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ABSTRACT

Background. Sodium zirconium cyclosilicate (SZC; formerly ZS-9) is an oral potassium binder for the treatment of
hyperkalemia in adults. SZC acts in the gastrointestinal tract and additionally binds hydrogen ions in acidic environments
like the stomach, potentially transiently increasing gastric pH and leading to drug interactions with pH-sensitive drugs.
This study assessed potential pharmacokinetic (PK) interactions between SZC and nine pH-sensitive drugs.

Methods. In this single-dose, open-label, single-sequence cross-over study in healthy adults, amlodipine, atorvastatin,
clopidogrel, dabigatran, furosemide, glipizide, levothyroxine, losartan or warfarin were each administered alone and,
following a washout interval, with SZC 10 g. Maximum plasma concentration (Cmax), area under the plasma concentration–
time curve from 0 to the last time point (AUC0–t) and AUC extrapolated to infinity (AUCinf) were evaluated. No interaction
was concluded if the 90% confidence interval for the geometric mean ratio (SZC coadministration versus alone) of the PK
parameters was within 80–125%.

Results. During SZC coadministration, all PK parameters for amlodipine, glipizide, levothyroxine and losartan showed no
interaction, while reductions in clopidogrel and dabigatran Cmax, AUC0–t and AUCinf (basic drugs) were <50% and increases
in atorvastatin, furosemide and warfarin Cmax (acidic drugs) exceeded the no-interaction range by <2-fold.

Conclusions. SZC coadministration was associated with small changes in plasma concentration and exposure of five of the
nine drugs evaluated in this study. These PK drug interactions are consistent with transient increases in gastric pH with
SZC and are unlikely to be clinically meaningful.
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INTRODUCTION

Hyperkalemia is defined as elevated potassium (Kþ) concen-
trations (generally >5.0 mmol/L) that increase the likelihood
of adverse outcomes, including life-threatening cardiac
arrhythmias [1–3]. Patients with chronic kidney disease (espe-
cially end-stage renal disease), heart failure and/or diabetes
are at an increased risk of developing hyperkalemia [1, 4].
Medications such as renin–angiotensin–aldosterone system
inhibitors, mineralocorticoid receptor antagonists and
nonsteroidal anti-inflammatory drugs can also increase the
likelihood of hyperkalemia, whereas some diuretics decrease
hyperkalemia risk [1]. As patients with hyperkalemia are often
treated for multiple comorbidities with numerous concomi-
tant medications, the potential for drug–drug interactions
should be considered prior to the prescription of hyperkalemia
treatment.

Potassium (Kþ) binders such as sodium zirconium cyclosilicate
(SZC, formerly ZS-9), patiromer and sodium polystyrene sulfonate
(SPS) are available options for hyperkalemia treatment [5–7].
These compounds are not systemically absorbed, remaining in
the gastrointestinal tract until excreted [1, 8], thereby reducing
the possibility of metabolic enzyme– or active transporter–based
interactions. Nevertheless, these binding agents may directly or
indirectly interact with coadministered medications in
the gastrointestinal tract. SPS and patiromer are nonspecific,
polymeric, cation-binding resins that bind medications such as
warfarin, metoprolol, phenytoin, furosemide, amlodipine and
amoxicillin (with SPS) [5] or reduce systemic exposure of coadmi-
nistered ciprofloxacin, levothyroxine and metformin (with
patiromer) [7, 9]. Therefore the prescribing information for SPS
and patiromer recommend separating the administration of
these Kþ binders from other oral medications by 3 h to minimize
potential drug–drug interactions [5, 7]. In contrast, SZC is an inor-
ganic, crystalline compound with an electrostatic pocket of
0.3-nm diameter that selectively binds monovalent cations,
particularly Kþ and ammonium (NHþ4 ) ions [10], but may also bind
hydrogen (Hþ) ions at low pH. SZC in vitro studies showed no evi-
dence of uptake or direct binding to concomitant medications
[11]; however, Hþ binding in the stomach may transiently in-
crease gastric pH and alter the absorption and bioavailability of
oral drugs with pH-dependent solubility [6, 12, 13]. It is hypothe-
sized that the peak rise in gastric pH with SZC may be analogous
to that of proton-pump inhibitors (PPIs), but acting as a localized
effect lasting �2 h. Although transient in nature, increased gastric
pH with SZC may still result in drug–drug interactions. Thus there
is a need to examine the effect of SZC on the pharmacokinetic
(PK) profiles of commonly used medications with gastric pH-
dependent absorption.

This clinical pharmacology study was conducted to assess
the effect of concomitant SZC administration on the PK profiles
of nine weakly acidic or basic drugs.

MATERIALS AND METHODS
Study design

A single-center, single-dose, open-label, single-sequence cross-
over study assessed the effect of SZC on the PK profiles of nine
coadministered drugs (amlodipine, atorvastatin, clopidogrel,
dabigatran, furosemide, glipizide, losartan, levothyroxine and
warfarin). These drugs were identified as being potentially af-
fected by SZC following in vitro screening.

In two 9-day dosing periods, participants first received the
drug alone and then concomitantly with a single dose of SZC
10 g (Figure 1). A prespecified washout interval, based on the
half-life of each administered drug (i.e. �5 half-lives between
doses), separated the two dosing periods.

The study was conducted at Riverside Clinical Research
(Edgewater, FL, USA) and in accordance with the US Food and
Drug Administration’s guidance for drug–drug interaction stud-
ies [14].

Study participants

Healthy adults 18–60 years of age with a body mass index (BMI)
of 18–35 kg/m2 were eligible for study entry (Supplementary
data, Table S1). Participants were required to have no clinically
significant clinical laboratory results or electrocardiograms
(determined by the investigator) and to be able to undergo re-
peated blood sampling or venous catheterization.

Major exclusion criteria were significant cardiovascular,
respiratory, hepatic, renal, gastrointestinal or neurological

disorders; a history of diabetes; sitting systolic blood pressure
>150 mmHg or diastolic blood pressure >90 mmHg; a positive
result for hepatitis B surface antigen or hepatitis C or human
immunodeficiency virus antibodies; a history of excessive
methylxanthine use within 30 days (determined by the investi-
gator); regular use of drugs of abuse and/or positive findings on
urinary drug screening; current tobacco use and/or positive
findings on urinary cotinine screening; and alcohol consump-
tion >28 U/week.

Concomitant drug therapy, including nonprescription medi-
cations, vitamins, minerals and dietary supplements, PPIs or
antacids, was not permitted. Prescription medication within
14 days (except contraceptives in women with childbearing po-
tential) and/or nonprescription medication within 7 days prior
to dosing was not permitted.

In the clopidogrel, dabigatran and warfarin cohorts, use of
concomitant medication that affected coagulation was not
permitted and those with a significant active hematological
disease, history of coagulopathy, bleeding disorders or a family
history of premature cerebral hemorrhage, abnormal clotting
test results at screening, head injury within the last 2 years or
actual or potential hemorrhagic conditions were excluded.

Day 1 Day 9

Coadministered drug
+ SZC 10 g

Dosing period 1 Dosing period 2

Coadministered drug

Day 1 Day 9
Washout intervala

FIGURE 1: Study design.
aThe washout interval was 7 days for the clopidogrel, dabigatran, glipizide, losartan and furosemide cohorts; 14 days for the atorvastatin, amlodipine and warfarin

cohorts; and 35 days for the levothyroxine cohort.
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Treatments and dosing

The assessed drugs are summarized in Table 1. A single dose of
each drug alone was administered on study Day 1 of dosing
period 1 and a single dose of the drug was coadministered with
a single dose of SZC 10 g on study Day 1 of dosing period 2 with
breakfast. Levothyroxine was administered 30 min before break-
fast (per label) and SZC 10 g was administered with breakfast on
study Day 1 of dosing period 2.

Participants were instructed to swallow the tablets or
capsules whole with water while standing upright and not to lie
supine for 2 h after dosing. Staff prepared each SZC dose (slurry/
suspension of two 5-g sachets in 40-mL water) immediately
prior to its supervised administration.

Assessments

Participants stayed at the clinic for 24 h from morning of study
Day 1 until after collection of the 24-h post-dose blood sample
on study Day 2 and subsequently returned on study Days 2–9 of
each dosing period for blood sampling. For each cohort, 2- to 6-
mL blood samples were obtained at specified time points during
each dosing period (Supplementary data, Table S2). Physical
examination, evaluation of vital signs, electrocardiogram, labo-
ratory testing and monitoring of adverse events (AEs) were also
performed.

PK endpoints

Evaluated PK parameters were the observed maximum plasma
or serum drug concentration (Cmax), area under the plasma
concentration–time curve from 0 to the last measurable time
point (AUC0–t), AUC extrapolated to infinity (AUCinf), time to
Cmax (tmax) and terminal elimination half-life (t1/2). Only samples
with concentrations greater than or equal to the lower limit of
quantification (LLOQ) were used in the analysis. PK profiles with
predose concentrations both �LLOQ and �5% of Cmax were ex-
cluded from the analyses.

Plasma concentrations of amlodipine, atorvastatin (parent
and o-OH and p-OH atorvastatin metabolites), clopidogrel

(parent and clopidogrel acid metabolite), levothyroxine (T3 and
T4), losartan (parent and losartan acid) and the R- and S-iso-
mers of warfarin were measured by Worldwide Clinical Trials
(Austin, TX, USA). Plasma concentrations of furosemide, glipi-
zide and dabigatran were measured by inVentiv Health (Québec
City, Québec, Canada).

Statistical analysis

A sample size of 18 or 24 participants for each cohort was
selected based on the within-subject coefficient of variation
(WSCV) for Cmax or AUC. The atorvastatin, clopidogrel, dabiga-
tran and furosemide cohorts, which had a high WSCV for Cmax

(>30%), used an additive design in which 24 patients were ini-
tially enrolled, and if a data review indicated insufficient preci-
sion of the 90% CIs, the WSCV was used to calculate a sample
size for a second cohort to provide the required precision when
combined with the original cohort.

PK parameters were estimated by noncompartmental
methods. Treatment comparison of parameters in the absence
versus presence of SZC was performed by an analysis of vari-
ance model (SAS PROC GLM; SAS Institute, Cary, NC, USA) using
treatment and participant as the classification variables and
natural logarithmic-transformed parameters. Natural log-
transformed parameters and a two one-sided t-test was used to
determine 90% CIs for the least-squares geometric mean ratios
(GMRs) comparing the Cmax and AUC0–t of each drug adminis-
tered alone versus with SZC; least-squares GMRs and 90% CIs
were subsequently converted back to the original scale. An ab-
sence of any interaction was concluded if the 90% CI for the
GMRs fell within 80–125% for each parameter.

Statistical analysis of PK parameters was performed using
SAS version 9.4 (SAS Institute). Descriptive statistics, including
the number of participants, arithmetic mean, geometric mean
and coefficient of variation and minimum, median and maxi-
mum values, were calculated for plasma or serum concentra-
tions and PK parameters. Safety results were summarized using
descriptive statistics.

Table 1. Chemical characteristics of the assessed drugs

Drug Evaluated dose
Recommended
starting dosea Dosage form BCS classb pKac Acid/base

Amlodipine 5 mg 5 mg QD Tablet I [15] 9.4 Base
Atorvastatin 10 mg 10 or 20 mg QD Tablet II [16] 4.3 Acid
Clopidogrel 75 mg 75 mg QDd Tablet II [17] 5.3 Acid
Dabigatran 75 mg 75 or 150 mg BIDe Capsule II [18] 4.0 and 6.7f Base
Furosemide 20 mg 20–80 mg BID Tablet IV [15] 3.9 Acid
Glipizide 5 mg 5 mg QD Tablet II [19] 5.9 Acid
Levothyroxine 50 mg 100–125 mg/dayg Tablet III [15] 2.2h Acid
Losartan 25 mg 50 mg QD Tablet III [17] 5.5 Acid
Warfarin 5 mg Individualizedi Tablet I [15] 5.1 Acid

ahttps://www.accessdata.fda.gov/scripts/cder/da.
bBCS Class I defined as high permeability, high solubility; Class II as high permeability, low solubility; Class III as low permeability, high solubility and Class IV as low

permeability, low solubility (https://www.ddfint.net/search.cfm).
chttps://pubchem.ncbi.nlm.nih.gov.
d300 mg loading dose given in patients with non-ST-segment elevation acute coronary syndrome.
e75 mg QD in patients with creatinine clearance 15–30 mL/min.
fPRADAXA (dabigatran etexilate)—Australian Package Insert.
gFull replacement dose (1.7 mg/kg/day for 70 kg adult).
hhttps://www.accessdata.fda.gov/drugsatfda_docs/nda/2011/202231Orig1s000ClinPharm.pdf.
iIndividualized according to international normalized ratio and condition being treated.

BCS: biopharmaceutics classification system; BID: twice daily; pKa: the negative log of the acid dissociation constant or Ka value; QD: once daily.
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Research involving human participants

This study was conducted in accordance with US Code of
Federal Regulations (Title 21) and the International Conference
on Harmonization E6 (R1) Guidelines of Good Clinical Practice
and was approved by the institutional review board. The
Declaration of Helsinki and its most recent updates (Seoul,
2008) were observed.

Informed consent

All participants provided written informed consent.

Data sharing statement

Data underlying the findings described in this article may be
obtained in accordance with AstraZeneca’s data sharing policy
described at https://astrazenecagrouptrials.pharmacm.com/ST/

Submission/Disclosure.

RESULTS
Participant disposition and baseline demographics

The study enrolled 193 participants between December 2015
and February 2016 and 189 (97.9%) completed the study
(Figure 2). Participant demographics are summarized in Table 2.

The majority of participants were female in the clopidogrel,
glipizide, furosemide and amlodipine cohorts and male in the
dabigatran, losartan, atorvastatin, warfarin and levothyroxine
cohorts. In most cohorts, the majority were white, except for
the levothyroxine cohort, which had equal proportions of White
and Black/African American participants.

One participant in the amlodipine cohort was lost to
follow-up after study Day 2 of dosing period 1 and another in
the amlodipine cohort was discontinued on study Day 8 of dos-
ing period 2. Two participants in the levothyroxine cohort were
discontinued during the washout interval. Seven participants
were excluded from the PK analyses due to having predose drug
concentrations that were �LLOQ and �5% Cmax (one in the furo-
semide cohort and two in the warfarin cohort), insufficient
predose concentrations �LLOQ (one in the losartan cohort and
two in the atorvastatin cohort) and no predose concentrations
�LLOQ (one in the clopidogrel cohort).

Effect of SZC coadministration on PK profile

SZC coadministration had no apparent effect on the PK profiles
of amlodipine 5 mg, glipizide 5 mg, levothyroxine 50 mg (or its
triiodo-L-thyroxine metabolite) or losartan 25 mg (or its acid
metabolite). Criteria for no interaction (GMR 90% CIs within 80–
125%) were not met with some PK parameters for clopidogrel
75 mg, dabigatran 75 mg, atorvastatin 10 mg, furosemide 20 mg
or warfarin 5 mg during SZC coadministration (Figure 3). The
parameters of each drug alone or with SZC are summarized in
Supplementary data, Table S3.

Following SZC coadministration, the Cmax and AUC0–t of
clopidogrel and dabigatran were reduced but the Cmax of atorva-
statin, furosemide and warfarin was increased. Plasma concentra-
tion–time profiles for these five drugs and their metabolites
administered alone or with SZC are shown in Figure 4.

The Cmax of atorvastatin and o-OH atorvastatin were in-
creased with SZC coadministration, with GMRs of 169 and 137%,
respectively (Figure 3), and median tmax decreased by 0.38 and
1.00 h, respectively. The effect of SZC on the PK profile of

Entered
dosing
period 1

Entered
washout
interval

Entered
dosing
period 2

Screened
(N = 228)

Eligible patients
(n = 199)

Subjects enrolled
(n = 193)

Screening failure (n = 29)

Consent withdrawal (n = 5)
Positive pregnancy test (n = 1)

Amlodipine
(n = 19)

Atorvastatin
(n = 24)

Clopidogrel
(n = 24)

Dabigatran
(n = 24)

Furosemide
(n = 24)

Glipizide
(n = 24)

Levothyroxine
(n = 18)

Losartan
(n = 18)

Warfarin
(n = 18)

Amlodipine
(n = 18)a

Atorvastatin
(n = 24)

Clopidogrel
(n = 24)

Dabigatran
(n = 24)

Furosemide
(n = 24)

Glipizide
(n = 24)

Levothyroxine
(n = 18)

Losartan
(n = 18)

Warfarin
(n = 18)

Amlodipine
(n = 17)b

Atorvastatin
(n = 24)

Clopidogrel
(n = 24)

Dabigatran
(n = 24)

Furosemide
(n = 24)

Glipizide
(n = 24)

Levothyroxine
(n = 16)c

Losartan
(n = 18)

Warfarin
(n = 18)

FIGURE 2: Participant disposition.
aOne participant from the amlodipine cohort was lost to follow-up during dosing period 1.
bOne participant from the amlodipine cohort was unable to return on the final day of dosing period 2 and discontinued on Day 8.
cTwo participants from the levothyroxine cohort who were unable to return for dosing period 2 were excluded based on the sponsor’s decision during the washout interval.
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atorvastatin and o-OH atorvastatin was transient, lasting <1 h
(Figure 4). For p-OH atorvastatin, higher plasma concentrations
were observed in the first hour following SZC coadministration,
but there was minimal change in Cmax or tmax. AUC0–t and
AUCinf were not markedly affected by SZC coadministration for
parent atorvastatin and its two metabolites (Figure 3).

SZC coadministration with clopidogrel was associated with
GMRs for AUC0–t and AUCinf for parent clopidogrel of 123 and
171%, respectively, and for its acid metabolite of 88 and 92%, re-
spectively, while Cmax of the acid metabolite decreased (GMR of
68%) (Figure 3). Median tmax was also increased by 0.25 h for par-
ent clopidogrel but unchanged for its acid metabolite.

SZC coadministration with dabigatran led to reduced dabiga-
tran exposure, evident as GMRs for Cmax, AUC0–t and AUCinf of
57, 59 and 57%, respectively (Figure 3). The median tmax of dabi-
gatran increased by 0.37 h.

Following SZC coadministration, the GMR for Cmax of furose-
mide was 166% (Figure 3) and the median tmax decreased by
1.00 h, while the geometric mean of t1=2 decreased by 1.42 h;
AUC0–t and AUCinf showed minimal change compared with fu-
rosemide alone. Similarly, after SZC coadministration with war-
farin, the GMRs for Cmax of R- and S-warfarin were 134 and
138%, respectively (Figure 3), although the median tmax

remained unchanged for either warfarin isomer. GMRs for
AUC0–t and AUCinf of S-warfarin were both 112%, while these
AUC parameters showed minimal change (GMRs of 107 and
104%, respectively) for R-warfarin.

Safety

No AEs were reported in the clopidogrel and losartan cohorts in
the presence and absence of SZC (Supplementary data, Table
S4). Participants in the atorvastatin, dabigatran, furosemide and
warfarin cohorts also did not report AEs during dosing period 1
(drug administered alone). Headache and AEs associated with
gastrointestinal disorders (e.g. nausea or vomiting) were the
most common events reported during the study, and these
types of AEs occurred when drugs were administered alone or
with SZC. All reported AEs were mild or moderate in severity.
During dosing period 2, three participants (one each in the dabi-
gatran, furosemide and atorvastatin cohorts) experienced AEs

possibly related to either the coadministered drug and/or SZC;
all AEs resolved within the same day. No deaths, serious AEs or
study drug discontinuations due to an AE were reported.

DISCUSSION

This study examined nine commonly used weakly acidic or
basic drugs for potential drug–drug interactions with coadmi-
nistered SZC in healthy adults. The PK profiles of four drugs
(amlodipine, glipizide, levothyroxine and losartan) met prede-
fined no-interaction criteria (i.e. 90% CIs of systemic exposure
ratios falling within 80–125%). Changes in PK profiles were ob-
served for atorvastatin, clopidogrel, dabigatran, furosemide and
warfarin following SZC coadministration; however, the effect
on Cmax was >50% for only two drugs (atorvastatin and furose-
mide) and none of the parameters exceeded the no-interaction
90% CI range by >2-fold. Therefore these changes were not
considered clinically meaningful and SZC coadministration is
not expected to affect the clinical activity of these pH-sensitive
drugs.

Based on preclinical studies in dogs, as well as studies in
humans, SZC is not systemically absorbed, with undetectable
plasma zirconium concentrations following administration [11,
20]. SZC binds Kþ ions with high specificity throughout the gas-
trointestinal tract, with bound Kþ being excreted in the feces
[10, 21]. Clinical studies of adults with hyperkalemia demon-
strated a rapid reduction in serum Kþ concentrations, with an
onset of action within 1 h of SZC administration [21], and the
majority of patients achieved significant Kþ reductions within
24 h in the 48-h correction period and maintenance of normoka-
lemia for up to 28 days [22, 23]. Although in vitro studies indicate
that direct binding of SZC to other drugs is unlikely [11], the par-
tial protonation of SZC (i.e. Naþ–Hþ) may alter the absorption of
concomitantly administered drugs by acting as a buffer when
suspended in aqueous media and transiently increasing gastric
pH [10]. In this study, small changes in systemic exposure were
observed, consistent with increased absorption of weak acids
(atorvastatin, clopidogrel acid, furosemide and warfarin) or de-
creased absorption of weak bases (dabigatran), which is
expected due to pH-dependent changes in their ionization and

Table 2. Participant demographics by drug cohort

Patient demographic

Drug cohort

Clopidogrel
(n¼ 24)

Dabigatran
(n¼ 24)

Glipizide
(n¼ 24)

Losartan
(n¼ 18)

Furosemide
(n¼ 24)

Atorvastatin
(n¼ 24)

Amlodipine
(n¼ 19)

Warfarin
(n¼ 18)

Levothyroxine
(n¼ 18)

Age (years), mean (SD) 35.0 (11.5) 35.7 (11.3) 40.4 (12.0) 35.0 (12.5) 33.9 (12.7) 33.4 (13.1) 34.7 (12.0) 40.8 (12.3) 35.0 (11.4)
Gender, n (%)

Female 19 (79.2) 11 (45.8) 20 (83.3) 1 (5.6) 13 (54.2) 11 (45.8) 10 (52.6) 8 (44.4) 2 (11.1)
Male 5 (20.8) 13 (54.2) 4 (16.7) 17 (94.4) 11 (45.8) 13 (54.2) 9 (47.4) 10 (55.6) 16 (88.9)

Race, n (%)
White 19 (79.2) 16 (66.7) 17 (70.8) 10 (55.6) 17 (70.8) 16 (66.7) 14 (73.7) 13 (72.2) 8 (44.4)
Black/African
American

3 (12.5) 8 (33.3) 5 (20.8) 8 (44.4) 5 (20.8) 8 (33.3) 5 (26.3) 4 (22.2) 8 (44.4)

Asian 1 (4.2) 0 1 (4.2) 0 0 0 0 0 1 (5.6)
Other 1 (4.2) 0 1 (4.2) 0 2 (8.3) 0 0 1 (5.6) 1 (5.6)

Ethnicity, n (%)
Hispanic 4 (16.7) 2 (8.3) 2 (8.3) 3 (16.7) 1 (4.2) 4 (16.7) 1 (5.3) 0 1 (5.6)
Non-Hispanic 20 (83.3) 22 (91.7) 22 (91.7) 15 (83.3) 23 (95.8) 20 (83.3) 18 (94.7) 18 (100.0) 17 (94.4)

Weight (kg), mean (SD) 75.0 (13.9) 77.1 (15.4) 78.4 (16.3) 88.0 (11.3) 76.5 (14.7) 74.5 (12.8) 78.0 (11.6) 85.3 (19.0) 85.4 (14.5)
BMI (kg/m2), mean (SD) 26.6 (3.8) 25.5 (4.0) 27.0 (4.1) 27.1 (2.9) 25.8 (4.4) 25.8 (3.5) 26.5 (4.1) 27.6 (4.4) 27.8 (3.8)

SD, standard deviation.
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solubility [12, 13]. Furthermore, because SZC traps Hþ ions in
acidic environments and releases them in more basic environ-
ments with an asymptote of pH �5.5, the maximal theoretical
gastric fluid pH increase associated with SZC is pH �5.5. PPIs
are appropriate comparators for potential SZC drug interac-
tions since they maintain gastric pH between 6 and 7 [24, 25],
which is a similar or slightly higher gastric pH than would be
observed with SZC. Therefore the concomitant use of PPIs with
SZC is not expected to raise gastric pH higher than PPIs alone.

This study showed that SZC is unlikely to affect low-density
lipoprotein cholesterol (LDL-C) reductions by atorvastatin.
Among participants receiving atorvastatin, SZC coadministra-
tion increased the atorvastatin and o-OH atorvastatin Cmax by
69 and 37%, respectively, but had no impact on AUC0–t or AUCinf.
No changes in Cmax or AUC were noted for p-OH metabolite.

Of note, parent atorvastatin and its hydroxyl (o-OH and p-OH)
metabolites are all pharmacologically active [26]. Food also
alters atorvastatin Cmax and AUC >24 h (AUC0–24), with
decreases of 25 and 9%, respectively, without impacting LDL-C
reductions [27]. Similarly, morning versus evening administra-
tion reduces atorvastatin exposure by �30% without impacting
its activity [28]. Given that SZC coadministration did not affect
the atorvastatin AUC and the Cmax effects were transient, it is
unlikely that SZC affects atorvastatin activity.

The observed changes in clopidogrel exposure with SZC
coadministration are not expected to affect clopidogrel efficacy.
As clopidogrel is extensively metabolized following absorption,
systemic clopidogrel exposure is variable, with very small
amounts of parent drug being detectable in plasma [29]. In gen-
eral, the AUC of clopidogrel acid (predominant inactive
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metabolite) is >1000-fold greater than that of the parent drug
and is therefore the most clinically relevant PK parameter for
determining clopidogrel absorption. The observed decreases in
the clopidogrel acid AUC0–t and AUCinf, as well as the delayed
tmax, are consistent with reduced clopidogrel solubility and a
slight decrease in absorption caused by increased gastric pH
with SZC. A previous study observed similar changes when clo-
pidogrel was administered with food [30]. In fed versus fasted
studies, clopidogrel acid Cmax decreased by 10–16% without al-
tering the antiplatelet activity of clopidogrel [30]. During coad-
ministration of clopidogrel with PPIs that do not inhibit
cytochrome P450 (e.g. dexlansoprazole, lansoprazole and panto-
prazole), the clopidogrel active metabolite AUC was reduced by
up to 14% [31, 32]. Similar to this study, coadministration of clo-
pidogrel with pantoprazole led to a 19% increase in clopidogrel
parent drug AUC0–24 and a 14% decrease in active metabolite
AUC0–24 [31]. As PPIs also increase gastric pH after administra-
tion, the study results indicate that SZC has a pH-based effect
on clopidogrel absorption.

The anticoagulant activity of dabigatran is not expected to
be altered by SZC coadministration. In this study there was
a >40% decrease in dabigatran Cmax, AUC0–t and AUCinf with
SZC coadministration. A possible explanation for decreased
dabigatran exposure may be reduced stability of the ester pro-
drug due to higher gastric pH with SZC. There is a very shallow
exposure–response relationship between dabigatran plasma
concentrations and activated partial thromboplastin time
(aPTT). A study of the effect of pantoprazole coadministration

with dabigatran in healthy volunteers showed that pantopra-
zole itself does not affect the exposure–response relationship
between dabigatran plasma concentrations and aPTT [33].
Decreases in dabigatran steady-state AUC (18–19%) and Cmax

(20–23%) were observed after pantoprazole coadministration,
but there was no change in the anticoagulant activity of dabiga-
tran [33]. Since the SZC interaction with dabigatran is also gas-
tric acid pH-mediated, it is reasonable to conclude that SZC also
does not alter this exposure–response relationship.

The diuretic effects of furosemide are not expected to
change during SZC coadministration. Furosemide Cmax in-
creased by 66% with SZC coadministration; however, the AUC0–t

and AUCinf were unchanged. Simulated pharmacodynamic
modeling using Chennavasin et al.’s method [34] indicated that
the magnitude of furosemide Cmax change was associated
with a 15% increase in 24-h Naþ excretion, which is within the
normal variability for Naþ excretion after furosemide adminis-
tration. Therefore the change in furosemide Cmax is considered
not clinically relevant.

No special measures are considered necessary to manage
drug–drug interactions during SZC coadministration with
warfarin. SZC coadministration was associated with a 1.3- and
1.4-fold increase in the R- and S-warfarin isomer Cmax, respec-
tively. However, the AUC0–t and AUCinf were within the
no-interaction 90% CI range for both isomers. Since �3 days of
warfarin administration are required to achieve stable concen-
trations and anticoagulation [35], warfarin AUC (rather than
Cmax) is the driving PK parameter for anticoagulant effects.
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As the AUCs of both warfarin isomers were unaffected by SZC
coadministration, SZC is not expected to alter the anticoagula-
tion activity of warfarin. Any potentially relevant change
in warfarin anticoagulation can be addressed during routine
monitoring [36].

No new safety issues were observed during SZC coadminis-
tration in these drug–drug interaction studies. Commonly
reported AEs (�2 participants per cohort) were headache, nau-
sea and vomiting.

Study limitations were the use of an additive design in some
drug cohorts (atorvastatin, clopidogrel, dabigatran and furose-
mide) due to a requirement for a relatively large number of par-
ticipants and the lack of pharmacodynamic endpoint
assessments.

CONCLUSIONS

SZC coadministration was associated with small changes in
the absorption of atorvastatin, clopidogrel, furosemide and
warfarin (drugs with known pH-sensitive gastric absorption)
that are unlikely to represent clinically meaningful interactions.

The decreases in exposure of basic drugs (i.e. dabigatran) and
increases in Cmax of acidic drugs (i.e. atorvastatin, clopidogrel
acid, furosemide and warfarin) were consistent with an SZC-
related transient increase in gastric pH.
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