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Abstract
Context: Chronic use of proton pump inhibitors (PPIs) has been associated with an increase in bone fragility. However, evidence on the effect of 
chronic PPI use on bone density is conflicting, and data on bone microarchitectural quality are scarce.
Objective: The primary aim of this study was to evaluate whether trabecular bone microarchitecture, assessed by trabecular bone score (TBS), is 
altered in chronic PPI users. The association between PPI use and bone density was also evaluated as a secondary endpoint.
Methods: We extracted individual patient data from the 2005 to 2008 cycles of the population-based National Health and Nutrition Examination 
Survey (NHANES), in which lumbar spine dual-energy X-ray absorptiometry scans were acquired. TBS values were calculated from dual-energy 
X-ray absorptiometry images using a dedicated software. Multivariable linear regression analyses stratified by sex were performed to evaluate 
the association of chronic PPI use with TBS and bone mineral density (BMD), adjusting for relevant confounders.
Results: A total of 7478 subjects were included (3961 men, 3517 women). After adjustment for relevant confounders, chronic PPI use was 
associated with a worse bone health profile in men, with lower TBS (−0.039; 95% CI, −0.058 to −0.020; P < .001), lumbar spine T-score 
(−0.27; 95% CI, −0.51 to −0.04; P = .023), total hip T-score (−0.21; 95% CI, −0.41 to −0.01; P = .041), and femoral neck T-score (−0.22; 95% 
CI, −0.44 to −0.00; P = .047). Notably, the association between chronic PPI use and degraded TBS remained statistically significant even 
after further adjustment for BMD at lumbar spine and femoral neck (−0.026; 95% CI, −0.039 to −0.012; P = .001). In contrast, no significant 
association was observed between chronic PPI use and either TBS or BMD in women.
Conclusion: Chronic PPI use is associated with degraded trabecular bone quality in men, even after adjustment for BMD. No association was 
observed in women.
Key Words: proton pump inhibitors, PPI, osteoporosis, bone density, bone quality, trabecular bone score
Abbreviations: BMD, bone mineral density; BMI, body mass index; CKD, chronic kidney disease; DXA, dual-energy X-ray absorptiometry; NHANES, National 
Health and Nutrition Examination Survey; PPI, proton pump inhibitor; TBS, trabecular bone score.
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Proton pump inhibitors (PPIs) represent a class of drugs widely 
used in clinical practice for their antacid action (1). Their use 
has increased rapidly worldwide because they generally are 
well tolerated and have few side effects (2, 3). However, 
recent investigations have raised concerns regarding the 
potential long-term adverse effects associated with chronic 
PPI use, such as an increased risk of enteric infections, 
community-acquired pneumonia, and possibly some forms 
of gastric cancer (4).

Another possible side effect of chronic PPI intake is an in
crease in bone fragility (5). In 2010, the U.S. Food and Drug 
Administration updated the list of potential side effects for 
PPIs to include an increased risk of hip, wrist, and vertebral 
fractures (6) following reports from multiple epidemiological 
studies conducted in preceding years (7-12). Subsequently, 
this association between PPI use and fracture risk has been 
further corroborated by numerous additional studies and 
meta-analyses (13-15).

Although the evidence regarding increased fracture risk is 
relatively concordant (13-15), studies regarding the effect of 
PPI use on bone mineral density (BMD) have reported con
flicting results, with most of them showing either modest or 
no effect on BMD during PPI use (13, 14, 16). A frequent limi
tation of these studies is that, despite the well-known differen
ces in the pathophysiology of bone metabolism between males 
and females (17, 18), the possible presence of sex-specific dif
ferences in the association between PPI use and BMD has only 
rarely been explored (12, 19). Moreover, although bone dens
ity is the gold standard for the diagnosis of osteoporosis and 
the most reliable noninvasive predictor of fracture risk (20), 
skeletal fragility can also be determined by alterations in 
bone quality, with subtler changes in bone microarchitecture 
that are not captured by BMD (20).

In recent years, various noninvasive methods for assessing 
bone quality have been developed, with the trabecular 
bone score (TBS) emerging as one of the simplest and most 
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accessible (21, 22). TBS is a texture-based metric that meas
ures the rate of gray-level changes in lumbar spine dual-energy 
x-ray absorptiometry (DXA) images, providing an indirect 
estimation of bone microarchitectural health (21, 22). 
Numerous studies have shown that TBS can predict osteopor
otic fractures in postmenopausal women independently of 
bone density (23, 24); in addition, the evaluation of TBS is 
of particular relevance in various settings of secondary osteo
porosis, in which the risk of fractures is often less associated 
with BMD, but rather related to changes in bone microstruc
ture and quality (25-29).

To date, data about the possible effects of PPIs on TBS 
values are scarce and are essentially limited to 2 studies con
ducted on relatively small patient cohorts (30, 31).The pri
mary aim of this study was thus to evaluate the possible 
association between the chronic PPI use and trabecular bone 
quality, as measured by TBS, in a larger unselected cohort of 
subjects extracted from the general U.S. population. The asso
ciation between PPI treatment and bone density was also eval
uated as a secondary endpoint. In both analyses, data were 
stratified by sex to account for the possible presence of gender- 
specific differences in the relationship between PPI use and 
bone outcomes.

Methods
Survey Design and Data Collection
This study analyzes data from the 2005 to 2008 cycles of the 
National Health and Nutrition Examination Survey 
(NHANES), a cross-sectional survey program conducted in 
the United States by the National Center for Health 
Statistics. The NHANES program is designed to include repre
sentative samples of the general, noninstitutionalized U.S. 
population of all age groups; to accomplish this objective, it 
employs a stratified, multistage, clustered probability sam
pling design, with oversampling of minorities such as 
non-Hispanic Black, Hispanic, and Asian persons, as well as 
people with low income and older adults. The survey involves 
a structured interview conducted in the homes of the partici
pants, followed by a standardized health evaluation per
formed at a mobile examination center, which includes 
various laboratory tests and other examinations. A compre
hensive description of the data collection methodology can 
be found elsewhere (32). The original survey received approv
al from the Centers for Disease Control and Prevention 
Research Ethics Review Board; written informed consent 
was obtained from all adult participants.

Clinical Data and Laboratory Tests
Body measurements, including weight (kg), height (cm), and 
body mass index (BMI, kg/m2), were obtained during the mo
bile examination center visit. Information regarding meno
pausal status (in women), annual household income, current 
cigarette smoking, history of any liver disease, recent hospital
ization (within 1 year), and history of chronic glucocorticoid 
treatment for ≥3 months was based on self-report. Habitual 
levels of physical activity were assessed on a weekly/monthly 
basis using specific questionnaires; moderate activities were 
defined as those causing light sweating and/or a slight- 
to-moderate increase in breathing or heart rate for at least 10 
minutes; vigorous activities were defined as those causing 
heavy sweating and/or a large increase in breathing or heart 

rate for at least 10 minutes. Dietary calcium intake was esti
mated based on a structured dietary interview. Ongoing 
pharmacological therapies were reported by each subject dur
ing household interview, with direct verification of medication 
containers by the interviewer whenever possible; data on treat
ment duration and adherence were based on self-report; infor
mation on drug dosages and on previously discontinued 
prescriptions were not available. Laboratory methods for the 
measurement of all performed blood and urine tests are re
ported in detail on the NHANES website (32).

Diabetes mellitus was defined if any of the following condi
tions were met: (1) a fasting plasma glucose ≥126 mg/dL; 
(2) a glycated hemoglobin level ≥6.5% (48 mmol/mol); (3) a 
self-reported diagnosis of diabetes; and (4) a self-reported use 
of antidiabetic drugs; subjects not meeting any of these criteria 
were considered nondiabetic, unless data were missing in all 
4. Estimated glomerular filtration rate was computed according 
to the Chronic Kidney Disease Epidemiology Collaboration 
(CKD-EPI) equation; in accordance with Kidney Disease: 
Improving Global Outcomes (KDIGO) guidelines (33), severe 
chronic kidney disease (CKD) was defined as an estimated 
glomerular filtration rate <30 mL/min/1.73 m2 (stage G4-G5).

BMD and TBS Analysis
BMD was measured at the lumbar and femoral sites by DXA. 
All DXA examinations were performed by trained and certi
fied radiology technologists. Scans were acquired on 
Hologic QDR-4500A fan-beam densitometers (Hologic, 
Inc., Bedford, Massachusetts) using software version Apex 
3.0. Quality control phantoms were scanned daily to ensure 
accurate calibration of the densitometer. Further details of 
the DXA examination are documented on the NHANES web
site (32).

For each patient and at each skeletal site, we calculated 
T scores as (BMDpatient − μreference)/σreference, where μreference 

and σreference are the mean and SD of BMD in the reference pa
tient group. As recommended by the World Health 
Organization (34), the reference group for the calculation of 
T scores at the total hip and femoral neck consisted of 
non-Hispanic White females aged 20 to 29 years from the 
NHANES III report (35). For the calculation of T score at 
the lumbar spine, the reference curves of the DXA manufac
turer for 30-year-old White females were considered, taking 
into account the specific subset of vertebrae for which a valid 
BMD measurement was available.

TBS was extracted in adults aged 20 years or older from 
lumbar spine DXA images using a dedicated software 
(Med-Imap SA TBS Calculator version 2.1.0.2). In the calcu
lation of TBS, BMI was used as an indirect measure of body 
thickness to improve the accuracy and comparability of TBS 
measurements across participants. Further details on TBS cal
culation are available on the NHANES website (32).

Sample Selection
A total of 8670 subjects aged 20 years or older participated to 
the 2005 to 2008 NHANES survey cycles and had DXA spine 
scan performed. Among these, 988 individuals were excluded 
because of no valid/reliable TBS data (237 because of insuffi
cient number of valid vertebrae for TBS estimation, 45 from 
missing BMI data, and 706 from BMI outside the range of 
15 to 37 kg/m2, which represents the range within which 
TBS estimation is considered valid (22)). Of the remaining 
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7682 patients, 55 were excluded because of missing medica
tion data. Finally, 139 patients were excluded because of 
current reported PPI use for <1 year, and 10 patients were ex
cluded because of unknown ongoing PPI treatment duration, 
resulting in a final sample of 7478 patients. The full process of 
sample selection is summarized graphically in Fig. 1.

Statistical Analysis
All analyses were conducted accounting for the complex sur
vey design of NHANES, using appropriate weighting as sug
gested by the National Center for Health Statistics. Data 
were summarized as weighted means and SD for continuous 
variables, and as weighted proportions for categorical data. 
Multivariable linear regression analyses were performed to 
evaluate the effect of chronic PPI use on TBS and BMD, ac
counting for relevant confounders; the choice of covariates 
for adjustment was based on clinical relevance, considering 
factors that could most likely influence the relationship be
tween the exposure and the outcome. Missing values were 
imputed by multiple imputations with chained equation, 
stratified by gender. To avoid bias, the imputation model in
cluded all covariates and outcomes used to fit the analysis 
models, as recommended (36, 37). Fifty imputed datasets 
were created, and estimates were combined using Rubin’s 
rules (36). In each analysis, patients with missing outcome 
were excluded. A cutoff of 0.05 was adopted for the defin
ition of statistical significance. Statistical analysis was 
performed using STATA 18 (StataCorp, College Station, 
Texas, USA).

Results
Of the 7478 participants included in the analysis, 3961 were 
men and 3517 were women. Chronic continuous treatment 
with PPIs for ≥1 year was reported by 252 men and 232 wom
en, with a weighted prevalence of PPI use of 6.1% (95% CI, 
5.1-7.3) and 6.2% (95% CI, 5.0-7.6), respectively. The 
most frequently prescribed PPI was omeprazole (n = 161), fol
lowed by esomeprazole (n = 141), lansoprazole (n = 83), pan
toprazole (n = 59), and rabeprazole (n = 40). Table 1 shows 
the clinical and biochemical characteristics of the patients, 
stratified by sex and PPI use. Compared to nonusers, PPI users 
were older, were more frequently of non-Hispanic White eth
nicity, had lower levels of habitual physical activity, and were 
less likely to be current smokers; moreover, they were charac
terized by a generally more relevant burden of comorbidities, 
with higher BMI, higher prevalence of diabetes mellitus and 
CKD, more frequent self-reported history of liver disease (in 
females), and higher hospitalization rate in the previous 
year; of note, they were also more likely to be treated with oth
er relevant drug classes that could possibly influence the rela
tionship between PPI exposure and bone outcome, such as 
glucocorticoids (in males), loop diuretics, thiazide diuretics, 
nonsteroidal anti-inflammatory drugs, and H2 antagonists 
(in females).

As described in the Methods section, multivariable linear 
regression analyses were performed to evaluate the associ
ation between chronic PPI use and bone outcomes (Tables 2
and 3). After full adjustment for demographic, clinical, la
boratory, and medication data, PPI use was associated with 

Figure 1. Flow-chart of patient inclusion. Abbreviations: DXA, dual-energy X-ray absorptiometry; NHANES, National Health and Nutrition Examination 
Survey; PPI, proton pump inhibitor; TBS, trabecular bone score.
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worse bone health profile in men, with lower TBS values 
(−0.039; 95% CI, −0.058 to −0.020; P < .001), lumbar spine 
T score (−0.27; 95% CI, −0.51 to −0.04; P = .023), total hip 
T score (−0.21; 95% CI, −0.41 to −0.01; P = .041), and fem
oral neck T score (−0.22; 95% CI, −0.44 to −0.00; P = .047) 
(Table 2, model 2). Notably, the association between PPI use 
and TBS remained statistically significant even after further 
adjusting the multivariable regression analysis for bone dens
ity at lumbar spine and femoral neck (−0.026; 95% CI, 
−0.039 to −0.012; P = .001) (Table 2, model 3).

In contrast, no significant association was observed be
tween chronic PPI use and bone outcomes in women. In 
fact, in the fully adjusted analysis encompassing demographic, 
clinical, laboratory, and medication data, female PPI users 
showed similar TBS (−0.005; 95% CI, −0.017 to 0.007; P  
= .427), lumbar spine T score (−0.09, 95% CI, −0.30 to 
0.11; P = .345), total hip T score (+0.04; 95% CI, −0.09 to 
0.18; P = .511), and femoral neck T score (−0.01; 95% CI, 
−0.15 to 0.12; P = .845) compared to nonusers (Table 3, 
model 2). The lack of a significant association between PPI 

Table 1. Descriptive characteristics of the study population, stratified by sex and PPI use

Parameter Men (N = 3961) Women (N = 3517)

PPI nonusers  
(N = 3709)

PPI users  
(N = 252)

P value PPI nonusers  
(N = 3285)

PPI users  
(N = 232)

P value

Age (y) 44.3 ± 16.4 58.3 ± 13.7 <.001 46.5 ± 16.5 59.0 ± 15.0 <.001
Menopausal status (%)a N/A <.001

Premenopausal N/A N/A 57.3 27.7
Postmenopausal N/A N/A 42.7 72.3

Race/ethnicity (%) <.001 <.001
Non-Hispanic White 69.9 88.3 71.7 84.8
Non-Hispanic Black 10.3 5.3 10.6 7.8
Hispanic 14.1 3.9 11.7 4.5
Other 5.7 2.5 6.0 2.9

Annual household income (%)b .976 .109
≥$75 000 35.0 35.0 31.9 29.3
$45 000–$74 999 24.6 23.3 24.0 18.4
$20 000–$44 999 28.3 29.1 29.3 29.9
<$20 000 12.1 12.6 14.8 22.4

Habitual physical activity (%) .004 .010
None 25.0 31.7 30.0 40.0
Moderate 25.8 34.3 35.5 38.5
Vigorous 49.2 24.0 34.5 21.5

Current smoking (%)c 28.2 18.1 .006 21.8 11.0 <.001
BMI (kg/m2) 27.3 ± 4.1 29.0 ± 4.2 <.001 26.5 ± 4.9 27.7 ± 4.5 .001
Diabetes mellitus (%) 8.9 21.0 <.001 7.2 18.7 <.001
CKD G4-G5 (%)d 0.3 1.6 .015 0.4 3.3 <.001
History of liver disease (%)e 3.5 4.9 .136 2.4 8.7 <.001
Recent hospitalization (≤1 year) (%)f 6.3 17.7 <.001 10.4 20.0 <.001
Dietary calcium intake (g/day)g 1.07 ± 0.70 0.97 ± 0.60 .100 0.84 ± 0.49 0.80 ± 0.45 .256
25OH-VitD (ng/mL)h 25.5 ± 8.4 25.1 ± 8.4 .594 26.9 ± 10.3 27.6 ± 10.0 .299
History of chronic GC treatment (%)i 1.8 6.1 <.001 3.4 4.7 .367
Hormone-blocking therapy (%) 0.1 0.0 .661 0.8 1.0 .672
Loop diuretics (%) 1.4 6.4 <.001 1.4 8.3 <.001
Thiazide diuretics (%) 5.2 12.4 <.001 8.3 20.8 <.001
NSAIDs (%) 3.6 9.3 <.001 4.4 12.2 <.001
H2 antagonists (%) 1.8 0.0 .138 1.5 5.1 .002

Abbreviations: 25OH-VitD, 25-hydroxyvitamin D; BMD, bone mineral density; BMI, body mass index; CKD G4-G5, chronic kidney disease stage G4-G5; GC, 
glucocorticoid; N/A, not applicable; NSAID, nonsteroidal anti-inflammatory drug; PPI, proton pump inhibitor; TBS, trabecular bone score. 
aMissing data in 223 (6.3%) women. 
bMissing data in 240 (3.2%) subjects. 
cMissing data in 5 (<0.1%) subjects. 
dMissing data in 321 (4.3%) subjects. 
eMissing data in 14 (0.2%) subjects. 
fMissing data in 3 (<0.1%) subjects. 
gMissing data in 174 (2.3%) subjects. 
hMissing data in 813 (10.9%) subjects. 
iMissing data in 58 (0.8%) subjects.
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use and bone quality was confirmed also when further adjust
ing the regression model using bone density data (−0.001; 
95% CI, −0.015 to 0.013; P = .875) (Table 3, model 3). No 
significant effect modification was observed according to 
menopausal status (P for interaction >.5 in all analyses).

The possible presence of differences between different PPIs 
was explored, without finding any significant heterogeneity 
(Bonferroni-corrected P-value >.2 for all pairwise comparisons 
in all analyses). A sensitivity analysis was performed after ex
cluding patients actively treated with antiosteoporotic drugs 
(n = 223; 12 males and 211 females; specifically, 185 patients 
on bisphosphonates, 37 on raloxifene, 1 on teriparatide, none 
on other treatments), with no relevant changes in the results 
(Supplementary Tables S1 and S2) (38).

As ancillary findings, the role of other known parameters as 
predictors of bone outcomes was confirmed. The full results 
regarding the relationships between the covariates used in 
the regression models and bone outcomes are reported in 
Supplementary Tables S3 and S4 (38).

Discussion
In the present study, we evaluated the possible association be
tween chronic PPI use and TBS in a community-based sample 
extracted from the general U.S. population. Our findings re
vealed a significant relationship between chronic PPI use and 
lower TBS values in male patients, whereas no significant as
sociation was found in females. The same pattern was ob
served for BMD T scores at all sites, with a statistically 
significant reduction observed in males, but not in females. 
Notably, in males, the association between chronic PPI use 
and lower TBS values persisted even after adjustment for 
BMD, suggesting a specific impairment of bone quality in add
ition to the extent of bone mass loss.

Over the past 2 decades, a consistent body of evidence has 
been published supporting the association of chronic PPI use 
with an increased risk of fragility fractures, including hip, 
wrist, spine, and any-site fractures (13-15). The mechanisms 
underlying the observed increase in fracture risk, however, 
are not fully elucidated, and several potential pathways have 
been suggested.

From a pathophysiological point of view, the acidic envir
onment in the stomach helps to convert insoluble calcium salts 
to ionized soluble calcium, facilitating calcium absorption in 
the intestine (5, 39, 40); chronic PPI use may thus induce a re
duction in calcium absorption and bioavailability, promoting 
PTH oversecretion, with consequent increase of mineral bone 
resorption and bone microstructure deterioration (5, 39, 40). 
Furthermore, the altered gastric pH leads to a decreased intes
tinal absorption of magnesium; magnesium deficiency could 
exert as well negative effects on bone health through a reduc
tion in osteoblastic activity and the formation of large hy
droxyapatite crystals, which decrease bone stiffness (41).

Other authors also suggested a possible path mediated by a 
reduced intestinal absorption of vitamin B6, vitamin B9 (fol
ate), and vitamin B12. The lack of adequate absorption and 
bioavailability of these vitamins, in fact, may lead to a sus
tained increase in homocysteine levels, which is known to im
pair bone quality through the inhibition of the enzyme 
lysyl-oxidase and an altered crosslink formation in collagen fi
bers (5, 42-44).

Another possible mechanism is the one mediated by hyper
gastrinemia. In fact, gastrin oversecretion from G cells results 

in enterochromaffin-like cells hyperplasia, which consequent
ly leads to an increased release of histamine (45). It has been 
hypothesized that histamine hypersecretion could be detri
mental on bone health because it increases the differentiation 
of osteoclast precursors (46). Moreover, hypergastrinemia has 
been described as a possible cause of parathyroid hypertrophy 
or hyperplasia, with consequent increase in PTH secretion 
(47, 48).

PPIs might also have a direct effect on bone cells, as some 
preclinical studies suggest. In cell models, in fact, it has been 
shown that PPIs can upregulate osteoclastic genes and increase 
osteoclastic activity (49). In addition, an effect of increased 
osteoblast apoptosis and decreased osteoblast activity was ob
served both in vitro (50) and in a murine model (51).

Finally, various studies suggested that the observed increase 
in fracture risk in PPI users could be due, at least in part, to an 
increase in the risk of falls (52-54). Although the reasons of 
this effect are likely multifactorial, a role may be played by 
the already-mentioned PPI-induced deficiencies of vitamins 
of the B group, which may increase the propensity to develop 
muscle weakness and various neurological disturbances 
(55, 56).

Overall, these potential direct and indirect effects may the
oretically have an impact on bone mass and mineralization, 
which in turn could account for the higher fracture incidence 
observed in PPI users. However, although the evidence regard
ing increased fracture risk is relatively concordant (13-15), 
previous studies reported discrepant results regarding the po
tential association between PPI use and bone density, with 
most of them showing either modest or no effect on BMD 
(13, 14, 16). This suggests that the increased fracture risk as
sociated with PPI use may not be entirely from loss of bone 
mass; consequently, other factors related to bone health may 
also contribute to the bone fragility observed in PPI users.

In recent years, the field of osteoporosis research has under
gone significant evolution, with growing emphasis on indices 
of bone quality as a complementary measure in the assessment 
of fracture risk (21, 22). The assessment of bone quality, in 
fact, has emerged as a powerful tool to better evaluate skeletal 
health in various settings of primary and secondary osteopor
osis (23-29). However, to date, data on how chronic PPI use 
affects bone microarchitecture in humans are scarce. In par
ticular, to the best of our knowledge, only 2 studies have yet 
investigated the association between PPI use and TBS (30, 31).

In the first (30), conducted by Shin et al in a cohort of 
Korean women followed for clinical purposes in a tertiary re
ferral center, the authors reported lower TBS and BMD in 
those treated with PPIs when compared to the control group. 
This study pioneered the topic related to the evaluation of TBS 
among PPI users but, as the authors themselves acknowl
edged, had some inherent limitations. In fact, apart from being 
limited to female patients of Korean ethnicity, it was based on 
a relatively limited sample size, comprising 446 patients 
equally divided in the PPI exposure group and in the control 
group. Moreover, the study cohort was retrospectively ex
tracted from patients who underwent DXA scans for clinical 
purposes in a tertiary referral center, thus leading to possible 
selection bias and to an uncertain degree of generalizability 
of the results to a community-based general population. 
Finally, but not less importantly, the reported results are based 
on minimally-adjusted analysis, which accounted only for age 
and BMI as possible confounders. More recently, another 
evaluation comparing TBS between PPI users and nonusers 
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was published by Kondapalli et al (31), based on data from a 
multiethnic mixed-gender community-based cohort study 
conducted on U.S. elderly (aged ≥65 years old) residents. In 
this study, the authors did not find any significant differences 
in TBS values based on PPI use in either sex. Nevertheless, al
though some of the limitations of the study by Shin et al were 
overcome, the conclusions were still hampered by a relatively 
limited sample size (402 females and 199 males).

In our study, significant sex differences were observed in 
both TBS and BMD analyses. Specifically, the association of 
PPI use with lower BMD and TBS was only evident in male pa
tients, with no significant effect noted in females. This gender- 
specific association is not well-established in the literature, but 
this could be in part possibly because of the methodological 
approaches adopted by previous studies. In fact, most of the 
studies that evaluated the association between PPI use and 
BMD on mixed-gender cohorts have handled sex as a con
founder, applying statistical controls like regression adjust
ment rather than testing for possible interactions and 
applying stratification (57-61). This methodological ap
proach, by its inherent characteristics, may have masked any 
sex-related effect modification (62-64), and possible gender 
differences may have gone undetected. Indeed, when studies 
analyzed male and female cohorts separately, evidence of a 
possible sexual dimorphism in the impact of chronic PPI use 
on bone parameters frequently emerged.

In a study by Gao et al (19), conducted on a previous 
NHANES cohort, a significant gender difference was observed 
in the relationship between PPIs and BMD; chronic PPI use, in 
fact, was associated with lower lumbar spine BMD in male pa
tients, whereas no significant effect was found in females. 
Similar results were found by Yu et al (12), who reported find
ings from 2 large cohorts segmented by gender: the 
Osteoporotic Fractures in Men Study (MrOS), which exclu
sively included male participants, and the Study of 
Osteoporotic Fractures (SOF), composed solely of female par
ticipants. In fact, after adjusting for multiple covariates, the 
results revealed that men in the MrOS cohort who used PPIs 
had slightly lower total hip and femoral neck BMD compared 
to nonusers. Conversely, in the SOF cohort of women, no sig
nificant association was found between PPI use and BMD. 
Also consistent with these data were some findings of the 
aforementioned study by Kondapalli et al (31); in fact, al
though no clear gender differences were observed in terms 
of BMD and TBS, likely because of the limited sample size, 
the evaluation of high-resolution peripheral computed tomog
raphy (HR-pQCT) parameters highlighted a decrease in cor
tical volumetric bone density at the tibia in male PPI users, 
with no differences observed in females.

Unsurprisingly, if the pathophysiological mechanisms that 
cause skeletal fragility in PPI users have yet to be fully eluci
dated, the reasons for differences between the sexes remain 
even less clear. In a recent study, Zhang et al (65) investigated 
the influence of PPIs on bone density through changes in plas
ma metabolite levels, particularly focusing on the sex hor
mone pathways; the researchers identified a decrease in 
several plasma metabolites, particularly lipids and sulfated 
steroids related to androgen metabolic cascade, which were 
negatively impacted by PPI use. These findings suggest that 
PPIs may indirectly affect BMD through modulation of me
tabolites involved in sex hormone signaling, which might 
thus possibly explain the observed gender differences in the ef
fects of PPI use on bone mineralization and microarchitecture. 

Further supporting the hypothesis of a cross-talk between 
chronic PPI use and the gonadal axis function, long-term 
treatment with PPIs has been linked to endocrine disruptions, 
including hyperprolactinemia (66, 67), whose biological effect 
on the hypothalamus-pituitary-gonadal axis goes through the 
inherent gender-specific characteristics of the axis itself. An al
ternative hypothesis for the observed sexual dimorphism may 
relate to the impact of PPI use on micronutrient absorption. 
In fact, differences in dietary habits and micronutrient intake 
between males and females are well documented (68-70). 
Therefore, it is not implausible to hypothesize that gender- 
specific interactions between PPI use, dietary habits, and 
micronutrient absorption could also play a role in the ob
served sexual dimorphism.

Moving to a broader perspective, in any case, it is still essen
tial to acknowledge that an increased risk of fractures has been 
documented in PPI users across both genders (8, 9, 11, 15). 
Consequently, the interplay between PPI use, bone mineraliza
tion and microarchitecture, and fracture risk is likely to be 
mediated by even more complex and multifaceted mecha
nisms, in which extra-skeletal factors also play a relevant 
role. As already discussed, for example, prior research has as
sociated PPI use with an elevated risk of falls (52-54) and, 
interestingly, this effect appears to be comparable in both 
men and women, with no clear gender differences (53).

Our study has several strengths. One is that it is a study con
ducted on a large, unselected, community-based sample ex
tracted from the general U.S. population; previous studies 
examining the relationship between PPI use and bone-related 
outcomes, even when conducted on large samples, have often 
been based on restricted populations, typically comprising in
dividuals referred for DXA testing for clinical purposes. Our 
analyses, on the contrary, were based on a representative sam
ple drawn through a stratified, multistage, clustered probabil
ity design, thus minimizing selection bias and enhancing the 
generalizability of the results, as they are less likely to be influ
enced by the specific characteristics of a more narrowly 
defined group. Another strength of our study is that we con
sidered potential sex-specific effects on the relationship be
tween PPI use and bone outcomes. This differs from the 
many of the previous studies, which did not include inter
action terms to explore the interplay between sex and PPI 
use, nor did they stratify their analyses by sex, thus possibly 
overlooking possible gender differences in how PPI use affects 
bone microarchitecture and mineralization.

Our study has also some limitations. First, although multi
variable analyses accounted for many key determinants of 
bone quality and mineralization, the possible presence of re
sidual confounding cannot be ruled out, given the observa
tional nature of the study. Second, its cross-sectional design 
allowed only the assessment of associations, preventing the 
identification of cause-effect relationships and temporal 
trends. Third, data on specific dosage or previously discontin
ued prescriptions were not available; therefore, the possible 
presence of a dose-response relationship between PPI use 
and bone outcomes could not be investigated, nor could the 
effect of previous PPI use.

In conclusion, this is the first study that evaluates the asso
ciation between chronic PPI use and trabecular bone quality, 
as measured by TBS, in a large, unselected, community-based 
sample extracted from the general population. Our results 
suggest that chronic PPI use is associated with lower TBS val
ues and lower BMD in males; interestingly, the association 
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between PPI use and lower TBS values persisted also after ad
justment for BMD, suggesting a greater impairment of bone 
quality in these patients, independently to the extent of bone 
mass loss. On the other hand, no association between PPI 
use and either TBS or BMD was found among females, regard
less of menopausal status. The lack of prospective data does 
not allow to assess the prognostic role of TBS in the prediction 
of incident fractures in this clinical setting and, in particular, 
whether it may play a specific role in the assessment of fracture 
risk among male PPI users; specifically designed longitudinal 
studies are needed to better address this point.

Acknowledgments
None.

Funding
This research did not receive any specific grant.

Disclosures
The authors report no conflicts of interest in this work.

Data Availability
Some or all data generated or analyzed during this study are 
included in this published article or in the data repositories 
listed in the references. NHANES data are publicly available 
at https://wwwn.cdc.gov/nchs/nhanes/Default.aspx.

References
1. Strand DS, Kim D, Peura DA. 25 years of proton pump inhibitors: a 

comprehensive review. Gut Liver. 2017;11(1):27-37.
2. Rückert-Eheberg IM, Nolde M, Ahn N, et al. Who gets prescrip

tions for proton pump inhibitors and why? A drug-utilization study 
with claims data in Bavaria, Germany, 2010–2018. Eur J Clin 
Pharmacol. 2022;78(4):657-667.

3. Haastrup P, Paulsen MS, Zwisler JE, et al. Rapidly increasing pre
scribing of proton pump inhibitors in primary care despite interven
tions: a nationwide observational study. Eur J Gen Pract. 
2014;20(4):290-293.

4. Haastrup PF, Thompson W, Søndergaard J, Jarbøl DE. Side effects 
of long-term proton pump inhibitor use: a review. Basic Clin 
Pharmacol Toxicol. 2018;123(2):114-121.

5. Lespessailles E, Toumi H. Proton pump inhibitors and bone health: 
an update narrative review. Int J Mol Sci. 2022;23(18):10733.

6. FDA Drug Safety Communication: Possible increased risk of 
fractures of the hip, wrist, and spine with the use of proton pump 
inhibitors. Accessed May 5, 2024. https://www.fda.gov/drugs/ 
postmarket-drug-safety-information-patients-and-providers/fda- 
drug-safety-communication-possible-increased-risk-fractures-hip- 
wrist-and-spine-use-proton-pump

7. Targownik LE, Lix LM, Metge CJ, Prior HJ, Leung S, Leslie WD. 
Use of proton pump inhibitors and risk of osteoporosis-related frac
tures. Can Med Assoc J. 2008;179(4):319-326.

8. Vestergaard P, Rejnmark L, Mosekilde L. Proton pump inhibitors, 
histamine H2 receptor antagonists, and other antacid medications 
and the risk of fracture. Calcif Tissue Int. 2006;79(2):76-83.

9. Yang YX, Lewis JD, Epstein S, Metz DC. Long-term proton pump 
inhibitor therapy and risk of hip fracture. JAMA. 2006;296(24): 
2947-2953.

10. Gray SL, LaCroix AZ, Larson J, et al. Proton pump inhibitor use, 
hip fracture, and change in bone mineral density in postmenopausal 
women: results from the women’s health initiative. Arch Intern 
Med. 2010;170(9):765-771.

11. Corley DA, Kubo A, Zhao W, Quesenberry C. Proton pump inhib
itors and histamine-2 receptor antagonists are associated with hip 
fractures among at-risk patients. Gastroenterology. 2010;139(1): 
93-101.

12. Yu EW, Blackwell T, Ensrud KE, et al. Acid-suppressive medica
tions and risk of bone loss and fracture in older adults. Calcif 
Tissue Int. 2008;83(4):251-259.

13. Nassar Y, Richter S. Proton-pump inhibitor use and fracture risk: 
an updated systematic review and meta-analysis. J Bone Metab. 
2018;25(3):141-151.

14. Liu J, Li X, Fan L, et al. Proton pump inhibitors therapy and risk of 
bone diseases: an update meta-analysis. Life Sci. 2019;218: 
213-223.

15. Yu EW, Bauer SR, Bain PA, Bauer DC. Proton pump inhibitors and 
risk of fractures: a meta-analysis of 11 international studies. Am J 
Med. 2011;124(6):519-526.

16. Aleraij S, Alhowti S, Ferwana M, Abdulmajeed I. Effect of proton 
pump inhibitors on bone mineral density: a systematic review and 
meta-analysis of observational studies. Bone Rep. 2020;13: 
100732.

17. Seeman E. Estrogen, androgen, and the pathogenesis of bone fragil
ity in women and men. Curr Osteoporos Rep. 2004;2(3):90-96.

18. Almeida M, Laurent MR, Dubois V, et al. Estrogens and androgens 
in skeletal physiology and pathophysiology. Physiol Rev. 2017; 
97(1):135-187.

19. Gao S, Song W, Lin T, et al. Prolonged use of proton pump inhib
itors, but not histamine-2 receptor antagonists, is associated with 
lower bone mineral density in males aged over 70. Front Med. 
2021;8(1):1-7.

20. Camacho PM, Petak SM, Binkley N, et al. American Association of 
Clinical Endocrinologists/American College of Endocrinology 
Clinical Practice Guidelines for the diagnosis and treatment of post
menopausal osteoporosis—2020 update. Endocr Pract. 2020; 
26(s1):1-46.

21. Silva BC, Leslie WD, Resch H, et al. Trabecular bone score: a non
invasive analytical method based upon the DXA image. J Bone 
Miner Res. 2014;29(3):518-530.

22. Shevroja E, Reginster JY, Lamy O, et al. Update on the clinical use 
of trabecular bone score (TBS) in the management of osteoporosis: 
results of an expert group meeting organized by the European 
Society for Clinical and Economic Aspects of Osteoporosis, 
Osteoarthritis and Musculoskeletal Disease. Osteoporos Int. 
2023;34(9):1501-1529.

23. Hans D, Goertzen AL, Krieg MA, Leslie WD. Bone microarchitec
ture assessed by TBS predicts osteoporotic fractures independent of 
bone density: the Manitoba study. J Bone Miner Res. 2011;26(11): 
2762-2769.

24. Leslie WD, Binkley N, McCloskey EV, et al. FRAX adjustment by 
trabecular bone score with or without bone mineral density: the 
Manitoba BMD registry. J Clin Densitom. 2023;26(3):101378.

25. Bioletto F, Barale M, Prencipe N, et al. Trabecular bone score as an 
index of bone fragility in patients with acromegaly: a systematic re
view and meta-analysis. Neuroendocrinology. 2023;113(4): 
395-405.

26. Silva BC, Boutroy S, Zhang C, et al. Trabecular bone score (TBS)-A 
novel method to evaluate bone microarchitectural texture in pa
tients with primary hyperparathyroidism. J Clin Endocrinol 
Metab. 2013;98(5):1963-1970.

27. Vinolas H, Grouthier V, Mehsen-Cetre N, et al. Assessment of ver
tebral microarchitecture in overt and mild Cushing’s syndrome us
ing trabecular bone score. Clin Endocrinol. 2018;89(2):148-154.

28. Bioletto F, Barale M, Maiorino F, et al. Trabecular bone score as a 
marker of skeletal fragility across the spectrum of chronic kidney 
disease: a systematic review and meta-analysis. J Clin Endocrinol 
Metab. 2023;109(7):e1534-e1543.

29. Ho-Pham LT, Nguyen TV. Association between trabecular bone 
score and type 2 diabetes: a quantitative update of evidence. 
Osteoporos Int. 2019;30(10):2079-2085.

8                                                                                                    The Journal of Clinical Endocrinology & Metabolism, 2024, Vol. 00, No. 0
D

ow
nloaded from

 https://academ
ic.oup.com

/jcem
/advance-article/doi/10.1210/clinem

/dgae598/7743296 by Biblioteca G
ioele Solari - U

niversità di Torino user on 17 Septem
ber 2024

https://wwwn.cdc.gov/nchs/nhanes/Default.aspx
https://www.fda.gov/drugs/postmarket-drug-safety-information-patients-and-providers/fda-drug-safety-communication-possible-increased-risk-fractures-hip-wrist-and-spine-use-proton-pump
https://www.fda.gov/drugs/postmarket-drug-safety-information-patients-and-providers/fda-drug-safety-communication-possible-increased-risk-fractures-hip-wrist-and-spine-use-proton-pump
https://www.fda.gov/drugs/postmarket-drug-safety-information-patients-and-providers/fda-drug-safety-communication-possible-increased-risk-fractures-hip-wrist-and-spine-use-proton-pump
https://www.fda.gov/drugs/postmarket-drug-safety-information-patients-and-providers/fda-drug-safety-communication-possible-increased-risk-fractures-hip-wrist-and-spine-use-proton-pump


30. Shin YH, Gong HS, Baek GH. Lower trabecular bone score is asso
ciated with the use of proton pump inhibitors. J Clin Densitom. 
2019;22(2):236-242.

31. Kondapalli A, Agarwal S, Germosen C, et al. Bone microstructure 
in proton pump inhibitor users. Bone. 2023;168:116668.

32. National Center for Health Statistics. National Health and 
Nutrition Examination Survey (NHANES) Questionnaires, 
Datasets, and Related Documentation. Accessed April 14, 2024. 
https://wwwn.cdc.gov/nchs/nhanes/Default.aspx

33. Kidney Disease: Improving Global Outcomes (KDIGO) CKD Work 
Group. KDIGO 2012 clinical practice guideline for the evaluation 
and management of chronic kidney disease. Kidney Int Suppl. 
2013;3(1):1-150.

34. Kanis JA. Assessment of fracture risk and its application to screen
ing for postmenopausal osteoporosis: synopsis of a WHO report. 
WHO Study Group. Osteoporos Int. 1994;4(6):368-381.

35. Looker AC, Orwoll ES, Johnston CC, et al. Prevalence of low fem
oral bone density in older U.S. adults from NHANES III. J Bone 
Miner Res. 1997;12(11):1761-1768.

36. White IR, Royston P, Wood AM. Multiple imputation using 
chained equations: issues and guidance for practice. Stat Med. 
2011;30(4):377-399.

37. Moons KGM, Donders RART, Stijnen T, Harrell FE. Using the out
come for imputation of missing predictor values was preferred. 
J Clin Epidemiol. 2006;59(10):1092-1101.

38. Bioletto F, Pusterla A, Fraire F, et al. Data from: “Sex-specific 
Association of Chronic Proton Pump Inhibitor Use With Reduced 
Bone Density and Quality”. J Clin Endocrinol Metab. 2024. 
Deposited August 9, 2024. https://github.com/fabiobioletto/TBS_PPI

39. Hinson AM, Wilkerson BM, Rothman-Fitts I, Riggs AT, Stack BC, 
Bodenner DL. Hyperparathyroidism associated with long-term 
proton pump inhibitors independent of concurrent bisphosphonate 
therapy in elderly adults. J Am Geriatr Soc. 2015;63(10): 
2070-2073.

40. Recker RR. Calcium absorption and achlorhydria. N Engl J Med. 
1985;313(2):70-73.

41. Castiglioni S, Cazzaniga A, Albisetti W, Maier JAM. Magnesium 
and osteoporosis: current state of knowledge and future research di
rections. Nutrients. 2013;5(8):3022-3033.

42. Herrmann M, Peter Schmidt J, Umanskaya N, et al. The role of hy
perhomocysteinemia as well as folate, vitamin B6 and B12 deficien
cies in osteoporosis—a systematic review. Clin Chem Lab Med. 
2007;45(12):1621-1632.

43. Dharmarajan TS, Kanagala MR, Murakonda P, Lebelt AS, Norkus 
EP. Do acid-lowering agents affect vitamin B12 status in older 
adults? J Am Med Dir Assoc. 2008;9(3):162-167.

44. McLean RR, Jacques PF, Selhub J, et al. Homocysteine as a predict
ive factor for hip fracture in older persons. N Engl J Med. 
2004;350(20):2042-2049.

45. Yokota T, Matsui H, Matsuura B, Maeyama K, Onji M. Direct 
effects of proton pump inhibitors on histamine release from rat 
enterochromaffin-like cells. Eur J Pharmacol. 2003;481(2-3): 
233-240.

46. Biosse-Duplan M, Baroukh B, Dy M, De Vernejoul MC, Saffar JL. 
Histamine promotes osteoclastogenesis through the differential ex
pression of histamine receptors on osteoclasts and osteoblasts. Am J 
Pathol. 2009;174(4):1426-1434.

47. Grimelius L, Johansson H, Lundqvist G, Olazabal A, Polak JH, 
Pearse GE. The parathyroid glands in experimentally induced hy
pergastrinemia in the rat. Scand J Gastroenterol. 1977;12(6): 
739-744.

48. Gagnemo-Persson R, Samuelsson A, Håkanson R, Persson P. 
Chicken parathyroid hormone gene expression in response to gas
trin, omeprazole, ergocalciferol, and restricted food intake. Calcif 
Tissue Int. 1997;61(3):210-215.

49. Zanaty MI, Abdel-Moneim A, Kitani Y, Sekiguchi T, Suzuki N. 
Effect of omeprazole on osteoblasts and osteoclasts in vivo and in 
the in vitro model using fish scales. Biochem. 2021;86(10): 
1192-1200.

50. Costa-Rodrigues J, Reis S, Teixeira S, Lopes S, Fernandes MH. 
Dose-dependent inhibitory effects of proton pump inhibitors on 
human osteoclastic and osteoblastic cell activity. FEBS J. 2013; 
280(20):5052-5064.

51. Cheng Z, Liu Y, Ma M, et al. Lansoprazole-induced osteoporosis 
via the IP3R- and SOCE-mediated calcium signaling pathways. 
Mol Med. 2022;28(1):21.

52. Lewis JR, Barre D, Zhu K, et al. Long-term proton pump inhibitor 
therapy and falls and fractures in elderly women: a prospective co
hort study. J Bone Miner Res. 2014;29(11):2489-2497.

53. Kuschel BM, Laflamme L, Möller J. The risk of fall injury in relation 
to commonly prescribed medications among older people—a 
Swedish case-control study. Eur J Public Health. 2015;25(3): 
527-532.

54. Lapumnuaypol K, Thongprayoon C, Wijarnpreecha K, Tiu A, 
Cheungpasitporn W. Risk of fall in patients taking proton pump in
hibitors: a meta-analysis. QJM An Int J Med. 2019;112(2): 
115-121.

55. Kennedy DO. B vitamins and the brain: mechanisms, dose and effi
cacy—a review. Nutrients. 2016;8(2):68.

56. Oberlin BS, Tangney CC, Gustashaw KAR, Rasmussen HE. 
Vitamin B12 deficiency in relation to functional disabilities. 
Nutrients. 2013;5(11):4462-4475.

57. Arj A, Razavi Zade M, Yavari M, Akbari H, Zamani B, Asemi Z. 
Proton pump inhibitors use and change in bone mineral density. 
Int J Rheum Dis. 2016;19(9):864-868.

58. Bahtiri E, Islami H, Hoxha R, et al. Esomeprazole use is independ
ently associated with significant reduction of BMD: 1-year pro
spective comparative safety study of four proton pump inhibitors. 
J Bone Miner Metab. 2016;34(5):571-579.

59. Ozdil K, Kahraman R, Sahin A, et al. Bone density in proton pump 
inhibitors users: a prospective study. Rheumatol Int. 2013;33(9): 
2255-2260.

60. Targownik LE, Leslie WD, Davison KS, et al. The relationship be
tween proton pump inhibitor use and longitudinal change in bone 
mineral density: a population-based study from the Canadian 
Multicentre Osteoporosis Study (CaMos). Am J Gastroenterol. 
2012;107(9):1361-1369.

61. Targownik LE, Goertzen AL, Luo Y, Leslie WD. Long-term proton 
pump inhibitor use is not associated with changes in bone strength 
and structure. Am J Gastroenterol. 2017;112(1):95-101.

62. Miettinen O. Confounding and effect-modification. Am J 
Epidemiol. 1974;100(5):350-353.

63. Greenland S, Morgenstern H. Ecological bias, confounding, and ef
fect modification. Int J Epidemiol. 1989;18(1):269-274.

64. Corraini P, Olsen M, Pedersen L, Dekkers OM, Vandenbroucke JP. 
Effect modification, interaction and mediation: an overview of the
oretical insights for clinical investigators. Clin Epidemiol. 2017;9: 
331-338.

65. Zhang X, Adebayo AS, Wang D, et al. PPI-Induced changes in plas
ma metabolite levels influence total hip bone mineral density in a 
UK cohort. J Bone Miner Res. 2023;38(2):326-334.

66. Ashfaq M, Haroon MZ, Alkahraman YMSA. Proton pump inhib
itors therapy and risk of hyperprolactinemia with associated sexual 
disorders. Endocr Regul. 2022;56(2):134-147.

67. Ashfaq M, Khan Q, Haroon MZ, Abid SMA, Sharif MJH, 
Alkahraman YMSA. Long-term proton pump inhibitor therapy 
and its effect on endocrine hormones in selected patient population. 
Horm Metab Res. 2023;55(3):205-211.

68. Tucker KL, Hannan MT, Chen H, Cupples LA, Wilson PWF, Kiel 
DP. Potassium, magnesium, and fruit and vegetable intakes are as
sociated with greater bone mineral density in elderly men and wom
en. Am J Clin Nutr. 1999;69(4):727-736.

69. Murphy SP, Foote JA, Wilkens LR, et al. Simple measures of dietary 
variety are associated with improved dietary quality. J Am Diet 
Assoc. 2006;106(3):425-429.

70. Bailey RL, Dodd KW, Goldman JA, et al. Estimation of total usual 
calcium and vitamin D intakes in the United States. J Nutr. 
2010;140(4):817-822.

The Journal of Clinical Endocrinology & Metabolism, 2024, Vol. 00, No. 0                                                                                                    9
D

ow
nloaded from

 https://academ
ic.oup.com

/jcem
/advance-article/doi/10.1210/clinem

/dgae598/7743296 by Biblioteca G
ioele Solari - U

niversità di Torino user on 17 Septem
ber 2024

https://wwwn.cdc.gov/nchs/nhanes/Default.aspx
https://github.com/fabiobioletto/TBS_PPI

	Sex-specific Association of Chronic Proton Pump Inhibitor Use With Reduced Bone Density and Quality
	Methods
	Survey Design and Data Collection
	Clinical Data and Laboratory Tests
	BMD and TBS Analysis
	Sample Selection
	Statistical Analysis

	Results
	Discussion
	Acknowledgments
	Funding
	Disclosures
	Data Availability
	References


