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Abstract 

Objective:  This article describes in vitro and in vivo studies that aimed to further characterize the biopharmaceutical 
properties and pharmacokinetic (PK) profile of vericiguat and to guide dosing recommendations.

Methods:  Five open-label, phase I studies characterized the biopharmaceutical aspects of vericiguat, including 
absolute bioavailability, bioavailabilities of different formulations, dose proportionality, and food effect. Area under the 
curve (AUC) and maximum plasma concentrations (Cmax), determined by a noncompartmental analysis, were com-
pared by analysis of variance, and a mixed-effects power model was used to assess dose proportionality. The effect 
of food on the dissolution of vericiguat was evaluated in vitro using media simulating the gastrointestinal tract under 
fed and fasted conditions. In vitro dissolution of intact vs crushed vericiguat tablet was assessed in quality control 
medium (HCl at pH 2), acetate buffer at pH 4.5, and phosphate buffer at pH 6.8.

Results:  Dissolution of vericiguat increased under fed conditions. In healthy subjects, exposure (AUC and Cmax) 
increased ~ 40% with food vs fasted state (10 mg intact tablet) confirming a food effect on vericiguat bioavailability. 
Interindividual variability in exposure decreased ~ 20%, irrespective of meal type. Absolute bioavailability of vericiguat 
10 mg (intact tablets, fed) was 93%. Vericiguat 2.5–10 mg demonstrated dose proportionality (intact tablets, fed) in 
healthy subjects. Dissolution studies showed no differences between the formulations, and this was confirmed with 
in vivo studies.

Conclusion:  Vericiguat tablets should be administered with food and may be crushed for patients who have dif-
ficulty swallowing.
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Introduction
Vericiguat is a soluble guanylate cyclase stimulator, indi-
cated to reduce the risk of cardiovascular death and heart 
failure (HF) hospitalization following a hospitalization 
for HF or need for outpatient intravenous (IV) diuret-
ics, in adults with symptomatic chronic HF and ejection 
fraction less than 45% (Food and Drug Administra-
tion 2021a). The recommended starting dose of vericiguat 
is 2.5 mg orally once daily with food. The dose should be 
doubled approximately every 2 weeks to reach the target 
maintenance dose of 10 mg once daily, as tolerated by the 
patient (Food and Drug Administration 2021a).

Within the clinical development program, several for-
mulations of vericiguat were investigated (Supplementary 
Table  S1); however, vericiguat was primarily adminis-
tered as immediate-release (IR) tablets with a non-func-
tional film coating. Vericiguat has low solubility, high 
permeability, and is a weakly basic compound (Becker 
et  al. 2019), in line with a Biopharmaceutics Classifica-
tion System (BCS) class II drug (Food and Drug Admin-
istration  2017). Vericiguat IR tablets have predictable 
pharmacokinetics (PKs), with peak plasma concentra-
tion reached at approximately 4 h after oral administra-
tion with food in healthy adults and a mean elimination 
half-life of approximately 20–24 h (Boettcher et al. 2021a; 
European Medicines Agency 2021), consistent with a 
pharmacological profile suitable to once daily dosing. In 
phase I studies, vericiguat was generally well-tolerated 
and most treatment-emergent adverse events (TEAEs) 
were of mild intensity (Boettcher et al. 2021a). The most 
frequent TEAE in the discussed studies were “headache”, 
“nasopharyngitis”, “increased blood creatine phosphoki-
nase”, “nausea”, and “dyspepsia”, reported in 33.3%, 10.8%, 

7.8%, 5.9%, and 5.9% of subjects, respectively. The hemo-
dynamic effects of vericiguat were evaluated and found 
to be consistent with its mode of action (Boettcher et al. 
2021a). Vericiguat also has a low potential for PK and 
pharmacodynamic interactions with other frequently 
prescribed medicines (Boettcher et al. 2020, 2021b). Glu-
curonidation to produce the pharmacologically inactive 
metabolite, M-1, is the main metabolic pathway of veri-
ciguat; 53% is excreted in urine (primarily as M-1) and 
45% in feces (primarily as vericiguat) (Boettcher et  al. 
2020).

Here, we describe the results of five phase I studies 
that aimed to further characterize the biopharmaceutical 
properties and PK profile of vericiguat. The studies evalu-
ated the absolute oral bioavailability and general biophar-
maceutical characteristics of different formulations and 
doses of vericiguat in the fed and fasted states, including 
the effect of different types of meals (high-fat, high-calo-
rie or low-fat, low-calorie meal). As the presence of food 
alters the components of gastrointestinal fluid, in  vitro 
dissolution studies with simulated intestinal fluids (rep-
resenting fed and fasted states) were also performed. 
The findings of these studies informed the choice of dose 
administration (with food) in the phase IIb SOCRATES 
studies (NCT01951625 and NCT01951638) and the 
phase III VICTORIA trial (NCT02861534), and the rec-
ommendation in the prescribing information to take veri-
ciguat with food (Food and Drug Administration 2021a).

Some patients with chronic HF that may require treat-
ment with vericiguat, such as those who are geriatric, 
hospitalized, seriously ill, or have multiple comorbidi-
ties, may be fed by nasogastric tube or be unable to swal-
low the whole tablet formulation; therefore, crushing the 
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whole tablet formulation offers an alternative approach 
to whole tablets and is of clinical value (Food and Drug 
Administration  2018). Thus, an additional aim of the 
phase I studies was to evaluate the PK and bioavailability 
of vericiguat administered as a crushed tablet suspension 
relative to the intact tablet, to guide dosing recommenda-
tions for this patient group. To support this clinical study, 
in vitro studies were conducted to examine the influence 
of crushing the tablet on dissolution.

Overall, this article complements the PK characteriza-
tion of vericiguat (Boettcher et  al. 2021a, 2020, 2021b) 
and presents unpublished data on its biopharmaceutical 
properties.

Materials and methods
In vitro studies
Solubility and permeability
The solubility of vericiguat was determined by adding 
crystalline drug substance in excess to aqueous media 
(hydrochloric acid [HCl] pH 2, glycine buffer pH 3, ace-
tate buffer pH 4.5, and phosphate buffer pH 6.8). Suspen-
sions were stirred at 37 °C for 24 h. The suspensions were 
then passed through a 0.45-μm membrane filter, and the 
clear filtrate was analyzed by high-performance liquid 
chromatography (HPLC) for vericiguat content.

The permeability of vericiguat was determined as 
previously described for the apical (A) to basal (B) and 
B-to-A orientation at 2 μM using a validated Caco-2 cell 
assay (International Council for Harmonisation of Tech-
nical Requirements for Pharmaceuticals for Human Use 
(ICH) 2019; Wunder et al. 2009).

Evaluation of dissolution

Fed vs fasted state  To support in vivo PK observations 
in the fed and fasted states, the effect of food on disso-
lution was evaluated using media simulating the gastro-
intestinal tract under fed and fasted conditions. Intact 
vericiguat tablets at doses of 2.5  mg, 5  mg, and 10  mg 
were added to 500 mL of fasted-state simulated intestinal 
fluid (FaSSIF) and 500 mL of fed-state simulated intesti-
nal fluid (FeSSIF). Both FaSSIF and FeSSIF were prepared 
according to the manufacturer´s instructions (www.​biore​
levant.​com, accessed Feb 28, 2022). Dissolution studies 
were performed at 37 °C using United States Pharmaco-
peia 2 paddle apparatus with a stirring speed of 75 rpm. 
Ten milliliters of samples manually drawn from each of 
the dissolution vessels at time points 5, 10, 15, 20, 30, 
40, 50, and 60 min were filtered using 0.45 µm regener-
ated cellulose filters (Whatman Spartan, Cytiva, Ger-
many). For each sampling time point and vessel, a fresh 
filter was used. Pre-rinse volume for filtration was 6 mL. 
Withdrawn sampling volume was replaced by adding 

10 mL of fresh FaSSIF or FeSSIF medium to each vessel 
after every sampling time point, respectively. Vericiguat 
content in the filtrate was determined by HPLC with UV-
detection (Agilent, Waldbronn, Germany; Supplemen-
tary Table S2).

Crushed vs intact tablets  To investigate the influence 
of crushing the tablet, dissolution of intact tablet and 
crushed tablet suspension (2.5 mg and 10 mg) were com-
pared in the quality control medium (900  mL 0.01  M 
HCl; pH 2) as well as in 900 mL of acetate buffer pH 4.5 
and 900 mL of phosphate buffer pH 6.8, respectively. Dis-
solution studies were performed at 37  °C using United 
States Pharmacopeia 2 paddle apparatus with a stir-
ring speed of 75  rpm. Ten milliliters of samples manu-
ally drawn from each of the dissolution vessels at time 
points 15, 30, 45, and 60  min were filtered using either 
0.45 µm regenerated cellulose filters (Whatman Spartan, 
Cytiva, Germany; for each sampling time point and ves-
sel, a fresh filter was used; pre-rinse volume for filtration 
was 6 mL; withdrawn sampling volume was replaced by 
adding 10 mL of fresh dissolution medium to each ves-
sel after every sampling time point, respectively), or vali-
dated filter equivalents (e.g., G4 glass frit as part of the 
fully automated dissolution system RoboDisI, Erweka, 
Germany). Filtrates were subjected to quantification by 
validated HPLC methods (Agilent, Waldbronn, Ger-
many; Supplementary Table S2).

The preparation of the tablet suspensions for in  vitro 
dissolution testing followed the suspension preparation 
conducted for the vericiguat coated tablet 10  mg in the 
respective human PK study (Supplementary Table S1).

As the tablet suspension may sit for a few hours after 
preparation until administration in the clinical setting, 
a short-term stability study over 4  h was conducted for 
the crushed tablet suspension, consistent with the regula-
tory guidance (Food and Drug Administration 2018). For 
crushed tablets, dissolution was evaluated for the sus-
pension applied to the dissolution medium immediately 
and 4 h (at room temperature) after preparation. Statis-
tical comparison of dissolution curves was performed 
using the F2 test according to guidelines (International 
Council for Harmonisation of Technical Requirements 
for Pharmaceuticals for Human Use (ICH) 2019; Moore 
and Flanner 1996; Food and Drug Administration 2021).

Phase I clinical studies
Five separate, open-label, non-placebo-controlled, single-
dose, and single-center clinical studies (Table  1) were 
conducted between December 2011 and August 2017. All 
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studies, except for the absolute bioavailability study, were 
crossover studies comparing multiple treatment regi-
mens, with subjects randomized to treatment sequence. 
Healthy, white, male subjects aged ≥ 18 and ≤ 55  years 
with a body mass index (BMI) of ≥ 18.0 and ≤ 30.0 kg/m2 
who provided written informed consent were eligible for 
participation. Exclusion criteria included the use of regu-
lar medication within 4 weeks of study drug administra-
tion and the use of medications that may have interfered 
with the study drug at least 2 weeks prior to dosing. Stud-
ies met all local and regulatory requirements and were 
conducted in accordance with the currently accepted ver-
sion of the Declaration of Helsinki and the International 
Conference on Harmonization Good Clinical Practice 
(GCP) Guideline.

The oral formulations used in the studies were intact IR 
tablets, crushed IR tablets suspended in water, and a poly-
ethylene glycol (PEG) solution formulation (Supplementary 
Table S1). Vericiguat was also administered as an IV infu-
sion in the absolute bioavailability study. These four veri-
ciguat formulations are referred to here as: intact tablets, 
crushed tablet suspension, PEG solution, and IV infusion.

Relative bioavailability and food effect study
The bioavailability of vericiguat intact tablets (1.25  mg 
and 5  mg) relative to that of PEG solution (5  mg) was 
assessed in a four-way crossover study (Study 2011–
004,841-42; Table 1). The PEG solution was the formula-
tion utilized in the first-in-human (FIH) studies, because 
the FIH studies were performed before the tablet for-
mulation was completed and because this oral solution 
allows all dosing increments to be administered while 
ensuring independence of dissolution. This study com-
pared the PEG and tablet formulations to bridge the 
results from the FIH studies. The study also investigated 
the effect of food (high-fat, high-calorie meal) on the PK 
of the intact tablet (5 mg).

Evaluation of absolute bioavailability
The absolute bioavailability of a single oral dose of veri-
ciguat 10  mg, administered as two 5  mg intact tablets 
in the fed state, was characterized using a micro-dose 
approach (Study 2015–001,568-20; Table  1). The study 
utilized simultaneous administration of oral vericiguat 
and a 14C-labeled micro-dose of 20  μg vericiguat as 

Table 1  Five phase I studies of vericiguat in healthy subjects

All studies were randomized and included a washout phase of ≥ 5 days between treatments, except for the absolute bioavailability study, which was non-randomized 
and had no washout. N numbers are the numbers of subjects that completed the studies. For the pivotal food effect study, 29 subjects completed the study (27 were 
included in the PK analysis set for dose-proportionality)

IV Intravenous, PD Pharmacodynamic, PEG Polyethylene glycol, PK Pharmacokinetic
a Three of six treatments from this study are presented

Study title and EudraCT# Vericiguat dose, formulation, and fed/fasted 
state

Study objectives, description and numbers of 
subjects who completed the studies

Relative bioavailability
2011–004,841-42

1.25 mg intact tablet (fasted), 5 mg intact tablet 
(fed and fasted), 5 mg PEG solution (fasted)

Safety, PD, and PK of
vericiguat intact tablets vs PEG solution
Four-way, crossover design (n = 15)
Healthy, White males

Absolute bioavailability
2015–001,568-20

10 mg tablets (two 5 mg intact tablets; fed, 
high-fat, high-calorie meal), followed by 20 µg 
(14C-labeled) IV infusion over 30 min (4 h post-oral 
tablet)

Absolute bioavailability of a single oral dose of 
vericiguat 10 mg (fed state) vs a single IV infusion 
microdose (20 µg) of 14C-labeled vericiguat
Non-randomized (all subjects received the same 
treatment; n = 10)
Healthy, White males

Exploratory dose proportionality
2012–004,839-23

1.25 mg, 2.5 mg, 5 mg, and 10 mg intact tablets (all 
fed, high-fat, high-calorie meal)

PK and safety of vericiguat 1.25–10 mg (fed state)
Four-way crossover study (n = 15)
Healthy, White males

Pivotal food effect and dose proportionality
2016–000,980-18

2.5 mg, 5 mg, and 10 mg intact tablets (all fed) 
10 mg tablets (fasted)

PK dose proportionality of single oral dose of 
vericiguat 2.5 mg and 5 mg vs 10 mg (fed)
Food effect on PK after single oral dose of 10 mg 
(fed vs fasted)
Safety of vericiguat
Four-way crossover study (n = 29 [food effect]; 
n = 27 [dose proportionality])
Healthy, White males

Comparative bioavailabilitya

2016–005,074-35
10 mg crushed tablets suspension (fed, high-fat, 
high-calorie meal)
10 mg intact tablet (fed, high-fat, high-calorie or 
low-fat, low-calorie meal)

PK of crushed tablet suspension vs intact tablets in 
fed conditions (high-fat vs low-fat meal)
Six-way crossover study (n = 27)
Healthy, White males
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a comparator. The micro-dose was administered as a 
30-min IV infusion, 4  h after oral tablet dosing, coin-
ciding with the approximate time (Tmax) to reach maxi-
mum plasma concentration (Cmax) of the intact tablet 
formulation.

Dose proportionality
Dose proportionality of vericiguat administered as 
intact tablets was examined in two studies (Study 2012–
004,839-23 and Study 2016–000,980-18; Table 1), across 
the dose range 1.25 mg to 10 mg.

Evaluation of food effects and meal type
The effect of food on vericiguat PK was characterized 
in the pivotal food effect and dose proportionality study 
(Study 2016–000,980-18; Table 1). Vericiguat was admin-
istered either without food (fasted state) or with a high-
fat, high-calorie or a low-fat, low-calorie meal (fed state). 
Meals were ingested 30  min before treatment. When 
vericiguat was taken in the fasted state, subjects under-
went an overnight fast for at least 10 h before receiving 
the study drug. Drinking of water was permitted until 
2  h pre-dose. Food and beverages on the day of dosing 
were standardized. Neither were allowed during the first 
2 h post-dose. Water consumption only (up to 250 mL) 
was allowed 2–4 h post-dose. Subjects received a stand-
ardized lunch, snack, and dinner (approximately 4, 8, and 
12 h post-dose, respectively).

In line with international regulatory guidelines and rec-
ommendations for food effect studies, the high-fat, high-
calorie meal contained 50% fat, with calorific content at 
approximately 800–1000  kcal (Food and Drug Admin-
istration  2002). Conversely, in line with draft guidance, 
the low-fat, low-calorie meal contained 25% fat, with 
calorific content at 407 kcal (Food and Drug Administra-
tion 2019). A content breakdown of test meals by carbo-
hydrate, fat, and protein content is given in Table 2.

Relative bioavailability of crushed tablets
The bioavailability of a crushed tablet suspension of veri-
ciguat (10  mg) was examined relative to intact tablets 
(10  mg) under fed conditions (Study 2016–005,074-35; 
Table 1).

Study assessments and analyses
Blood samples for PK analyses were collected pre-dose 
and at 30-min intervals for the first 5  h, and at regular 
intervals (1–24 h) up to 72 h after single-dose administra-
tion. Vericiguat plasma concentrations were determined 
after protein precipitation followed by liquid chroma-
tography mass spectrometry with tandem mass spectro-
metric detection, with quantitation being achieved by 
weighted linear regression using stable isotope-labeled 
internal standards (Boettcher et  al. 2021a). The deter-
mined analyte concentrations in study samples were veri-
fied by assaying quality control samples of blank matrix 
spiked with known concentrations of the respective ana-
lytes. Concentrations above the lower limit of quantifi-
cation (LLOQ) were determined with a precision within 
15% and an accuracy within 85–115%, and concentra-
tions at the LLOQ were determined with a precision of 
20% and an accuracy within 80–120%.

PK parameters were calculated with WinNonlin (ver-
sions 4.1a and 5.3, Pharsight Corporation, Mountain 
View, CA, USA) and included area under the curve 
(AUC), Cmax, and dose-normalized AUC and Cmax 
(AUC/D and Cmax/D, respectively).

For evaluation of absolute bioavailability, AUC/D and 
Cmax/D of vericiguat and 14C-labeled vericiguat, deter-
mined by noncompartmental analysis, were analyzed by 
analysis of variance (ANOVA) including treatment and 
subject effects. Point estimates (least squares means) and 
exploratory 90% confidence intervals (CIs) were calcu-
lated for ratios between treatments. The absolute bio-
availability (F) of vericiguat was defined as the AUC/D 
ratio of 10  mg intact vericiguat tablets to 14C-labeled 
20 μg vericiguat IV infusion.

To compare the different formulations and treatments, 
the parameters AUC/D and Cmax/D of vericiguat were 
analyzed using ANOVA including sequence, subject 
(sequence), period, and treatment effects. Bioequivalence 
was determined if 90% CIs for PK ratios for AUC and 
Cmax were within the limits of 0.80–1.25.

For the evaluation of dose proportionality of veri-
ciguat, three different doses (2.5  mg, 5  mg, and 10  mg, 
with food) were evaluated with respect to their bioavail-
ability. A mixed-effects power model (i.e., a linear regres-
sion between log-transformed AUC and Cmax and the 
logarithm of the dose) was used to assess dose propor-
tionality (Sethuraman et al. 2007; Smith et al. 2000). The 

Table 2  Breakdown of high-fat, high-calorie and low-fat, low-
calorie meals

Example of high-fat, high-calorie meal: two large eggs fried in 10 g butter, two 
slices of fried ham, two slices of toast, 20 g butter, pan-fried potatoes, milk with 
3.5% fat and 100–150 mL decaffeinated coffee

Example of a low-fat/low-calorie meal: two slices of toasted white bread 
with butter and jam, cheese (45% fat) and 200 mL of tea with a cube of sugar 
(approximately 3 g)

High-fat, high-
calorie meal

Low-fat, 
low-calorie 
meal

Fat content, g (kcal) 63.5 (584.2) 24.8 (222)

Protein content, g (kcal) 42 (176.4) 6 (25)

Carbohydrate content, g (kcal) 67 (281.4) 36.5 (160)

Total calories (kcal) 1042 407
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90% CI acceptance range for dose proportionality was 
84–116%.

Vericiguat PK results are presented from each study. 
Subjects with valid PK profiles for at least two treat-
ments were included in the PK analyses. Study periods 
were considered invalid for PK analysis if pre-dose con-
centrations were larger than 5% of Cmax (Food and Drug 
Administration  2014), an invalid PK reading indicated 
that the subject had not ingested the tablet, or were 
deemed invalid due to a protocol deviation.

Safety assessment
Safety results from the five studies were pooled. As part 
of the safety evaluation, blood pressure, heart rate, and 
electrocardiograms (ECGs) were recorded. The safety 
analysis set comprised all subjects who received the study 
drug.

Results
In vitro studies
Solubility
Vericiguat is a lipophilic (logP 2.99), weakly basic (pKa 
4.19) compound. In line with its pKa value, solubility 
is pH-dependent. Solubility values were 0.9, 2, 26, and 
247 mg/L in phosphate buffer pH 6.8, acetate buffer pH 
4.5, glycine buffer pH 3, and HCl pH 2, respectively, 
resulting in dose/solubility ratios of 11,111 mL (pH 6.8), 
5000  ml (pH 4.5), 385  mL (pH 3), and 40  mL (pH 2), 
respectively. Therefore, vericiguat is a low solubility com-
pound according to the definition of the BCS.

Permeability
Vericiguat showed a high permeability with Papp values of 
111 ± 22 nm/s for the A-to-B direction and 464 ± 37 nm/s 

for the B-to-A direction across Caco-2 cells. Based on 
these data, an efflux ratio of 4.21 was calculated suggest-
ing an active efflux.
Dissolution

Fed vs fasted  Dissolution of the intact vericiguat 10 mg 
tablet was increased in FeSSIF compared with FaSSIF 
(both 500 mL; Fig. 1). Similar results were observed for 
vericiguat 2.5 mg and 5 mg tablets (not shown).

Crushed vs intact tablet  Figure 2A, B and C shows the 
dissolution curves for vericiguat 10  mg of intact tab-
let and crushed tablet suspension applied to dissolution 
medium immediately after preparation, and crushed tab-
let suspension applied to dissolution medium 4  h after 
preparation. Individual data for each tablet are shown 
in Supplementary Tables  S3, S4 and S5. With HCl pH 
2 as dissolution medium, dissolution was complete in 
all cases. No relevant difference was detected between 
crushed and intact tablet formulations in the quality con-
trol medium. Comparison of the curves for crushed tablet 
suspension immediately and 4  h after preparation were 
similar, indicating that vericiguat was stable in crushed 
tablet suspension for 4 h at room temperature, and that 
no aggregation of suspended particles occurred during 
the storage time. As complete dissolution was observed 
(100% amount dissolved), no sample loss occurred during 
the procedure of crushing the tablet and transferring the 
crushed tablet into the vessel and thus, the subject in the 
respective clinical trial. Another concern of crushing the 
tablet is that crushing may potentially lead to faster dis-
solution due to higher surface area, and in consequence 
to faster absorption, which could translate into higher 
Cmax values. An even faster dissolution of crushed tablet 

Fig. 1  Mean dissolution of vericiguat 10 mg intact tablet in FaSSIF and FeSSIF (both 500 mL; n = 6). 95% confidence interval bars are contained 
within the data symbols. FaSSIF, fasted state-simulated intestinal fluid; FeSSIF, fed state-simulated intestinal fluid
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Fig. 2  Dissolution of vericiguat 10 mg as an intact tablet, crushed tablet suspension immediately after preparation, and as a crushed tablet 
suspension 4 h after preparation (n = 12) in 900 mL of A 0.01 M HCl pH2, B acetate buffer pH 4.5, and C phosphate buffer pH 6.8, at 37°C at 75 rpm. 
95% confidence interval bars are contained within the data symbols
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versus intact tablet cannot be demonstrated in the acidic 
quality control medium because dissolution after 15 min 
was already complete for both crushed and intact tablets. 
Therefore, dissolution at higher pH was performed, using 
the media acetate buffer pH 4.5 and phosphate buffer pH 
6.8, as recommended by various guidances on compara-
tive in  vitro dissolution testing, e.g., ICH M9 (Interna-
tional Council for Harmonisation of Technical Require-
ments for Pharmaceuticals for Human Use (ICH) 2019). 
pKa- and pH-dependent solubility of vericiguat demon-
strated a strong decrease in solubility between pH 2 and 
3 (and further from 3 to 4.5 and 6.8), in line with the pKa 
value of ~ 4. In line with this, lower dissolution of veri-
ciguat from tablets was observed in dissolution media 
acetate buffer pH 4.5 (Fig.  2B) and phosphate buffer 
pH 6.8 (Fig.  2C). However, no difference in dissolution 
between the intact tablet and crushed tablet suspension 
was observed at a higher pH, as indicated by pairwise F2 
calculations (Table 3). In all cases, the F2 value was > 50. 
Furthermore, the in-use stability study of the crushed 
tablet suspension over 4 h at room temperature revealed 
no difference in dissolution at pH 4.5 and pH 6.8 (Table 3; 
Fig. 2B, C), as F2 values were > 50 in all cases.

Data are shown for the 10  mg tablet. Similar findings 
were observed for the 2.5 mg dose (not shown).

Phase I clinical studies

Subjects
Across the five studies described here (Table 1), a total of 
96 White males enrolled and completed treatment. The 
mean age of all subjects and mean BMI ranged from 28.1 
to 38.5 years and 23.7 to 25.0 kg/m2, respectively, across 
studies. Five subjects withdrew from their respective 
studies early. Of these five subjects, two discontinued due 
to TEAEs (described below), one subject was withdrawn 
at the investigator’s decision due to the omission of a 
treatment period, another subject reported behavioral 

changes (that were considered not drug-related), and one 
was withdrawn due to a positive alcohol test.

Pharmacokinetics
Absolute and  relative bioavailability  Under fed condi-
tions, oral bioavailability of vericiguat was near complete, 
as vericiguat 10 mg (administered orally as two intact 5 mg 
tablets) followed by IV infusion of [14C] vericiguat 20 µg 
had an AUC/D relative to IV infusion of 93% (Table  4; 
Supplementary Figure S1 and S2).

In the fasted state, the relative bioavailability of 5  mg 
vericiguat was reduced following administration as intact 
tablets relative to the PEG solution (Supplementary Fig-
ure  S3 and S4). The AUC of the tablet was 29% lower 
and the Cmax was 40% lower than the PEG solution. Oral 
administration of vericiguat 1.25 mg intact tablet showed 
similar bioavailability to the 5 mg PEG solution, based on 
dose-normalized exposure.

Effect of food  The effect of food on the PK of vericiguat 
indicated by the dissolution studies was confirmed in vivo. 
For both 5 mg and 10 mg vericiguat doses, administration 
of the intact vericiguat tablet with food increased median 
Tmax from 1.5–2.0 h (fasted) to 4.0–4.5 h (fed). At the 5 mg 
dose, vericiguat AUC and Cmax increased by 19% and 9%, 
respectively, with food relative to the fasted state and the 
90% CIs were slightly above the upper limit for bioequiva-
lence. The interindividual variability of PK parameters 
reduced when vericiguat 5  mg was administered with 
food: the coefficient of variation (CV) was 20–45% in the 
fasted state and < 20% with food.

At the 10  mg dose, AUC and Cmax were further 
increased by 44% and 41%, respectively, when adminis-
tered with food (high-fat, high-calorie meal) compared 
with the fasted state, with 90% CIs above the limit of 
bioequivalence (Table  5; Supplementary Figure  S5, S6, 
S7 and  S8). AUC was 5600  µg*h/L and 3890  µg*h/L in 
the fed and fasted states, respectively. PK variability was 
reduced when vericiguat tablet was administered with 
food: the variability in exposure (AUC) was reduced to 
19% from 41% and variability of Cmax was reduced to 16% 
from 60% relative to the fasted state.

Effect of  type of  food  The type of meal consumed had 
no effect on AUC/D, with the 90% CIs for AUC/D fall-
ing within the limits for bioequivalence. However, 90% CI 
for Cmax/D was above the upper limit. As this was only 
slightly over the upper limit and in line with the lower cal-
orie count, and its lower effect on a delay of gastric empty-
ing than a high calorie count, the increase in Cmax/D with 
a low-fat, low-calorie meal relative to a high-fat, high-cal-
orie meal was not considered clinically relevant (Table 5; 
Supplementary Figure S9 and S10).

Table 3  Statistical comparison between intact and crushed 
10  mg vericiguat tablet (in 900  mL acetate buffer at 37°C at 
75 rpm) expressed as F2 value for each pair

pH of dissolution 
medium

F2 value

Intact tablet vs crushed 
tablet (immediately after 
dispersion)

Intact tablet vs 
crushed tablet
(4 h after 
dispersion)

4.5 64 64

6.8 64 70
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Dose proportionality  Overall, geometric mean AUC and 
Cmax increased with increasing vericiguat doses (Fig. 3). 
In the exploratory dose-proportionality study, exposure 
of vericiguat 1.25–10  mg administered in the fed state 
increased in a dose-proportional manner. Further inves-
tigation on the pivotal food effect and dose proportional-
ity study confirmed vericiguat PK was dose-proportional 

when taken with food. The point estimates for the slope of 
the linear regression between log-transformed AUC and 
Cmax, respectively, and the logarithm of the dose (β) and 
the associated 90% CIs (Sethuraman et  al. 2007; Smith 
et al. 2000) were within the acceptance range of 84–116% 
for dose proportionality (AUC: 100.8% [90% CI 94.1–
107.5%]; Cmax: 97.8% [90% CI 91.8–103.8%].

Table 4  Vericiguat bioavailability: point estimates (LS means) and two-sided 90% CIs of PK parameters after administration of 
vericiguat as intact tablets, PEG solution, and IV formulations

ANOVA Analysis of variance, AUC​ Area under curve, AUC/D Dose-normalized area under the curve, CI Confidence interval, Cmax Maximum plasma concentration, Cmax/D 
Dose-normalized maximum plasma concentration, CV Coefficient of variation, IV Intravenous, LS Least squares, PEG Polyethylene glycol

Ratio: LS means for the respective treatment ratio calculated by ANOVA

Comparison (test vs reference) Parameter (unit) n CV (%) Ratio (%) 90% CI

Relative bioavailability
  5 mg intact tablet (fasted)/5 mg PEG solution (fasted) AUC, µg*h/L 15 15.69 70.56 64.09–77.68

Cmax, µg/L 15 27.68 59.94 50.69–70.88

  1.25 mg intact tablet (fasted)/5 mg PEG solution (fasted) AUC/D, h/L 15 15.69 92.38 83.91–101.70

Cmax/D, /L 15 27.68 92.85 78.53–109.79

Absolute bioavailability study
  10 mg intact tablets (fed)/20 µg IV infusion (fed) AUC/D, h/L 10 4.23 93.03 89.86–96.31

Cmax/D, /L 10 10.17 42.61 39.21–46.31

Fig. 3  Plasma concentrations of vericiguat (mg/L) after a single oral dose of vericiguat (intact tablet formulation, n = 27). Data from EudraCT# 
2016–000,980-18 
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Effects of  administering vericiguat as  a  crushed tablet 
suspension relative to  intact tablets  Findings from dis-
solution studies, which showed no differences between 
the formulations, were confirmed with in  vivo studies. 
Plasma concentrations of vericiguat after administration 
of 10 mg crushed tablet suspension and 10 mg intact tab-
let with food are shown in Supplementary Figure S9 and 
S10. The relative bioavailability of vericiguat 10 mg as a 
crushed tablet suspension with respect to AUC and Cmax 
was equivalent to intact tablets (with food), as demon-
strated by ANOVA. The point estimates for the ratios 
of AUC/D and Cmax/D were near unity (Fig. 4A, B) and 
exploratory 90% CIs were within the limits for bioequiva-
lence (Table 6).

Safety
A pooled analysis of all four formulations of vericiguat 
up to 10 mg in 102 healthy subjects demonstrated that 
vericiguat was generally well-tolerated. No deaths 
or serious adverse events occurred. Of the two sub-
jects who discontinued due to TEAEs, one was due to 
a TEAE of common cold, considered unrelated to the 
study drug, and the other subject was due to events 
of rash and pruritus, which were mild in intensity and 
judged by the investigator as related to vericiguat. No 
trends in the incidence of drug-related adverse events 
(AEs) were observed across any of the vericiguat for-
mulations tested (14.8–24.7% for vericiguat up to 
10 mg).

Table 5  Assessments of food and food type: point estimates (LS means) and two-sided 90% CIs of PK parameters after administration 
of vericiguat

Geometric CV indicating intra-individual variability

ANOVA Analysis of variance, AUC​ Area under curve, AUC/D Dose-normalized area under the curve, CI Confidence interval, Cmax Maximum plasma concentration, Cmax/D 
Dose-normalized maximum plasma concentration, CV Coefficient of variation, IR Immediate release, LS Least squares, PK Pharmacokinetic

Ratio: LS means for the respective treatment ratio calculated by ANOVA

Comparison (test vs reference) Parameter (unit) n CV (%) Ratio (%) 90% CI

Effects of food
  5 mg intact tablet (with food)/5 mg intact tablet (fasted) AUC, µg*h/L 15 15.69 118.76 107.87–130.74

Cmax, µg/L 15 27.68 109.23 92.38–129.15

  10 mg intact tablet (with food)/10 mg intact tablet (fasted) AUC, µg*h/L 29 28.02 143.79 127.08–162.69

Cmax, µg/L 29 38.91 140.67 118.83–166.52

Effects of food type: low-fat, low-calorie or high-fat, high-calorie meal
  10 mg intact tablet (low-fat, low-calorie meal)/10 mg intact 
tablet (high-fat, high-calorie meal)

AUC/D, h/L 29 15.06 108.26 101.43–115.56

Cmax/D, /L 29 22.96 118.86 107.69–131.18

Fig. 4  Effects of crushing tablets: box plots for A AUC/D (h/L) and B Cmax/D (/L) of vericiguat in plasma following a single oral dose administration 
of vericiguat 10 mg as intact tablets or as a crushed tablet suspension. Box plots represent the 25th to 75th percentiles; bold horizontal lines 
represent the median values. n = 29 for each treatment. AUC/D, dose-normalized area under the curve; Cmax/D, dose-normalized maximum plasma 
concentration
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In total, 74 (72.5%) subjects experienced at least one 
TEAE. No TEAEs of severe intensity were reported.

The effects of vericiguat on vital signs, ECG, and lab-
oratory test findings were consistent with the mode of 
action of vericiguat, and in line with the formulations 
tested.

Discussion
Vericiguat showed a typical biopharmaceutical profile for 
a BCS class II drug. The biopharmaceutical properties of 
different doses and formulations of vericiguat were char-
acterized and included an evaluation of the bioavailabil-
ity, impact of crushing the tablet, dose proportionality, 
and the effects of food on the PK profile of vericiguat, as 
well as an assessment of the effects of ingesting different 
meal types before receiving vericiguat.

We demonstrated that the absolute bioavailability of 
vericiguat administered as intact tablets relative to the IV 
formulation was high at 93% under fed conditions. Fur-
thermore, the relative bioavailability assessments dem-
onstrated that vericiguat administered as intact tablets 
resulted in delayed vericiguat absorption relative to the 
PEG solution formulation.

In biorelevant media, dissolution of the intact veri-
ciguat tablet was increased in FeSSIF compared with 
FaSSIF, indicating a higher rate of vericiguat solution 
formation in the fed state relative to the fasted state 
(Fig. 1). In line with dissolution data, the effect of food 
on the PK of vericiguat was confirmed in  vivo. Inges-
tion of the tablet with food reduced PK variability and 
increased vericiguat exposure compared with the fasted 
state.

With poorly soluble weak bases, the question of 
whether an increase in gastric pH after food intake (Kozi-
olek et al. 2015a, 2015b) may decrease dissolution in the 
stomach resulting in a potential negative food effect must 
be considered. Alternatively, bile salts, lecithin, and food 
components may promote formulation and active phar-
maceutical ingredient (API) wettening and dissolution, 
resulting in a positive food effect. As suggested by in vitro 
dissolution experiments in FaSSIF and FeSSIF (Fig.  1), 

the increased bioavailability of vericiguat after adminis-
tration with food was likely due to improved solubility 
and dissolution due to bile salts and food components 
enhancing wettability and, therefore, improved absorp-
tion (Boettcher et al. 2021a). In a separate study (data not 
shown), dissolution of vericiguat tablets was recorded 
in a two-stage biorelevant dissolution model (slightly 
adapted from Mann et  al. (Mann et  al. 2017)) that rep-
resents gastric to intestinal transfer. Data revealed that 
under simulated fed conditions (stomach: 250  mL of 
fasted-state simulated gastric fluid (FaSSGF) adjusted 
to pH 4.0, dissolution recorded for 30 min; after 30 min 
250  mL of a double concentrated FeSSIF was added to 
reach FeSSIF of pH 5.0, dissolution recorded for another 
150  min), up to approximately 10% amount of API dis-
solved was observed in FaSSGF adjusted to pH 4.0. After 
addition of 250  mL of the double-concentrated FeSSIF, 
the dissolution curves in the resulting 500 mL of FeSSIF 
pH 5.0 were very similar to dissolution curves obtained 
in FeSSIF without the prior exposure of the tablets to 
FaSSGF pH 4.0. The presence of food also leads to a phys-
iological effect whereby gastric emptying is delayed. This 
effect increased with an increasing amount of calorie 
intake. In line with this, a prolonged median Tmax of the 
intact tablet demonstrated a delayed absorption in the 
fed state relative to the fasted state.

A limitation of dissolution studies in one-compart-
ment dissolution systems is that they do not investi-
gate complex mechanistic processes such as gastric 
emptying, potential vericiguat precipitation, and re-
dissolution in the small intestine of vericiguat already 
dissolved in the stomach. Further investigation would 
be required to determine these processes. For example, 
data obtained from in vitro set-ups, in turn, can be used 
to inform a respective physiologically-based PK (PBPK) 
model (Kambayashi et al. 2016; Ruff et al. 2017; Pathak 
et al. 2017; Kourentas et al. 2016; Hens et al. 2017). A 
verified PBPK model of vericiguat and its major metab-
olite, M-1, has been developed based on in  vitro and 
clinical PK data to provide a quantitative understanding 
of the disposition pathways and PK in healthy adults 

Table 6  Effects of crushing tablets on PK parameters of vericiguat: single oral dose administration of 10 mg intact or crushed tablet

Geometric CV indicating intra-individual variability

AUC/D Dose-normalized area under the curve, CI Confidence interval, Cmax Maximum plasma concentration, Cmax/D Dose-normalized maximum plasma concentration, 
CV Coefficient of variation, LS Least squares, PK Pharmacokinetic

Ratio: LS means for the respective treatment ratio calculated by ANOVA

Comparison (test vs reference) Parameter (unit) n CV (%) Ratio (%) 90% CI

Comparative bioavailability study
  10 mg crushed tablet (high-fat, high-calorie meal)/10 mg intact 
tablet (high-fat, high-calorie meal)

AUC/D, h/L 29 15.06 101.10 94.72–107.91

Cmax/D, /L 29 22.96 102.25 92.65–112.86
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(Frechen et  al. 2020). Vericiguat could be tested in a 
human in vivo aspiration study, in which real-time dis-
solution and precipitation are measured in the stomach 
and small intestine by tube sampling after oral admin-
istration of respective formulations. Such studies have 
been performed for other poorly soluble weak bases 
such as dipyridamole, ketoconazole (Psachoulias et  al. 
2011) and posaconazole (Hens et al. 2016a, 2016b), and 
have been used as a backbone to calibrate in vitro mul-
ticompartment dissolution/precipitation set-ups. How-
ever, these types of investigations are beyond the scope 
of this article, but certainly of interest for the future.

As the calories of a meal can cause physiological gas-
trointestinal changes that affect systemic availability of 
a drug, we investigated two meal types (high-fat, high-
calorie or low-fat, low-calorie), in accordance with 
guidelines (Food and Drug Administration  2019). The 
type of meal did not seem to have a clinically meaning-
ful effect on the PK profile of vericiguat. Over the dose 
range studied, vericiguat had linear PK, demonstrat-
ing dose proportionality, consistent with previous stud-
ies (Boettcher et al. 2019). For BCS class II compounds, 
food effect is driven by bile salt solubilization, a response 
to the fat content often anticipated due to an increase in 
bile micelle concentrations. The lack of a meal-type effect 
for vericiguat supports the reasoning that for some BCS 
class II compounds the in vivo solubilization effect can be 
maximized with lower-fat-content meals compared with 
the standard meal commonly used in food effect studies 
or points to additional mechanisms, such as improved 
wetting facilitating dissolution, which may not require a 
large bile salt concentration.

In vitro dissolution studies also allowed a direct com-
parison between crushed versus intact tablets and com-
plemented the respective clinical evaluations of the 
formulations. The dissolution study demonstrated that 
no vericiguat was lost during crushing and harvesting 
the crushed tablet, and that dissolution of the crushed 
tablet was not impaired by aggregation of the crushed 
tablet particles during the  in-use stability study at room 
temperature. Furthermore, crushing the tablet did not 
increase the dissolution when compared with intact tab-
let, as indicated by comparative dissolution data in ace-
tate buffer pH 4.5 and phosphate buffer pH 6.8. These 
in  vitro dissolution data in media listed in the various 
bioequivalence guidelines (e.g., ICH M9 (International 
Council for Harmonisation of Technical Requirements 
for Pharmaceuticals for Human Use (ICH)  2019)) rein-
force the relevance of these in  vitro dissolution media 
and conditions for the in vivo biopharmaceutical perfor-
mance when it comes to formulation comparison.

Consistent findings were observed in in  vivo stud-
ies, which demonstrated that systemic exposure or 

absorption (AUC and Cmax) of vericiguat was compara-
ble following administration of crushed tablet suspension 
and intact tablets in healthy subjects. One may speculate 
that there may be a difference in the rate of gastric emp-
tying of vericiguat between intact and crushed tablets 
due to the magenstraße (stomach road) (Pal et  al. 2007; 
Kiyota et  al. 2022; Grimm et  al. 2017), a normal physi-
ological mechanism by which co-ordinated contraction 
waves move liquid content along a narrow path through 
the stomach to the duodenum (Pal et  al. 2007). Faster 
gastric emptying of dissolved and finely dispersed drug 
may lead to earlier onset of peak plasma concentrations 
with the crushed tablet suspension. However, given that 
there were no relevant effects of crushing the tablet on 
Cmax, it is unlikely that gastric emptying of vericiguat dif-
fered significantly between the intact tablet and crushed 
tablet suspension. Therefore, concerns that the adminis-
tration of vericiguat as a crushed tablet suspension may 
alter systemic absorption were addressed here. These 
findings support the use of vericiguat in crushed tab-
let suspension as a viable method of administration and 
provide clinicians with an additional treatment option to 
administer vericiguat to very ill patients, or those with 
dysphagia, who are unable to swallow whole tablets.

Vericiguat was generally well-tolerated across the five 
phase I studies. The types of AE reported were consist-
ent with the mode of action of vericiguat and no trends 
in the incidence of drug-related AEs were observed 
between vericiguat formulations. These data demonstrate 
that administration of vericiguat as an intact tablet or as 
a crushed tablet suspension was generally well-tolerated, 
with an acceptable safety profile.

The interpretation of the study results is potentially 
limited by missing data. Subjects were excluded from 
the analysis, in accordance with a standardized GCP-
conformed process, if they had a study period that was 
invalid for PK analysis. Individual PK samples were 
excluded if they were damaged in transport. Missing data 
were not replaced; however, missing data were predicted 
and accounted for in the determination of sample size 
to ensure adequate statistical power for the analyses in 
those studies that were powered.

Conclusions
Oral bioavailability of vericiguat was near complete fol-
lowing administration of the intact tablet under fed con-
ditions, and vericiguat PKs were dose-proportional when 
taken with food. Ingestion of the intact vericiguat tablet 
with food increased vericiguat exposure and reduced PK 
variability compared with the fasted state. Meal type had 
no clinically relevant effect on vericiguat exposure.

No relevant difference was detected between crushed 
and intact tablet formulations in in  vitro dissolution 
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studies, and phase I studies demonstrated that, in the fed 
state, the relative bioavailability of vericiguat crushed tab-
lets was equivalent to intact tablets. Vericiguat was stable 
in crushed tablet suspension for 4 h at room temperature.

Vericiguat was generally well-tolerated, with an AE 
profile consistent with its mode of action.

Overall, the findings from the in vitro and phase I stud-
ies presented here provided the basis for the dosing rec-
ommendation to administer vericiguat with food in the 
SOCRATES-REDUCED (Gheorghiade et  al. 2015) and 
VICTORIA (Armstrong et  al. 2020) studies, irrespec-
tive of meal type. These results also provide important 
guidance on the potential for administering vericiguat in 
crushed tablet formulation.
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