	Abstract
	Introduction
	Materials and Methods
	Study population
	Exposure assessment
	Potential covariates
	Outcome ascertainment
	Statistical analyses

	Results
	Discussion
	References
	Table 1.
	Table 2.
	Table 3.
	Table 4.



