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ABSTRACT

Veverimer is a polymer being developed as a potential treatment of
metabolic acidosis in patients with chronic kidney disease. Vever-
imer selectively binds and removes hydrochloric acid from the gas-
trointestinal tract, resulting in an increase in serum bicarbonate.
Veverimer is not systemically absorbed, so potential drug-drug
interactions (DDIs) are limited to effects on the absorption of other
oral drugs through binding to veverimer in the gastrointestinal
tract or increases in gastric pH caused by veverimer binding to
hydrochloric acid. In in vitro binding experiments using a panel of
16 test drugs, no positively charged, neutral, or zwitterionic drugs
bound to veverimer. Three negatively charged drugs (furosemide,
aspirin, ethacrynic acid) bound to veverimer; however, this binding
was reduced or eliminated in the presence of normal physiologic
concentrations (100–170 mM) of chloride. Veverimer increased
gastric pH in vivo by 1.5–3 pH units. This pH elevation peaked
within 1 hour and had returned to baseline after 1.5–3 hours. Omep-
razole did not alter the effect of veverimer on gastric pH. The clini-
cal relevance of in vitro binding and the transient increase in

gastric pH was evaluated in human DDI studies using two drugs
with the most binding to veverimer (furosemide, aspirin) and two
additional drugs with pH-dependent solubility effecting absorption
(dabigatran, warfarin). None of the four drugs showed clinically
meaningful DDI with veverimer in human studies. Based on the
physicochemical characteristics of veverimer and results from in
vitro and human studies, veverimer is unlikely to have significant
DDIs.

SIGNIFICANCE STATEMENT

Patients with chronic kidney disease, who are usually on many
drugs, are vulnerable to drug-drug interactions (DDIs). The
potential for DDIs with veverimer was evaluated based on the
known site of action and physicochemical structure of the poly-
mer, which restricts the compound to the gastrointestinal tract.
Based on the findings from in vitro and human studies, we con-
clude that veverimer is unlikely to have clinically significant
DDIs.

Introduction

Metabolic acidosis is a serious complication of chronic kidney dis-
ease (CKD) and accelerates its progression (Wesson et al., 2020).
Patients with CKD generate metabolic acids and have a reduced capac-
ity to excrete acid through the kidneys (Alpern and Sakhaee, 1997;
Scialla and Anderson, 2013; Goraya and Wesson, 2017). Correction of
metabolic acidosis in CKD slows kidney disease progression (de Brito-
Ashurst et al., 2009; Mahajan et al., 2010; Phisitkul et al., 2010; Goraya
et al., 2013; Goraya et al., 2014; Garneata et al., 2016; Dubey et al.,
2018), improves muscle mass and function (de Brito-Ashurst et al.,
2009; Abramowitz et al., 2013; Dubey et al., 2018), and improves bone
health (Domrongkitchaiporn et al., 2002).
Veverimer is being developed as a once-daily treatment of metabolic

acidosis in patients with CKD. Veverimer is an orally administered,
nonabsorbed, insoluble, free-amine polymer that combines high capac-
ity and selectivity to bind and remove hydrochloric acid (HCl) from the
gastrointestinal (GI) tract, resulting in an increase in serum bicarbonate
(Bushinsky et al., 2018; Wesson et al., 2019a,b). Acid binding and
removal using a nonabsorbed polymer is a novel approach to treating
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chronic kidney disease; CI, confidence interval; CRU, clinical research unit; DDI, drug-drug interaction; GI, gastrointestinal; GLSM, geometric
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mean; MM, molecular mass; PD, pharmacodynamics; PK, pharmacokinetics; PPI, proton pump inhibitor; PVDF, polyvinylidene fluoride; QD,
once daily; SGF, simulated gastric fluid; SIF, simulated intestinal fluid.

490

1521-009X/49/7/490–500$35.00 https://doi.org/10.1124/dmd.121.000366
DRUG METABOLISM AND DISPOSITION Drug Metab Dispos 49:490–500, July 2021
Copyright © 2021 by The Author(s)
This is an open access article distributed under the CC BY Attribution 4.0 International license.

http://dmd.aspetjournals.org/content/suppl/2021/05/03/dmd.121.000366.DC1
Supplemental material to this article can be found at: 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 
 at A

SPE
T

 Journals on M
ay 22, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

http://dmd.aspetjournals.org
http://dmd.aspetjournals.org/content/suppl/2021/05/03/dmd.121.000366.DC1
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/


metabolic acidosis. Within the GI tract, the polymer restores the ability
to excrete acid from the body. This mechanism of action is fundamental
to the effectiveness of veverimer in treating metabolic acidosis and is
distinct from the mechanisms of other drugs, such as proton pump
inhibitors (PPIs) and histamine H2-receptor antagonists, that affect gas-
tric pH but do not have an effect on systemic acid-base balance. The
effect of veverimer on acid binding, as assessed by a change in gastric
pH, was evaluated in this study both in the presence and absence of a
PPI. The effect of veverimer on a background of PPI use was a relevant
question because these drugs affect gastric pH and are commonly used.
Veverimer was designed to bind HCl with high capacity and specific-

ity. After ingestion, veverimer is protonated, and the positively charged
polymer selectively binds the smallest anion in the GI tract, chloride,
with little or no binding of other anions (Klaerner et al., 2020). The
high HCl-binding capacity is a function of the amine content of the
polymer, whereas the high specificity for chloride binding is the result
of extensive crosslinking within the polymer beads that excludes anions
larger than chloride (e.g., phosphate, citrate, bile acids, and short-chain
and long-chain fatty acids) and minimizes interaction between the poly-
mer and other concomitantly administered oral drugs (Klaerner et al.,
2020).
Polypharmacy is common in CKD, and drug-drug interactions

(DDIs) are a continuing clinical concern (Rama et al., 2012; Sommer et
al., 2020). We used a directed approach based on the known physical
and chemical characteristics of veverimer to analyze its potential for
DDIs (Fig. 1). Veverimer is too large to be systemically absorbed

(Klaerner et al., 2020), and therefore, its potential for DDIs is limited to
effects on the absorption of other orally administered drugs either
through 1) binding to veverimer or 2) transient increases in gastric pH
caused by veverimer binding to HCl. In this study we tested the hypoth-
esis that the potential for veverimer to interact with other orally admin-
istered drugs is low, which is consistent with the physical and chemical
properties of this novel polymer.

Materials and Methods

The protocols for all five clinical trials reported herein were approved by the
relevant US institutional review boards [Chesapeake Research Review, Inc.
(Columbia, MD) for the furosemide, aspirin, and warfarin DDI studies and the
gastric pH study and Advarra (Columbia, MD) for the dabigatran DDI study].
All participants provided written, informed consent prior to trial initiation. The
trials were conducted at Celerion in accordance with the principles of Good Clin-
ical Practice and the Declaration of Helsinki. The furosemide, warfarin, and dabi-
gatran DDI studies and the gastric pH study were conducted in Tempe, AZ, and
the aspirin DDI study was conducted in Lincoln, NE.

In Vitro Assessment of Direct Drug Binding to Veverimer: Effect of
Size Assessed Using Anionic Probes Since the free-amine veverimer polymer
becomes positively charged upon binding to hydrogen ions, negatively charged
probe molecules of increasing molecular mass (36.5–234.2 Da; Supplemental
Table S1) were used to assess the role of size exclusion in binding of molecules
to veverimer. Veverimer (450 mg) was incubated in 20 mM aqueous solutions
(100 mL) of individual probe molecules for 0.5, 2, 4, 6, and 24 hours. Phospho-
ric acid and HCl incubation periods were limited to 6 hours and 4 hours,

Veverimer is an orally administered, nonabsorbed, 

insoluble, free-amine polymer

Does veverimer have potential to affect absorption 

of coadministered drugs? 

Does veverimer have potential to affect metabolism 

and excretion of coadministered drugs? 

Need to conduct DDI studies to evaluate potential 

effect on drug absorption

No need to conduct metabolism-based and 

transporter-based DDI studies 

Studies evaluating indirect effect resulting from 

veverimer-induced increase in gastric pH

Yes No

Studies evaluating direct binding to veverimer

In vitro studies to define structural determinants for 

binding to veverimer

Select drug candidates likely to be affected by 

binding to veverimer for in vivo DDI studies

Clinical study to define magnitude and duration of 

effect of veverimer on gastric pH

Select drug candidates likely to be affected by 

veverimer pH effect for in vivo DDI studies

Human DDI studies

Fig. 1. Strategy to assess potential for veverimer drug-drug interactions. We used a directed approach based on the known physical and chemical characteristics of
veverimer to analyze its potential for DDIs. Veverimer is too large to be systemically absorbed; therefore, its potential for DDIs is limited to effects on the absorption
of other orally administered drugs either through 1) binding to veverimer or 2) transient increases in gastric pH caused by veverimer binding to HCl. To identify can-
didate drugs for testing with veverimer in human DDI studies, we conducted in vitro studies to identify the characteristics most likely to lead to binding to veverimer,
and we evaluated the effect of veverimer on gastric pH in healthy volunteers. Results from these studies informed the selection of drugs for human DDI studies.
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respectively. At each time point, a 400-mL aliquot was filtered, diluted 10-fold,
and analyzed by ion chromatography to calculate the number of millimoles of
acid bound per gram of veverimer.

In Vitro Assessment of Direct Drug Binding to Veverimer: Test Drug
Panel An in vitro test system was designed to assess the potential for binding
interactions between veverimer and a set of test drugs that included 14 oral medi-
cations used in patients with CKD as well as two water-soluble vitamins (Table
1). The test drug panel included prototypical drugs from 14 distinct drug classes
that ranged in size from 129 to 482 Da; were positively charged (N 5 5), neu-
tral/zwitterionic (N 5 4), or negatively charged (N 5 7); and comprised all four
Biopharmaceutics Classification System classes, covering a range of solubilities
and permeabilities.

In vitro binding assays were conducted using seven matrices mimicking the
pH and ionic conditions of the GI tract: simulated gastric fluid (SGF) with or
without additional 60 mM HCl and without pepsin (pH 1–1.2); 50, 100, or 200
mM acetate buffer (pH 4.5); and simulated intestinal fluid (SIF) with or without
an additional 50 mM phosphate (PO4) and without pancreatin (pH 6.8). The
matrices with higher buffering capacity (SGF 1 60 mM HCl, 100 mM and 200
mM acetate buffer, SIF 1 50 mM PO4) were used to maintain the pH of the
incubation mixture around the target pH values of 1.2, 4.5, and 6.8, respectively,
in the presence of 9.0 mg/mL veverimer. The likelihood of identifying a drug
interaction would be greatest at a high concentration of veverimer (4.5 g or 9.0
g) and a low concentration of the test drug. The maximum clinical dose of vever-
imer is anticipated to be 9 g once daily (QD). A volume of 1 liter was used for
dispersion of an orally administered drug in the upper GI tract (Read et al., 1980;
Metcalf et al., 1987; Thelen et al., 2011).

Binding to veverimer was assessed in six replicates by measuring free test
drug concentration after a 3-hour incubation on a benchtop shaker at 37�C in the
presence or absence of veverimer (4.5 mg/mL or 9.0 mg/mL). After incubation,
samples were allowed to settle for 5 minutes and were filtered with a 0.45-mm
polyvinylidene fluoride (PVDF) filter plate unit (allopurinol, aspirin, gliclazide,
metoprolol tartrate, lisinopril, riboflavin, thiamine hydrochloride, and trimetho-
prim) or a 0.45-mm PVDF syringe filter (amlodipine besylate, ethacrynic acid,
furosemide, metformin hydrochloride, rosuvastatin, spironolactone, valsartan,
and warfarin). Syringe filters were used for test drugs that adsorbed to PVDF fil-
ter plates. Filtrates were transferred to glass vials for analysis by high-perfor-
mance liquid chromatography with UV absorbance detection.

The 90% confidence intervals of test drug recovery with veverimer (popula-
tion 1) and without veverimer (population 2) were calculated as follows.

1. Analyses were performed on natural log-transformed variables.
2. The 90% confidence intervals were calculated as:

�D6ttwo�sided 90%,DF � s�D
, wherein �D is the difference between the means of

the two populations, s�D
is the S.D. of the difference between the means, and

ttwo�sided 90%,DF is the t-value for a two-sided 90% confidence interval with DF,
degrees of freedom. Assuming equal variances between the two populations, the
S.D. of the difference between the means is:

s�D
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n1

þ 1
n2

� �s
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1 � 1ð Þs21 þ n2 � 1ð Þs22

n1 þ n2 � 2

s

wherein s21 is the variance of n1 observations from population 1, s22 is the vari-
ance of n2 observations from population 2, and DF 5 n1 1 n2 – 2.

The lower bound is calculated with the minus sign, and the upper bound
is calculated with the plus sign. These bounds are 90% intervals on the differ-
ences of the natural log-transformed variables. Exponentiating differences in logs
results in ratios. Thus, the 90% confidence interval can be expressed in % Ratios
as 100 exp(lower bound), 100 exp(upper bound).

Based on information available for other nonabsorbed drugs [Velphoro (sucro-
ferric oxyhydroxide), 2013; Auryxia (ferric citrate), 2014; Veltassa (patiromer),
2015], a threshold was set for test drug interaction with veverimer at $30%
binding (i.e., test drugs, for which both the upper and lower bounds of the 90%
confidence intervals (CI) on the ratio of probe recovery in the presence of vever-
imer to that without veverimer were <30%, were deemed to have no significant
binding to veverimer under the conditions tested).

Results from these in vitro studies informed the selection of drugs for human
DDI studies.

Evaluation of Potential Veverimer Drug Binding in the Presence of
Chloride Because veverimer is an HCl-binding polymer, the potential impact of
chloride levels on in vitro binding of veverimer to test drugs was assessed. Five
representative test drugs from the set of 14 oral medications, one each with a
positive (trimethoprim) or neutral (allopurinol) charge and three with a negative
charge (aspirin, ethacrynic acid, and furosemide), were assessed for veverimer
binding in six test matrices supplemented with chloride. Chloride concentrations
in the upper GI tract vary between 70 and 170 mM, with an average concentra-
tion of approximately 100 mM (Fordtran and Locklear, 1966; Binder, 2012). For
binding experiments conducted in the presence of physiologic chloride levels,
additional chloride was added to the test matrices to achieve a final chloride con-
centration of approximately 170 mM in SGF and 100 mM in acetate buffer and
in SIF.

Effect of Veverimer on Gastric pH in Healthy Volunteers with and
without Omeprazole An open-label, in-patient, randomized, crossover, 2-stage
study in healthy volunteers was conducted to assess the effect of veverimer on
gastric pH (Supplemental Fig. S1). The first stage evaluated the magnitude and
duration of the effect under both fasted and fed conditions. The second stage

TABLE 1

Drugs tested for in vitro binding to veverimer

Test Drug (Conc.; mg/mL) Class BCS Class MM pKa

Charge at pH

1.2 4.5 6.8

Positively charged test drugs
Amlodipine (5) Calcium channel blocker I 408.9 9.21B 1 1 1
Metformin (500) Biguanide III 129.2 2.94B, 13.7B 1 1 1
Metoprolol (25) b blocker I 267.4 9.61B 1 1 1
Thiamine (1) Vitamin B1 III 265.4 4.8B 1 1 1
Trimethoprim (100) Antibiotic II 290.3 7.14B 1 1 1

Neutral/zwitterionic test drugs
Allopurinol (100) Xanthine oxidase inhibitor I 136.1 9.31A N N N
Lisinopril (5) ACE inhibitor III 405.5 1.63A, 3.13A, 7.13B, 10.75B 1 Z Z
Riboflavin (1.2) Vitamin B2 I 376.4 9.69A N N N
Spironolactone (25) Aldosterone antagonists II 416.6 n/a N N N

Negatively charged test drugs
Aspirin (81) Platelet aggregation inhibitor I 180.2 3.50A N – –

Ethacrynic acid (25) Diuretic NA 303.1 3.50A N – –

Furosemide (20) Diuretic IV 330.7 3.62A, 10.16A N – –

Gliclazide (40) Sulfonylurea II 323.4 5.80A N N N/–
Rosuvastatin (5) HMG COA reductase inhibitor III 481.5 4.6A N N/– –

Valsartan (40) Angiotensin II antagonist III 435.5 3.9A 4.7A N – –

Warfarin (1) Antithrombotic II 308.3 4.94A N N/– –

–, negative; 1, positive; ACE, angiotensin-converting enzyme inhibitor; BCS, Biopharmaceutics Classification System; HMG COA, hydroxymethylglutaryl-coenzyme A; N, neutral; NA,
not applicable; Z, zwitterionic.
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evaluated the effect under fasted and fed conditions in the presence of the proton
pump inhibitor omeprazole. The same subjects were to be enrolled in stage 1
and stage 2; subjects who withdrew from the study after stage 1 were replaced to
ensure that the same number of subjects (N 5 40) participated in each stage. The
sample size was estimated based on the integrated acidity variability when no
drug was administered to show no difference and ensure that the effect observed
with veverimer was due to the drug administration and not the natural variability
of the pH levels in healthy subjects. The number of subjects enrolled was based
on in-house data and conservative assumptions regarding intrasubject and inter-
subject coefficients of variation to obtain a power of at least 80%, which was
defined as the probability of having a 90% CI for a treatment ratio within the
range of 80.00–125.00%.

Both stage 1 and stage 2 had a randomized (1:1:1:1), 4-period, 4-way cross-
over design. One of four study drug treatments was administered on day 1 of
each of four treatment periods in each stage. Periods 1 and 2 and periods 3 and 4
were each conducted over 2 consecutive days; period 2 and period 3 were sepa-
rated by a 1-day rest period. As prespecified in the protocol, after completion of
period 4 in stage 1 and review of the preliminary intragastric pH data, the deci-
sion was made to conduct stage 2.

Stage 2 began with a 6-day run-in period (days �6 to �1), during which sub-
jects received omeprazole QD. Baseline 22-hour intragastric pH monitoring was
performed beginning on day �1. After completion of the run-in period, subjects
received omeprazole QD through day 1 of period 4. Key entry criteria for the
study are provided in Supplemental Section 3.1.1.1.

The study included nine pH-monitoring periods: four in stage 1 and five in
stage 2. On day 1 of each treatment period in stage 1 as well as on day �1 of
the run-in period and on day 1 of each treatment period in stage 2, gastric pH
was measured and recorded continuously for 22 hours using a microelectrode
probe. See Supplemental Section 3.1.1.2 for further details.

In stage 1, subjects were domiciled at the clinical research unit (CRU) from
day �1 of period 1 through completion of study procedures on day 2 of period
4. In stage 2, subjects were domiciled at the CRU on day �7 through completion
of study procedures on day �6 of the run-in period and again from day �2 of
the run-in period through completion of study procedures on day 2 of period 4.
Adverse event (AE) collection continued for 14 days after completion of pH
monitoring.

In stage 1 of the study, subjects received the following treatments:

� Treatment A: water fasted. Ninety (90) mL of water administered at hour 0
on day 1 under fasted conditions.

� Treatment B: water fed. Ninety (90) mL of water administered at hour 0 on
day 1 within 15 minutes after the start of a standard breakfast.

� Treatment C: veverimer fasted. Nine (9) g veverimer administered as an
oral suspension with 90 mL of water at hour 0 on day 1 under fasted
conditions.

� Treatment D: veverimer fed. Nine (9) g veverimer administered as an oral
suspension with 90 mL of water at hour 0 on day 1 within 15 minutes after
the start of a standard breakfast.

In stage 2, omeprazole (40 mg delayed-release capsule) was administered QD
with 240 mL of water approximately 1 hour prior to a standard meal at the end
of the afternoon or early evening on day �6 through day �1 of the run-in period
and from day 1 of period 1 through day 1 of period 4 (within ±1 hour of omepra-
zole dosing time on day �6 of the run-in period).

In stage 2 of the study, subjects received the following treatments:

� Treatment E: water fasted. Ninety (90) mL of water administered at hour 0
on day 1 under fasted conditions.

� Treatment F: water fed. Ninety (90) mL of water administered at hour 0 on
day 1 within 15 minutes after the start of a standard breakfast.

� Treatment G: veverimer fasted. Nine (9) g veverimer administered as an
oral suspension with 90 mL of water at hour 0 day 1 under fasted
conditions.

� Treatment H: veverimer fed. Nine (9) g veverimer administered an oral
suspension with 90 mL of water at hour 0 on day 1 within 15 minutes after
the start of a standard breakfast.

Safety was monitored throughout the study with clinical laboratory evalua-
tions, reporting of AEs, physical examination, vital signs, and 12-lead ECGs.

Information on subject disposition is provided in Supplemental Table S2.
Demographics and key baseline information for the study population are pre-
sented in Supplemental Table S3. Most subjects were White (80.0% in stage 1;
77.5% in stage 2), and approximately half were of Hispanic or Latino ethnicity
(57.5% in each stage). Most subjects were female (67.5% in stage 1; 65.0% in
stage 2), and the mean age was 33.4 years in stage 1 and 35.5 years in stage 2.

Results from this study informed the selection of additional drugs for human
DDI studies.

Human DDI Studies. To characterize the potential for clinically relevant
DDIs due to binding of other orally administered drugs to veverimer, human
DDI studies were conducted with the two drugs that showed the highest binding
with veverimer in vitro: aspirin and furosemide. Given the transient effect of
veverimer on gastric pH, human DDI studies were also conducted to evaluate
the potential for veverimer to affect the bioavailability of drugs with pH-depen-
dent solubility; the victim drugs evaluated in these studies were the weak acids
furosemide and warfarin and the weak base dabigatran (Supplemental Table S4).

Human DDI studies were open-label, in-patient, randomized, crossover studies
that examined the effect of veverimer on the pharmacokinetics (PK) profile of
each of the four victim drugs. The treatments administered comprised victim
drug alone, victim drug coadministered with veverimer, and victim drug sepa-
rated from veverimer by 1–3 hours, and subjects were randomly assigned to
treatment sequence (Supplemental Figs. S2 and S3). Key entry criteria for the
studies are provided in Supplemental Section 3.1.2.1.

To maximize the possibility of observing binding to veverimer, the highest
anticipated daily dose of veverimer (9 g) and the lowest feasible clinical dose of
the victim drugs were administered (20 mg furosemide, 81 mg aspirin, 2 mg
warfarin, 150 mg dabigatran). Study treatments were administered during treat-
ment periods in which subjects were confined in a CRU where they were fed a
standardized diet with an out-patient washout period between treatment periods
and a 14-day follow-up period after the final study treatment. In each treatment
period, serial blood samples for PK analysis were collected after administration
of the victim drug; the sampling time periods and washout periods between treat-
ments were based on the half-lives of the victim drugs (furosemide: 12-hour
sampling time and $4-day washout period; aspirin: 24-hour sampling time and
$3-day washout period; warfarin: 168-hour sampling time and $21-day wash-
out period; dabigatran: 72-hour sampling time and $7-day washout period).
Sample sizes were determined separately for each study (furosemide: 52 subjects;
aspirin: 51 subjects; warfarin: 15 subjects; dabigatran: 84 subjects). All analytes
[furosemide, acetylsalicylic acid, salicylic acid, R-warfarin, S-warfarin, free dabi-
gatran, total (free1 conjugated) dabigatran] were measured in plasma using vali-
dated liquid chromatography with tandem mass-spectrometric detection methods.

The primary PK endpoint of each study was the area under the concentration-
time curve (AUC) from time 0 to the last observed nonzero concentration
(AUC0-t), AUC from time 0 extrapolated to infinity (AUC0-inf), and Cmax for the
victim drug after a single oral dose administered with and without veverimer.

For analyses of PK parameters, treatment A (victim drug alone) was the refer-
ence treatment, and the test treatments were treatments B, C, and D (victim drug
administered with veverimer). Comparisons of interest were treatment B/treat-
ment A, treatment C/treatment A, and treatment D/treatment A. A mixed-model
ANOVA was used to analyze the natural logarithm (ln)-transformed AUC0-t,
AUC0-inf, and Cmax of the victim drug. The ANOVA model included sequence,
treatment, and period as fixed effects and subject nested within sequence as a
random effect. Estimates of least-squares means (LSMs) for victim drug (treat-
ment A, reference), victim drug 1 veverimer (treatment B, treatment C, or treat-
ment D test), difference in LSM and 90% CIs of the difference between the test
and the reference LSM were first constructed in the logarithmic scale. Upon
back-transformation, the geometric least-squares mean (GLSM), geometric least-
squares-mean ratio (GLSMR), and 90% CI of GLSMR were calculated for
AUC0-t, AUC0-inf, and Cmax. The GLSMRs and 90% CIs of GLSMRs were
expressed as percentages relative to treatment A, consistent with the two one-
sided tests. The sample size in each study was calculated using a power of at
least 80% and an a error of 5%. The power was defined as the probability of
having a 90% CI for at least one of the treatment ratios within the interval of
80.00%–125.00%. A true ratio between 95% and 105% was assumed, and the
intrasubject CV for each analyte was provided by the clinical research organiza-
tion responsible for conduct of the studies.
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Two pharmacodynamics (PD) parameters were assessed in the warfarin DDI
study: the area under the international normalized ratio (INR) versus time curve
from time 0 to the 168-hour time point after warfarin dosing (INR AUC0-168)
and the maximum observed INR measurement (INRmax).

All DDI studies included assessment of the safety and tolerability of vever-
imer when coadministered with the victim drug. Safety was evaluated from 12-
lead ECGs, measurements of vital signs and clinical laboratory parameters,
assessment of AEs, and physical examinations.

Information on the disposition of subjects in the human DDI studies is sum-
marized in Supplemental Table S6. A total of 52 subjects were randomized,
enrolled, and received at least one dose of study drug in the furosemide DDI
study. The furosemide PK analysis set comprised 51 subjects; one subject vom-
ited during administration of the first dose of veverimer in treatment period 1
and was withdrawn from the study. Per protocol, because the subject did not
have $2 consecutive time points with measurable furosemide concentrations, he
was excluded from the furosemide PK analysis set.

In the aspirin DDI study, a total of 51 subjects were randomized, enrolled,
and received at least one dose of study drug and were included in the aspirin PK
analysis set. Forty-eight subjects completed the study; three subjects withdrew
early for diverse reasons (i.e., mild headache, difficulty with study blood draws,
personal reasons).

In the warfarin DDI study, a total of 15 subjects were randomized, enrolled,
received at least one dose of study drug, and completed the study. The warfarin
PK and PD analysis sets comprised 15 subjects who complied sufficiently with
the protocol and displayed evaluable PK and PD profiles, respectively. A subset
analysis was prespecified that excluded obviously aberrant PK profiles based on
the presence of outlier values in one or more of the key PK parameters, which are
defined as those falling below the first quartile or above the third quartile by more
than 1.5 times the interquartile range, in the event that outlier values were noted
for the PK parameters AUC0-t, AUC0-inf, or Cmax, for R- or S-warfarin. The initial
PK and statistical assessments included a PK profile for one subject [treatment A
(warfarin alone)] that diverged dramatically from the remainder of the data. It
was readily apparent on visual inspection of the concentration-time profiles that
there was a unique issue in this individual on this dosing occasion (i.e., the subject
did not appear to have ingested the drug), and that this profile should be excluded
from the analysis. A cause for the effective absence of warfarin blood levels in
this subject on this occasion could not be identified. The decision to perform sub-
set analyses with the aberrant treatment A profile removed from the warfarin PK
analysis set was supported by the statistical assessment described above.

In the warfarin DDI study, Plasma R- and S-warfarin levels were below the limit
of quantitation (i.e., <1.00 ng/mL) in all samples collected prior to dosing in period
1. Quantifiable R- and S-warfarin concentrations were observed in all predose
plasma samples in periods 2 and 3, which was consistent with carryover from the
prior dose. This suggests that the 21-day washout period was insufficient. However,
individual predose concentrations were low, ranging from approximately
1.5%–6.8% of the subsequent Cmax for R-warfarin, with nine instances exceeding
5%. For S-warfarin, predose concentrations ranged from approximately 2.0%–8.6%
of Cmax, with four instances exceeding 5%. Therefore, it is highly improbable that
the measurable predose concentrations had a discernable impact on the PK data.

In the dabigatran DDI study, a total of 84 subjects were randomized, enrolled,
and received at least one dose of study drug. Of the 84 subjects in the dabigatran
PK analysis set, 81 subjects (96.4%) completed the study, receiving all doses of
each study drug; three subjects had incomplete PK data; one subject was discontin-
ued for a protocol violation and had no PK data for treatment D; and three subjects
withdrew early causing one to miss treatment D and the other to miss treatments C
and D. The available data for all subjects were included in the PK analyses.

Demographic and baseline characteristics of the subjects enrolled in the DDI
studies are summarized in Supplemental Table S7. The average age of the subjects
in the studies ranged from 33 to 39 years and the study populations ranged from
47% to 80% male. The majority (80%–90%) of the patients studied were White,
2%–79% were Hispanic or Latino, and 6%–13% were Black or African American.

Results

Binding of Veverimer to Anionic Probes and Representative
Test Drugs In Vitro. The binding kinetics for the anionic probe mole-
cules to veverimer are shown in Fig. 2A, and binding of the probe

molecules to veverimer as a function of size is illustrated in Fig. 2B.
The rate of binding as well as the total amount of probe bound to the
polymer were inversely proportional to the size of the probe, suggesting
that smaller negatively charged molecules preferentially bound to the
polymer over larger negatively charged molecules. Anionic probe mole-
cules >200 Da did not bind to veverimer.
In in vitro binding experiments using a panel of 16 test drugs, none

of the five test drugs that are positively charged across the physiologic
pH range of the GI tract (i.e., amlodipine, metformin, metoprolol, thia-
mine, and trimethoprim) bound to veverimer under any condition (Fig.
3). Similarly, none of the four test drugs that are neutral or zwitterionic
(i.e., allopurinol, riboflavin, spironolactone, and lisinopril) bound to
veverimer under any condition (Fig. 3). The remaining seven test drugs
(aspirin, ethacrynic acid, furosemide, valsartan, rosuvastatin, warfarin,
and gliclazide) are weak acids; of these, only furosemide, aspirin, and
ethacrynic acid bound to veverimer, and these only did so in the acetate
buffer (pH 4.5) matrix. Under the pH conditions of the SGF matrix (pH
1–1.2), the weak acids are neutral (Table 1), and none bound to vever-
imer (Fig. 3). Although the weak acids are negatively charged in the
SIF matrix (pH 6.8), none bound to veverimer, likely because 50–100
mM of the small anion, phosphate, was available to compete for vever-
imer binding sites (Fig. 3).
The three test drugs that bound to veverimer in the acetate buffer

matrix (aspirin, ethacrynic acid, and furosemide) all have similar pKa
(3.5, 3.5 and 3.62, respectively) and are negatively charged in the ace-
tate buffer matrix. Another test drug, valsartan, has a similar pKa (3.9)
but did not bind to veverimer (Fig. 3). Valsartan has a molecular mass
of 435.5 Da, whereas the other three test drugs are relatively small, with
molecular masses ranging from 180.2 to 330.7 Da, suggesting that the
size cutoff for a negatively charged compound to bind to veverimer was
between 330 and 435 Da. Furosemide (MM 5 330.7) is similar in size
to gliclazide (MM 5 323.4) and warfarin (MM 5 308.3), but of these
three weak acids, only furosemide bound to veverimer (Fig. 3). Impor-
tantly, only furosemide (pKa 5 3.62) but neither gliclazide (pKa 5
5.80) nor warfarin (pKa 5 4.94) are negatively charged in the acetate
buffer matrix.
In the presence of physiologically relevant concentrations of chloride

(100 mM), the three test drugs (aspirin, ethacrynic acid, furosemide)
that bound to veverimer in acetate buffer were unable to bind, likely
because of preferential binding of the small chloride ion (Fig. 4). Drugs
previously shown not to bind veverimer (allopurinol, trimethoprim) also
did not bind to the polymer in the presence of 100 mM chloride.
Effects of Veverimer on Gastric pH with and without a Proton

Pump Inhibitor. The magnitude and duration of effect of veverimer
on gastric pH were measured continuously in vivo in healthy volunteers
using a microelectrode pH probe.
Veverimer increased gastric pH by approximately 3 pH units and

approximately 1.5 pH units in fasted and fed subjects, respectively (Fig.
5, A and B). The increase in gastric pH peaked within 1 hour after
veverimer dosing and returned to baseline after approximately 1.5 hours
and approximately 3 hours under fasting and fed conditions, respec-
tively. The effect on gastric pH after administration of veverimer was
similar in the presence and absence of a proton pump inhibitor (omepra-
zole) (Fig. 5, C and D). Supplemental Figures S4 and S5 show the inde-
pendent effects of food or omeprazole (in the absence of veverimer) on
gastric pH.
A total of 12 of 40 subjects (30%) in stage 1 and 13 of 40 subjects

(32.5%) in stage 2 had one or more AEs during the study. No deaths or
other serious AEs were reported, and no subject discontinued the study
because of an AE. The most common AEs observed in the veverimer
treatment periods (i.e., reported by more than one subject in either study
stage in the veverimer-fasted and veverimer-fed treatment periods
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combined) were headache, nausea, and oropharyngeal pain. All AEs
were mild (22.5% of subjects in stage 1 and 30% of subjects in stage 2)
or moderate (7.5% of subjects in stage 1 and 2.5% of subjects in stage
2); there were no severe AEs reported for any treatment group. There
were no treatment effects noted in this study on clinical laboratory or
vital signs parameters, physical examination findings, or ECG intervals.
Human Drug-Drug Interaction Studies. Human DDI studies

were conducted with drugs that demonstrated the greatest potential for
direct interaction with veverimer in vitro (furosemide, aspirin) and those
with susceptibility to gastric pH changes (furosemide, warfarin,
dabigatran).
No DDIs were observed between veverimer and any of the drugs

tested, either with concomitant administration (Fig. 6) or with 1–3-hour
dosing separation intervals (Table 2; Supplemental Figs. S6–S19;
Supplemental Table S8). For furosemide, acetylsalicylic acid, salicylic
acid, R-warfarin, and S-warfarin, GLSM ratios and 90% CIs of Cmax,
AUC0-t, and AUC0-inf for the test treatments (veverimer coadministered
with or separated by 3 hours from the victim drug) all fell within the
range of 80.00%–125.00%. When veverimer and dabigatran were

coadministered, the 90% CIs of GLSM ratios for free and total dabiga-
tran Cmax were within the range of 80.00%–125.00%, whereas the
lower bound of the 90% CIs for AUC0-t and AUC0-inf fell slightly
below 80.00% for free (77.3% and 77.6%, respectively) and total
(77.1% and 77.7%, respectively) dabigatran, with GLSM ratio point
estimates of 82.4% to 82.8% for both analytes. The GLSM ratios and
90% CIs for free and total dabigatran Cmax, AUC0-t, and AUC0-inf were
within 80.00%–125.00% when veverimer and dabigatran doses were
separated by 1 or 2 hours.
Median INR AUC0-168 and INRmax values after administration

of warfarin alone and coadministered with veverimer and
administered between two doses of veverimer with a 3-hour dos-
ing separation were 168 hours to 170 hours and 1.00 to 1.10,
respectively (Supplemental Figs. S20 and S21; Supplemental
Table S9). The 90% CIs for INR AUC0-168 and INRmax fell within
the range of 80.00%–125.00% for both test/reference assessments
(Supplemental Table S10).
In the furosemide DDI study, there were no deaths, serious AEs, or

severe treatment-emergent AEs. Three subjects were withdrawn because

Fig. 2. Binding of negatively charged probes to veverimer. (A) Binding kinetics for negatively charged probes. (B) Binding of the probe molecules to veverimer as a
function of size. N 5 9, mean ± S.D.
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of treatment-emergent AEs (mild postural dizziness, mild eosinophil
count increase and mild white blood cell count increase, mild vomiting).
In the aspirin DDI study, there were no deaths, serious AEs, or severe
treatment-emergent AEs. All treatment-emergent AEs were mild. One
subject withdrew because of a mild headache. In the warfarin DDI
study, there were no deaths or treatment-emergent AEs leading to dis-
continuation of study drug. One subject had a serious AE [jaw fracture
(due to trauma)] 10 days after study treatment in period 1. This event
was assessed as unrelated to study drug. All other treatment-emergent
AEs that occurred were mild or moderate and nonserious. In the dabiga-
tran DDI study, there were no deaths, serious AEs, or severe treatment-

emergent AEs. There were no treatment-emergent AEs that led to
discontinuation of study drug.
There were no notable changes from baseline to any time point for

hematology, serum chemistry, or urinalysis parameters or for vital signs
or ECG parameters in any of the DDI studies.

Discussion

Reported here are results from in vitro and in vivo studies that evalu-
ated potential interactions of veverimer with other orally administered
drugs. We considered the physicochemical and biopharmaceutical

Fig. 3. In vitro binding of test drugs to veverimer. The potential for binding interactions with veverimer was assessed in vitro using a set of test drugs that included
14 oral medications and two water-soluble vitamins and test matrices mimicking the pH of various GI compartments. (A) 4.5 mg/mL veverimer in SGF; (B) 9.0 mg/
mL veverimer in SGF 1 60 mM HCl; (C) 4.5 mg/mL veverimer in 50 mM acetate buffer; (D) 9.0 mg/mL veverimer in 100 mM acetate buffer; (E) 4.5 mg/mL vever-
imer in SIF; (F) 9.0 mg/mL veverimer in SIF 1 50 mM PO4. The dashed line represents the threshold for test drug interaction with veverimer. PO4, phosphate. N 5
6, mean ± 90% confidence interval.
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properties and method of use of veverimer to design a rational, sequen-
tial, and tailored approach that examined possible mechanisms of inter-
action. Because the polymer is not absorbed from the GI tract, it is
unlikely that it would alter the pharmacokinetics of concomitantly
administered drugs through inhibition and/or induction of drug-

metabolizing enzymes or transporters. Potential interactions with
veverimer are restricted to those that could affect absorption of
other drugs from the GI tract, such as through direct binding or
indirect effects on bioavailability resulting from transient increases
in gastric pH.

Fig. 4. In vitro binding of test drugs to veverimer in the presence of physiologically relevant concentrations of chloride. Five representative test drugs from the set of
14 oral medications, one each with a positive (trimethoprim) or neutral (allopurinol) charge and three with a negative charge (aspirin, ethacrynic acid, and furosemide)
were assessed for veverimer binding in six test matrices supplemented with 100 mM chloride. (A) 4.5 mg/mL veverimer in SGF 1 100 mM chloride; (B) 9.0 mg/mL
veverimer in SGF 1 100 mM chloride; (C) 4.5 mg/mL veverimer in 50 mM acetate buffer with 100 mM chloride; (D) 9.0 mg/mL veverimer in 100 mM acetate
buffer with 100 mM chloride; (E) 4.5 mg/mL veverimer in SIF with 100 mM chloride; (F) 9.0 mg/mL veverimer in SIF 1 50 mM PO4 with 100 mM chloride. The
dashed line represents the threshold for test drug interaction with veverimer. PO4, phosphate. N 5 6, mean ± 90% confidence interval.
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The mechanism by which veverimer transiently reduces acidity in the
GI tract after ingestion involves protonation of the polyamine polymer
with subsequent binding of chloride and the removal of HCl from the
GI tract in the feces (Bushinsky et al., 2018). The highly crosslinked
structure of veverimer confers a marked size exclusion selectivity to the
negatively charged moieties that bind to the protonated polymer,
strongly favoring binding of the smallest anions and restricting binding
of larger anions (Klaerner et al., 2020). These properties were affirmed
in studies reported here evaluating the in vitro binding of a range of
anionic probe molecules and a diverse panel of test drugs clinically rele-
vant to the CKD population. The results of these studies illustrated the
predisposition of veverimer to bind negatively charged molecules, with
an inverse relationship between size of the anion and its propensity for
binding to the polymer (Fig. 2); data on furosemide, gliclazide, and war-
farin suggested that size is secondary to negative charge in this regard.
Although binding of aspirin, ethacrynic acid, and furosemide to vever-
imer was significant at pH 4.5 in acetate buffer, it was reduced or elimi-
nated in the presence of physiologically relevant concentrations of
chloride (100–170 mM) (Fig. 4). This is consistent with results from
previous in vitro studies in matrices mimicking the lower GI tract dem-
onstrating that veverimer preferentially bound chloride in the presence
of competing organic and inorganic anions [e.g., acetate, phosphate, cit-
rate, taurocholate, oleic acid (Klaerner et al., 2020)]. In the current
study, chloride effectively competed for veverimer binding sites with
the three negatively charged test drugs at chloride concentrations nor-
mally present in the GI tract, which predicted a low likelihood of clini-
cally meaningful DDIs mediated by direct binding of even the smallest
coadministered anionic drugs.

Consistent with the binding properties of veverimer, administration
of the drug did not impact absorption of fat-soluble vitamins from the
GI tract in rat and dog chronic toxicity studies (Supplemental Section
2). Since the essential nutrient requirements of rats and dogs are qualita-
tively similar to humans, the absence of clinically relevant binding of
veverimer to any essential dietary substance in the chronic toxicology
studies is expected to extrapolate to humans.
The pharmacodynamic effects of veverimer on gastric acidity were

evaluated in human volunteers to elucidate the extent and time course
of gastric pH changes mediated by the intended removal of HCl from
the GI tract by the polymer. Continuous monitoring of stomach acidity
demonstrated a modest and transient increase in gastric pH after oral
administration of veverimer. The magnitude of the gastric pH increase
observed after ingestion of a meal or when the PPI omeprazole was
given without food was similar to that seen with veverimer given in the
fasted state. All three factors individually appeared to increase mean
gastric pH by 2–4 pH units, although the time course of the effect on
gastric pH differed. Although omeprazole, which had been dosed to
steady state prior to the test, increased gastric pH throughout the 22-
hour monitoring period, the effects of food and veverimer were short-
lived (i.e., disappearing within 1–4 hours). In this way, the effect of
veverimer on gastric pH more closely resembled the transient effect
of food than the long-lasting effect of a PPI. Thus, the mechanism of
action of veverimer (i.e., increasing serum bicarbonate by binding and
removing HCl from the GI tract), as assessed by its effect on gastric
pH, was unaffected by proton pump inhibition. These findings are con-
sistent with clinical trials in patients with CKD and metabolic acidosis,
which showed that the effect of veverimer on serum bicarbonate was

Fig. 5. Effect of veverimer on gastric pH in the absence and presence of a proton pump inhibitor. The magnitude and duration of effect of veverimer on gastric pH
was measured continuously in vivo in healthy volunteers using a microelectrode pH probe. Ingestion of veverimer or water occurred at ?hour 0, just after initiation of
pH monitoring. In experiments assessing the fed condition, breakfast was eaten within 15 minutes prior to hour 0. Other meal/snack times occurred at ?hour 4, hour 9
(or 10), and hour 13. Omeprazole was administered at hour 9. (A) Veverimer versus water control under fasted conditions (without PPI); (B) veverimer versus water
control under fed conditions (without PPI); (C) veverimer versus water control under fasted conditions (with PPI); (D) veverimer versus water control under fed condi-
tions (with PPI).

498 Parsell et al.

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


similar in patients who were and were not receiving proton pump inhib-
itors or H-2 receptor blockers (Wesson et al., 2019b).
Data from the in vitro studies and in the gastric pH-monitoring inves-

tigations suggested a low likelihood of significant interactions between
veverimer and concomitantly administered drugs mediated by direct

binding or modulation of acidity in the gastric compartment. Human
DDI studies were performed to test these hypotheses. Furosemide and
aspirin were chosen as probe drugs to characterize the DDI potential of
veverimer because these drugs showed the highest binding to veverimer
in vitro. The human DDI studies were designed to maximize the poten-
tial for binding to the polymer by administering the highest therapeutic
dose of veverimer with the lowest dose of the victim drug that would
allow adequate characterization of its pharmacokinetic parameters. In
addition, the transient increase in gastric pH caused by veverimer could
represent a potential DDI risk for drugs with pH-sensitive solubility.
Therefore, DDI studies were conducted using three drugs with pH-
dependent solubility that are used in the veverimer target population
(warfarin, furosemide, dabigatran).
No DDIs were observed between veverimer and any of the four vic-

tim drugs tested, either with concomitant administration or with dose
separations of 1 to 3 hours. Administration of veverimer with the victim
drugs did not result in a clinically relevant change in exposure of aspirin
or its metabolite, salicylic acid, furosemide, or warfarin (R- and S-enan-
tiomers) and did not alter the pharmacodynamic effect of warfarin, as
indicated by international normalized ratio values. The 90% confidence
intervals for GLSM ratios for all analytes under both dosing conditions
were completely contained within a reference range of 80.00% to
125.00%, which are the boundaries used in evaluating bioequivalence
(Food and Drug Administration, 2014). With both free and total dabiga-
tran, GLSM ratio point estimates were reduced by less than 18% when
coadministered with veverimer, with the effect lessening slightly with a
widening of the dose separation interval (e.g., 1 and 2 hours). This mini-
mal reduction is substantially less than that observed when dabigatran
was coadministered with the PPI pantoprazole, which diminished dabi-
gatran Cmax and AUC by 40% and 28%, respectively, changes that are
not clinically meaningful (Zhang et al., 2014). Notably, the lack of
effect on aspirin, furosemide, warfarin, and dabigatran exposures indi-
cates that veverimer does not interact in a clinically relevant manner

Fig. 6. Effects of veverimer on the pharmacokinetic exposures of other orally
administered medications. The effect of veverimer on the bioavailability of test
drugs chosen to represent medications most likely to interact with veverimer via
direct binding (furosemide, aspirin) or via indirect effects on gastric pH (furose-
mide, warfarin, dabigatran) was assessed in healthy volunteers.

TABLE 2

Pharmacokinetic analyses: ANOVA comparison of geometric least-squares-mean ratios (90% confidence intervals)

Analyte Parameter Concomitant Administration 1-Hour Separation 2-Hour Separation 3-Hour Separation

Acetylsalicylic acid
Cmax (ng/mL)
AUC0-t (hour·ng/mL)
AUC0-inf (hour·ng/mL)

94.4% (86.0%, 103.5%)
85.1% (81.4%, 89.0%)
85.1% (81.4%, 89.0%)

NA NA 94.3% (85.9%, 103.4%)
98.3% (94.0%, 102.7%)
98.2% (94.0%, 102.7%)

Salicylic acid
Cmax (ng/mL)
AUC0-t (hour·ng/mL)
AUC0-inf (hour·ng/mL)

103.7% (100.3%, 107.2%)
91.8% (90.0%, 93.5%)
91.7% (90.0%, 93.5%)

NA NA 101.4% (98.0%, 104.8%)
97.9% (96.0%, 99.8%)
97.5% (95.6%, 99.4%)

Furosemide
Cmax (ng/mL)
AUC0-t (hour·ng/mL)
AUC0-inf (hour·ng/mL)

99.5% (89.8%, 110.3%)
91.1% (87.5%, 94.9%)
89.9% (86.5%, 93.5%)

NA NA 107.3% (96.8%, 118.9%)
101.3% (97.3%, 105.6%)
99.9% (96.1%, 103.9%)

R-Warfarin
Cmax (ng/mL)
AUC0-t (hour·ng/mL)
AUC0-inf (hour·ng/mL)

105.5% (99.6%, 111.7%)
100.9% (98.2%, 103.7%
100.6% (95.9%, 105.6%

NA NA 100.7% (95.1%, 106.7%)
99.7% (97.0%, 102.5%)
99.7% (95.0%, 104.6%)

S-Warfarin
Cmax (ng/mL)
AUC0-t (hour·ng/mL)
AUC0-inf (hour·ng/mL)

107.3% (96.5%, 119.3%)
98.0% (93.5%, 102.6%)
98.5% (93.2%, 104.2%)

NA NA 101.5% (91.3%, 113.0%)
98.9% (94.4%, 103.6%)
98.1% (92.8%, 103.8%)

Free dabigatran
Cmax (ng/mL)
AUC0-t (hour·ng/mL)
AUC0-inf (hour·ng/mL)

87.8% (81.3%, 94.8%)
82.4% (77.3%, 87.8%)
82.6% (77.6%, 87.9%)

93.6% (84.0%, 104.0%)
88.5% (80.3%, 97.6%)
88.5% (80.4%, 97.5%)

111.0% (103.0%, 120.0%)
94.5% (88.7%, 101.0%)
94.6% (88.9%, 101.0%)

NA

Total dabigatran
Cmax (ng/mL)
AUC0-t (hour·ng/mL)
AUC0-inf (hour·ng/mL)

88.3% (81.5%, 95.7%)
82.4% (77.1%, 88.0%)
82.8% (77.7%, 88.2%)

95.6% (86.0%, 106.0%)
89.1% (80.9%, 98.1%)
89.2% (81.1%, 98.0%)

115.0% (107.0%, 125.0%)
97.9% (91.6%, 105.0%)
98.0% (91.9%, 104.0%)

NA

NA, not applicable.

Assessment of Potential Veverimer Drug-Drug Interactions 499

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


with small, negatively charged drugs or drugs that have pH-dependent
solubility, demonstrating the lack of two potential mechanisms by
which the veverimer polymer might foster DDIs.
In summary, the potential for DDIs with veverimer was evaluated

based on the known site of action and physicochemical structure of the
polymer, which restricts the compound to the GI tract and direct binding
interactions. In vitro studies defined three parameters of test drugs that
controlled potential direct DDIs with veverimer, including charge,
molecular mass, and competition with chloride anion. Human DDI stud-
ies in healthy volunteers demonstrated that concomitant dosing of vever-
imer with drugs showing in vitro binding had no effect on test drug
bioavailability; similarly, drugs with pH-sensitive solubility were not
affected by coadministration with veverimer. Patients with CKD, who
are usually on many drugs, are particularly vulnerable to DDIs (Sommer
et al., 2020). Based on the physicochemical characteristics of veverimer
and the findings from the in vitro and human studies presented here, we
conclude that veverimer is unlikely to have clinically significant DDIs.
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1. IN VITRO ASSESSMENTS 

1.1. Suppliers for Key Materials 
Veverimer   Tricida, Inc. (South San Francisco, CA, USA) 

Allopurinol  Sigma Aldrich Catalog no. PHR1377-1G 

Amlodipine Besylate  Sigma Aldrich Catalog no. PHR1185-1G 

Aspirin   Sigma Aldrich Catalog no. PHR1003-1G 

Ethacrynic Acid  Alfa Aesar Catalog no. J63684 

Furosemide  Sigma Aldrich Catalog no. PHR1057-1G 

Gliclazide   Sigma Aldrich Catalog no. PHR1288-1G 

Lisinopril   Sigma Aldrich Catalog no. PHR1143-1G 

Metformin Hydrochloride Sigma Aldrich Catalog no. PHR1084-500MG 

Metoprolol Tartrate  Sigma Aldrich Catalog no. PHR1076-1G 

Riboflavin   Sigma Aldrich Catalog no. PHR1054-1G 

Rosuvastatin Calcium  Sigma Aldrich Catalog no. SML1264-50MG 

Spironolactone  Sigma Aldrich Catalog no. S3378-1G 

Thiamin Hydrochloride Sigma Aldrich Catalog no. PHR1037-1G 

Trimethoprim  Sigma Aldrich Catalog no. T7883-5G 

Valsartan   Sigma Aldrich Catalog no. PHR1315-1G 

Warfarin   Sigma Aldrich Catalog no. A2250-10G 

 

Simulated Gastric Fluid Sigma Aldrich Catalog no. 14666 

Simulated Intestinal Fluid was prepared with sodium phosphate monobasic monohydrate (Fisher 
Scientific, Catalog No. S369-500) and 4 N sodium hydroxide (Ricca Chemical, Catalog No. 
746032) 

 

HPLC   Ultimate 3000 high-pressure liquid chromatography system 
with temperature controlled auto-injector and variable wavelength detector 
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1.2. Anionic Probes Used to Test Direct Binding to Veverimer 
Table S1: Anionic Probes (Test Acids)  

Acid (Anion) Molar Mass 
(g/mol) 

Test Concentration 

mM mg/mL 

Hydrochloric acid (chloride) 36.5 20 0.730 

Phosphoric acid (phosphate) 98.0 20 1.960 

Succinic acid (succinate) 118.1 20 2.362 

Glutaric acid (glutarate) 132.1 20 2.642 

Adipic acid (adipate) 146.1 20 2.922 

Pimelic acid (pimelate) 160.2 20 3.204 

Citric acid (citrate) 192.1 20 3.842 

Butane tetracarboxylic acid (butane tetracarboxylate) 234.2 20 4.684 
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2. ANIMAL STUDIES 
The potential for veverimer to affect the absorption of fat-soluble vitamins and other essential 
nutrients was assessed in repeat dose toxicology studies in rats and dogs.  Deficiencies in 
essential nutrients (e.g., vitamins, amino acids, fatty acids, minerals, trace minerals) may 
manifest in physiological perturbations that are potentially detectable in general toxicology 
studies in rats and dogs based on clinical observations, clinical pathology and gross or 
microscopic changes.(National Research Council Subcommittee on Laboratory Animal 
Nutrition, 1995; Lewis et al., 2006; National Research Council of the National Academies, 2006)  

2.1. Methods 
Wistar Han rats were administered 0, 0.5, 1, 2 or 4 g/kg/day veverimer for 33 days 
(n = 10/sex/group for main groups and n = 6/sex/group for recovery groups) or 0, 0.5, 1 or 2 
g/kg/day for up to 26 weeks (n = 22/sex/group; n = 5/sex/control and high dose recovery groups) 
orally via dietary admixture.  Beagle dogs were administered a total veverimer dose of 0, 0.5, 1 
or 2 g/kg/day for 28 days (n = 3/sex/group for main groups; and n = 2/sex/group for recovery 
groups) or up to 39 weeks (n = 6/sex/group; 2/sex/control and high dose recovery groups) in 
capsules divided twice daily.  The numbers of animals included in each group are consistent with 
standard protocols for chronic repeat dose toxicity studies.  In the subchronic studies, blood 
samples were collected from rats and dogs at the end of the dosing period (Day 34 and Day 29, 
respectively) or after the 2-week recovery period.  In the chronic studies, blood samples were 
obtained from rats on Days 92, 184 and 210 and from dogs on Days -6 (predose), 92, 183, 273 
and 301.  Samples were processed to plasma and analyzed for vitamins A, D2, D3, E and K in 
the subchronic studies and vitamins A, D2 (rat only), D3 and E in the chronic studies by LC-
MS/MS.  Vitamin K in both species and vitamin D2 in the dog were not analyzed since the levels 
were below the limit of detection in the subchronic studies. 

2.2. Results and Conclusions 
In rats and dogs administered veverimer at doses up to 2 g/kg/day for 6 and 9 months, 
respectively, there were no veverimer-related effects on body weight, haircoat, hematology or 
serum chemistry, gross necropsy and histopathology that would be suggestive of a deficiency in 
any essential nutrient.  These chronic toxicology studies support that veverimer is unlikely to 
inhibit absorption of fat-soluble vitamins from the GI tract.  There were no effects on serum 
levels of the fat-soluble vitamins A, E, D2 and/or D3 in animals.  Although absorption of 
vitamins K (in both rat and dog) and D2 (in dog) could not be directly assessed because vitamin 
levels were below the limit of quantitation for the assays even in control animals, there were no 
veverimer-related increases in coagulation parameters (activated partial thromboplastin time and 
prothrombin time) observed in the rat and dog chronic toxicology studies, which would have 
been expected with a biologically relevant decrease in vitamin K levels.  There was also no 
effect of veverimer on calcium and phosphorous levels (the absorption of which can be reduced 
with vitamin D deficiency) and no effect on bone histopathology observed in the 9-month dog 
toxicology study.  Furthermore, no effect of veverimer on vitamin D2 plasma levels was 
observed in the rat, and there was no impact on plasma vitamin D3 (which has a similar structure 
as vitamin D2) levels in either the rat or the dog.   
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3. HUMAN STUDIES 

3.1. Methods 

3.1.1. Gastric pH Study 

3.1.1.1. Study Design and Entry Criteria 

Figure S1: Gastric pH Study Design Schematic 

 
Hr = hour; R = randomization 
Treatments A and E = Water Fasted (90 mL water); Treatments B and F = Water Fed (90 mL water with breakfast); 
Treatments C and G = Veverimer Fasted (9 g veverimer in 90 mL water); Treatments D and H = Veverimer Fed (9 g 
veverimer in 90 mL water with breakfast) 
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Key Inclusion Criteria: 

1. Male or female, 18 – 55 years of age, inclusive, at Screening. 

2. Continuous non-smoker who had not used nicotine-containing products for at least 
3 months prior to Day -1 of Period 1 in Stage 1, or prior to Day -7 of the Run-in Period in 
Stage 2 (for subjects not enrolled in Stage 1), and throughout the study. 

3. Body mass index (BMI) ≥ 18.5 and ≤ 32.0 kg/m2 at Screening. 

4. Negative result for Helicobacter pylori breath test at Screening. 

5. For a female of childbearing potential:  either was sexually inactive (abstinent) for 
28 days prior to Day -1 of Period 1 in Stage 1, or prior to Day -7 of the Run-in Period in 
Stage 2 (for subjects not enrolled in Stage 1), and throughout the study or was using an 
acceptable birth control method. 

Key Exclusion Criteria: 

1. History of any illness that, in the opinion of the Investigator or designee, might have 
confounded the results of the study or posed an additional risk to the subject by their 
participation in the study. 

2. History or presence of any of clinically significant GI disorder (e.g., impaction, chronic 
constipation, inflammatory bowel disease, ischemic colitis, vascular intestinal 
atherosclerosis, previous bowel resection, bowel obstruction, bariatric surgery, 
cholecystitis, appendectomy), in the opinion of the Investigator. 

3. History or presence of gastric ulcer, gastroesophageal reflux disease, heartburn, or nausea 
more than once a month, or any similar symptoms within 6 months of Screening. 

4. Had diarrhea or vomiting within 48 hours prior to Day -1 of Period 1 in Stage 1 or prior 
to Day -7 of the Run-in Period in Stage 2. 

3.1.1.2. Gastric pH Monitoring 

Gastric pH was measured and recorded continuously for a 22-hour period on scheduled days 
using a pH and pressure sensitive probe and ambulatory pH recording system (Sleuth/ZepHrTM 
Software from Sandhill Scientific).  

On Day -1 of Period 1 in Stage 1 or Day -1 of the Run-in Period in Stage 2 (if subject did not 
participate in Stage 1), the lower esophageal sphincter (LES) was identified and the distance 
from the upper border of LES to the nares was recorded to facilitate the placement of the 
microelectrode probe for pH monitoring.  

Prior to pH monitoring, the pH probe was inserted nasogastrically so that it was positioned in the 
gastric fundus (i.e., 10 cm below the LES).  The microelectrode recorded pH values over a 
22-hour time frame.  The probe was to be placed approximately 2 hours prior to the start of the 
22-hour monitoring period.   

The continuous pH recording session commenced immediately prior to treatment administration 
(Hour 0).  Intragastric pH was sampled and recorded every 5 seconds and data collection 
concluded at the end of the 22-hour continuous monitoring period.  Start time and stop time were 
recorded.  Study personnel were to check and document the operation of the monitor every 
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2 hours during waking hours and every 4 hours overnight to ensure that it was functioning 
properly.  Any interruptions in pH monitoring were to be captured in the source document and 
appropriate CRF.  To minimize the discomfort of probe insertion, administration of a topical 
nasal anesthetic (lidocaine) was permitted 

3.1.1.3. Gastric pH Study Subject Disposition, Demographics and Baseline 
Characteristics 

Forty-six (46) subjects participated in this study, with 40 subjects enrolled in Stage 1 and 
40 subjects enrolled in Stage 2.  Of the 40 subjects in Stage 2, 34 also participated in Stage 1.  Of 
the six subjects enrolled in Stage 1 who did not participate in Stage 2, five subjects chose not to 
participate due to scheduling conflicts, and the Investigator chose not to enroll one subject due to 
elevated blood pressure and heart rate on Day -7 of the Run-in Period in Stage 2. 

All 40 subjects randomized in Stage 1 completed that study stage.  Of the 40 subjects 
randomized in Stage 2, all completed the run-in and treatment portions of the study (including all 
pharmacodynamic and safety monitoring through the end of Period 4); however, one subject 
could not be reached at the 14-day posttreatment follow-up telephone contact.   

All 40 subjects randomized in each study stage were included in the Safety Analysis Set, and 
39 subjects randomized in each study stage were included in the Pharmacodynamic Analysis Set; 
the data for all eight treatment periods were excluded from the Pharmacodynamic Analysis Set 
for one subject with achlorhydria.   

A summary of subject disposition is shown in Table S2.  Pharmacodynamic data from one or 
more treatment periods for nine subjects were excluded from the analyses due to major protocol 
deviations.  Major deviations were those that were deemed to have impact on the 
pharmacodynamic analyses and included probe placement deviations recorded at the site during 
study conduct and probe transmission malfunction (i.e., pH recording of zero) and achlorhydria 
noted upon inspection of individual subject gastric pH profiles.  The number of individual 
subject profiles excluded from the analysis is provided by treatment and reason for exclusion in 
Table S2. 

A summary of demographic and baseline characteristics for the study population is provided in 
Table S3. 
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Table S2: Gastric pH Study Subject Disposition 
 Water 

Fasted 
Water 

Fed 
Veverimer 

Fasted 
Veverimer 

Fed Total 

Stage 1 (without Omeprazole) 
Enrolled subjects, n 40 40 40 40 40 
Randomized subjects, n 40 40 40 40 40 
Subjects who completed Stage 1, 
n (%) 40 (100) 40 (100) 40 (100) 40 (100) 40 (100) 

Subjects included in the Safety 
Analysis Set, n (%) 40 (100) 40 (100) 40 (100) 40 (100) 40 (100) 

Subjects included in the PD Analysis 
Set for at least one Treatment, n (%)a 36 (90) 39 (97.5) 39 (97.5) 38 (95) 39 (97.5) 

Subjects (n [%])a excluded from the 
PD Analysis Set for: 
   Probe malfunction 
   Improper probe placement 
   Achlorhydria 

 
 

2 (5) 
1 (2.5) 
1 (2.5) 

 
 

0 
0 

1 (2.5) 

 
 

0 
0 

1 (2.5) 

 
 

0 
1 (2.5) 
1 (2.5) 

 
 

2 (5) 
2 (5) 

1 (2.5) 

Stage 2 (with Omeprazole) 
Enrolled subjects, n 40 40 40 40 40 
Randomized subjects, n 40 40 40 40 40 
Subjects who completed Stage 2, 
n (%) 39 (97.5) 39 (97.5) 39 (97.5) 39 (97.5) 39 (97.5) 

Subjects included in the Safety 
Analysis Set, n (%) 40 (100) 40 (100) 40 (100) 40 (100) 40 (100) 

Subjects included in the PD Analysis 
Set for at least one Treatment, n (%)a 37 (92.5) 38 (95) 37 (92.5) 39 (97.5) 39 (97.5) 

Subjects (n [%])a excluded from the 
PD Analysis Set for: 
   Probe malfunction 
   Improper probe placement 
   Achlorhydria 

 
 

2 (5) 
0 

1 (2.5) 

 
 

0 
1 (2.5) 
1 (2.5) 

 
 

1 (2.5) 
1 (2.5) 
1 (2.5) 

 
 

0 
0 

1 (2.5) 

 
 

3 (7.5) 
2 (5) 

1 (2.5) 
PD = pharmacodynamic 
Note:  Water Fasted = Treatment A in Stage 1 and Treatment E in Stage 2; Water Fed = Treatment B in Stage 1 and 
Treatment F in Stage 2; Veverimer Fasted = Treatment C in Stage 1 and Treatment G in Stage 2; Veverimer Fed = 
Treatment D in Stage 1 and Treatment H in Stage 2 
a Percentages are calculated based on the total number of subjects enrolled in the study stage.  
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Table S3: Gastric pH Study Demographics and Baseline Characteristics 

Parameter Stage 1 
(N = 40) 

Stage 2 
(N = 40) 

Age (years)   
  n 40 40 
  Mean (SD) 33.4 (8.69) 35.5 (8.98) 
  Median 33.5 34.0 
  Min, Max 18, 55 20, 55 
Gender   
  Male 13 (32.5) 14 (35.0) 
  Female 27 (67.5) 26 (65.0) 
Race, n (%)   
  White 32 (80.0) 31 (77.5) 
  Black or African American 7 (17.5) 7 (17.5) 
  Multiple 1 (2.5) 2 (5.0) 
Ethnicity, n (%)   
  Not Hispanic or Latino 17 (42.5) 17 (42.5) 
  Hispanic or Latino 23 (57.5) 23 (57.5) 
Weight (kg)   
  n 40 40 
  Mean (SD) 72.45 (8.989) 72.81 (9.391) 
  Median 71.05 71.30 
  Min, Max 55.0, 99.0 58.3, 99.0 
BMI (kg/m2)   
  n 40 34 
  Mean (SD) 26.12 (2.987) 26.26 (2.938) 
  Median 26.23 26.55 
  Min, Max 20.5, 32.0 21.5, 32.0 

BMI = body mass index; Max = maximum; Min = minimum; SD = standard deviation 

3.1.2. DDI Studies 

Table S4: Test Drugs with pH-Dependent Solubility 

Test Drug 
(Dose; mg) 

BCS 
Class MW pKa 

Charge at pH Solubility (µg/mL) 
at pH 

1.2 4.5 6.8 1.2 6.5 

Furosemide (20) IV 330.7 3.62A, 10.16A N – – 7.7 ≥300 

Warfarin (2) II 308.3 4.94A N N / – – 5.7 223 
Dabigatran etexilate 
mesylate (150) II 627.7 3.83B 6.71B + + N ≥300 3 

BCS = Biopharmaceutics Classification System; MW = molecular weight; N = neutral; – negative; + = positive 
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3.1.2.1. DDI Study Designs and Entry Criteria 

The furosemide, aspirin and warfarin DDI studies used the same design (Figure S2).  The 
treatments administered were victim drug alone (Treatment A), victim drug coadministered with 
veverimer (Treatment B), and victim drug administered between two doses of veverimer (given 
24 hours apart), with a 3-hour separation from the last dose of veverimer (Treatment C).  
Subjects were randomized to one of three treatment sequences:  ABC, BCA or CAB.   

Figure S2: Drug-Drug Interaction Study Design (Furosemide, Aspirin, Warfarin) 

 

Specifically, the treatments in the furosemide, aspirin and warfarin DDI studies were: 

• Treatment A:  Victim drug at Hour 0, within 30 minutes after the start of a standard 
breakfast on Day 1 

• Treatment B:  Victim drug at Hour 0, within 30 minutes after the start of a standard 
breakfast on Day 1, followed by 9 g veverimer administered within 10 minutes after 
the victim drug dose on Day 1 

• Treatment C:  9 g veverimer administered at Hour -21, within 30 minutes after the 
start of a standard lunch on Day -1; victim drug at Hour 0, within 30 minutes after the 
start of a standard breakfast on Day 1, followed by 9 g veverimer administered at 
Hour 3, within 30 minutes after start of a standard lunch on Day 1 

Blood for PK analyses was collected at the following nominal sample times after administration 
of the victim drug: 

Furosemide DDI study: 0, 0.5, 1, 1.25, 1.5, 1.75, 2, 2.33, 2.67, 3, 3.5, 4, 5, 6, 7, 8, 10, 12 and 
24 hours 

Aspirin DDI study: 0, 0.25, 0.5, 0.75, 1, 1.5, 1.75, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 7, 8, 10, 
12, 16 and 24 hours 
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Warfarin DDI study: 0, 0.25, 0.5, 1, 2, 2.5, 3, 4, 6, 8, 12, 24, 36, 48, 72, 96, 120, 144 and 
168 hours 

Blood for PD analyses was collected at the following nominal sample times after administration 
of warfarin:  0, 1, 4, 12, 24, 48, 72, 96, 120, 144 and 168 hours. 

The dabigatran DDI study used the study design shown in Figure S3.  Subjects were randomized 
to receive dabigatran alone (Treatment A), dabigatran coadministered with veverimer (Treatment 
B) or dabigatran administered 2 hours after veverimer (Treatment C) in one of three sequences: 
ABC, BCA or CAB.  A protocol-specified review of the safety and PK results was conducted, 
and a determination was made to additionally assess the effect of dabigatran administered 1 hour 
after veverimer (Treatment D) in all subjects. 

There was a washout period of at least 7 days between dabigatran doses. 

Figure S3: Drug-Drug Interaction Study Design (Dabigatran) 

 

Specifically, the treatments in the dabigatran DDI study were: 

• Treatment A:  150 mg dabigatran at Hour 0, within 30 minutes after the start of a 
standard breakfast on Day 1 

• Treatment B:  9 g veverimer at Hour -0.17, within 30 minutes after the start of a 
standard breakfast on Day 1 followed by 150 mg dabigatran at Hour 0 on Day 1 

• Treatment C:  9 g veverimer at Hour -2, within 30 minutes after the start of a standard 
breakfast on Day 1 followed by 150 mg dabigatran at Hour 0 on Day 1 

• Treatment D:  9 g veverimer at Hour -1, within 30 minutes after the start of a standard 
breakfast on Day 1 followed by 150 mg dabigatran at Hour 0 on Day 1 

Blood for PK analyses was collected at the following nominal sample times after administration 
of dabigatran:  0, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 8, 12, 24, 36, 48, 60 and 72 hours. 

Dabigatran alone (A) Dabigatran + Veverimer
coadministration (B)

Dabigatran + Veverimer
2h separation (C)

Interim analysis

Dabigatran + Veverimer
1h separation (D)
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3.1.2.1.1. DDI Study Analytical Method Summaries 

Analytical methods were developed by Celerion (Lincoln, NE) and validated in accordance with 
regulatory (i.e. FDA, EMA) guidance. Each assay met standard performance acceptance criteria 
including incurred sample reproducibility. 

3.1.2.1.1.1. Furosemide 

Furosemide was quantified in human plasma following its dosage.  To assay furosemide in 
human K2EDTA plasma, internal standard (IS; deuterated [d5] furosemide) was added to a 0.500 
mL sample, which was processed using a liquid-liquid extraction procedure.  The extracted 
samples were analyzed using liquid chromatography with tandem mass spectrometric detection 
(LC-MS/MS).  Analytes were monitored by multiple reaction monitoring (MRM) in negative ion 
mode.  Samples were protected from light throughout handling and analysis.   

3.1.2.1.1.2. Acetylsalicylic Acid and Salicylic Acid 

Acetylsalicylic acid (ASA) and its metabolite, salicylic acid (SA) were quantified in human 
plasma following dosage of aspirin.  Plasma was stabilized by the addition of sodium fluoride 
(NaF) to prevent continued hydrolysis of ASA to SA in samples after collection.  Samples were 
also protected from light throughout handling and analysis.  To NaF/K2EDTA plasma, IS (d4-
ASA and d4-SA) was added to a 0.100 mL sample, which was processed using a liquid-liquid 
extraction procedure.  The extracted samples were analyzed by LC-MS/MS.  Analytes were 
monitored by MRM in negative ion mode. 

3.1.2.1.1.3. R-Warfarin / S-Warfarin 

The R- and S-enantiomers of warfarin were quantified in human plasma following dosage of 
warfarin.  To K2EDTA plasma, IS (d5-R- and S-warfarin) was added to a 0.0500 mL sample, 
which was processed using a liquid-liquid extraction procedure.  The extracted samples were 
analyzed by LC-MS/MS using a chiral LC column to separate the enantiomers.  Analytes were 
monitored by MRM in negative ion mode.   

3.1.2.1.1.4. Free and Total Dabigatran 

Free (unconjugated) dabigatran and total dabigatran (unconjugated plus conjugated dabigatran 
after complete alkaline cleavage of dabigatran glucuronides) were quantified in human plasma 
following dosage of dabigatran.  For the analysis of free dabigatran, IS (13C6-dabigatran) was 
added to a 0.0500 mL K2EDTA plasma sample acidified with 20% formic acid (5% v/v), which 
was then processed by solid-phase extraction.  The extracted samples were analyzed by 
LC-MS/MS with dabigatran and IS monitored by MRM in positive ion mode.  For the analysis 
of total dabigatran, IS was added to a 0.0500 mL K2EDTA plasma sample acidified with 20% 
formic acid (5% v/v), which was then incubated with 5 N sodium hydroxide at 38°C for 60 to 
75 minutes to effect alkaline hydrolysis of dabigatran glucuronide conjugates.  The samples were 
then processed by solid-phase extraction and analyzed by LC-MS/MS with dabigatran and IS 
monitored by MRM in positive ion mode. 

3.1.2.1.2. Furosemide DDI Study Entry Criteria 

Key Inclusion Criteria: 
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1. Male or female, 18 – 55 years of age, inclusive, at screening. 

2. Continuous non-smoker who has not used nicotine-containing products for at least 3 months 
prior to Day -1 of Period 1 and throughout the study. 

3. Body mass index (BMI) ≥ 18.5 and ≤ 32.0 kg/m2 at screening. 

4. For a female of childbearing potential:  either be sexually inactive (abstinent) for 28 days 
prior to Day -1 of Period 1 and throughout the study or be using an acceptable birth control 
method. 

Key Exclusion Criteria: 
1. History of any illness that, in the opinion of the PI or designee, might confound the results of 

the study or poses an additional risk to the subject by their participation in the study. 

2. History or presence of any of the following: 

• clinically significant anuria, obstructive urinary symptoms, or renal disorder, in the 
opinion of the PI; 

• clinically significant GI disorder (e.g., impaction, chronic constipation, inflammatory 
bowel disease, ischemic colitis, vascular intestinal atherosclerosis, previous bowel 
resection, bowel obstruction, bariatric surgery, cholecystitis, appendectomy), in the 
opinion of the PI. 

3. Subjects with diarrhea or vomiting within 48 hours prior to Day -1 of Period 1. 

4. Seated blood pressure is less than 100/60 mmHg or greater than 140/90 mmHg at screening. 
A subject with a seated blood pressure less than 100/60 mmHg or greater than 140/90 mmHg 
at first check-in may be terminated early from the study, at the PI’s discretion. 

5. Seated heart rate is lower than 50 bpm or higher than 99 bpm at screening. A subject with a 
seated heart rate lower than 50 bpm or higher than 99 bpm at first check-in may be 
terminated early from the study, at the PI’s discretion. 

6. Orthostatic vital sign results with a decrease in systolic blood pressure > 20 mmHg or 
increase in pulse of > 20 bpm on Day -2 of Period 1.  

3.1.2.1.3. Aspirin DDI Study Entry Criteria 

Key Inclusion Criteria: 
1. Males or females 19 to 55 years of age, inclusive, at screening 
2. Continuous non-smokers who had not used nicotine-containing products for at least 

3 months prior to Day -1 of Period 1 and throughout the study 
3. Body mass index (BMI) of ≥ 18.5 and ≤ 32.0 kg/m2 at screening 
4. Negative result for Helicobacter pylori breath test at screening 
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5. For a female of childbearing potential:  be either sexually inactive (abstinent) for 28 days 
prior to Day -1 of Period 1 and throughout the study or using an acceptable birth control 
methods. 

6. A non-vasectomized male subject was required to agree to use a condom with spermicide 
or abstain from sexual intercourse during the study and until 90 days beyond the last dose 
of study drug.  A male subject who was vasectomized less than 4 months prior to the first 
dose of study drug was required to follow the same restrictions as a non-vasectomized 
male.  

7. Male subjects were required to agree not to donate sperm from the first dose until 90 days 
after the last dose of study drug.  

8. All subjects were required to have a negative fecal occult blood test at screening.  To 
avoid false positive results, subjects were instructed to avoid consumption of red mean 
(e.g., beef, lamb, liver) and avoid vitamin C intake in excess of 250 mg/day from all 
sources for 3 days prior to performing the test.  

Key Exclusion Criteria: 
1. History of any illness that in the opinion of the Investigator or designee might confound 

the results of the study or posed an additional risk to the subject by their participation in 
the study 

2. History or presence of any of the following: 

• Bleeding disorder(s) including relevant family history 

• Anemia (with the exception of history of temporary anemia during pregnancy) 

• Thromboembolic disease 

• Bleeding in the GI tract or central nervous system 

• Clinically significant GI disorder (e.g., impaction, chronic constipation, inflammatory 
bowel disease, ischemic colitis, vascular intestinal atherosclerosis, previous bowel 
resection, bowel obstruction, bariatric surgery, cholecystitis, appendectomy) in the 
opinion of the Investigator  

3. Active, severe gingivitis in the opinion of the Investigator 
4. Clinically significant illness or surgery, including tooth extraction, trauma or head injury, 

within 28 days before Day -1 of Period 1 
5. Seated blood pressure less than 90/40 millimeters of mercury (mmHg) or greater than 

140/90 mmHg at screening 
6. Seated heart rate lower than 40 beats per minute (bpm) or higher than 99 bpm at 

screening 

3.1.2.1.4. Warfarin DDI Study Entry Criteria 

Key Inclusion Criteria:  
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1. Males or females (of non-childbearing potential only), 18 − 55 years of age, inclusive, at 
screening. 

2. Continuous non-smokers who had not used nicotine-containing products for at least 
3 months prior to Day -1 of Period 1 and throughout the study. 

3. Body mass index (BMI) ≥ 18.5 and ≤ 32.0 kg/m2 at screening. 
4. Females were required to be of non-childbearing potential and must have undergone one 

or more of the following sterilization procedures at least 6 months prior to Day -1 of 
Period 1: 

• Hysteroscopic sterilization with documented confirmation of occlusion 3 months or 
more following the procedure 

• Bilateral tubal ligation or bilateral salpingectomy 

• Hysterectomy 

• Bilateral oophorectomy 

or be postmenopausal, defined as being at least 52 years of age with amenorrhea for at 
least 1 year prior to Day -1 of Period 1 and have follicle-stimulating hormone (FSH) 
serum levels within the reference range consistent with postmenopausal status. 

5. Non-vasectomized males were required to agree to use a condom with spermicide or 
abstain from sexual intercourse during the study until 90 days after the last dose of study 
drug.  No restrictions were required for vasectomized males provided the vasectomy was 
performed at least 4 months prior to the first dose of study drug.  Males vasectomized 
less than 4 months prior to the first dose of study drug were required to follow the same 
restrictions as non-vasectomized males.  

6. If male, agreed not to donate sperm from the first dose through 90 days after the last dose 
of study drug.  

7. Normal or non-clinically significant abnormalities of prothrombin time (PT), activated 
partial thromboplastin time (aPTT), platelet count and hemoglobin (Hgb) level, in the 
opinion of the investigator.  

8. Negative fecal occult blood test at screening.  To avoid false-positive results, subjects 
were instructed to avoid consumption of red meats (e.g., beef, lamb, liver) and avoid 
excess vitamin C intake (> 250 mg/day from all sources) for 3 days prior to performing 
the test. 

Key Exclusion Criteria: 
1. History of any illness that in the opinion of the investigator or designee might confound 

the results of the study or posed an additional risk to the subject by their participation in 
the study. 

2. History or presence of alcoholism or drug abuse within the past 2 years prior to Day -1 of 
Period 1. 

3. History or presence of any of the following: 
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• Bleeding disorder(s), including relevant family history 

• Anemia (history of temporary anemia in pregnancy was acceptable) 

• Thromboembolic disease 

• Bleeding in the GI tract or central nervous system 

• CS GI disorder (e.g., impaction, chronic constipation, inflammatory bowel disease, 
ischemic colitis, vascular intestinal atherosclerosis, previous bowel resection, bowel 
obstruction, bariatric surgery, cholecystitis, appendectomy), in the opinion of the 
investigator 

4. Had active, severe gingivitis in the opinion of the investigator. 
5. Had CS illness, CS surgery including tooth extraction, trauma or head injury, within 28 

days prior to Day -1 of Period 1. 
6. Employment or active involvement in any circumstance that would place the subject at 

increased risk of hemorrhage during the study (e.g., contact sports, strenuous or 
unaccustomed weightlifting, running, bicycling). 

7. History or presence of gastric ulcer, gastroesophageal reflux disease, heartburn or nausea 
more than once a month, or any similar symptoms within 6 months of screening. 

8. Seated blood pressure less than 90/40 millimeters of mercury (mmHg) or greater than 
140/90 mmHg at screening. 

9. Seated heart rate lower than 40 beats per minute (bpm) or higher than 99 bpm at 
screening. 

10. Increased sensitivity to warfarin based on the genotyping of VKORC1 and CYP2C9 as 
outlined in Table S5: 

Table S5: Exclusion Criteria for Genotyping  

VKORC1 

CYP2C9 

*1/*1 

(WT/WT) 

*1/*2 

(WT/*2) 

*1/*3 

(WT/*3) 

*2/*2 

 

*2/*3 

 

*3/*3 

 

GG (WT/WT)      Exclude 
AG (WT/MUT)     Exclude Exclude 
AA 
(MUT/MUT)   Exclude Exclude Exclude Exclude 

CYP2C9 = cytochrome P450 2C9; MUT = mutant allele; VKORC1 = vitamin K epoxide reductase complex 1;  
WT = wild type allele 
Source: Adapted from http://clevelandcliniclabs.com/assets/pdfs/technical-briefs/warfarin-84613.pdf, accessed 09-
Sep-2015 
 

http://clevelandcliniclabs.com/assets/pdfs/technical-briefs/warfarin-84613.pdf
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11. Consumption of large daily doses of vitamin K (i.e., > 25 μg daily) and/or a diet rich in 
vitamin K (e.g., consumed large quantities [e.g., > 4 portions daily] of avocado, 
asparagus, dark green leafy vegetables such as Brussels sprouts, broccoli, cabbage, 
endive, kale, lettuce, spinach, turnip greens, mustard greens, or beet greens) 14 days prior 
to Day -1 of Period 1. 

3.1.2.1.5. Dabigatran DDI Study Entry Criteria 

Key Inclusion Criteria: 

1. Males or females 18 to 55 years of age, inclusive, at screening 

2. Continuous non-smokers who had not used nicotine-containing products for at least 
3 months prior to Day 1 of Period 1, Part 1 and throughout the study 

3. Body mass index (BMI) of ≥ 18.5 and ≤ 32.0 kg/m2 at screening 

4. Negative result for Helicobacter pylori breath test at screening 

5. For a female of childbearing potential: be either sexually inactive (abstinent) for 28 days 
prior to Day 1 of Period 1, Part 1 and throughout the study or using an acceptable birth 
control method. 

6. A non-vasectomized male subject was required to agree to use a condom with spermicide 
or abstain from sexual intercourse during the study and until 90 days after the last dose of 
dabigatran.  (No restrictions were required for a vasectomized male provided his 
vasectomy was performed 4 months or more prior to the first dose of study drug.  A male 
subject who was vasectomized less than 4 months prior to the first dose of study drug was 
required to follow the same restrictions as a non-vasectomized male.)  

7. Male subjects were required to agree not to donate sperm from the first dose until 90 days 
after the last dose of dabigatran  

8. Normal PT and aPTT at screening and first check-in and normal or clinically non-
significant abnormalities of platelet counts at screening, in the opinion of the investigator.  
Hemoglobin levels were required to be > 11.5 g/dL in females and > 13 g/dL in males at 
screening and check-in (Day -1) with one recheck for confirmation allowed at screening 
or check-in if needed. 

9. Estimated glomerular filtration rate > 50 mL/min/1.73m2 at screening and first check-in 

10. Subject had a negative fecal occult blood test at screening.  To avoid false positive 
results, subjects were instructed to avoid consumption of red meats (e.g., beef, lamb, 
liver) and avoid vitamin C intake in excess of 250 mg/day from all sources for 3 days 
prior to performing the test.  

Key Exclusion Criteria: 

1. History of any illness that in the opinion of the investigator or designee might confound 
the results of the study or posed an additional risk to the subject by their participation in 
the study 

2. History or presence of any of the following: 

• Bleeding or clotting disorder(s) including relevant family history 
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• Pathological bleeding (i.e., spontaneous bleeding, excessive bleeding or bleeding that 
is delayed with respect to timing of injury) 

• Thromboembolic disease 

• Bleeding in the GI tract, central nervous system or epidural or intraspinal bleeding 

• CS GI disorder (e.g., impaction, chronic constipation, inflammatory bowel disease, 
ischemic colitis, vascular intestinal atherosclerosis, previous bowel resection, bowel 
obstruction and bariatric surgery) in the opinion of the investigator  

• Heavy menstrual bleeding in subjects who are pre-menopausal, frequent epistaxis, or 
frequent gum bleeding 

• Mechanical prosthetic heart valve 

3. Active, severe gingivitis in the opinion of the investigator 

4. CS illness or surgery, including tooth extraction, trauma or head injury, within 28 days 
before Day 1 of Period 1, Part 1 

5. Subject is employed or actively involved in any circumstance which would place them at 
increased risk of hemorrhage during the study (e.g., contact sports, strenuous or 
unaccustomed weightlifting, running, bicycling) 

6. Known or suspected achlorhydria 

7. Any history or presence of gastric or duodenal ulcer 

8. History of gastroesophageal reflux disease within the past 5 years 

9. Heartburn or nausea more than once a month, or any similar symptoms within 6 months 
of screening 

10. Seated blood pressure less than 90/40 millimeters of mercury (mmHg) or greater than 
140/90 mmHg at screening 

11. Seated heart rate lower than 40 beats per minute (bpm) or higher than 99 bpm at 
screening 

3.1.2.2. DDI Study Subject Disposition, Demographics and Baseline Characteristics 

Table S6: DDI Study Subject Disposition 

Parameter (N [%]) Furosemide DDI 
Study 

Aspirin DDI  
Study 

Warfarin DDI 
Study 

Dabigatran DDI 
Study 

Subjects Enrolled 52 51 15 84 

Subjects Randomized 52 51 15 84 

Subjects Randomized and 
Not Dosed 

0 0 
0 

0 

Subjects in the Safety 
Analysis Seta 52 (100%) 51 (100%) 15 (100%) 84 (100%) 

Treatment A 49 (94.2%) 50 (98.0%) 15 (100%) 84 (100%) 
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Treatment B 50 (96.2%) 49 (96.1%) 14 (93.3%) 84 (100%) 

Treatment C 51 (98.1%) 49 (96.1%) 14 (93.3%) 83 (98.8%) 

Treatment D NA NA NA 81 (96.4%) 

Subjects in the PK Analysis 
Seta, 51 (98.1%)b 51 (100%) 15 (100%)c 84 (100%) 

Treatment A 49 (94.2%) 50 (98.0%) 14 (93.3%) 84 (100%) 

Treatment B 49 (94.2%) 49 (96.1%) 14 (93.3%) 84 (100%) 

Treatment C 50 (96.2%) 49 (96.1%) 14 (93.3%) 83 (98.8%) 

Treatment D NA NA NA 81 (96.4%) 

Subjects in the PD Analysis 
Seta, NA NA 15 (100%) NA 

Treatment A NA NA 15 (100%) NA 

Treatment B NA NA 14 (93.3%) NA 

Treatment C NA NA 14 (93.3%) NA 

Subjects who Completeda 48 (92.3%) 48 (94.1%) 14 (93.3%) 81 (96.4%) 

Subjects who Discontinued 
Early a 4 (7.7%) 

3 (5.9%) 1 (6.7%) 3 (3.6%) 

Primary Reason for Early Discontinuationa 

Adverse Event 2 (3.8%) 0 0 0 

Protocol Deviation 1 (1.9%)d 0 0 0 

Physician Decision 0 0 0 1 (1.2%) 

Withdrawal by Subject 1 (1.9%) 3 (5.9%) 1 (6.7%) 2 (2.4%) 
PD = pharmacodynamic; PK = pharmacokinetic 
a Percentages are based on the total number of subjects enrolled. 
b Two subjects received only Treatment C before being withdrawn from the study; no PK data are available for 

these subjects for Treatment A or B.  One subject withdrew from the study after receiving Treatments A and B and 
the first dose of veverimer in Treatment C; no PK data are available for this subject for Treatment C. 

c Excludes PK data from Treatment A (warfarin only) period in 1 subject. 
d The discontinuation classified as “protocol deviation” by the Investigator was due to out of range laboratory 

results that were captured as treatment-emergent adverse events (i.e., eosinophil count increased and white blood 
cell count increased). 
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Table S7: DDI Study Demographics and Baseline Characteristics 

Parameter (N [%]) Furosemide DDI 
Study  

Aspirin DDI 
Study 

Warfarin DDI 
Study 

Dabigatran DDI 
Study 

Age (years) 

n   52  51  15 84 

Mean (SD)  38.6 (9.26)  33.7 (11.08)  32.6 (6.29) 38.6 (9.89) 

Median  39.5  31.0  34.0 38.0 

Min, Max  18, 55   19, 55   18, 39 19, 55 

Sex 

Male  29 (55.8%)  24 (47.1%)  12 (80.0%) 48 (57.1%) 

Female  23 (44.2%)  27 (52.9%)   3 (20.0%) 36 (42.9%) 

Race 

White  47 (90.4%)  42 (82.4%)  13 (86.7%) 67 (79.8%) 

Black or African 
American 

 3 (5.8%)  6 (11.8%)  2 (13.3%) 6 (7.1%) 

Multiple  2 (3.8%)  3 (5.9%) 0 11 (13.1%) 

Ethnicity 

Not Hispanic or 
Latino 

 11 (21.2%)  50 (98.0%)  6 (40.0%) 40 (47.6%) 

Hispanic or Latino  41 (78.8%) 1 (2.0%) 9 (60.0%) 44 (52.4%) 

Body Mass Index (kg/m2) 

n  52  51 15 84 

Mean (SD)  27.59 (2.877)  25.83 (3.796)  27.84 (3.499) 26.44 (3.004) 

Median  27.94  25.06  27.87 26.70 

Min, Max  20.5, 31.9  19.6, 32.0  20.0, 31.5 18.6, 32.2 
DDI = drug-drug interaction; Max = maximum; Min = minimum; n = number; SD = standard deviation 

3.2. Results 

3.2.1. Gastric pH Study Additional Pharmacodynamic Results 

In Figure S4, the effect of food on gastric pH can be seen by comparing the mean gastric pH 
profiles from Treatment A (Water Fasted) and Treatment B (Water Fed).  Assessment of the 
maximum effect of food on gastric pH was hampered in this study by the fact that pH data 
collection began with administration of the study treatment, while meal consumption began 
15 minutes earlier (i.e., the “fed” pH profiles are missing a portion of the food-induced increase 
in gastric pH).  Nevertheless, Figure S2 shows that food immediately increased gastric pH by at 
least 2 pH units.  Gastric pH returned to baseline ~1.5 hours after the meal.   
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Figure S4: Effect of Food:  Water Administered under Fasting vs. Fed Conditions 

 
Note:  Breakfast was eaten (Treatment B) within 15 minutes prior to Hour 0.  Ingestion of water (Treatments A and 
B) occurred at ~Hour 0, just after the initiation of pH monitoring.  Lunch was eaten at ~Hour 4, dinner at ~Hour 9 
and an evening snack at ~Hour 13. 
SE = standard error 

In Figure S5, the effect of a steady-state concentration of omeprazole on gastric pH can be seen 
by comparing the mean gastric pH profiles from Treatment A (Water Fasted without 
omeprazole) and Treatment E (Water Fasted with omeprazole).  Omeprazole increased mean 
gastric pH throughout the 22-hour monitoring period by ~2 – 4 pH units, to a maximum of ~pH 
6.2.  The effect of food on gastric pH (i.e., an increase of ~2 – 3 pH units at Hour 4 and Hour 10) 
could be observed on top of the background effect of omeprazole.  Administration of omeprazole 
1 hour prior to dinner appeared to prevent the postprandial decline in gastric pH after this meal, 
as well as the pH increase associated with the evening snack.   
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Figure S5: Effect of Omeprazole:  Water Administered under Fasting Conditions 
Without vs. With Omeprazole 

 
Note:  Ingestion of water (Treatments A and E) occurred at ~Hour 0, just after the initiation of pH monitoring.  
Omeprazole was administered at Hour 9 (Treatment E).  Lunch was eaten at ~Hour 4, dinner at ~Hour 9 (for 
Treatment A) or ~Hour 10 (for Treatment E) and an evening snack at ~Hour 13. 
SE = standard error 

3.2.2. Human DDI Studies Pharmacokinetic Results 

Concentration-time curves for the analytes measured in the DDI studies, plotted both on linear 
and log-linear scales, are provided below. 

Figure S6: Mean (SD) Plasma Furosemide Concentration Profile over Time (Linear 
Scale) 

 
SD = standard deviation. 
Treatment A = 20 mg furosemide administered at Hour 0, within 30 minutes after the start of a standard breakfast on 
Day 1; Treatment B = 20 mg furosemide administered at Hour 0, within 30 minutes after the start of a standard 
breakfast on Day 1, followed by 9 g veverimer administered within 10 minutes after the furosemide dose on Day 1; 
Treatment C = 9 g veverimer administered at Hour -21 within 30 minutes after the start of a standard lunch on Day -
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1, 20 mg furosemide administered at Hour 0, within 30 minutes after the start of a standard breakfast on Day 1, 
followed by 9 g veverimer administered at Hour 3, within 30 minutes after the start of a standard lunch on Day 1. 

Figure S7: Mean Plasma Furosemide Concentration Profile over Time (Log-Linear 
Scale) 

 
Treatment A = 20 mg furosemide administered at Hour 0, within 30 minutes after the start of a standard breakfast on 
Day 1; Treatment B = 20 mg furosemide administered at Hour 0, within 30 minutes after the start of a standard 
breakfast on Day 1, followed by 9 g veverimer administered within 10 minutes after the furosemide dose on Day 1; 
Treatment C = 9 g veverimer administered at Hour -21 within 30 minutes after the start of a standard lunch on Day -
1, 20 mg furosemide administered at Hour 0, within 30 minutes after the start of a standard breakfast on Day 1, 
followed by 9 g veverimer administered at Hour 3, within 30 minutes after the start of a standard lunch on Day 1. 
Figure S8: Mean (SD) Plasma Acetylsalicylic Acid Concentration Profile over Time 

(Linear Scale) 

 
BLQ = below the lower limit of quantification; SD = standard deviation 
Treatment A = 81 mg aspirin administered at Hour 0, within 30 minutes after the start of a standard breakfast on 
Day 1; Treatment B = 81 mg aspirin administered at Hour 0, within 30 minutes after the start of a standard breakfast 
on Day 1, followed by 9 g veverimer administered within 10 minutes after the aspirin dose on Day 1; Treatment C = 
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9 g veverimer administered at Hour -21 within 30 minutes after the start of a standard lunch on Day -1, 81 mg 
aspirin administered at Hour 0, within 30 minutes after the start of a standard breakfast on Day 1, followed by 9 g 
veverimer administered at Hour 3, within 30 minutes after the start of a standard lunch on Day 1.  

The plasma acetylsalicylic acid concentration levels that are BLQ are set to 0 if before the first quantifiable 
concentration, and to missing elsewhere.  The concentration levels were BLQ after postdose Hour 8.  BLQ are 
values < 2.00 ng/mL. 
Figure S9: Mean Plasma Acetylsalicylic Acid Concentration Profile over Time (Log-

Linear Scale) 

 
BLQ = below the lower limit of quantification  
Treatment A = 81 mg aspirin administered at Hour 0, within 30 minutes after the start of a standard breakfast on 
Day 1; Treatment B = 81 mg aspirin administered at Hour 0, within 30 minutes after the start of a standard breakfast 
on Day 1, followed by 9 g veverimer administered within 10 minutes after the aspirin dose on Day 1; Treatment C = 
9 g veverimer administered at Hour -21 within 30 minutes after the start of a standard lunch on Day -1, 81 mg 
aspirin administered at Hour 0, within 30 minutes after the start of a standard breakfast on Day 1, followed by 9 g 
veverimer administered at Hour 3, within 30 minutes after the start of a standard lunch on Day 1. 

The plasma acetylsalicylic acid concentration levels that are BLQ are set to 0 if before the first quantifiable 
concentration, and to missing elsewhere.  The concentration levels were BLQ after postdose Hour 8.  BLQ are 
values < 2.00 ng/mL. 
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Figure S10: Mean (SD) Plasma Salicylic Acid Concentration Profile over Time (Linear 
Scale) 

 
BLQ = below the lower limit of quantification; SD = standard deviation. 
Treatment A = 81 mg aspirin administered at Hour 0, within 30 minutes after the start of a standard breakfast on 
Day 1; Treatment B = 81 mg aspirin administered at Hour 0, within 30 minutes after the start of a standard breakfast 
on Day 1, followed by 9 g veverimer administered within 10 minutes after the aspirin dose on Day 1; Treatment C = 
9 g veverimer administered at Hour -21 within 30 minutes after the start of a standard lunch on Day -1, 81 mg 
aspirin administered at Hour 0, within 30 minutes after the start of a standard breakfast on Day 1, followed by 9 g 
veverimer administered at Hour 3, within 30 minutes after the start of a standard lunch on Day 1. 

The plasma salicylic acid concentration levels that are BLQ are set to 0 if before the first quantifiable concentration, 
and to missing elsewhere.  BLQ are values < 50.0 ng/mL. 

Figure S11: Mean Plasma Salicylic Acid Concentration Profile over Time (Log-Linear 
Scale) 
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BLQ = below the lower limit of quantification 
Treatment A = 81 mg aspirin administered at Hour 0, within 30 minutes after the start of a standard breakfast on 
Day 1; Treatment B = 81 mg aspirin administered at Hour 0, within 30 minutes after the start of a standard breakfast 
on Day 1, followed by 9 g veverimer administered within 10 minutes after the aspirin dose on Day 1; Treatment C = 
9 g veverimer administered at Hour -21 within 30 minutes after the start of a standard lunch on Day -1, 81 mg 
aspirin administered at Hour 0, within 30 minutes after the start of a standard breakfast on Day 1, followed by 9 g 
veverimer administered at Hour 3, within 30 minutes after the start of a standard lunch on Day 1. 

The plasma salicylic acid concentration levels that are BLQ are set to 0 if before the first quantifiable concentration, 
and to missing elsewhere.  BLQ are values < 50.0 ng/mL. 

Figure S12: Mean (SD) Plasma R-Warfarin Concentration Profile over Time (Linear 
Scale) 

 
BLQ = below the lower limit of quantification; SD = standard deviation 
Treatment A = 2 mg warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast on 
Day 1; Treatment B = 2 mg warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast 
on Day 1, followed by 9 g veverimer administered within 10 minutes after the warfarin dose on Day 1; Treatment C 
= 9 g veverimer administered at Hour -21 within 30 minutes after the start of a standard lunch on Day -1, 2 mg 
warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast on Day 1, followed by 9 g 
veverimer administered at Hour 3, within 30 minutes after the start of a standard lunch on Day 1. 

The plasma warfarin concentration levels that are BLQ are set to 0 if before the first quantifiable concentration.  
There were no BLQ concentration levels after the predose sample in any individual subject at any time point.  BLQ 
are values < 1.00 ng/mL. 
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Figure S13: Mean Plasma R-Warfarin Concentration Profile over Time (Log-Linear 
Scale) 

 
BLQ = below the lower limit of quantification; SD = standard deviation. 
Treatment A = 2 mg warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast on 
Day 1; Treatment B = 2 mg warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast 
on Day 1, followed by 9 g veverimer administered within 10 minutes after the warfarin dose on Day 1; Treatment C 
= 9 g veverimer administered at Hour -21 within 30 minutes after the start of a standard lunch on Day -1, 2 mg 
warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast on Day 1, followed by 9 g 
veverimer administered at Hour 3, within 30 minutes after the start of a standard lunch on Day 1. 

The plasma warfarin concentration levels that are BLQ are set to 0 if before the first quantifiable concentration.  
There were no BLQ concentration levels after the predose sample in any individual subject at any time point.  BLQ 
are values < 1.00 ng/mL. 

Figure S14: Mean (SD) Plasma S-Warfarin Concentration Profile over Time (Linear 
Scale) 

 
BLQ = below the lower limit of quantification; SD = standard deviation. 



Confidential  30 

Treatment A = 2 mg warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast on 
Day 1; Treatment B = 2 mg warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast 
on Day 1, followed by 9 g veverimer administered within 10 minutes after the warfarin dose on Day 1; Treatment C 
= 9 g veverimer administered at Hour -21 within 30 minutes after the start of a standard lunch on Day -1, 2 mg 
warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast on Day 1, followed by 9 g 
veverimer administered at Hour 3, within 30 minutes after the start of a standard lunch on Day 1. 

The plasma warfarin concentration levels that are BLQ are set to 0 if before the first quantifiable concentration.  
There were no BLQ concentration levels after the predose sample in any individual subject at any time point.  BLQ 
are values < 1.00 ng/mL. 

Figure S15: Mean Plasma S-Warfarin Concentration Profile over Time (Log-Linear 
Scale) 

 
BLQ = below the lower limit of quantification 
Treatment A = 2 mg warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast on 
Day 1; Treatment B = 2 mg warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast 
on Day 1, followed by 9 g veverimer administered within 10 minutes after the warfarin dose on Day 1; Treatment C 
= 9 g veverimer administered at Hour -21 within 30 minutes after the start of a standard lunch on Day -1, 2 mg 
warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast on Day 1, followed by 9 g 
veverimer administered at Hour 3, within 30 minutes after the start of a standard lunch on Day 1. 

The plasma warfarin concentration levels that are BLQ are set to 0 if before the first quantifiable concentration.  
There were no BLQ concentration levels after the predose sample in any individual subject at any time point.  BLQ 
are values < 1.00 ng/mL. 
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Figure S16: Mean (SD) Plasma Total Dabigatran Concentration Profile over Time 
(Linear Scale) 

 
BLQ = below the lower limit of quantification.  SD = standard deviation. 
Treatment A = dabigatran alone, Treatment B = dabigatran + veverimer coadministration, Treatment C = dabigatran 
+ veverimer 2-hour separation, Treatment D = dabigatran + veverimer 1 hour separation.  150 mg dabigatran was 
administered at Hour 0, 9 g veverimer was administered prior to the dabigatran administration for Treatments B, C, 
and D. 

The total plasma dabigatran concentration levels that are BLQ are set to 0 for calculating descriptive statistics.  BLQ 
are values < 1.00 ng/mL. 

Figure S17: Mean Plasma Total Dabigatran Concentration Profile over Time (Log-
Linear Scale) 

 
BLQ = below the lower limit of quantification. 
Treatment A = dabigatran alone, Treatment B = dabigatran + veverimer coadministration, Treatment C = dabigatran 
+ veverimer 2-hour separation, Treatment D = dabigatran + veverimer 1 hour separation.  150 mg dabigatran was 
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administered at Hour 0, 9 g veverimer was administered prior to the dabigatran administration for Treatments B, C, 
and D. 

The total plasma dabigatran concentration levels that are BLQ are set to 0 for calculating descriptive statistics.  BLQ 
are values < 1.00 ng/mL. 

Figure S18: Mean (SD) Plasma Free Dabigatran Concentration Profile over Time (Linear 
Scale) 

 
BLQ = below the lower limit of quantification.  SD = standard deviation. 

Treatment A = dabigatran alone, Treatment B = dabigatran + veverimer coadministration, Treatment C = dabigatran 
+ veverimer 2-hour separation, Treatment D = dabigatran + veverimer 1 hour separation.  150 mg dabigatran was 
administered at Hour 0, 9 g veverimer was administered prior to the dabigatran administration for Treatments B, C, 
and D. 

The free plasma dabigatran concentration levels that are BLQ are set to 0 for calculating descriptive statistics.  BLQ 
are values < 0.500 ng/mL. 
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Figure S19: Mean Plasma Free Dabigatran Concentration Profile over Time (Log-Linear 
Scale) 

 
BLQ = below the lower limit of quantification. 

Treatment A = dabigatran alone, Treatment B = dabigatran + veverimer coadministration, Treatment C = dabigatran 
+ veverimer 2-hour separation, Treatment D = dabigatran + veverimer 1 hour separation.  150 mg dabigatran was 
administered at Hour 0, 9 g veverimer was administered prior to the dabigatran administration for Treatments B, C, 
and D. 

The free plasma dabigatran concentration levels that are BLQ are set to 0 for calculating descriptive statistics.  BLQ 
are values < 0.500 ng/mL. 

 

The pharmacokinetic results from the DDI studies (Table S8) are summarized below.   
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Table S8: Human DDI Study Pharmacokinetic Analyses – Summary Statistics 

Analyte  
   Parametera 

N Victim Drug 
Alone 

N Concomitant 
Administration 

N 1 Hour 
Separation 

N 2 Hour 
Separation 

N 3 Hour 
Separation 

Acetylsalicylic Acid 
   Cmax (ng/mL) 
   AUC0-t (hour·ng/mL) 
   AUC0-inf (hour·ng/mL) 

 
50 
50 
50 

 
711 (38.8) 

1040 (29.1) 
1040 (29.1) 

 
49 
49 
49 

 
671 (41.4) 
881 (26.6) 
883 (26.6) 

 
 

NA 

 
 

NA 

 
 

NA 

 
 

NA 

 
49 
49 
49 

 
660 (34.7) 

1020 (28.2) 
1020 (28.2) 

Salicylic Acid 
   Cmax (ng/mL) 
   AUC0-t (hour·ng/mL) 
   AUC0-inf (hour·ng/mL) 

 
50 
50 
50 

 
4360 (21.3) 

17300 (24.4) 
17600 (24.0) 

 
49 
49 
49 

 
4500 (20.2) 

15700 (21.9) 
16000 (21.9) 

 
 

NA 

 
 

NA 

 
 

NA 

 
 

NA 

 
49 
49 
48 

 
4400 (23.5) 

16700 (23.7) 
16900 (23.7) 

Furosemide 
   Cmax (ng/mL) 
   AUC0-t (hour·ng/mL) 
   AUC0-inf (hour·ng/mL) 

 
49 
49 
48 

 
201 (33.6) 
720 (23.0) 
770 (22.9) 

 
49 
49 
47 

 
201 (40.0) 
662 (27.3) 
703 (25.9) 

 
 

NA 

 
 

NA 

 
 

NA 

 
 

NA 

 
50 
50 
49 

 
221 (40.0) 
729 (24.1) 
770 (23.1) 

R-Warfarin 
   Cmax (ng/mL) 
   AUC0-t (hour·ng/mL) 
   AUC0-inf (hour·ng/mL) 

 
14 
14 
14 

 
80.5 (15.7) 
6140 (17.5) 
8070 (20.2) 

 
14 
14 
14 

 
84.3 (17.3) 
6350 (19.6) 
8350 (22.3) 

 
 

NA 

 
 

NA 

 
 

NA 

 
 

NA 

 
14 
14 
14 

 
80.2 (16.5) 
6210 (13.8) 
8150 (14.9) 

S-Warfarin 
   Cmax (ng/mL) 
   AUC0-t (hour·ng/mL) 
   AUC0-inf (hour·ng/mL) 

 
14 
14 
14 

 
71.2 (19.6) 
3030 (30.9) 
4010 (35.4) 

 
14 
14 
14 

 
75.8 (22.6) 
2970 (22.2) 
3930 (22.7) 

 
 

NA 

 
 

NA 

 
 

NA 

 
 

NA 

 
14 
14 
14 

 
71.6 (26.4) 
3000 (24.6) 
3900 (24.3) 

Free Dabigatran 
   Cmax (ng/mL) 
   AUC0-t (hour·ng/mL) 
   AUC0-inf (hour·ng/mL) 

 
84 
84 
84 

 
120 (38.6) 

1060 (35.4) 
1080 (35.1) 

 
84 
84 
84 

 
108 (41.3) 
910 (42.0) 
924 (41.6) 

 
81 
81 
81 

 
110 (35.2) 
932 (37.2) 
947 (37.2) 

 
83 
83 
83 

 
130 (35.4) 
996 (35.1) 

1010 (34.6) 

 
 

NA 

 
 

NA 
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Table S8: Pharmacokinetic Analyses – Summary Statistics (Continued) 

Analyte  
   Parametera 

N Victim Drug 
Alone 

N Concomitant 
Administration 

N 1 Hour 
Separation 

N 2 Hour 
Separation 

N 3 Hour 
Separation 

Total Dabigratran 
   Cmax (ng/mL) 
   AUC0-t (hour·ng/mL) 
   AUC0-inf (hour·ng/mL) 

 
84 
84 
84 

 
137 (37.1) 

1230 (34.5) 
1260 (34.0) 

 
84 
84 
84 

 
125 (42.1) 

1060 (41.5) 
1080 (40.8) 

 
81 
81 
81 

 
129 (34.20) 
1090 (35.1) 
1110 (34.9) 

 
83 
83 
83 

 
155 (34.0) 

1200 (33.6) 
1220 (33.1) 

 
 

NA 

 
 

NA 

AUC0-inf = area under the concentration-time curve from time 0 extrapolated to infinity; AUC0-t = area under the concentration-time curve from time 0 to the last 
observed non-zero concentration; Cmax = maximum observed plasma concentration; CV = coefficient of variation 
a Values are arithmetic mean (CV%) 
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3.2.3. Warfarin DDI Study Pharmacodynamic Results 

The INR over time curve, plotted on linear and log-linear scales, is provided below. 

Figure S20: Mean (SD) International Normalized Ratio over Time (Linear Scale) 

 
SD = standard deviation 
Treatment A = 2 mg warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast on 
Day 1; Treatment B = 2 mg warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast 
on Day 1, followed by 9 g veverimer administered within 10 minutes after the warfarin dose on Day 1; Treatment C 
= 9 g veverimer administered at Hour -21 within 30 minutes after the start of a standard lunch on Day -1, 2 mg 
warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast on Day 1, followed by 9 g 
veverimer administered at Hour 3, within 30 minutes after the start of a standard lunch on Day 1. 

Figure S21: Mean International Normalized Ratio over Time (Log-Linear Scale) 

 
Treatment A = 2 mg warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast on 
Day 1; Treatment B = 2 mg warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast 
on Day 1, followed by 9 g veverimer administered within 10 minutes after the warfarin dose on Day 1; Treatment C 
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= 9 g veverimer administered at Hour -21 within 30 minutes after the start of a standard lunch on Day -1, 2 mg 
warfarin administered at Hour 0, within 30 minutes after the start of a standard breakfast on Day 1, followed by 9 g 
veverimer administered at Hour 3, within 30 minutes after the start of a standard lunch on Day 1. 

 

The pharmacodynamic results from the warfarin DDI study (Table S9 and Table S10) are 
summarized below 

Table S9: Summary Statistics for INR AUC0-168 and INRmax in the Warfarin DDI Study 

PD Parameter Statistic 

Treatment 

Warfarin 
Alone 

Concomitant 
Warfarin and 

Veverimer 

3 Hour Separation 
between Warfarin and 

Veverimer 

INR AUC0-168 (hour) 

n 15 14 14 

Mean 172 170 171 

SD 10.1 8.44 10.8 

CV (%) 5.9 5.0 6.3 

Geometric mean 171 170 171 

Median 170 168 168 

INRmax 

n 15 14 14 

Mean 1.07 1.06 1.06 

SD 0.0816 0.0938 0.0745 

CV (%) 7.7 8.9 7.0 

Geometric mean 1.06 1.05 1.06 

Median 1.10 1.00 1.05 
CV (%) = percent coefficient of variation; INR = international normalized ratio; INR AUC0-168 = area under the INR 
versus time curve from Hour 0 to Hour 168 post warfarin dosing; INRmax = maximum observed INR measurement; 
n°= number; PD = pharmacodynamic; SD = standard deviation 
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Table S10: ANOVA Comparison of Geometric Least Squares Means for INR AUC0-168 
and INRmax in the Warfarin DDI Study 

PD Parameter Treatment N 
Comparison (Test/ Reference) 

GLSM Ratio (%)a 90% CIa 

INR AUC0-168  
(hour) 

Concomitant Warfarin and 
Veverimer 14 

  
98.9% 

97.7%, 100.1% 

3 Hour Separation between 
Warfarin and Veverimer 14 

  
99.5% 

98.3%, 100.7% 

INRmax 

Concomitant Warfarin and 
Veverimer 14 

  
99.2% 

96.0%, 102.6% 

3 Hour Separation between 
Warfarin and Veverimer 14 

  
99.7% 

96.5%, 103.1% 

CI = confidence interval; GLSM = geometric least squares mean; INR = international normalized ratio;  
INR AUC0-168 = area under the INR versus time curve from Hour 0 to Hour 168 post warfarin dosing;  
INRmax = maximum observed INR measurement; n = number; NA = not applicable; PD = pharmacodynamic 
a Geometric least squares mean ratio (GLSMR) and 90% CI for GLSMR were converted from the difference of least 

squares mean (LSM) and 90% CI of difference of LSM in natural log scale, respectively. 
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