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Abstract

Summary Proton pump inhibitors (PPIs) are associated with increased risk of osteoporotic fracture; however, the mechanism
is unclear. PPI users taking calcium supplements were more likely to have hyperparathyroidism compared to non-users (OR
1.56, CI 1.08-2.23, p=0.018). This highlights the importance of monitoring PPI use, especially in older adults.

Purpose Proton pump inhibitors (PPIs) are associated with increased risk of osteoporotic fracture. Hyperparathyroidism
may be implicated, but few studies have considered this relationship. This study evaluated the relationship between PPI use
and hyperparathyroidism in older adults.

Methods Participants were from the TUDA study, a large cross-sectional cohort of older Irish adults. Participants with an
estimated glomerular filtration rate (¢GFR) < 30 ml/min and serum calcium > 2.5 mmol/l were excluded to avoid hyperpar-
athyroidism due to chronic renal disease and primary hyperparathyroidism. Hyperparathyroidism was defined as a parathy-
roid hormone (PTH) > 65 pg/ml. Multivariate regression models were used to analyse the relationship between PPI use and
hyperparathyroidism.

Results A total of 4139 participants met the inclusion criteria, of whom 37.8% (n=1563) were taking PPI medication. PPI
use was identified in 41.4% of calcium supplement users and 35.4% of non-calcium supplement users. Overall, compared
to non-users of PPIs, those taking PPIs were older (74.8 vs 72.9 years, p <0.001) and had a higher prevalence of hyperpar-
athyroidism (17.8 vs 11.0%, p <0.001). In those taking calcium supplements (but not in non-users), PPI use was significantly
associated with hyperparathyroidism (OR 1.56, CI 1.08-2.23, p =0.018) after adjusting for age, sex, body mass index, serum
vitamin D, eGFR, timed-up-and-go, dairy intake, medications, and comorbidities.

Discussion The results are consistent with the hypothesis of PPIs reducing calcium absorption, leading to a rise in PTH which
could mediate increased fracture risk. No relationship of PPI use with hyperparathyroidism was observed in non-users of
calcium supplements, possibly owing to lower dietary calcium intake. These results highlight the importance of monitoring
PPI use, especially in older adults at risk of fracture.
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Osteoporosis is a major health concern in the ageing
world population because of its enormous impact on mor-
bidity, mortality, and health economics [4]. Hip fractures are
associated with a 22% mortality at 1 year [5]. Approximately
1 in 2 women and 1 in 5 men aged 50 years or older will
experience an osteoporotic fracture in their remaining life-
time. The incidence of hip fracture rises exponentially with
age, particularly among women 60 years or older and men
70 years or older [6]. The link between PPIs and fracture
risk has been clearly described [7-13]. A meta-analysis of
33 studies pooling data from 2,714,502 individuals found
a 28% increased risk of fracture in PPI users compared to
non-users [14]. However, there is conflicting evidence on the
relationship between PPIs and bone mineral density (BMD)
[15-19].

Parathyroid hormone (PTH) plays a pivotal role in cal-
cium homeostasis and bone metabolism. PTH maintains
serum calcium concentration by releasing calcium from
the skeleton through bone resorption, renal tubular calcium
reabsorption, and activating vitamin D. PTH has major
effects on bone turnover and remodelling [20]. Hyperpar-
athyroidism causes excessive bone remodelling, with bone
resorption outpacing formation leading to lower BMD,
altered microarchitecture and increased fracture risk [21].

The mechanisms by which PPIs contribute to fracture
risk are currently unknown, but a number of ideas have
been postulated including inhibition of gastric acid secre-
tion and reduced absorption of calcium and other nutrients
(e.g., B vitamins) which may be important for bone health
and hypergastrinaemia [8, 9, 22]. However, only a few small
studies have previously explored the relationship between
PPIs and serum PTH [23-25]. Therefore, the aim of this
study was to evaluate the potential relationship between PPIs
use and hyperparathyroidism in older adults. It was hypoth-
esised that older adults treated with PPI drugs would be
more likely to have hyperparathyroidism than non-PPI users.

Methodology
Study population and design

This study involved the analysis of data from the Trinity-
Ulster-Department of Agriculture (TUDA) study (clinicaltri-
als.gov identifier: NCT02664584)—a large cross-sectional
study of 5186 community-dwelling older Irish adults. A
detailed description of the study population and recruitment
has been previously described [26, 27]. Briefly, the inclu-
sion criteria for the TUDA study were born on the island of
Ireland, aged > 60 years, and without an existing diagnosis
of dementia. Study participants were recruited between 2008
and 2012.
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For the purposes of this investigation, patients with an
estimated glomerular filtration rate (eGFR) <30 ml/min
and serum calcium > 2.5 mmol/l were excluded to avoid
hyperparathyroidism due to chronic renal disease and pri-
mary hyperparathyroidism. We also excluded patients on
denosumab and teriparatide and those on activated forms of
vitamin D, i.e., alfacalcidiol and calcitriol. Participants with
incomplete or missing data were also excluded (see Fig. 1).
Participants who were taking PPIs (prescribed by their doc-
tor) at the time of study recruitment constituted PPI users.

Health and lifestyle assessments

All participants underwent a single assessment lasting about
90 min and included an interview recording self-reported
information (demographic details, medical and psychoso-
cial history, nutrient supplement usage, current medications,
smoking, and alcohol history). Comorbidities described
were based on self-report. Body mass index (BMI) and
Timed-Up-and-Go (TUG) (a marker of frailty and functional
status, which measures the time required to get up from a
seated position, walk three metres and return to that posi-
tion) were recorded. The MMSE (Mini Mental State Exami-
nation) was used as a measure of cognitive function. Dietary
information on specific foods was collected using a short
food frequency questionnaire. The total daily dairy intake
was calculated by combining the calculated daily servings of
all milk, yogurt, and cheese components for each participant
as reported elsewhere [28].

Blood sampling and laboratory analysis

All participants provided a non-fasting (50 ml) blood sam-
ple. All samples were processed within 4 h of collection.
Analysis for routine clinical blood biochemistry profile was
performed at the time of blood collection in participating
hospital laboratories. Blood aliquots for PTH and 25-hydrox-
yvitamin D (25(OH)D) were stored at — 70 °C until batch
analysis. Intact PTH was measured at St. James’s Hospital,
Dublin, using an electrochemiluminescence immunoassay
(ECLIA) (Modular E170, Roche Diagnostics, Dublin, Ire-
land) with an inter-assay CV of <2.9% and an assay meas-
urement range of 1.2-5000 pg/ml. Hyperparathyroidism
was defined as a PTH > 65 pg/ml. Serum 25(OH)D con-
centrations were quantified using LC-MS/MS (API 4000;
AB SCIEX; Chromsystems GmbH) with an inter-assay CV
of <5.7% (detection range 7.5-624 nmol/l) [18, 19]. Renal
function tests (creatinine) and calcium were analysed using
a Roche Cobas c701 (Roche 8000 modular system) with an
inter-assay CV < 5%. Glomerular filtration rate (¢GFR) was
estimated using the Cockcroft-Gault equation.
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Fig. 1 Flow diagram of study
participants

[ Total cohort, n=5186 ]

Excluded, n=1047

- eGFR <30 ml/min, n=254

- Calcium > 2.5 mmol/L, n=395

- On activated vitamin D,
teriparitide, or denosumab, n=87
- Incomplete data for PTH,
Calcium, eGFR, BMI, TUG, n=311

[ Final sample, n=4139 ]

PPI users,

n=671

Calcium supplement users, Non-calcium supplement
n=1621 users, n=2518
I
|
Non-PPI PPI users, Non-PPI
users, n=950 n=892 users, n=1626

Statistical analysis

Statistical analysis was performed using JMP Student Edi-
tion 17.0 (SAS Institute Inc.). Data were assessed for nor-
mality by visual inspection of Q-Q plots and measurement of
skewness and kurtosis. Descriptive statistics included means
and standard deviations for normally distributed variables
and, medians and interquartile ranges for non-normally dis-
tributed variables. Differences in population characteristics
according to PPI status were explored with independent
t-tests or Chi-squared test as appropriate. Statistical signifi-
cance was accepted with a p value <0.05.

Multivariate logistic regression models were used to
assess the relationship between PPI use and hyperparathy-
roidism (PTH > 65 ng/ml) adjusting for relevant covariates
including factors and medications which have a known or
theoretical relationship with hyperparathyroidism [29-31].
Usual criteria for logistic regression analysis were applied
including non-collinearity of independent variables and
linear relationship between continuous independent vari-
ables and log of outcome (logit). Where non-linearity was
detected, the knotted spline function was applied to the inde-
pendent variable [32]. In determining the number of param-
eters to include in regression models, we used the “one in
ten rule”, i.e., one independent variable per ten events [33].

The majority (93%) of patients on calcium supplements
were also on concurrent vitamin D supplements, with cal-
cium supplement use and serum 25(OH)D being co-corre-
lated. Therefore, the analysis was dichotomised into users

and non-users of calcium supplements. This approach also
allowed us to explore for potential differences in the rela-
tionship between PPIs and serum PTH by calcium supple-
ment use, as PPI-induced gastric acid suppression causing
calcium malabsorption is a proposed mechanism to explain
their adverse effects on bone.

Model 1 included basic demographic covariates: age,
sex, and factors well-known to influence serum PTH (serum
25 hydroxyvitamin D and eGFR). In model 2, we further
adjusted for other factors that may influence PTH: BMI,
TUG, and total dairy intake. In model 3, we included medi-
cations (e.g., thiazides, loop diuretics, bisphosphonates, and
glucocorticoids) that could theoretically affect PTH. Finally,
model 4 included comorbidities that differed significantly
between PPI and non-PPI users.

We also performed an analysis of the relationship between
PPI use and hyperparathyroidism (dichotomised by calcium
supplement users) in a sub-sample of participants who were
not taking thiazide or loop diuretics (adjusting with covari-
ates in the above 3 models). Furthermore, in a sub-analysis,
we looked at the prevalence of hyperparathyroidism by PPI
use in those with eGFR > 60 ml/min and assessed whether
PPI’s predicted the same.

Finally, we examined the prevalence of hyperparathy-
roidism by high- and low-dose PPI use and whether it pre-
dicted an increased likelihood in multivariate regression
(both in users and non-users of calcium supplements) Par-
ticipants on >40 mg/day of omeprazole, pantoprazole, or
esomeprazole, > 30 mg/day of lansoprazole, or >20 mg/day
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or rabeprazole were considered to be on a “high-dose” PPI.
The potential effect of high-dose PPI versus no PPI use on
hyperparathyroidism was also similarly explored. In these
sub-analyses, we adjusted for covariates in the above 3 mod-
els due to smaller sample sizes.

Results

There were 4139 participants in the final analysis (see
Fig. 1). Of these, 1621 (39.2%) were on calcium supplemen-
tation. PPI use was identified in 41.4% of calcium supple-
ment users and 35.4% of non-calcium supplement users. The
PPIs used included omeprazole, pantoprazole, lansoprazole,
esomeprazole, and rabeprazole. Nearly all (98%) were taking
a PPI for > 6 months. The dose of PPI was unavailable for
51 participants. Excluding those, 52.9% (800/1512) were
on a high-dose PPI with the remainder on a low-dose PPL.

Table 1 illustrates the characteristics of PPI users and
non-users, dichotomised by calcium supplementation. PPI
users were older than non-PPI users in both calcium supple-
ment users (mean age 76.2 vs 73.9 years, p<0.001) and non-
calcium supplement users (73.9 vs 72.3 years, p <0.001).
There was a lower proportion of females in PPI users in both
those on calcium supplements (77.8 vs. 83.3%, p=0.006)
and not on supplements (58.8% vs 63.3%, p=0.008). In both
groups, PPI users had a higher BMI (p <0.001), were physi-
cally frailer with a longer TUG (p <0.001), and had more
comorbidities including type 2 diabetes mellitus (p <0.001)
and vascular disease and heart failure (p <0.001). Hyperten-
sion was also more common in PPI users on calcium sup-
plements (p <0.001), but not in non-users of calcium sup-
plements (p=0.377). MMSE scores were statistically lower
in PPI users in both groups (p <0.001) though the median
MMSE was the same.

The overall dairy intake (mean daily portion of milk,
cheese, yogurt) in the sample was low at 1.15 portions per
day. Among those on calcium supplements, PPI users versus
non-users had a slightly higher dairy intake (1.31 vs 1.22,
p=0.037), but there was no difference in non-supplement
users. The mean daily dairy intake was also higher in users
versus non-users of calcium supplements (1.26 vs 1.06,
p<0.001).

Comparing medications, there was no difference in bis-
phosphonate use between PPI users and non-users in those
taking calcium supplements (46.9 vs 43.2%, p=0.136). In
those not on calcium supplements, bisphosphonate use was
much less frequent, but more common in PPI users com-
pared to non-users (7.5 vs. 5.0%, p <0.010). Glucocorticoids
and loop diuretics were more frequent in PPI users versus
non-PPI users in both those taking and not taking calcium
supplements (p <0.001). Conversely, in those taking calcium
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supplements, thiazide diuretics were less common in PPI
users versus non-PPI users (24.9 vs 29.8%, p=0.008).

As regards blood results, PPI users had a marginally lower
serum calcium in both users of calcium supplements (2.29
vs 2.31 mmol/l, p <0.011) and non-users of calcium sup-
plements (2.29 vs 2.30 mmol/l, p=0.011). Serum 25(0OH)
D was slightly lower in PPI users versus non-PPI users in
those not taking calcium supplements (45.2 vs 47.6 nmol/l,
p=0.021). Kidney function (eGFR) was lower in PPI users
versus non-PPI users in both those on calcium supplements
(62.4 vs 67.6 ml/min, p <0.001) and not on calcium supple-
ments (69.3 vs 74.2 ml/min, p <0.001).

Overall, hyperparathyroidism was more common in
PPI users versus non-PPI users (17.8 vs 11.0%, p <0.001)
including in those taking calcium supplements (13.9 vs
7.1%, p <0.0001) and not taking calcium supplements (20.7
vs 13.4%, p <0.0001).When comparing PPI users taking
calcium supplements versus no calcium supplements, there
was a lower prevalence of hyperparathyroidism (13.9.% vs
20.7%, p=0.001).

Table 2 shows the results of multivariate logistic regres-
sion analysis exploring the relationship between PPIs and
hyperparathyroidism. Model 1 demonstrates a significant
association between PPI use and hyperparathyroidism in
patients both on calcium supplements (OR 1.85, CI 1.31—
2.62, p=0.001) and not on calcium supplements (OR 1.43,
CI 1.13—1.81, p=0.003). The association became insignifi-
cant in non-calcium supplement users in model 2. However,
in calcium supplement users, it remains significant in models
2, 3, and 4 with a 56% higher risk of hyperparathyroidism
identified after full adjustment (OR 1.56, CI 1.08-2.23,
p=0.018).

After excluding participants taking thiazides and
loop diuretics, we found that users of calcium supple-
ments on PPIs versus no PPIs had a higher prevalence of
hyperparathyroidism (10.8 vs 5.3%, p<0.001) (see sup-
plemental Table 1). This increased risk of hyperparathy-
roidism remained significant after multivariate adjustment
(»<£0.013) in users of calcium supplements but not in non-
users of calcium supplements (see Table 3). In a sub-anal-
ysis of participants with an eGFR > 60 ml/min, PPI users
compared to non-PPI users also had a higher prevalence of
hyperparathyroidism both in calcium supplement users (9.0
vs 3.8%, p<0.001) and non-users (15.3 vs 9.6%, p <0.001)
and the relationship remained significant after initial adjust-
ment for age, sex, vitamin D, and eGFR. In non-users of
calcium supplements where adjustment for further covari-
ates was possible, the association became insignificant (see
supplemental Table 2).

Lastly, we found no difference in the risk of hyperpar-
athyroidism between high-dose and low-dose PPI users in
those taking calcium supplements (OR 1.19, CI 0.73-1.96,
p=0.485) or not taking calcium supplements (OR 1.10, CI
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Table 1 Characteristics of PPI users and non-PPI users according to calcium supplement use

Calcium supplement users Non-calcium supplement users

PPI users (n=671) Non-PPI users (n=950) p value* PPI users (n=892) Non-PPI users (n=1626) p value*

General
Age (mean+SD years) 76.2+0.3 73.9+0.3 <0.001 73.9+0.25 72.3+1.19 <0.001
Sex (% female) 77.8 83.3 0.006 58.8 63.3 0.008
BMI (mean +SD kg/m?) 27.4+0.2 26.27+0.2 <0.001 29.6+0.2 28.7+0.1 <0.001
Comorbidities
Vascular disease (%) ° 38.2 23.2 <0.001 45.6 29.1 <0.001
Type 2 diabetes mellitus  14.1 7.6 <0.001 22.5 16.8 <0.001
(%) €
Hypertension (%) 65.0 52.8 <0.001 83.9 82.5 0.377
Heart failure (%) 8.4 4.1 <0.001 7.4 3.1 <0.001
Biophysical and cognitive function
MMSE (median IQR)) * 28 (26-29) 28 (26-29) <0.001 28 (26-29) 28 (26-29) <0.001
TUG (median (IQR) 15 (9-23) 10 (8-17) <0.001 11.6 (8.6-18) 9.7 (8-14) <0.001
seconds) ?

Dietary and lifestyle

Dairy intake (mean+SD 1.31+0.03 1.22+0.03 0.037 1.10 1.09 0.63
portion/day)

Vitamin D supplementa- 97.5 97.7 0.781 17.9 20.6 0.11
tion (%)

Current smoking (%) 10.9 12.6 0.281 12.6 10.9 0.218

Current alcohol con- 54.8 62.0 0.003 54.1 59.4 0.010
sumption (%)

Medications

Bisphosphonate use (%) 46.9 43.2 0.136 7.5 5.0 0.010

Current oral glucocorti- 8.1 2.8 <0.001 1.3 0.9 0.338
coid use (%)

Thiazide diuretic (%) 13.0 14.1 0.510 24.9 29.8 0.008

Loop diuretic (%) 21.2 9.2 <0.001 17.2 9.4 <0.001

Blood results

Calcium (mean + SD 2.29+0.00 2.31+0.00 <0.001 2.29+0.00 2.30+0.00 0.011
mmol/l)

Phosphate (mean+SD  1.01+0.01 1.01+£0.01 0.680 1.02+0.01 1.02+0.00 0.776
mmol/l)

PTH (median (IQR) pg/ 39.1 (29.8-52.5)  33.6 (52.5-45.5) <0.001 44.7 (34.0-60.8)  40.1 (30.9-52.6) <0.001
ml) ?

PTH > 65 pg/ml (%) 13.9 7.1 <0.001 20.7 13.4 <0.001

25(OH)D (mean + SD 75.5+1.1 77.6+0.9 0.150 45.2+0.8 47.6+0.6 0.021
nmol/l)
<30 nmol/l (%) 6.7 5.7 0.257 31.7 25.6 0.002
30-50 nmol/l (%) 12.3 12.3 322 353
51-75 nmol/l (%) 30.2 26.6 249 24.3
>75 nmol/l (%) 50.8 55.3 11.1 14.7

eGFR (mean + SD ml/ 62.4+0.8 67.6+0.7 <0.001 69.3+0.8 74.2+0.6 <0.001
min)

IQR, interquartile range; SD, standard deviation

*p value calculated X2 for categorical variables, t-test for normally distributed continuous variables, Wilcoxon rank for non-normally distrib-
uted continuous variables. *Non-normally distributed continuous variable—other continuous variables are normally distributed. *Composite
of ischaemic heart disease, previous stroke or TIA, peripheral artery disease. "Composite of self-report, consumption of diabetic medications,
HBA1c>48 mmol/l
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Table 2 Relationship between

o Calcium supplement use f coefficient ~ Odds ratio* 95% confidence interval p value
HyperParathyr.mdlsm and PPI (Yes, n=1621), (no,
use (dichotomised by calcium n=2518) Lower Upper
supplement use)
Model 1 On calcium 0.31 1.85 1.31 2.62 0.001
Not on calcium 0.18 1.43 1.13 1.81 0.003
Model 2 On calcium 0.25 1.66 1.16 2.37 0.006
Not on calcium 0.08 1.16 0.91 1.48 0.229
Model 3 On calcium 0.22 1.55 1.07 2.23 0.019
Not on calcium 0.06 1.13 0.88 1.46 0.183
Model 4 On calcium 0.24 1.56 1.08 223 0.018
Not on calcium 0.06 1.12 0.87 1.44 0.397

*Reference group: PPI non-users

Model 1: adjusted for age, sex, serum 25(OH)D", eGFR?*
Model 2: model 1 and BMI, timed up and go?, daily dairy intake

Model 3: model 2 and thiazides, loop diuretics, bisphosphonates, current glucocorticoid use

Model 4: model 3 and vascular disease (ischaemic heart disease, stroke/TIA, peripheral artery disease),
hypertension, diabetes, and heart failure

#Knotted spline function applied due to non-linearity between this variable and the logit of hyperparathy-

roidism

*PTH > 65 (n=160 in calcium supplements users and » =402 in non-calcium supplement users)

Table 3 Relationship between

o Calcium supplement use f coefficient ~ Odds ratio* 95% confidence p value
hyperl.)arathyr.mdlsm and PPI (Yes, n=1179), (no, interval
use (dichotomised by c§101um n=1522)
supplement use, excluding those Lower Upper
on thiazide and loop diuretics)
Model 1 On calcium 0.32 1.89 1.19 2.98 0.007
Not on calcium 0.22 1.54 1.10 2.16 0.011
Model 2 On calcium 0.29 1.80 1.13 2.86 0.013
Not on calcium 0.12 1.28 0.91 1.82 0.161
Model 3a On calcium 0.29 1.80 1.13 2.87 0.013
Not on calcium 0.12 1.28 0.90 1.81 0.166
Model 3b On calcium 0.30 1.82 1.14 2.90 0.012
Not on calcium 0.13 1.28 0.91 1.82 0.159

*Reference group: PPI non-users

Model 1: adjusted for age, sex, serum 25(OH)D? eGFR?*
Model 2: model 1 and BMI, timed up and go?, daily dairy intake

Model 3a: model 2 and bisphosphonates

Model 3b: model 2 and current glucocorticoid use

#Knotted spline function applied due to non-linearity between the logit of hyperparathyroidism and

dependant variable

*PTH > 65 (n=287 in calcium supplements users and n= 179 in non-calcium supplement users)

0.74-1.63, p=0.634), (see supplemental Table 3). When
we limited our analysis to high-dose PPI versus no PPI,
there was a significant association between PPI use and
hyperparathyroidism in users of calcium supplements (OR
1.54, C11.01-2.36, p =0.049) but not in non-users of cal-
cium supplements (OR 1.22, CI 0.89-1.66, p=0.213) (see
supplemental Table 4).
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Discussion

In this study of over 4000 older adults, PPI use was associ-
ated with an increased risk of hyperparathyroidism in indi-
viduals taking calcium supplements. Several meta-analy-
ses have demonstrated an association between PPIs and
increased fracture risk with various mechanisms proposed
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[7, 10, 14]. Specifically, PPIs may reduce calcium absorp-
tion from the gut, which may result in a compensatory rise
in PTH, and this could be a possible mechanism by which
fracture risk may be mediated.

PPIs act by irreversibly blocking the hydrogen proton
pump of gastric parietal cells, leading to suppression of gas-
tric acid production. Consequently, PPIs are very effective in
reducing pain from indigestion and heartburn [34]. However,
gastric acid is necessary for adequate absorption of calcium
and other nutrients [35]. Before it can be absorbed, calcium
must be in solution in an ionised form, which is facilitated by
the acidic environment of the stomach [36]. By suppressing
gastric acid production, PPIs reduce the fractional absorp-
tion of calcium, resulting in secondary hyperparathyroidism.
Hypochlorhydria has also long been associated with osteo-
porosis and fracture risk. Even before the advent of PPIs,
patients post-gastrectomy and vagotomy have been noted
to have lower BMD and increased risk of fracture risk [35].
While there are many confounding and contributory factors
in these patients such as weight loss and post-operative mal-
absorption, hypochlorhydria may be important.

We found that the relationship between hyperparathy-
roidism and PPI use was significant only in those on cal-
cium supplements. The majority of dietary calcium in the
Irish diet is derived from dairy products [28]. In this study,
the mean dairy intake was low which may explain why a
significant relationship between hyperparathyroidism and
PPI use was only seen in those on calcium supplements;
i.e., dietary calcium intake may have been too low for the
absolute reduction in calcium absorption mediated by PPIs
to result in significant changes in PTH levels. Calcium sup-
plements do appear to suppress PTH in PPI users as well as
non-PPI users though our results suggest this is significantly
blunted by PPI use.

Calcium carbonate is the most commonly used calcium
supplement, and reduction of its absorption due to PPI-
induced hypochlorhydria is well-described [35]. How-
ever, the extent to which hypochlorhydria inhibits other
calcium supplements is less clear [37], and the effect of
PPIs on dietary calcium absorption is more complex [11,
38, 39]. It was notable that PPI users in this study had a
significantly lower serum calcium which may be due to
reduced absorption. Reduced calcium absorption, itself,
is linked to osteoporosis and vertebral and hip fractures
[40, 41]. Importantly, older patients are also less able to
increase calcium absorption efficiency to compensate for
inadequate dietary calcium intake [42]. We did not find
a significant relationship between high and low PPI dose
and risk of hyperparathyroidism. However, the high- and
low-dose classification of different forms of PPI may not
accurately correlate with the potencies of these agents.
The analysis may also have been underpowered to detect
differences in serum PTH between PPI groups. Of interest,

higher dose PPI use has been associated with vitamin B12
deficiency (through suppression of gastric acid secretion)
[27], while supplementation of B12-deficient individuals
with B vitamins may increase BMD [22]. However, no
study has shown any association between hyperparathy-
roidism and serum B vitamin levels.

In the literature to date, there are only a few small stud-
ies which have described the relationship between PPIs and
hyperparathyroidism. A 2015 study performed a retrospec-
tive review of 80 patients (40 on PPI and 40 not on a PPI)
and examined for between group differences in serum PTH
concentrations [25]. Half of each group were taking a bis-
phosphonate. Higher PTH were found in PPI compared to
non-PPI users, irrespective of bisphosphonates use, though
there was no adjustment for potential confounders or record
of calcium supplement use. A Japanese study of 19 patients
aged 67 + 13 years with gastric ulcer treated with omepra-
zole demonstrated a 28% increase in PTH which was associ-
ated with an increase in serum bone turnover markers [43].
On the other hand, a small study of 12 healthy young men
treated with oral rabeprazole demonstrated no clinically
relevant change in serum PTH concentrations [23] though
the study was of very short duration (2 weeks). Two other
studies examined fractional calcium absorption and changes
in serum PTH using the dual stable isotope method after
14 days of PPI exposure in 12 young adults [44] and 30 days
of PPI exposure in twenty-one post-menopausal women
[39]. While no significant reduction in calcium absorption
or increase in PTH was found in either study, PPI exposure
was short.

Another mechanism by which PPIs are thought to
increase serum PTH is through increased gastrin secre-
tion [9]. In response to acid suppression, increased gastrin
secretion occurs which may lead to increased PTH con-
centrations independent of calcium absorption. In a study
of chickens, an infusion of gastrin increased the weight of
the parathyroid glands and was coupled to reduced femur
density [45]. The same mechanism may be responsible for
osteopenia in young rats on long-term omeprazole [46].
Evidence on the relationship between hypergastrinemia
and hyperparathyroidism in humans is more heterogenous
[23, 43, 47]. Although we did not measure gastrin in this
study, the absence of a significant increase in hyperpar-
athyroidism in PPI users not on calcium supplements does
not support this theory.

There is also some evidence that PPIs may blunt the
antifracture effect of bisphosphonates in older adults in a
dose-dependent manner and may even result in a greater
PPI-associated increase in fracture risk than PPIs alone [12,
48]. In this regard, secondary hyperparathyroidism has been
found to reduce the BMD response to bisphosphonates and
denosumab and could be a mechanism by which PPIs blunt
their effects [49, 50].
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Strengths and limitations of the study

The major strengths of this study include its large size and
well-characterised population. We were also able to adjust
for a wide range of potential confounders including comor-
bidities and medications. In previous studies, questions over
associations between PPIs and potential adverse effects
have been questioned as users of PPIs had higher levels of
comorbidity that were not controlled for. Over 98% of PPI
users had been on the medication for over 6 months, a dura-
tion long enough to demonstrate the effects of chronic PPI
therapy on serum PTH. A further strength included the high
validity of the PTH and vitamin D assays used.

The major limitation though is its cross-sectional design,
and hence, we cannot infer causality between PPIs and
hyperparathyroidism. While we excluded participants with
hypercalcaemia to avoid those with primary hyperparathy-
roidism, there may have been a small proportion of partici-
pants with normocalcaemic primary hyperparathyroidism.
However, given the low prevalence of this condition in simi-
lar populations (0.4%) [13], we expect this number too small
to significantly impact our results.

We did not have an accurate measure of calcium intake (a
significant determinant of serum PTH concentrations) using
a validated food frequency questionnaire. However, we did
record dairy intake which is the predominant source of cal-
cium in the Irish diet. Information on the medical indication
for prescribing PPI was not available, and thus, we could
not adjust for this as a potential confounder in our regres-
sion models. A further limitation includes the lack of serum
gastrin results. PPIs increase gastrin concentrations which
are suspected to stimulate PTH secretion and may be an
important mechanism of PPIs effect on bone.

Finally, we did not assess whether the increased risk of
hyperparathyroidism was associated with lower BMD or
translated into a greater fracture risk. A substantial propor-
tion of the cohort (35%) did not have bone density meas-
ured, and a large proportion was recruited from a bone
health clinic and on treatment or previously on treatment,
for osteoporosis which would be a significant confounding
factor. Changes in BMD occur at a much slower rate than
biochemical change, and while the vast majority were on
PPIs for more than 6 months, we had no specific informa-
tion on the exact duration of use. Furthermore, secondary
hyperparathyroidism is known to cause microarchitectural
changes in bone that is not captured by DXA measurement
of BMD [51].

Indeed, the influence of PPIs on bone mineral density is
controversial. Several cross-sectional studies have described
lower BMD in PPI users [16-18]. However, a longitudinal
study of 4512 Canadian adults found no significant change in
BMD at 10 years [52], and in the Women’s Health Initiative,
there was only a very small decline in BMD [19]. Despite

@ Springer

this, numerous studies and meta-analyses have clearly iden-
tified a higher risk of fractures with PPIs independent of
confounding variables [7—14], and some of this effect on
fracture risk is likely independent of BMD.

This is the largest study to date examining hyperparathy-
roidism as a potential mechanism by which PPIs exert their
adverse effect on bone. Our results are consistent with the
hypothesis that PPIs reduce calcium absorption, leading to
secondary hyperparathyroidism which may increase fracture
risk. No relationship between PPI use and hyperparathy-
roidism was observed in non-users of calcium supplements,
possibly owing to them having much lower dietary calcium
intake. Given the prevalence of PPI usage, it is important to
be aware of this potential adverse effect. Findings illustrate
the importance of monitoring PPI use, especially in older
adults at higher risk of osteoporotic fracture. Deprescribing
of these medications when no longer indicated should be
encouraged.
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