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SUMMARY

Proton-pump inhibitors (PPIs) have been associated with iron deficiency
(ID) in kidney transplant recipients (KTRs). Gastric acid plays a pivotal
role in the intestinal absorption of non-heme iron, but the pharmacody-
namics of PPIs differs in potency of acid suppression. We hypothesized
that the risk of ID might be lower in KTRs using a less potent PPIL. In a
cohort of 724 KTRs from the TransplantLines Biobank and Cohort Study
(NCT03272841), PPI use was associated with ID [odds ratio (OR) 2.02;
95% CI 1.36-2.98]. Compared with no PPI use, the point estimate of the
odds ratio for risk of ID for pantoprazole (OR 1.55; 95%CI 0.78-3.10) was
lower than for esomeprazole and omeprazole (3.58; 95%CI 1.73-7.40 and
1.96; 95%CI 1.31-2.94, respectively). When comparing pantoprazole users
with omeprazole users on an equipotent dose (<20 omeprazole equivalents
(OE)/day) omeprazole, but not pantoprazole was associated with ID,
although the lack of a significant effect of pantoprazole on the risk of ID
could be caused by a lack of power. Furthermore, risk of ID was higher
among users of a high PPI dose (> 20 OE/day) and OE as continuous vari-
able was also independently associated with ID, indicating that risk of ID
is higher while using a more potent PPI. Further investigation seems war-
ranted to confirm whether pantoprazole leads to less ID in KTRs.

Transplant International 2021; 34: 2305-2316

Key words
iron, iron deficiency, kidney transplantation, potency, proton-pump inhibitors

Received: 23 November 2020; Revision requested: 16 August 2021; Accepted: 3 September 2021;
Published online: 7 October 2021

Introduction

potential side effects of PPIs, PPIs are rarely discontin-
ued, even when the treatment indication has been

Use of proton-pump inhibitors (PPIs) is common prac-
tice after kidney transplantation. PPIs are mainly pre-
scribed to prevent peptic ulcer disease from the high
doses of corticosteroids in the post-transplantation per-
iod [1]. Although evidence is mounting regarding the

resolved.

Previously, our group identified that PPI use is asso-
ciated with an increased risk of iron deficiency (ID) in
kidney transplant recipients (KTRs) [2]. Importantly,
ID has been shown to be independently associated with
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an increased risk of death in this patient setting [3].
Although PPIs are generally considered as a pharmaco-
logic class, the pharmacodynamic profile of PPIs is dif-
ferent in terms of their potency to decrease gastric acid
secretion [4,5]. For this reason, the World Health Orga-
nization defined daily dosages with equivalent effect
based on treatment of gastroesophageal reflux disease
[6]. Other surrogate markers widely used to investigate
the efficacy of PPIs are the mean 24-hour intragastric
pH and the pH4time, which represents the percentage
of time over a 24-hour period wherein intragastric pH
exceeds 4 [7,8]. In a meta-analysis including 57 clinical
studies, the potency of different PPIs was compared
using intragastric pH-monitoring data [4]. Compared
with omeprazole (equivalent of 1.0), the reported rela-
tive potencies were 0.23 for pantoprazole, 0.90 for lan-
soprazole, 1.60 for esomeprazole, and 1.82 for
rabeprazole.

Considering the fact that gastric acid plays a crucial
role in the absorption of non-heme iron from the
intestinal tract [9], we hypothesized that the risk of ID
might be lower in KTRs using a less potent PPI. In this
study, we investigated the risk of ID associated with use
of different PPIs and explored whether this effect was
dose-dependent when comparing PPIs based on their
daily dose expressed as omeprazole equivalents (OE).

Patients and methods

Study design and participants

In January 2020, we performed a data extraction of the
TransplantLines Biobank and Cohort Study (ClinicalTri-
als.gov identifier: NCT03272841) regarding KTRs who
were at least > 1 year post-transplantation. At that
moment, 848 KTRs were included of which 53 KTRs
had no data available on iron status parameters because
of logistic problems during the biobanking process and
therefore not related to health status of the individuals,
resulting in a cohort of 795 KTRs [10]. TransplantLines
is an ongoing prospective cohort study among all types
of solid organ transplant recipients, as described previ-
ously [10]. In the TransplantLines study, both new
transplant candidates and transplant recipients, are
included. Transplant recipients with a functioning graft
for at least > 1 year post-transplantation were included
at their next outpatient clinic visit. All study procedures,
including the laboratory measurement of iron status
parameters, were performed during the single study visit
at the outpatient clinic of the University Medical Center

Groningen (UMCG), The Netherlands, between

2306

September 2015 and November 2019. Follow-up of the
study participants is performed every 5 years. The study
protocol was approved by the local Institutional Review
Board (IRB identifier: 2014-077) and adheres to the
UMCG Biobank regulation. All procedures performed
as part of the study were in adherence with the World
Medical Association Declaration of Helsinki and Decla-
ration of Istanbul. Written
obtained from all participants. For the current cross-
sectional analysis, we excluded KTRs using any form of
iron supplementation (n = 33), erythropoietin (EPO)-
stimulating agents (n = 25) or both (n = 11). In addi-
tion, two rabeprazole users were excluded, as this group
was too small to allow meaningful subgroup analyses.
Hence, this resulted in 724 KTRs eligible for analyses.

informed consent was

Exposure definition

Medication use, including use of PPIs, was extracted
from electronic patient records and verified with the
patient during the study visit. Both PPI type and daily
dose were registered. To assure a temporal relationship
between PPI use and ID, the duration of PPI exposure
before the study visit was determined and exposure to
different types of PPIs before the study visit was derived
from electronic patient records. In case patients were
exposed to different PPIs before the study visit, only the
period of continuous use of the last PPI was registered
and included in statistical analyses. In case PPI treat-
ment was initiated before transplantation, only the
duration of PPI exposure between transplantation and
the study visit was registered, because information
about the total duration of PPI exposure before trans-
plantation was unavailable. Omeprazole equivalents
were calculated according to the following formula:
OE = daily dose x relative potency PPI according to
Kirchheiner et al. [4,5]. Compared with omeprazole
(equivalent of 1.0), the relative potencies were 0.23 for
pantoprazole and 1.60 for esomeprazole.

Covariates

All laboratory parameters were measured using standard
in-house laboratory techniques. Iron status parameters
were measured once routinely as part of the study pro-
tocol and not based on clinical indication. ID was
defined as transferrin saturation (TSAT) < 20% and fer-
ritin < 300 pg/l as described in literature previously
[2,3,11-13]. Iron deficiency anemia was defined as ane-
mia (Hb < 13 g/dl (males) or < 12 g/dl (females)) in
combination with ID. Estimated glomerular filtration
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rate (eGFR) was calculated using Chronic Kidney Dis-
ease Epidemiology Collaboration equation (CKD-EPI)
using serum creatinine. Urinary protein excretion >
0.5 g/24 hour was considered proteinuria. Alcohol use
and smoking behavior were assessed using question-
naires. To prevent indication bias, we gathered informa-
tion prior upper gastrointestinal
potentially leading to bleeding (i.e. reported history of
gastritis, esophagitis, and peptic ulcer disease). In addi-
tion, information about previous severe gastrointestinal
hemorrhage leading to hospital admission was obtained
from electronic patient records.

about disease

Statistical analyses

We performed statistical analyses using Statistical Pack-
age for Social Sciences, version 23.0 (SPSS statistics,
IBM Corp, Armonk, NY). Study characteristics are
described as means with standard deviations (SD) for
normally distributed data, medians with interquartile
ranges (IQRs) for skewed data, or number with percent-
age for categorical variables. Differences between the
combined group of different PPI treatment groups vs.
non-users were assessed by student t-tests, Mann-
Whitney U tests, or Chi-squared tests as appropriate.
Differences between the different PPI treatment groups
vs. non-users were assessed by using one-way ANOVA
with Gabriel’s procedure for multiple comparisons in
case of normally distributed variables. For skewed and
nominal variables, we performed Mann-Whitney U tests
and Chi-squared tests, respectively, with a Bonferroni
correction. Logistic regression analyses were used to
investigate the association between different PPIs and
ID, in which non-users were assigned as reference
group. Linear regression analyses were used to investi-
gate the association between different PPIs and iron sta-
tus parameters (i.e., serum iron, serum ferritin, TSAT,
and hemoglobin levels). Both linear and logistic regres-
sion models were adjusted for age, sex, body mass index
(BMI), history of upper gastrointestinal disease or his-
tory of gastrointestinal hemorrhage, eGFR, proteinuria,
time since transplantation, smoking behavior, alcohol
use (categorized as no use, 1-7 units/week, >7 units/
week), high-sensitivity C-reactive protein (hs-CRP), use
of calcineurin inhibitors, proliferation inhibitors, pred-
nisolone, platelet inhibitors, beta-blockers, angiotensin-
converting enzyme inhibitors, calcium channel blockers,
and angiotensin-2 receptor blockers. We performed
these adjustments based on what is known from litera-
ture to be a potential confounder and based on signifi-
cant differences in covariates at baseline between the
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different PPI users and non-users. The variables hs-
CRP, ferritin, and time since transplantation were natu-
ral log transformed to obtain a normal distribution. In
addition, we performed a dose-response analysis in
which KTRs were categorized based on daily intake of
PPIs defined in OE: no PPI, low-dose PPI (< 20
OE/day), and high-dose PPI (> 20 OE/day). A trend
analysis with adjustment for the same potential con-
founders was conducted using the median daily OE per
subgroup, entered in linear regression analyses as con-
tinuous variable. Furthermore, we investigated whether
OE as continuous variable was independently associated
with ID, to test our hypothesis that KTRs using PPIs
with a higher potency and/or a higher dose are at
increased risk of ID. Next, a time-response analysis was
performed. For this analysis, KTRs who were using a
PPI before transplantation were excluded (n = 193),
because it was uncertain when PPI treatment was initi-
ated in these cases. The duration of PPI exposure was
categorized as follows: non-exposed, 0.1-2.0 years, and
> 2 years [14,15]. Thereafter, we investigated risk of ID
among users of a low PPI dose (< 20 OF/day). In this
way, risk of ID among pantoprazole users could be
compared with risk of ID among omeprazole users on
an equivalent standard dose. As sensitivity analysis, we
excluded H2-receptor antagonist (H2RA) users and re-
assessed the risk of ID associated with the different
PPIs. In another sensitivity analysis, we investigated
whether adjustment for duration of PPI exposure would
alter the association between the different PPIs and ID.
For this analysis, since transplantation was
excluded as potential confounder because exposure
duration and time since transplantation are related. In
addition, we investigated whether a significant interac-
tion effect between treatment and exposure duration
was present. To investigate this, both main effects (dif-
ferent PPI treatment groups and duration of exposure)
and their cross product terms were entered in a logistic
regression analysis. Finally, we investigated whether the
association between the different PPIs and ID remained
when an alternative definition of ID was used. As no
uniform consensus or guideline for the assessment of
ID in this population currently exists, we used the defi-
nition of ID as proposed by the European Renal Best
Practice Group and endorsed by the United Kingdom-
based National Institute for Health and Care Excellence
guideline (NG8) (TSAT < 20% and ferritin < 100 pg/l)
[16,17]. For all analyses, the odds ratios (OR) and P-
values of the potential confounders can be found in
Tables S1-S4 of the Supplemental Material. In total,
1.4% of all demographic data were missing (specified in

time
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footer of Table 1). Multiple imputations (n = 5) were
performed for missing data, using the MCMC setting
with predictive mean matching. Except for the baseline
table, all analyses were performed using the imputed
dataset. In all analyses, a two-sided P value <0.05 was
considered significant, except regarding the analyses
between the different treatment groups and non-users
where a Bonferroni correction has been applied (two-
sided P-value 0.05/3 = 0.0167).

Results

Study characteristics

We included 724 KTRs (age 56 + 13 years, 61% males),
with a mean eGFR of 52.8 ml/min/1.73 m? (Table 1).
Median [IQR] ferritin level was 93 [43-183] g/l and
mean TSAT was 24 + 10%. PPIs were used by 507
(70%) of the included 724 KTRs, of whom 403 (80%)
used omeprazole, 57 (11%) used pantoprazole, and 47
(9%) used esomeprazole. Of the 507 PPI users, 193
(38%) patients received PPI treatment already before
transplantation and continued with PPI treatment after
transplantation, 277 patients (55%) received PPI treat-
ment prophylactically and routinely after transplanta-
tion, and 37 patients (7%) initiated PPI treatment in
the post-transplantation period. All PPI users had a
higher BMI, more often a history of gastrointestinal dis-
orders and used more often antiplatelet drugs and beta-
blockers, as compared with non-users. When specifically
assessing the differences among the types of PPIs, age
was clearly increased in omeprazole and pantoprazole
users, as compared with non-users. Also, time between
transplantation and study visit was shorter in omepra-
zole users compared with non-users. Point estimates for
hemoglobin levels and eGFR among all the different
treatment groups seemed lower as compared with non-
users, but our study did not pinpoint them as signifi-
cant differences. However, differences in hemoglobin
levels and eGFR were borderline significant when com-
paring the combined group of different PPI treatment
groups versus non-users. Iron status parameters, includ-
ing serum iron, ferritin, and TSAT, were significantly
lower in omeprazole and esomeprazole users, whereas
significant results were not shown for pantoprazole
users, as compared with non-users.

PPI use and risk of ID

Use of PPIs was associated with ID, independent of
adjustment for potential confounders (OR, 2.02; 95%
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confidence interval (CI), 1.36-3.00, P < 0.001, Table 2).
When comparing the different PPIs with non-use, both
omeprazole and esomeprazole were significantly associ-
ated with ID (OR, 1.96; 95% CI, 1.31-2.94, P = 0.001
and OR, 3.58; 95% CI, 1.73-7.40, P = 0.001, respec-
tively), whereas pantoprazole had a lower, not statisti-
cally significant, point estimate with a wide CI for the
risk of ID (OR, 1.55; 95% CI, 0.78-3.10, P =10.2)
(Table 2).

Dose-response analysis

To account for the different potencies of PPIs on gastric
acid suppression, we performed a dose-response analy-
sis using the daily dose of each PPI, expressed as OE,
according to Kirchheiner et al. [4,5]. KTRs were catego-
rized as follows: no PPI, low-dose PPI (< 20 OE/day),
and high-dose PPI (> 20 OE/day). There was a signifi-
cant trend toward a higher risk of ID among users of a
high PPI dose (Pyeng <0.001, Table 3). Similarly, we
found that OE as continuous variable was indepen-
dently associated with ID (OR per 20 units increase,
1.25; 95% CI, 1.07-1.46, P = 0.005), independent of
adjustment for potential confounders.

Time-response analysis

In a time-response analysis, the risk of ID in patients
exposed to PPIs for more than 2 years was not signifi-
cantly increased compared with patients exposed for
0.1-2.0 years (Table 4).

Risk of ID among low-dose PPI users

To compare PPI users on a low dose (< 20 OE/day), we
specifically assessed the risk of ID in this group. Low-
dose PPI wusers consisted of all pantoprazole users
(n = 57, median daily dose (DD) of 40 mg, OE 9.2 mg)
and omeprazole users (n = 290, median DD of 20 mg,
OE 20 mg). When comparing risk of ID within this
group, again omeprazole was significantly associated
with ID, whereas pantoprazole had a lower, not statisti-
cally significant point estimate with a wide CI for risk
of ID (OR, 1.82; 95% CI, 1.17-2.82, P = 0.007 vs. OR,
1.58; 95% Cl, 0.77-3.23, P = 0.2, respectively), indepen-
dent of adjustment for potential confounders.

Association between PPIs and iron status parameters

Next to the definition of ID, we assessed the association
between PPI use and the individual iron status

Transplant International 2021; 34: 2305-2316
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N
2 Table 1. Continued.

0.9

47 (82.5)
45 (78.9)
55 (96.5)
0 (0)*

354 (87.8)

40 (85.1)
41 (87.2)
45 (95.7)

0 (0)
BMI, body mass index; History of Gl disorders, history of gastrointestinal disorders; Hb, hemoglobin; MCV, mean corpuscular volume; TSAT, transferrin saturation; eGFR,

189 (87.1)

630 (87.0)
599 (82.7)

Proliferation inhibitors, n (%)
Calcineurin inhibitors, n (%)

Prednisolone, n (%)

0.004
0.3

347 (86.1)**
398 (98.8)

0 (O)***

166 (76.5)
210 (96.8)
23 (10.6)

708 (97.8)
23 (3.2)

<0.001

H2-receptor antagonists, n (%)

estimated glomerular filtration rate; hs-CRP, high-sensitive C-reactive protein; ACE inhibitors, angiotensin-converting enzyme inhibitors. History of Gl disorders included a
reported history of gastritis, esophagitis, and peptic ulcer disease or severe gastrointestinal hemorrhage leading to hospital admission. Proliferation inhibitors included

azathioprine or mycophenolic acid use. Calcineurin inhibitors included ciclosporin or tacrolimus use.

#P-value for differences between the combined group of different PPl treatment groups versus non-users; *P < 0.05 versus non-users; **P < 0.01 versus non-users;

*%%P < (0.001 versus non-users.

Data are presented as mean + SD, median with interquartile ranges (IQR) or number with percentages (%).
2Available in 80.2%.

© 2021 The Authors.

bAvailable in 84.4%.

“Available in 95.0%.

dAvailable in 98.8%.

parameters. We identified that PPI use in general was
inversely associated with serum iron, ferritin, and TSAT
(Table 5). Of the different PPIs, only pantoprazole was
not associated with serum iron and TSAT, and less sig-
nificantly with serum ferritin, as compared with
omeprazole and esomeprazole (Table 5).

Sensitivity analyses for risk of ID

In the first sensitivity analysis, in which H2RAs users
(n =23) were excluded from statistical analyses, the
association between the different PPIs and ID remained
(Table S5). In a second sensitivity analysis, we addition-
ally adjusted for the duration of PPI exposure. Again
the association between different PPIs and ID remained
essentially the same (Table S6). Moreover, no significant
interaction between the different PPI treatment groups
and exposure duration was present (P, seracrion > 0.1 for
all). Next, we investigated whether the association
between the different PPIs and ID remained present
when an alternative definition of ID was used (TSAT <
20% and ferritin < 100 pg/l). The association between
different PPIs and ID remained materially unchanged
and independent of adjustment for potential con-
founders when the alternative definition of ID was used
(Table S7).

Discussion

This study explored the effect of different PPIs on the
risk of ID in KTRs. The main findings of this study are:
(i) omeprazole (10-80 mg) and esomeprazole (20—
80 mg) were significantly associated with ID, whereas
the point estimate of the odds ratio for risk of ID
appears to be lower for pantoprazole (20-80 mg); (ii)
based on OE, KTRs on a high PPI dose (> 20 OE/day)
had the highest risk of ID; (iii) among the PPI users,
duration of PPI exposure was not associated with an
increased risk of ID; and (iv) when comparing panto-
prazole users with omeprazole users on an equivalent
maintenance dose (< 20 OF/day), again omeprazole was
significantly associated with ID, whereas pantoprazole
had a lower, not statistically significant point estimate
with a wide CI for risk of ID. Furthermore, OE as con-
tinuous variable was independently associated with ID,
indicating that risk of ID is higher while using PPIs
with a higher potency or daily dose.

In a previous study, we found that KTRs using PPIs
have an increased risk of ID compared with KTRs who
are not using PPIs [2]. This observation was confirmed
in the current study, using data from an independent

Transplant International 2021; 34: 2305-2316
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Table 2. Association between PPl use and iron deficiency in 724 kidney transplant recipients.

DD, daily dose; OE, omeprazole equivalent; N events, number of events; OR, odds ratio.

Analyses were adjusted for: age, sex, BMI, history of upper gastrointestinal disease or history of gastrointestinal hemorrhage,
eGFR, proteinuria, time since transplantation, smoking, alcohol use, hs-CRP, CNIs, proliferation inhibitors, prednisolone, antipla-
telet drugs, beta-blockers, ACE inhibitors, calcium channel blockers and angiotensin-2 receptor blockers.

Table 3. Dose—response analysis.

PPI, proton-pump inhibitor; OR, odds ratio.

Analyses were adjusted for: age, sex, BMI, history of upper gastrointestinal disease or history of gastrointestinal hemorrhage,
eGFR, proteinuria, time since transplantation, smoking, alcohol use, hs-CRP, CNIs, proliferation inhibitors, prednisolone, antipla-
telet drugs, beta-blockers, ACE inhibitors, calcium channel blockers, and angiotensin-2 receptor blockers. Low-dose PPl was

defined as < 20 omeprazole equivalents/day, high-dose PPl was defined as > 20 omeprazole equivalents/day.

cohort. The novel observation that pantoprazole (up to
80 mg/day) might be linked with a lower risk of ID
may have important implications for clinical practice.
Given the high prevalence of ID in this population and
the previously reported associated risk of mortality (3],
the results of the current study argue against the fre-
quent use of PPIs in the post-transplant setting and jus-
tify further investigation in larger cohort studies
regarding the risk of ID associated with the different
types of PPIs. PPIs are frequently prescribed after kid-
ney transplantation, mainly to prevent peptic ulcer dis-
ease that may be induced by concomitant use of
corticosteroids and platelet inhibitors, among others.
When comparing the effectiveness of pantoprazole and
omeprazole for treatment of acute gastric ulcers and
duodenal ulcers, pantoprazole does not seem to be infe-
rior to omeprazole [18,19]. Moreover, one might postu-
late that the pH4time needed for effective gastric
protection, may be lower than needed for treatment of
acute peptic ulcers. Pantoprazole might therefore be a
safe choice as low-dose PPI therapy in KTRs [5]. In the
field of cardiology, pantoprazole has long been preferred

Transplant International 2021; 34: 2305-2316

over other PPIs because of absence of an interaction
with clopidogrel through the cytochrome P450 enzyme
system, although controversy about this interaction still
exists in literature [20,21]. Because platelet inhibitors
are often used by KTRs, this might be an additional rea-
son for prescribing pantoprazole.

Our findings are in agreement with results from two
large population-based studies, both demonstrating an
increased risk of ID in long-term PPI users [14,15].
However, this is the first study suggesting a relatively
lower risk of ID in pantoprazole users. Importantly, this
relatively lower risk was also present when pantoprazole
users (median DD of 40 mg, OE 9.2 mg) were com-
pared with low-dose omeprazole users (median DD of
20 mg, OE 20 mg), which supports our hypothesis that
pantoprazole is less potent, although the possibility of
lack of power influencing this finding should be
acknowledged. Despite comparing equivalent standard
dosages (20 mg omeprazole vs. 40 mg pantoprazole),
the potency of pantoprazole is indeed lower (9.2 OE vs.
20 OE), thereby possibly interfering less with reduction
of ferric (Fe®) to ferrous (Fe*") iron and subsequently
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Table 4. Time-response analysis.

Reference: 217 (53) - -
non-exposed

0.1-2.0 102 (39) 1.42 (0.77-2.61) 0.3

> 2.0 years 212 (79) 2.23(1.37-3.61) 0.001

Non-exposed 217 (53) - -
Reference: 0.1-2.0 102 (39) - -

>2.0 years 212 (79) 1.57(0.82-2.99) 0.2

PPI, proton-pump inhibitor; OR, odds ratio.

Analyses were adjusted for: age, sex, BMI, history of upper
gastrointestinal disease or history of gastrointestinal hemor-
rhage, eGFR, proteinuria, time since transplantation, smok-
ing, alcohol use, hs-CRP, CNIs, proliferation inhibitors,
prednisolone, antiplatelet drugs, beta-blockers, ACE inhibi-
tors, calcium channel blockers, and angiotensin-2 receptor
blockers. Only new PPI users were included in this analysis,
KTR who were using a PPl before transplantation were
excluded (n = 193).

iron absorption. Another explanation for this finding
can be sought in a direct effect on iron metabolism
through the iron regulatory hormone hepcidin, which
inhibits iron absorption through deactivation of the
iron exporter ferroportin [22]. According to an in vitro
study in HepG2 cells, all PPIs enhanced hepcidin
mRNA expression; however, pantoprazole showed the
weakest effect [23]. These data indicate that PPIs do not
only influence iron absorption by altering the acidic
environment of the gastrointestinal tract, but potentially
also by modulating hepcidin expression (Fig. 1).
Although switching to a less potent PPI might poten-
tially be able to decrease the iatrogenic component of
ID after kidney transplantation, another perhaps even
more important factor is reduction of inappropriate PPI
use. It is estimated that up to 60% of PPI prescriptions
may be unnecessary [24-26]. Because in our study PPIs
were used by the majority of KTRs and PPIs were asso-
ciated with ID, we hope that the current study also
stimulates clinicians to re-evaluate treatment indication
and to prescribe PPIs only for an evidence-based indica-
tion. In the UMCG, it is currently standard care to ini-
tiate PPI treatment after transplantation for ulcer
prophylaxis. This is, however, not standard policy in
transplant centers worldwide, probably because of an
absence of scientific data and guideline recommendation
that support the routine use of PPIs post-transplant.
Added to this, previous studies performed among
chronic  kidney disease (CKD) populations and
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transplant populations show that PPI use is associated
with a higher risk of hypomagnesaemia, acute kidney
injury, incident CKD, CKD progression and even pre-
mature mortality [27,28]. Although the evidence for
these adverse effects mainly comes from observational
studies, it does emphasize the need to avoid unnecessary
use of PPIs after transplantation.

Our study has several strengths and limitations. The
main strength is the large well-phenotyped cohort of
KTRs having data available on iron status parameters,
which were measured without medical indication.
Another strength is that we tried to minimize indication
bias by specifically adjusting for history of upper gas-
trointestinal disorders which may lead to gastrointesti-
nal bleeding and subsequent treatment with a more
potent PPI. Moreover, the use of H2RAs for more than
2 years has also been linked to ID in the study from
Lam et al. [15]. We therefore performed a sensitivity
analysis in which H2RA users were excluded, which did
not materially alter the association between type of PPI
and risk of ID.

We also acknowledge several limitations of this study.
Because of the observational design, the different PPIs
studied were not evenly distributed among groups. Use
of omeprazole (n = 403) or esomeprazole (n = 47) was
associated with ID, whereas use of pantoprazole
(n = 57) was not. For the former two, there was enough
evidence to show clear positive associations, whereas for
the latter, the study could not detect any significant
effects, which might pinpoint a power problem rather
than a true lack of effect. Possibly, the effect of panto-
prazole on ID could have been significant with an
increased sample size; however, the effect of pantopra-
zole would most likely not be as strong as the other two
PPI groups (especially esomeprazole). The power issue
potentially also applies to the subgroup analysis com-
paring low-dose omeprazole users versus pantoprazole
users. Second, most of our study participants were Cau-
casians which hampers generalizability to other popula-
tions. This is especially important in light of the
CYP2C19 genotypes, which are known to influence the
pharmacokinetics of PPIs [29]. In Caucasian popula-
tions, approximately 36% of the population has a muta-
tion on the CYP2C19 gene (*1/*17 or *17/*17
genotype), which is associated with a faster hepatic
metabolism of PPIs. In contrast, 50% of the Asian pop-
ulation has a mutation on one allele (wt/*2, wt/*3
genotype) and 25% of the population has a mutation
on both alleles (*2 /*2 or *3 / *3 genotype), which
results in the poor metabolizer phenotype [29,30]. The
fact that PPIs show a genotype-dependent acid
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0.08
n/a
0.6
0.03
0.9

—0.24 (—0.50; 0.03)
0.13 (—0.37; 0.64)
—0.30 (—0.57; —0.03)
—0.01 (-0.49; 0.47)

Reference

0.004
0.004
0.009

n/a
0.2

—2.36 (—3.96; —0.76)
—4.50 (—7.55; —1.44)
—2.20 (—3.84; —0.56)

—1.77 (—4.65; 1.11)

Reference

<0.001
n/a
0.007
<0.001
0.03

—0.37 (—0.53; —0.21)
—0.37 (—0.53; —0.21)
—0.32 (—0.61; —0.03)

—0.42 (—0.73; —0.11)

Reference

n/a
0.004

0.07

0.04
0.6

—0.93 (—1.80; —0.06)
—2.42 (—4.08; —0.77)
—0.83 (—1.73; 0.06)
—0.38 (—1.95; 1.19)

Reference

724
217
47
403
5

Esomeprazole
Omeprazole
Pantoprazole

No PPI

Table 5. Linear associations between PPl type and serum iron, ferritin, TSAT, and hemoglobin levels in 724 kidney transplant recipients.

PPI (All)
PPI type
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PPI, proton-pump inhibitor; Cl, confidence interval; TSAT, transferrin saturation.

Analyses were adjusted for: age, sex, BMI, history of upper gastrointestinal disease or history of gastrointestinal hemorrhage, eGFR, proteinuria, time since transplanta-
tion, smoking, alcohol use, hs-CRP, CNIs, proliferation inhibitors, prednisolone, antiplatelet drugs, beta-blockers, ACE inhibitors, calcium channel blockers, and

angiotensin-2 receptor blockers.
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inhibition makes this a possible confounder for which
we could not adjust in this study. Moreover, the extent
to which acid inhibition is affected by these different
CYP2C19 polymorphisms appears to differ between PPI
types [7]. Third, it cannot be entirely excluded that the
results of the time-response analysis were affected by
the exclusion of KTRs who used PPIs before transplan-
tation. In this analysis, the effect of duration might be
underestimated for this non-random subset of KTRs
using PPIs before transplantation. Fourth, we excluded
KTRs using iron supplementation or EPO-stimulating
agents which might have caused sampling bias, because
these KTRs are more likely to be sensitive to ID. How-
ever, we deliberately excluded these KTRs as iron sup-
plementation could affect the outcome measures of our
study. Similarly, we excluded KTRs with no data avail-
able on iron status parameters. Although these samples
were not available because of logistic problems and
most likely not related to the health status of the KTRs,
we cannot fully exclude some informative missingness.
Another limitation of the current study is that addi-
tional erythrocyte and reticulocyte parameters to assess
ID were unavailable and information about treatment
adherence and the indication of PPI treatment before
transplantation were unavailable. Despite adjustment for
various confounding factors, residual confounding can-
not be excluded and conclusions about causality cannot
be drawn because of the cross-sectional nature of this
study. Furthermore, we cannot exclude the possibility
that our results are subjected to reverse causation,
although we tried to minimize the possibility of occur-
rence of reverse causation by taking into account the
duration of PPI exposure for each included KTR in a
sensitivity analysis (Table S2). Ideally, to answer a study
hypothesis, there should be three clearly separated peri-
ods, namely: first, collecting data on covariates (ignor-
ing later changes of covariates); second, recording PPI
use or non-use; and third, to subsequently evaluate the
outcome ID. Because we were not able to separate these
three periods apart from each other, our study needs to
be mainly regarded as a pure data description of our
cohort. Nevertheless, no randomized clinical trials are
currently available to confirm or disprove our findings.
This study underscores once more the need for such tri-
als. Finally, it is currently unknown whether the preven-
tion of ID or the correction of ID after transplantation
also leads to better clinical outcomes. It has been estab-
lished that ID correction has positive effects on exercise
capacity and cardiovascular endpoints in patients with
heart failure and patients with end-stage renal disease
[12,31,32]. Whether this also holds true for KTRs has
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1. Higher pH gastric acid

@

F .
erroportin 2. 1 Hepcidin

Iron Deficiency

PPIs increase hepcidin mRNA expression?
(pantoprazole weakest effect)

Relative potency on Intra-gastric pH elevation?
e Rabeprazole 1.82
e Esomeprazole 1.60
| Omeprazole 1.00
....... e Pantoprazole 0.23

1. Hamano H. et al. Toxicol Lett. 2020;318:86-91.
2. Kirchhener J. et al. Eur J Clin Pharmacol. 2009;65(1):19-31.

Figure 1 Potential mechanisms explaining the relationship between PPl use and iron deficiency. Potential mechanisms of PPIl-induced iron defi-
ciency: 1) PPIs increase the intragastric pH, thereby reducing the reduction of ferric (Fe®*) to ferrous (Fe?*) iron by the apical membrane ferrire-
ductase duodenal cytochrome B (DCytB), and subsequently, iron absorption through the divalent metal transporter 1 (DMT1), 2) PPIs have
been shown to increase hepcidin mRNA expression. The iron regulatory hormone hepcidin inhibits iron absorption through internalization and
degradation of the iron exporter ferroportin located among others on the duodenal enterocytes, thereby reducing intestinal iron uptake.
DCytB, duodenal cytochrome B; DMT1, divalent metal transporter 1; mRNA, messenger-RNA.

yet to be investigated. A randomized controlled trial
investigating the effect of ferric (III) carboxymaltose
versus placebo on exercise capacity and quality of life in
KTRs is currently ongoing in our center (EFFECT-KTx,
ClinicalTrial.gov NCT03769441).

In conclusion, we identified that PPI use is associated
with ID in KTRs, but that among the different types of
PPIs, pantoprazole, as a less potent PPI, seems to be
associated with a relatively lower risk of ID. Future
studies will need to delineate in more detail whether
switching to a less potent PPI might reduce the iatro-
genic component of ID after kidney transplantation.
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