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Abstract
Background Vericiguat is a stimulator of soluble guanylate cyclase currently under investigation as a first-in-class therapy 
for worsening chronic heart failure (NCT02861534). Patients with heart failure often require polypharmacy because of 
comorbidities. Hence, understanding the clearance mechanisms, elimination, and potential for pharmacokinetic drug–drug 
interactions of vericiguat is important for dose recommendations in this patient population.
Methods Biotransformation and perpetrator properties of vericiguat were characterized in vitro using human hepatocytes, 
liver microsomes, and recombinant enzymes. This was complemented by a human mass balance study and ten drug–drug 
interaction studies in healthy volunteers wherein vericiguat was co-administered orally with omeprazole, magnesium/aluminum 
hydroxide, ketoconazole, rifampicin, mefenamic acid, midazolam, warfarin, digoxin, sacubitril/valsartan, aspirin, or sildenafil.
Results In the human mass balance study, mean total radioactivity recovered was 98.3% of the dose administered (53.1% and 
45.2% excreted via urine and feces, respectively). The main metabolic pathway of vericiguat is glucuronidation via uridine 
diphosphate-glucuronosyltransferase 1A9 and 1A1. In vitro studies revealed a low risk of vericiguat acting as a perpetrator 
by inhibiting cytochrome P450s, uridine diphosphate-glucuronosyltransferase isoforms, or major transport proteins, or by 
inducing cytochrome P450s. These observations were supported by phase I drug–drug interaction studies. Phase I studies 
that assessed the propensity of vericiguat as a victim drug showed changes in the range that did not warrant recommenda-
tions for dose adjustment in phase III.
Conclusions A low pharmacokinetic interaction potential of vericiguat was estimated from in vitro data and confirmed 
in vivo. Thus, vericiguat is suitable for a patient population with multiple comorbidities requiring polypharmacy.
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Key Points 

A low pharmacokinetic interaction potential of veri-
ciguat was estimated from in vitro data and confirmed in 
ten clinical phase I drug–drug interaction studies

The pharmacokinetic drug–drug interaction profile of 
vericiguat is well suited to the treatment of a heart failure 
population using multiple concomitant medications

Vericiguat was well tolerated in all studies
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1 Introduction

Vericiguat is a stimulator of soluble guanylate cyclase 
(sGC) currently under investigation as a first-in-class ther-
apy for worsening chronic heart failure (HF) with reduced 
ejection fraction (HFrEF; VICTORIA [NCT02861534]) 
and preserved ejection fraction (HFpEF; VITALITY-
HFpEF [NCT03547583]) [1, 2]. Vericiguat was adminis-
tered orally once daily and titrated from 2.5 up to 10 mg 
in the phase III VICTORIA study, and is being up-titrated 
to 15 mg in the phase II VITALITY-HFpEF study. Veri-
ciguat restores the nitric oxide (NO)-sGC-cyclic guanosine 
monophosphate pathway by directly stimulating sGC inde-
pendently of NO and sensitizing sGC to NO, thus restoring 
cyclic guanosine monophosphate production even under 
low NO conditions and oxidative stress [1, 3]. The first 
sGC approved for clinical use was riociguat [4], which was 
developed as a treatment for pulmonary arterial hyperten-
sion and chronic thromboembolic pulmonary hypertension 
[5, 6]. The clinical benefit profile of riociguat is different 
to vericiguat [7], and both sGCs have distinct pharmaco-
kinetic (PK) properties.

Patients with HF often present with multiple 
 comorbidities and receive multiple concomitant medica-
tions [8, 9]. In the European Heart Failure Pilot Survey, 
74% of patients with HF experienced one or more comor-
bidities [10]. Current guideline-recommended therapies 
propose a stepwise approach to treatment, which fre-
quently involves multiple drugs to treat underlying causa-
tive factors, such as hypertension, myocardial ischemia, 
atrial fibrillation, diabetes mellitus, and dyslipidemia, 
further increasing the number of prescribed drugs [8, 
11–13]. Thus, an understanding of the clearance mecha-
nisms, elimination, and potential for drug–drug interac-
tions (DDIs) of vericiguat is important to define allow-
able co-medications and is a prerequisite for further dose 
recommendations.

Vericiguat is a low-soluble, highly permeable, and 
weakly basic Biopharmaceutics Classification System 
class II drug [14]. Studies in healthy volunteers have dem-
onstrated that vericiguat exhibits linear pharmacokinetics 
and investigated vericiguat’s pharmacodynamic interaction 
potential [15, 16]. Higher bioavailability and lower vari-
ability of vericiguat after administration with food com-
pared to without has also been reported [14]. Vericiguat 
is a low-clearance drug (1.6 L/h in healthy volunteers and  
1.3 L/h in patients with HFrEF) [17]. The plasma protein 
binding of vericiguat is approximately 98%, with serum 
albumin being the main binding component (data on 
file). The plasma protein binding is not affected by renal 
or hepatic impairment. Beyond the titration regimen, no 
further dose adjustment was recommended for patients 

with renal impairment (estimated glomerular filtration 
rate ≥ 15 mL/min/1.73 m2) or for patients with mild-to-
moderate hepatic impairment in the VICTORIA study [1].

Following metabolite profiling in human hepatocytes, the 
primary biotransformation pathway of vericiguat was identi-
fied as phase II uridine diphosphate-glucuronosyltransferase 
(UGT)-mediated conjugation with glucuronic acid (glucu-
ronidation) [18]. Herein, we report results identifying the 
UGT isoforms contributing to glucuronidation of vericiguat 
and the contribution of organs to the overall glucuronidation 
process. Further in vitro studies with human liver micro-
somes indicate that vericiguat has no inhibitory effects on 
major cytochrome P450 (CYP) isoforms [18]. Additional 
preclinical characterization was conducted to identify rel-
evant vericiguat and metabolite M-1 (a pharmacologically 
inactive major plasma N-glucuronide metabolite) transporter 
proteins and the inhibitor/inducer properties of vericiguat 
and M-1 towards various enzymes. In addition, the different 
excretion pathways of vericiguat in humans and its metabo-
lite profile were investigated in a human mass balance study. 
Ten healthy volunteer phase I studies further investigated the 
DDI profile of vericiguat based on its absorption/solubility, 
metabolism, preclinical findings, as well as with potential 
concomitant medications.

2  Methods

2.1  In Vitro Studies

Identification of the UGT isoforms involved in the glucu-
ronidation of vericiguat, as well as transport proteins for 
vericiguat, was performed by several in vitro studies (see 
Methods section and Table 1 of the Electronic Supplemen-
tary Material [ESM]). In addition, the potential of vericiguat 
to act as a perpetrator by inhibiting metabolizing enzymes 
or transporters as well as inducing CYPs was investigated.

2.2  Phase I Studies

The conduct of all clinical studies met their local legal and 
regulatory requirements. All studies were conducted in 
Germany except for the human mass balance study, which 
was conducted in the Netherlands. The studies were con-
ducted in accordance with the ethical principles that have 
their origin in the Declaration of Helsinki and the Inter-
national Conference on Harmonisation guideline E6: Good 
Clinical Practice. Informed consent was obtained from all 
individual participants included in the studies. Quantitative 
measurements of vericiguat and all other drugs were per-
formed using validated methods and in accordance with rel-
evant guidelines (see Table 2 of the ESM for further details) 
[19, 20].
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Healthy white male individuals were eligible in line with 
accepted criteria for healthy volunteer studies [21]. Across 
the studies, the general inclusion criteria for healthy volun-
teers were (with some variability depending on the study): 
aged 18–65 years, body mass index 18–30 kg/m2, resting 
heart rate 45–100 beats per minute, systolic blood pressure 
90–145 mmHg, diastolic blood pressure 45–95 mmHg, 
and an absence of clinically relevant changes in electro- 
cardiogram findings. Participants were excluded if they were 
taking regular medications, consuming foods or beverages 
that could influence the study objectives, unable to abide by 
study-specific smoking restrictions, or taking supplements 
with known interaction potential.

2.3  Study Design

One phase I study investigated the clearance mechanisms 
and elimination of vericiguat and ten phase I studies inves-
tigated the potential for DDIs with vericiguat in healthy 
male volunteers (Table 1). As vericiguat has been demon-
strated to exhibit linear pharmacokinetics [16], the use of 
different doses of vericiguat across the phase I studies is not 
considered a limitation. In addition, the investigated doses 
include the target therapeutic dose range of vericiguat in HF 
[1, 2]. While the studies were conducted in relatively small 
population sizes and in healthy volunteers, all studies were 
performed to guideline recommendations and designed to 
investigate specific DDIs. Further details can be viewed in 
the Methods section of the ESM.

2.4  Pharmacokinetic and Statistical Analyses

Pharmacokinetic parameters were estimated using non-
compartmental methods by WinNonlin software (Pharsight 
Corporation, Mountain View, CA, USA). Area under the 
plasma concentration–time curve (AUC) from 0 to infinity 
was calculated from the AUC from time 0 to the last quanti-
fiable concentration using the linear-logarithmic trapezoidal 
method and from the last predicted plasma concentration and 
apparent terminal rate constant (calculated from the slope 
of a log-linear regression). The linear-logarithmic trapezoi-
dal method was also used to calculate partial AUCs (e.g., 
AUC 0–24 [AUC from time 0 to 24 h after administration]) 
and the AUC within the dosing interval after multiple dos-
ing (AUC τ,md). The maximum concentration (Cmax) and the 
trough concentration within a dosing interval were directly 
determined from the concentration–time data for each par-
ticipant. Summary descriptive statistics were provided for 
the cumulative excretion of total radioactivity in urine, feces, 
and urine plus feces in the human mass balance study.

For the DDI studies, PK parameters with and without co-
medications were compared. Depending on the design of the 
study, selected PK parameters were analyzed if applicable 

and assumed to be log-normally distributed. These included 
AUC, AUC 0–24, AUC 0–24,md (AUC 0–24 after multiple-dose 
administration), AUC 0–22 (AUC from time 0 to 22  h), 
AUC 0–12,md (AUC from time 0 to 12 h after multiple-dose 
administration), AUC τ,md, Cmax, Cmax,md (Cmax within a dos-
ing interval after multiple-dose administration), and trough 
concentration within a dosing interval. The logarithms of 
these parameters were analyzed using analysis of variance, 
including sequence, healthy volunteer (sequence), period, 
and treatment effects, except for the rifampicin, sacubitril/
valsartan, and sildenafil DDI studies, which only included 
healthy volunteer and treatment effects. Based on these anal-
yses, point estimates (least-squares mean) of the geometric 
mean ratios and 90% confidence intervals for the treatment 
ratios were calculated by retransformation of the logarithmic 
data.

2.5  Safety and Tolerability

Adverse events, vital signs, electrocardiogram, and labo-
ratory parameters (i.e., hematology, coagulation, clinical 
chemistry, and urinalysis) in relation to the study drug were 
captured for all phase I studies.

3  Results

3.1  In Vitro Studies

In vitro studies showed that glucuronidation of vericiguat 
was catalyzed primarily by UGT1A9 and UGT1A1. Human 
liver, kidney, and intestinal microsomes fortified with uri-
dine 5ʹ-diphospho-glucuronic acid mediate glucuronida-
tion of vericiguat. In human liver microsomes of single 
donors (n = 20), the formation of M-1 correlated slightly 
better with propofol glucuronidation (r2 = 0.73), a highly 
selective UGT1A9-mediated pathway, than with estradiol 
3-glucuronidation (r2 = 0.61), a highly selective UGT1A1-
mediated pathway. Niflumic acid, a potent UGT1A9 inhibi-
tor, showed stronger inhibition on vericiguat glucuronidation 
than a potent UGT1A1 inhibitor (atazanavir), suggesting that 
glucuronidation of vericiguat could be preferentially cata-
lyzed via UGT1A9 than via UGT1A1. Further results are 
presented in Tables 3 and 4 of the ESM.

Additional in vitro studies have determined that veri-
ciguat is a substrate of the transporter proteins P-glycopro-
tein and breast cancer resistance protein. Vericiguat is not a 
substrate of organic anion transporting polypeptide (OATP) 
1B1, OATP1B3, or organic cation transporter 1. Metabolite 
M-1 is not a substrate of efflux (P-glycoprotein, breast can-
cer resistance protein) or uptake transporters (OATP1B1, 
OATP1B3). The design and interpretation of the in vitro 
studies were in line with official guidance [22, 23].
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Furthermore, no inhibition was observed for veri-
ciguat and its metabolite (M-1) at the highest tested con-
centration for efflux transporters P-glycoprotein and bile 
salt export pump (half maximal inhibitory concentration 
 [IC50] > 100  µM), multidrug and toxin extrusion pro-
tein (MATE) 1 and MATE2K  (IC50 > 10 µM), as well as 
for uptake of organic cation transporter 1  (IC50 > 50 µM), 
organic anion transporter (OAT) 1, OAT3, and organic 
cation transporter 2 (all  IC50 > 5 µM). Both vericiguat and 
M-1 did not inhibit major UGT isoforms (UGT1A1, 1A4, 
1A6, 2B4, and 2B7; all  IC50 > 50 µM), except for UGT1A9 
inhibition by vericiguat  (IC50 = 10.6 µM, inhibitory con-
stant  [Ki] = 6.6 µM). In addition, vericiguat is an inhibitor 
of breast cancer resistance protein  (IC50 = 20 µM) as well 
as OATP1B1 and 1B3 (approximate  IC50 of 16 and 30 µM, 
respectively). Metabolite M-1 is an inhibitor of OATP1B1 
and OATP1B3  (IC50 = 25.6 and 16.6 µM, respectively). 
However, considering the clinical exposure of vericiguat 
(total Cmax approximately 0.8 µM, unbound Cmax approxi-
mately 0.02 µM, and projected unbound inlet  Cmax 0.03 µM; 
data on file) and M-1 (total Cmax 2.7 µM and unbound 
Cmax 0.04 µM; data on file) following a 10-mg dose once 
daily, the DDI risk assessment according to the US Food 
and Drug Administration and European Medicines Agency 
guidelines indicated a low potential for vericiguat and M-1 
to cause DDIs when co-administered with substrates of 
major CYP and UGT isoforms as well as transporters.

The CYP induction potential of vericiguat and M-1 was 
evaluated in cultured human hepatocytes from three differ-
ent donors. Vericiguat showed no significant induction of 
CYP1A2 and CYP2B6 up to the highest tested concentration 
of 10,000 μg/L (23.5 µM). For CYP3A4, a 2.7-fold increase 
in CYP3A4 messenger RNA was observed in one of the 
three donors at the highest tested concentration (4% of the 
rifampicin [positive control] response). The potential risk for 

CYP3A4 induction in the clinic was further assessed using 
the relative induction score method according to the US Food 
and Drug Administration and European Medicines Agency 
DDI guidance [22, 23]. The in vitro induction data in human 
hepatocytes (CYP3A4 messenger RNA data) and the clini-
cal exposure data from multiple-dose oral administration of 
10 mg of vericiguat once daily in patients with HFrEF (total 
Cmax approximately 1 µM and unbound Cmax approximately 
0.02 µM; data on file) were used as input data. The relative 
induction score model predicted a 15% decrease in the AUC 
of midazolam, indicating that vericiguat is likely not a clini-
cally meaningful inducer of CYP3A4 in vivo.

3.2  Demographics of Healthy Volunteers in all 
Phase I Studies

The characteristics of the healthy volunteers enrolled in each 
of the studies who were valid for PK analyses are shown in 
Tables 2, 3. Studies were conducted between 2012 and 2017.

3.3  Human Mass Balance Study

A total of six healthy volunteers received a single oral solu-
tion containing 14C-labeled vericiguat 5 mg. Mean total 
radioactivity (range) recovered in urine and feces within 
336 h was 98.3% (95.6–99.8%) of the dose administered. 
Of the administered dose, 53.1% (49.9–56.1%) and 45.2% 
(40.1–49.9%; mean values [range]) were excreted via urine 
and feces, respectively.

N-glucuronide metabolite M-1, a pharmacologically 
inactive major plasma metabolite with no known off-target 
activities, represented the majority of the radioactivity in 
urine (Fig. 1, Fig. 1 of the ESM, and Table 4; 40.8% of the 
dose) together with vericiguat (9.0% of the dose). Metabolite 
M-15, resulting from oxidative metabolism (presumably by 

Table 2  Demographics of healthy volunteers (pharmacokinetic analysis set) in six phase I studies investigating the clearance mechanisms, elimi-
nation, and potential for drug–drug interactions (DDIs) of vericiguat as a victim or perpetrator

Values are range (minimum–maximum) unless stated otherwise
BMI body mass index

Characteristic Human mass balance
(n = 6)

DDI with omeprazole 
and magnesium/alu-
minum hydroxide
(n = 10)

DDI with 
ketocona-
zole
(n = 14)

DDI with rifampicin
(n = 15)

DDI with 
mefenamic 
acid
(n = 13)

DDI with midazolam
(n = 32)

Male, n (%) 6 (100) 10 (100) 14 (100) 15 (100) 13 (100) 32 (100)
White, n (%) 6 (100) 10 (100) 14 (100) 15 (100) 13 (100) 32 (100)
Age range 

criterion, years 
(inclusive)

45–65 18–45 18–45 18–45 18–55 18–55

Weight range, kg 60.3–102.4 75.0–88.0 65–93 63.8–97.4 65–95 66.0–98.0
Height range, cm 167.0–192.0 172.0–186.0 171–190 171.0–191.0 166–187 167.0–198.0
BMI range, kg/m2 19.1–29.0 21.7–28.7 20.1–28.8 19.5–28.5 19.3–29.0 20.8–29.8
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demethylation/decarboxylation/acetylation), was detected 
as a minor component in urine and feces (1.9% and 1.6%, 
respectively). Vericiguat represented most of the radioac-
tivity in feces (42.6% of the dose). Metabolite M-1 was the 
predominant component in human plasma, accounting for 
72% of total radioactivity AUC, compared with 27% for the 
parent drug.

3.4  Drug–Drug Interaction Studies

The clinical interaction studies confirmed and extended find-
ings from the in vitro studies (Fig. 2, Tables 5 and 6, and 
Tables 5 and 6 of the ESM).

3.4.1  Effects of Drugs Affecting Intestinal pH 
on the Pharmacokinetics of Vericiguat

Pre- and co-administration of omeprazole with vericiguat 
reduced the AUC and Cmax of vericiguat by 32% and 49%, 

Table 3  Demographics of healthy volunteers (pharmacokinetic analysis set) in five phase I studies investigating the potential for drug–drug 
interactions (DDIs) of vericiguat with drugs prescribed in cardiovascular disease or acting on the nitric oxide signaling pathway

Values are range (minimum–maximum) unless stated otherwise
BMI body mass index, PKS pharmacokinetic set
a Population used for the analysis of the victim potential of vericiguat with co-medication
b Population used for the analysis of the perpetrator potential of vericiguat with co-medication

Characteristic DDI with  
warfarin

DDI with digoxin DDI with 
aspirin  
(main part)

DDI with sacubitril/valsartan DDI with sildenafil

(n = 23) (n = 25) (n = 14) (n = 15;  PKS1a) (n = 14;  PKS2b) (n = 16;  PKS1a) (n = 32;  PKS2b)

Male, n (%) 23 (100) 25 (100) 14 (100) 15 (100) 14 (100) 16 (100) 32 (100)
White, n (%) 23 (100) 25 (100) 14 (100) 15 (100) 14 (100) 16 (100) 32 (100)
Age range 

criterion, years 
(inclusive)

18–55 18–55 18–45 40–60 40–60 40–60 40–60

Weight range, kg 62.1–98.2 54.3–95.5 63–93 67.3–96.0 67.3–96.0 61.4–93.5 61.4–101.4
Height range, cm 164–188 162–189 163–186 165.0–186.0 165.0–186.0 168.0–188.0 168.0–191.0
BMI range, kg/m2 20.5–29.0 20.1–29.8 21.6–28.7 21.5–29.2 21.5–28.1 21.4–29.1 21.2–29.5

M-1
in urine
(40.8%, via
UGT1A9>1A1)

Vericiguat
in feces
(42.6%,
unchanged
and/or after
cleavage of
excreted 
M-1 in 
GIT)    

M-15 in feces and urine
(3.5%, via oxidative
biotransformation)

Not identified
(4.2%) Vericiguat in urine

(9.0%)

Fig. 1  Excretion and clearance of vericiguat. GIT gastrointestinal 
tract, UGT  uridine diphosphate-glucuronosyltransferase

Table 4  Excretion pattern of 
vericiguat and its  metabolitesa

a Results from the human mass balance study
b A difference (0.5% of dose) to the sum of vericiguat, M-1, M-15, and others resulted from not investigated 
urine samples at later timepoints due to low radioactivity

Analyte Total (range),  % Excretion in feces 
(range),  %

Excretion in urine (range),  %

Vericiguat 51.6 (46.0–62.6) 42.6 (38.3–46.5) 9.0 (6.1–16.1)
M-1 40.8 (30.3–47.4) – 40.8 (30.3–47.4)
M-15 3.5 (2.1–4.8) 1.6 (0.3–2.5) 1.9 (1.6–2.3)
Other 1.9 (0.8–4.1) 1.0 (0.4–2.7) 0.9 (0.1–1.5)
Total recovery 98.3b (95.6–99.8) 45.2 (40.1–49.9) 53.1b (49.9–56.1)
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respectively, compared with administration of vericiguat 
alone. Similar results were observed with co-administra-
tion of magnesium/aluminum hydroxide with vericiguat 
(Table 5).

3.4.2  Effects of Drugs on the Pharmacokinetics 
of Vericiguat

Co-administration with ketoconazole (a multi-pathway CYP 
and transporter inhibitor) increased vericiguat exposure 

to a minor extent (by 13%). Pre- and co-treatment with 
rifampicin (multi-pathway UGT, CYP, and transporter 
inducer) led to a decrease in the AUC and Cmax of veri-
ciguat by 29% and 9%, respectively. Inhibition of UGT1A9 
by mefenamic acid led to a non-relevant increase in the AUC 
of vericiguat by 20% (Table 5).

Changes in the pharmacokinetics of vericiguat when given 
in combination with drugs prescribed in cardiovascular dis-
ease or those affecting the NO signaling pathway compared 
with no co-administration are also shown in Table 5. No 

Midazolam

R-warfarin

S-warfarin

Digoxin

Sacubitril

LBQ657

Valsartan

Sildenafil

AUC
Cmax

AUC
Cmax

AUC
Cmax

AUCτ,md
Ctrough

AUC0–12,md
Cmax,md

AUC0–12,md
Cmax,md

AUC0–12,md
Cmax,md

0.678 [0.608; 0.756]
0.504 [0.426; 0.595]

1.126 [1.057; 1.200]
1.109 [1.024; 1.200]
0.713 [0.638; 0.798]
0.914 [0.796; 1.050]
1.197 [1.129; 1.269]
0.967 [0.904; 1.035]
1.030 [1.002; 1.058]
1.034 [0.988; 1.083]
0.980 [0.939; 1.023]
1.009 [0.952; 1.070]
0.949 [0.847; 1.063]
0.933 [0.811; 1.073]
0.927 [0.888; 0.967]
0.908 [0.842; 0.979]
0.993 [0.954; 1.034]
0.970 [0.921; 1.022]

0.729 [0.654; 0.813]
0.543 [0.460; 0.642]

0.822 [0.776; 0.871]
0.769 [0.683; 0.865]

0.978 [0.957; 0.999]
0.983 [0.947; 1.021]
1.042 [0.994; 1.093]
1.000 [0.947; 1.055]
1.080 [0.992; 1.177]
1.182 [0.891; 1.569]
1.013 [0.972; 1.056]
1.016 [0.971; 1.063]
1.117 [0.953; 1.309]
1.127 [0.976; 1.301]
1.130 [0.873; 1.461]
1.171 [0.906; 1.513]

0.985 [0.967; 1.003]
0.994 [0.960; 1.031]

AUC0–22
Cmax

Omeprazole

Magnesium/aluminum
hydroxide

Ketoconazole

Rifampicin

Mefenamic acid

Warfarin

Digoxin

Aspirin

Sacubitril/valsartan

Sildenafil

AUC
Cmax

AUC
Cmax

AUC
Cmax

AUC
Cmax

AUC 
Cmax

AUCτ,md
Cmax,md
AUC
Cmax

AUC0–24,md
Cmax,md

AUC0–24
Cmax

AUC
Cmax

Vericiguat as a perpetrator

Vericiguat as a victim

Point estimate and 90% CI

Change due to

0.5 1.0 1.5 2.0

AUC
Cmax
Ctrough

Fig. 2  Summary of clinical interactions and pharmacokinetic changes 
investigating the perpetrator and victim potential of vericiguat. AUC  
area under the concentration–time curve, AUC 0–12,md AUC from time 
0 to 12  h after multiple dose administration, AUC (0–22) AUC from 
time 0 to 22  h, AUC (0–24) AUC from time 0 to 24  h, AUC (0–24),md  

AUC 0–24 after multiple-dose administration, AUC τ,md AUC within the 
dosing interval after multiple dosing, CI confidence interval, Cmax 
maximum concentration within a dosing interval, Cmax,md  Cmax within 
a dosing interval after multiple dose administration, Ctrough trough 
concentration within a dosing interval
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differences between the PK parameters of vericiguat when 
given alone in comparison with its co-administration with 
warfarin, digoxin, or aspirin were observed. The analysis of 
variance results for the AUC 0–24 and  Cmax showed decreases 
in the exposure of vericiguat of about 7% and 9%, respec-
tively, when vericiguat was administered with sacubitril/ 
valsartan. While the 90% confidence intervals for both param-
eters excluded unity, the magnitude of change in exposure 
was small and not considered clinically relevant. Sildenafil 
co-administration at different doses had no relevant effect 
on vericiguat PK parameters. Of note, vericiguat exposure 
was decreased following co-administration with sildenafil  
50 mg, but the differences in these PK parameters were small 
(less than 9%), did not increase at a higher sildenafil dose 
(100 mg), and hence were considered irrelevant. A mean 
difference in maximum decrease in seated blood pressure 
of ≤ 4–5 mmHg between multiple doses of vericiguat 10 mg 
with single doses of sildenafil (25, 50, or 100 mg) and pla-
cebo with single doses of sildenafil (25, 50, or 100 mg) was 

observed. No dose-dependent trend was observed with the 
different sildenafil doses.

3.4.3  Effects of Vericiguat on the Pharmacokinetics 
of Other Drugs

A slight reduction in midazolam exposure (by 18%) was 
observed after 3 days pre-treatment and 1 day co-treatment 
with vericiguat 10 mg (Table 6). The AUC and Cmax of 
1ʹ-hydroxy midazolam, the main metabolite of midazolam, 
also decreased by 12% and 16%, respectively. It is noted that 
the molecular weight-adjusted metabolite-to-parent ratio was 
comparable (0.27 after administration of midazolam alone vs 
0.29 after co-administration of midazolam with vericiguat), 
suggesting no effect on CYP3A4-mediated metabolism by 
vericiguat.

Vericiguat did not alter the pharmacokinetics of R- and 
S-warfarin or digoxin with point estimates for the treatment 
ratios (co-medication plus vericiguat/co-medication) of 
AUC and Cmax near 1. Vericiguat at steady state resulted in 

Table 5  Effects of other drugs on the pharmacokinetics of vericiguat

AUC  area under the concentration–time curve, AUC (0–24) AUC from time 0 to 24 h, AUC (0–24),md AUC 0–24 after multiple-dose administration, 
AUC τ,md AUC within the dosing interval after multiple dosing, Cmax maximum concentration within a dosing interval, Cmax,md  Cmax within a dos-
ing interval after multiple-dose administration, CYP cytochrome P450, DDI drug–drug interaction, NO nitric oxide, PK pharmacokinetic, UGT  
uridine diphosphate-glucuronosyltransferase
a Data for the highest dose of sildenafil administered (100 mg)

Interaction drug Changes in the PK parameters of vericiguat

PK parameter N Point estimate 90% confidence 
interval

Clinical comment in relation to the VICTORIA 
study

Omeprazole AUC 10 0.678 0.608–0.756 No dose adjustment of vericiguat when given 
with a pH-modifying agentCmax 10 0.504 0.426–0.595

Magnesium/aluminum hydroxide AUC 10 0.729 0.654–0.813 No dose adjustment of vericiguat when given 
with a pH-modifying agentCmax 10 0.543 0.460–0.642

Ketoconazole AUC 15 1.126 1.057–1.200 No dose adjustment of vericiguat when given 
with a multi-pathway inhibitorCmax 15 1.109 1.024–1.200

Rifampicin AUC 15 0.713 0.638–0.798 No dose adjustment of vericiguat when given 
with a multi-pathway inducerCmax 15 0.914 0.796–1.050

Mefenamic acid AUC 13 1.197 1.129–1.269 No dose adjustment of vericiguat when given 
with a UGT1A9 inhibitorCmax 13 0.967 0.904–1.035

In combination with drugs prescribed in cardiovascular disease
 Warfarin AUC τ,md 23 1.030 1.002–1.058 No dose adjustment of vericiguat

Cmax,md 23 1.034 0.988–1.083
 Digoxin AUC 24 0.980 0.939–1.023 No dose adjustment of vericiguat

Cmax 24 1.009 0.952–1.070
 Aspirin AUC 14 0.949 0.847–1.063 No dose adjustment of vericiguat

Cmax 14 0.933 0.811–1.073
 Sacubitril/valsartan AUC 0–24 15 0.927 0.888–0.967 No dose adjustment of vericiguat

Cmax 15 0.908 0.842–0.979
In combination with drugs affecting the NO signaling pathway
 Sildenafila AUC 0–24,md 14 0.993 0.954–1.034 Excluded from the phase III VICTORIA study 

as patient safety data is not availableCmax,md 14 0.970 0.921–1.022
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increases in the AUC 0–12,md and Cmax,md of sacubitril by 8% 
and 18%, respectively, and the AUC 0–12,md and Cmax,md of 
valsartan by 12% and 13%, respectively. Exposure and peak 
concentration of the active sacubitril metabolite (LBQ657) 
were unchanged by vericiguat. Co-administration of veri-
ciguat increased exposure and maximum concentration of 
sildenafil 100 mg with vericiguat in comparison with co-
administration of sildenafil with placebo by 13% and 17%, 
respectively (Table 6).

3.5  Safety and Tolerability

Vericiguat was well tolerated in all studies, and most treat-
ment-emergent adverse events were of mild-to-moderate 
severity and as expected from the mechanism of action of 
vericiguat. A total of seven treatment-emergent adverse 
event-related discontinuations were reported across the DDI 
studies; however, only one (moderate headache) was related 
to treatment with vericiguat in the sildenafil DDI study. The 
treatment-emergent adverse event of moderate headache was 
considered to be related to both vericiguat and sildenafil.

4  Discussion

These in vitro experiments and clinical pharmacology stud-
ies characterized the biotransformation, elimination, and 
DDI potential of vericiguat.

4.1  Biotransformation and Elimination of Vericiguat

The glucuronidation of vericiguat is mediated by UGT1A1 
and UGT1A9. The preclinical biotransformation experi-
ments demonstrated the dominant role of UGT1A9. Con-
sidering the different abundances of these UGT isoforms 
in tissues, UGT1A9 is predominantly responsible for M-1 
formation in the kidneys, whereas both UGT1A9 and 
UGT1A1 are involved in the liver [24, 25]. In the human 
mass balance study, M-1 represented the majority of the 
radioactivity in urine (41% of the dose), while vericiguat 
represented the majority of the radioactivity in feces (43% 
of the dose). Given the high oral bioavailability (93%; with 
food) [14], the unchanged drug recovered in feces is not 
due to non-absorption. Metabolite M-1 was not detected in 
human feces; ex vivo incubation with human feces under 
anaerobic conditions showed that M-1 could undergo hydro-
lytic cleavage to form vericiguat by microbial flora (Fig. 2 

Table 6  Effects of vericiguat on the pharmacokinetics of other drugs

AUC  area under the concentration–time curve, AUC 0–12,md AUC from time 0 to 12 h after multiple dose administration, AUC (0–22) AUC from 
time 0 to 22 h, AUC τ,md AUC within the dosing interval after multiple dosing, Cmax maximum concentration within a dosing interval, Cmax,md 
 Cmax within a dosing interval after multiple dose administration, Ctrough trough concentration within a dosing interval, CYP cytochrome P450, 
DDI drug–drug interaction, NO nitric oxide, PK pharmacokinetic
a Data for the highest dose of sildenafil administered (100 mg)

Interaction drug Changes in the PK parameters of interaction drugs

PK parameter N Point estimate 90% confidence 
interval

Clinical comment in relation to the VICTORIA 
study

Midazolam AUC 32 0.822 0.776–0.871 No dose adjustment of co-medications metabo-
lized by CYP3A4Cmax 32 0.769 0.683–0.865

In combination with drugs prescribed in cardiovascular disease
 R-warfarin AUC 23 0.985 0.967–1.003 No dose adjustment of warfarin

Cmax 23 0.994 0.960–1.031
 S-warfarin AUC 23 0.978 0.957–0.999 No dose adjustment of warfarin

Cmax 23 0.983 0.947–1.021
 Digoxin AUC τ,md 22 1.042 0.994–1.093 No dose adjustment of digoxin

Ctrough 22 1.000 0.947–1.055
 Sacubitril AUC 0–12,md 14 1.080 0.992–1.177 No dose adjustment of sacubitril/valsartan

Cmax,md 14 1.182 0.891–1.569
 LBQ657 AUC 0–12,md 14 1.013 0.972–1.056 No dose adjustment of sacubitril/valsartan

Cmax,md 14 1.016 0.971–1.063
 Valsartan AUC 0–12,md 14 1.117 0.953–1.309 No dose adjustment of sacubitril/valsartan

Cmax,md 14 1.127 0.976–1.301
In combination with drugs affecting the NO signaling pathway
 Sildenafila AUC 0–22 30 1.130 0.873–1.461 Currently excluded from the phase III VICTORIA 

study as patient safety data is not availableCmax 30 1.171 0.906–1.513
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of the ESM). Based on a preclinical mass balance study in 
bile-duct cannulated rats, metabolite M-1 can be excreted 
via bile (data on file). Therefore, the parent drug observed in 
feces could result from biliary/intestinal secretion of the par-
ent, as well as possible hydrolysis of M-1 in the gut lumen. 
Thus, although 41% of the total vericiguat dose is found in 
the urine as M-1, glucuronidation may contribute to a greater 
percentage of the overall clearance.

4.2  Pharmacokinetic Drug–Drug Interaction 
Potential of Vericiguat

Ten phase I DDI studies in healthy volunteers investigated 
the PK interactions between vericiguat and drugs that are 
known to affect: intestinal pH and NO signaling; inhibit/
induce metabolic pathways; and drugs that are commonly 
administered to patients with cardiovascular disease. Poly-
pharmacy is common in patients with HF and therefore 
drugs intended to be used in HF are required to possess a 
low potential for DDIs as these may result in uncontrolled 
changes in drug plasma concentrations [11–13].

Previous studies have shown an increase in AUC and  Cmax 
by approximately 44% and 41%, respectively, and lower vari-
ability (geometric coefficient of variation in AUC was 19% 
vs 41%) of vericiguat (alone) after administration with food 
compared to without [14, 16]. Here, a reduction by about 
30% in the bioavailability of vericiguat was observed follow-
ing co-administration in fasting conditions of omeprazole 
(40 mg once daily) and magnesium/aluminum hydroxide 
(600/900 mg) relative to vericiguat alone. This is primar-
ily driven by the increase in gastric pH, as vericiguat is a 
basic compound with a pKa of 4.7 and its solubility is lower 
in neutral conditions compared with acidic conditions. The 
increased exposure following administration with food is 
believed to be due to enhanced wettability and solubility 
of vericiguat by stimulation of bile salt secretion and the 
presence of food components enabling better solubilization. 
Therefore, vericiguat is recommended to be taken with food, 
irrespective of food type and the concomitant administration 
of proton pump inhibitors, as well as antacids, were allowed 
in phase II and III studies.

No relevant PK interaction was observed with the strong 
CYP3A and broad-spectrum transporter inhibitor keto-
conazole (200 mg twice daily; vericiguat AUC increased 
by 13%) or the inducer rifampicin (600 mg once daily; 
vericiguat AUC decreased by 29%). Therefore, similar 
concomitant medications were not excluded in the clini-
cal studies. In addition, inhibition of the major metaboliz-
ing enzyme of vericiguat, UGT1A9, by mefenamic acid 
(500 mg four times daily) led to a non-relevant increase in 
the AUC of vericiguat (by 20%), thereby allowing UGT 
inhibitors as concomitant medications in further clinical 
studies.

The lack of a DDI with midazolam (7.5 mg, single dose) 
in the clinic is consistent with the in vitro data indicating 
that vericiguat is not a CYP3A4 inhibitor [18]. Moreover, 
results from the relative induction score model indicate that 
vericiguat is likely not a clinically meaningful inducer of 
CYP3A4 in vivo.

Consistent with the preclinical data, vericiguat had no 
effect on the pharmacokinetics of narrow therapeutic index 
drugs commonly prescribed in cardiovascular disease 
(warfarin 25 mg and digoxin 0.375 mg). Similarly, warfa-
rin, digoxin, aspirin (500 mg; single dose), and sacubitril/ 
valsartan (co-administered at 97/103 mg twice daily) had no 
effect on the pharmacokinetics of vericiguat.

To rule out that a potential pharmacodynamic interaction 
is driven by an underlying PK interaction in the sacubitril/
valsartan interaction study with vericiguat, the plasma con-
centrations of both compounds were measured. Exposure 
and peak concentration of the active sacubitril metabolite 
LBQ657 were unaffected by vericiguat. For valsartan, 
increases in exposure and peak concentration were similar 
following co-administration with vericiguat and co-admin-
istration with placebo. Therefore, a PK interaction between 
vericiguat and sacubitril/valsartan was ruled out. Further-
more, multiple oral doses of vericiguat 2.5 mg administered 
2 h prior to sacubitril/valsartan had no additional effect on 
seated blood pressure [15].

The sildenafil DDI study indicated an increase in expo-
sure for sildenafil co-administered with vericiguat of 22.4% 
or less, compared with sildenafil co-administered with pla-
cebo; however, all 90% confidence intervals included one. 
No meaningful change in the pharmacokinetics of vericiguat 
in response to sildenafil treatment was observed. No PK 
dose-dependent trend was observed with sildenafil (25, 50, 
or 100 mg).

Vericiguat was generally well tolerated and had a favora-
ble safety profile across all phase I studies when given for a 
short duration or as a single dose in healthy volunteers. Most 
treatment-emergent adverse events were mild or moderate 
in severity and in line with those previously reported for 
vericiguat [26, 27]. However, as the studies were performed 
in healthy volunteers, the findings may not reflect how the 
combination of vericiguat and other co-medications will 
be tolerated in patients. The concomitant use of vericiguat 
and phospodiesterase-5 inhibitors, such as sildenafil, is not 
recommended because of the lack of clinical experience in 
patients with HF and the potential increased risk for symp-
tomatic hypotension.

Overall, this series of DDI studies demonstrates that veri-
ciguat has a low potential for PK DDIs across the intended 
therapeutic dose range. Vericiguat has predictable pharma-
cokinetics, which can be described by a one-compartment 
model parameterized by apparent clearance and apparent 
volume of distribution [17]. Based on this population PK 
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model from patients with HFrEF [17], variability in steady-
state AUC is estimated to be about 30%. Therefore, the 
observed maximum changes in exposure in the reported 
studies were within the range of reported PK vericiguat vari-
ability in patients with HFrEF and are considered not clini-
cally relevant. The concurrent or anticipated use of drugs 
affecting gastric pH and known metabolic pathways, as well 
as drugs with a narrow therapeutic index or commonly pre-
scribed in patients with cardiovascular disease were permit-
ted in the phase III VICTORIA study.

5  Conclusions

A low PK interaction profile was estimated from in vitro 
studies and confirmed in healthy volunteer studies; changes 
in vericiguat exposure were in the range of 30% or less in 
the phase I DDI studies. Given the low potential for PK 
interactions, no dose adjustment beyond the dose titration 
algorithm as per the protocol was required in the phase III 
VICTORIA study [1]. These results indicate that vericiguat 
is suitable for the treatment of a patient population with mul-
tiple comorbidities requiring polypharmacy, such as patients 
with HF.
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