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Abstract: Riociguat, a soluble guanylate cyclase stimulator developed for the treatment of pulmonary hypertension, is metabolized in part by
the liver. Expression of one of the metabolizing enzymes, CYP1A1, is induced by aromatic hydrocarbons in tobacco smoke. Two non-
randomized, nonblinded studies were conducted to investigate the pharmacokinetics of riociguat in individuals with mild (Child-Pugh A) or
moderate (Child-Pugh B) hepatic impairment associated with liver cirrhosis compared with that in age-, weight-, and sex-matched healthy
controls: study 1 included smokers and nonsmokers, and study 2 included nonsmokers only. Data from these studies were integrated for
analysis. All participants (N = 64) received a single oral dose of riociguat 1.0 mg. Riociguat exposure was significantly higher in individuals
with Child-Pugh B hepatic impairment than in healthy controls (ratio: 153% [90% confidence interval: 103%–228%]) but was similar in
those with Child-Pugh A hepatic impairment and controls. The half-life of the riociguat metabolite M1 was prolonged in patients with
Child-Pugh B or A hepatic impairment compared with that in controls by approximately 43% and 24%, respectively. Impaired hepatic func-
tion was associated with higher riociguat exposure in nonsmokers compared with the population of smokers and nonsmokers combined.
Riociguat’s safety profile was similar in individuals with impaired or normal liver function. In conclusion, moderate hepatic impairment was
associated with increased riociguat exposure compared with that in controls, probably as a result of reduced clearance of the metabolite M1.
This suggests that dose titration of riociguat should be administered with particular care in patients with moderate hepatic impairment.
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Pulmonary hypertension (PH) is caused by excessive vasoconstric-
tion and the proliferation of smooth muscle and endothelial cells
within the small pulmonary arteries, leading to remodeling of the
pulmonary vasculature. The resulting sustained rise in pulmonary
arterial pressure increases the workload of the right ventricle, which
can lead to right ventricular heart failure. Without specific treatment,
PH is a progressive and debilitating condition with a poor progno-
sis. Twenty-five years ago, the median survival from the time of
diagnosis was only 2.8 years for those with idiopathic pulmonary
arterial hypertension (PAH).1 Although advances in therapies have
improved outcomes, the estimated 7-year survival rate from diagno-
sis of idiopathic or familial PAH remains less than 60%.2

In healthy lungs, the balanced activity of vasoconstrictive agents
(including thromboxane A2 and endothelin) and vasodilatory agents
(including nitric oxide [NO] and prostacyclins) ensures that the pul-
monary vasculature is kept in a low-pressure state.3 In PH, this bal-
ance is disrupted: the availability of vasodilators is reduced and pro-
duction of endothelin is increased.4 Stimulation of the NO receptor,

soluble guanylate cyclase (sGC), by NO increases production of the
vasodilatory second messenger cyclic guanosine monophosphate
(cGMP).3,5 Upregulation of sGC expression has been observed in
the smooth muscle cells of patients with PH and in animal models
of PH, suggesting that sGC is an attractive target for pharmaco-
therapy.6 Indeed, preclinical studies indicate that right heart hyper-
trophy and lung vascular remodeling can be reversed through stim-
ulation of sGC.6

Riociguat (BAY 63-2521) is the first oral sGC stimulator devel-
oped for the treatment of PH.7 The drug increases cGMP produc-
tion via a novel dual mode of action involving direct stimulation of
sGC in an NO-independent manner and an increase in the sensi-
tivity of sGC to low levels of NO.7 In clinical studies, including two
phase 3 trials (Chronic Thromboembolic Pulmonary Hypertension
Soluble Guanylate Cyclase-Stimulator Trial 1 [CHEST-1] and Pulmo-
nary Arterial Hypertension Soluble Guanylate Cyclase-Stimulator
Trial 1 [PATENT-1]), oral riociguat was readily absorbed, exhibited
dose-proportional pharmacokinetics, and was associated with im-
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provements in cardiac function and exercise capacity in patients with
PH.8-11 Riociguat is approved in more than 40 countries, including
the United States and countries of the European Union.

Riociguat is metabolized to M1 (BAY 60-4552) via the cyto-
chrome P450 (CYP) monooxygenases, predominantly CYP1A1 but
also CYP3A4, CYP2C8, and CYP2J2.12 Low levels of CYP1A1 are
expressed continuously;13 however, expression is induced by the
polycyclic aromatic hydrocarbons found in tobacco smoke.14,15 Con-
sequently, smokers are likely to have increased metabolic clearance
of riociguat to M1. In healthy individuals, riociguat is excreted via
both renal (approximately 30%–45%) and biliary/fecal (approxi-
mately 45%–60%) routes.12,16 Given the substantial role played by
the liver in the clearance of riociguat, it is important that the poten-
tial impact of hepatic impairment on the pharmacokinetics of rio-
ciguat be determined. The primary aim of this clinical pharmacology
analysis was to investigate the pharmacokinetics and safety of rioci-
guat following a single oral dose in individuals with mild or moder-
ate hepatic impairment associated with liver cirrhosis, classified as
Child-Pugh A or B, respectively,17,18 compared with that in age-,
weight-, and sex-matched healthy controls. In addition, the effects of
smoking on riociguat pharmacokinetics were evaluated.

METHODS

Study design and treatments
Two nonrandomized, nonblinded studies with group stratification
were conducted at a single center in Germany (study 1, from No-
vember 2008 to June 2009; study 2, from April 2010 to April 2011).
Study 1 and study 2 had the same design. Participants in both stud-
ies, including those with hepatic impairment and healthy controls,
received a single oral dose of riociguat 1.0 mg (as two immediate-
release tablets of 0.5 mg). In individuals with hepatic impairment,
the planned morning dose of concomitant medication was with-
held until 4 h after the riociguat dose. All participants remained at
the study center for 3 days. Participants underwent a final exami-
nation in the 2-week period following study drug administration.

After study 1 had been finalized, it became evident that rioci-
guat was metabolized to M1 not only via the CYP monooxygenases
CYP3A4, CYP2C8, and CYP2J2, as previously known, but also via
CYP1A1.12 As expression of this enzyme is induced by tobacco

smoke,14,15 exclusion of smokers as a significant confounder was
considered to allow a more accurate assessment of the influence of
hepatic impairment on riociguat pharmacokinetics, and therefore a
second study (study 2) was conducted in which nonsmokers only
were recruited. The results from the two studies have been com-
bined and are presented together.

Both studies were conducted in accordance with the Declaration
of Helsinki and adhered to the International Conference on Harmo-
nization Good Clinical Practice Guidelines and the German drug
law (AMG). The study protocols were approved by the Ethics Com-
mittee of the Schleswig-Holstein Medical Council, Bad Segeberg,
Germany, and both studies complied with the US Food and Drug
Administration (FDA) and European Medicines Agency (EMA)
guidelines for industry.19,20 All individuals provided written informed
consent to participate in the studies.

Study population
Individuals aged 18–75 years with liver cirrhosis (confirmed by his-
topathology or ultrasound) and mild (Child-Pugh A) or moderate
(Child-Pugh B) hepatic impairment (see Table 1 for classifica-
tion)17,18,21 were eligible to participate if their body mass index
(BMI) was in the range 18–32 (≤34 for those with moderate impair-
ment, to allow for possible ascites) and if they had a resting heart rate
of 45–100 bpm, a systolic blood pressure (SBP) of 100–160 mmHg,
a diastolic blood pressure (DBP) no higher than 95 mmHg, and
a negative drug screen result. Healthy individuals with a BMI in
the range of 18–32, a resting heart rate of 45–90 bpm, an SBP of 100–
145 mmHg, a DBP no higher than 95 mmHg, and a negative drug
screen result were selected as controls and were matched for age
(±10 years), weight (±10 kg), and sex to eligible participants with
Child-Pugh A or B hepatic impairment (control group A and B,
respectively). The main exclusion criteria relating to both study 1
and study 2 are detailed in Table 2.22 Use of medicinal products
other than riociguat was not permitted during the study with-
out consulting the investigator. Any concomitant medication was
documented.

Equal numbers of individuals were recruited to study 1 and study
2 and the same inclusion and exclusion criteria were used, with the
exception that smoking was not permitted in study 2 (nonsmoking

Table 1. Child-Pugh scoring system

Parameter 1 point 2 points 3 points

Serum albumin, g/L >35 28–35 <28

Ascites None Small quantity Large quantity

Serum bilirubin, μmol/L <34 34–51 >51

Hepatic encephalopathya None I/II III/IV

Prothrombin time (Quick test value), % >60 40–60 <40

Note: The degree of hepatic impairment was classified as follows: Child-Pugh A, 5 or 6 points; Child-Pugh B, 7–9
points; Child-Pugh C, 10–15 points.17,18

a Hepatic encephalopathy was assessed using theWest Haven criteria for semiquantitative grading of mental state.21
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Table 2. Main exclusion criteria applicable to both studies

Exclusion criteria applicable to all individuals

History of medical disorders or conditions that could impair an
individual’s ability to participate in or complete the study

Febrile illness in the week before the study

History of severe allergies and nonallergic drug reactions

Pathological changes in the electrocardiogram, such as a second-
or third-degree atrioventricular block, prolongation of the
QRS complex to more than 120 ms, or prolongation of the
QT/QTc interval to more than 450 ms

Participation in another clinical study in the previous 3 months

Donation of more than 100 mL of blood in the preceding
4 weeks or 500 mL in the preceding 3 months

Pregnant women and women of childbearing age not using
double-barrier contraception

Exclusion criteria applicable to patients with liver cirrhosis and
hepatic impairment

Concurrent diagnosis of severe cerebrovascular or cardiac
disorders, renal failure with a CLCR of 40 mL/min or lower
(according to the Cockcroft-Gault formula),22 grade III or IV
hepatic encephalopathy, or failure of any organ system other
than the liver

Primary and secondary biliary cirrhosis

Sclerosing cholangitis

Diagnosis of malignancy within the previous 5 years

Severe infection or any clinically significant illness in the
4 weeks before drug administration

Percutaneous transluminal coronary angioplasty or coronary
artery bypass graft less than 6 months before riociguat
administration

Concomitant thrombotic disorders

Platelet count less than 50 × 109/L

Diabetes mellitus with a fasting blood glucose level higher than
220 mg/dL or glycosylated hemoglobin levels of more than
10%

History of bleeding in the past 3 months

Ascites of more than 6 L (estimated by ultrasound)

Prothrombin time (Quick test) below 40%

Alkaline phosphatase level at least three times the ULN

Elevated AST or ALT in conjunction with a GGT level at least
three times the ULN (an isolated elevation of GGT ≥3 times
the ULN did not result in exclusion from the study)

Cholinesterase lower than 1,800 U/L

Total bilirubin higher than 102 μmol/L

Concomitant use of potent CYP3A4 inhibitors, phosphodies-
terase 5 inhibitors, endothelin receptor antagonists, or
prostacyclins or treatment with any medication (except those
necessary for the treatment of liver disease or related
complications)

Change in chronic medication less than 4 weeks before dosing

Note: ALT: alanine aminotransferase; AST: aspartate amino-
transferase; CLCR: creatinine clearance; GGT: glutamyl transpepti-
dase; ULN: upper limit of normal.

individuals should not have smoked for at least 3 months). Study
participants were allowed a daily consumption of not more than
40 g (5 units) of alcohol, 1 L of xanthine-containing beverages, and
25 cigarettes (study 1 only).

Safety and tolerability
Safety and tolerability were evaluated by monitoring standard vital
signs, hematology, urinalysis, and biochemical tests. Adverse events
(AEs) were identified by questioning of participants and through
spontaneous self-reporting. All AEs were classified according to their
degree of severity (mild, moderate, or severe) and whether they were
serious.

Pharmacokinetic evaluation
Plasma and urine samples for determination of the pharmacokinet-
ics of riociguat and its metabolite, M1, were obtained before and up
to 72 hours after riociguat administration. Samples were stored be-
low −15°C until analysis.

In both studies, total (bound and unbound) plasma and uri-
nary riociguat and M1 concentrations were determined by high-
performance liquid chromatography coupled with mass spectrom-
etry, using [2H3]riociguat and [2H3]M1 as the internal standards.
In study 1, the working ranges were 0.500–100 μg/L in plasma and
10.0–1,000 μg/L in urine. For plasma, quality control (QC) samples
in the concentration range 1.50–80.0 μg/L were determined with an
accuracy of 106%–108% and a precision of 4.21%–7.34% for rioci-
guat and with an accuracy of 103%–107% and a precision of 4.05%–

6.86% for M1. For urine, QC samples in the concentration range
30.0–800 μg/L were determined with an accuracy of 101%–104%
and a precision of 3.54%–3.71% for riociguat and with an accuracy
of 97.8%–99.0% and a precision of 2.63%–5.41% for M1.

In study 2, the working ranges were 0.500–250 μg/L in plasma
and 10.0–1,000 μg/L in urine. For plasma, QC samples in the con-
centration range 1.50–200 μg/L were determined with an accuracy
of 98.2%–101% and a precision of 4.45%–5.50% for riociguat and
with an accuracy of 97.0%–99.0% and a precision of 4.49%–7.48%
for M1. For urine, QC samples in the concentration range 30.0–
800 μg/L were determined with an accuracy of 99.1%–103% and a
precision of 4.88%–6.19% for riociguat and with an accuracy of
98.0%–104% and a precision of 2.53%–8.87% for M1.

In both studies, determination of protein binding was performed
in vitro according to the method of Schuhmacher et al.,23 using
[14C]-labeled riociguat and [14C]-labeled M1 as the test substances.

The following pharmacokinetic characteristics were calculated
for total (bound and unbound) riociguat and M1 using noncom-
partmental methods in WinNonlin (ver. 4.1a; Pharsight, Mountain
View, CA): area under the plasma concentration–time curve from
time 0 to infinity (AUC), AUC divided by dose of riociguat per kilo-
gram of body weight (AUCnorm), maximum concentration in plasma
(Cmax), Cmax divided by dose of riociguat per kilogram of body weight
(Cmax,norm), time to Cmax (tmax), terminal elimination half-life (t1/2),
apparent oral clearance (CL/F), amount excreted into urine from
time 0 to infinity (AE,ur), and renal clearance (CLR). Corresponding
parameters for unbound riociguat and M1 (AUCu, AUCu,norm, Cmax,u,
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Cmax,u,norm) were calculated using the fraction unbound ( fu). The
linear-logarithmic trapezoidal method was used to calculate AUC;
t1/2 was calculated by linear least-squares (LS) regression after logarith-
mic transformation of the (three or more) terminal concentrations.

Statistical analysis
Statistical evaluation was performed using SAS software (ver. 9.1
and 9.2; SAS Institute, Cary, NC). An integrated analysis of the two
studies was performed to evaluate the effect of hepatic impairment
on the pharmacokinetics of riociguat and the metabolite M1 in a
mixed population of smokers and nonsmokers with an enrichment
of nonsmokers, considered to be similar to the target population.

The pharmacokinetic characteristics AUC, AUCnorm, Cmax, and
Cmax,norm of riociguat and M1 were analyzed assuming that the data
followed a lognormal distribution. To compare the pharmacokinet-
ics between groups of different hepatic function, the logarithms of
these pharmacokinetic characteristics were assessed using analysis of
variance (ANOVA), including a group effect. On the basis of these
results, point estimates (LS means) and exploratory 90% confidence
intervals (CIs) for the ratios Child-Pugh A/control A and Child-
Pugh B/control B were calculated by retransformation of the loga-
rithmic data derived from the ANOVA. Further explorative analyses,
including a graphical description of the relationship between hepatic
function and selected pharmacokinetic parameters, were carried out.

A subtotal of 16 participants per group was considered sufficient
to achieve the objectives of the investigation. Assuming that the co-
efficient of variation observed with primary pharmacokinetic targets
reached 75% and a true mean ratio of 2, an increase in the primary
pharmacokinetic parameters could be confirmed with a power of
83% on the basis of a sample size of at least 14 matched pairs (SAS
Proc Power; one-sided paired t test of mean ratio with lognormal
data; α = 0.05).

RESULTS

Study population
In total, 64 individuals (52 nonsmokers and 12 smokers; 42 men
and 22 women; mean age: 55.1 years; age range: 35–72 years) re-

ceived riociguat and provided valid data for the safety evaluation
and pharmacokinetic analyses (Table 3). The mean ± standard de-
viation weight was 82.6 ± 13.9 kg, mean height was 173.7 ± 8.9 cm,
and mean BMI was 27.2 ± 3.2. In each study, there were eight
patients with Child-Pugh A hepatic impairment, eight patients with
Child-Pugh B hepatic impairment, and 16 controls.

Safety and tolerability
No serious AEs occurred during these studies. Of 64 participants,
21 (33%) experienced at least one treatment-emergent AE follow-
ing riociguat administration. Twelve (19%) participants experienced
at least one AE assessed by the investigator as being drug related.
Headache was the most frequently reported drug-related AE, occur-
ring in 6 (19%) healthy controls and in 4 (13%) individuals in the
Child-Pugh A group. There was no suggestion of an increase in the
incidence of drug-related AEs due to hepatic impairment. There was
also no indication that the study drug was associated with any clini-
cally relevant changes to laboratory parameters.

Pharmacokinetics
The pharmacokinetic parameters of riociguat and M1 in both indi-
viduals with hepatic impairment and matched healthy controls are
summarized in Table 4. Owing to the rapid absorption of riociguat
(median tmax values ranged between 0.750 hours among individu-
als with Child-Pugh A hepatic impairment and 1.50 hours among
individuals in control group A), the mean Cmax,norm of total rioci-
guat was similar in all four groups (Table 4; Fig. 1A). The mean t1/2
of total riociguat was prolonged in individuals with Child-Pugh B
hepatic impairment (13.7 hours; geometric mean) compared with
that in individuals with Child-Pugh A impairment (9.19 hours) and
matched healthy controls (9.02 and 7.54 hours for control groups A
and B, respectively; Table 4).

Exposure (AUC) to riociguat was elevated among individuals
with Child-Pugh B hepatic impairment, but not among those with
Child-Pugh A hepatic impairment, compared with that in the re-
spective groups of healthy controls. In individuals with Child-
Pugh B hepatic impairment, the mean exposure to total riociguat

Table 3. Baseline demographic characteristics of healthy individuals (normal hepatic function; controls) and patients with mild (Child-
Pugh A) or moderate (Child-Pugh B) hepatic impairment who were valid for pharmacokinetic analysis (total population of smokers
and nonsmokers)

Demographic characteristic
Child-Pugh A

(n = 16)
Child-Pugh B

(n = 16)
Control A
(n = 16)

Control B
(n = 16)

Total
(N = 64)

Age,a years 55.3 (42.0–72.0) 56.7 (39.0–70.0) 52.3 (35.0–69.0) 56.1 (37.0–67.0) 55.1 (35.0–72.0)

Female, no. (%) 5 (31) 6 (38) 5 (31) 6 (38) 22 (34)

White, no. (%) 16 (100) 16 (100) 16 (100) 16 (100) 64 (100)

BMIb 27.2 (4.0) 26.8 (3.4) 27.6 (3.1) 27.3 (2.1) 27.2 (3.2)

CLCR,
b mL/min 90.1 (23.0) 79.0 (20.0) 94.2 (19.9) 85.8 (17.1) Not calculated

Current smoker, no. (%) 3 (19) 5 (31) 2 (13) 2 (13) 12 (19)

Note: BMI: body mass index; CLCR: creatinine clearance.
a Arithmetic mean (range).
b Arithmetic mean (standard deviation).
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(AUCnorm) was increased by approximately 50% compared with that
in matched healthy controls, and the mean exposure to unbound
riociguat (AUCu,norm) was increased by almost 70% (Table 4). The
lower limits of the 90% CIs for the ratio Child-Pugh B/control B
for total (AUCnorm) and unbound (AUCu,norm) riociguat in plasma
were greater than 100%, indicating that the corresponding increases
reached statistical significance (Table 5). The fu of riociguat in indi-
viduals with Child-Pugh B hepatic impairment was increased by ap-
proximately 10% compared with that observed among healthy indi-
viduals in the control groups (Table 4). In terms of mean AUCnorm

values of total and unbound riociguat, exposure was similar in indi-

viduals with Child-Pugh A hepatic impairment and in matched
healthy controls (Table 4). In general, a rank order of exposure in
terms of AUCnorm (individuals with Child-Pugh B hepatic impair-
ment > individuals with Child-Pugh A hepatic impairment ≥ healthy
controls) was observed in the pooled analysis (Table 4; Fig. 2A).

Individuals with hepatic impairment had a reduced rate of for-
mation and impaired elimination of M1 compared with healthy con-
trols (Table 4). The t1/2 of M1 was prolonged by approximately 43%
among individuals with Child-Pugh B hepatic impairment and by
approximately 24% among individuals with Child-Pugh A hepatic
impairment compared with their respective matched controls (Ta-

Table 4. Pharmacokinetic parameters for riociguat and metabolite M1 in healthy individuals (controls) and patients with mild (Child-
Pugh A) or moderate (Child-Pugh B) hepatic impairment, following a single oral dose of riociguat 1.0 mg (total population of smokers
and nonsmokers)

Parameter Child-Pugh A (n = 16) Child-Pugh B (n = 16) Control A (n = 16) Control B (n = 16)

Riociguat

AUC, μg·h/L 371 (74) 459 (62) 350 (67) 301 (92)

AUCnorm, kg·h/L 30.9 (75) 36.6 (65) 29.1 (67) 23.9 (94)

Cmax, μg/L 42.7 (37) 43.3 (39) 42.7 (23) 38.7 (30)

Cmax,norm, kg/L 3.56 (33) 3.45 (26) 3.55 (20) 3.07 (23)

tmax, hours 0.750 (0.500–3.00) 1.25 (0.750–4.00) 0.875 (0.500–3.00) 1.50 (0.500–3.00)

t1/2, hours 9.19 (53) 13.7 (50) 9.02 (63) 7.54 (86)

CL/F, L/h 2.70 (74) 2.18 (62) 2.86 (67) 3.32 (92)

fu, % 3.23 (22) 3.81 (37) 3.34 (20) 3.45 (23)

AUCu,norm, kg·h/L 0.999 (82) 1.39 (92) 0.972 (65) 0.825 (93)

Cmax,u,norm, kg/L 0.115 (35) 0.131 (35) 0.119 (23) 0.106 (25)

AE,ur, % 9.52 ± 4.79 12.2 ± 8.68 11.4 ± 5.26 9.69 ± 4.69

CLR, L/h 0.226 (62) 0.226 (85) 0.289 (30) 0.280 (43)

Metabolite M1

AUC, μg·h/L 289 (52) 266 (56) 213 (38) 222 (35)

AUCnorm, kg·h/L 24.9 (44) 21.9 (60) 18.4 (34) 18.2 (31)

Cmax, μg/L 8.41 (78) 6.55 (79) 6.86 (68) 7.79 (73)

Cmax,norm, kg/L 0.725 (70) 0.540 (69) 0.591 (64) 0.640 (66)

tmax, hours 12.0 (2.00–48.0) 12.0 (2.00–48.0) 8.00 (2.00–24.0) 12.0 (3.00–24.0)

t1/2, hours 19.0 (32) 22.2 (49) 15.3 (32) 15.5 (36)

CL/F, L/h 3.34 (52) 3.64 (56) 4.53 (38) 4.36 (35)

fu, % 2.81 (25) 3.57 (32) 2.91 (20) 3.01 (20)

AUCu,norm, kg·h/L 0.702 (53) 0.787 (55) 0.535 (47) 0.548 (38)

Cmax,u,norm, kg/L 0.0204 (76) 0.0193 (50) 0.0172 (72) 0.0193 (70)

AE,ur, % 13.2 ± 7.42 7.29 ± 4.57a 15.2 ± 8.57 14.1 ± 6.68

CLR, L/h 0.396 (88) 0.234 (98)a 0.618 (49) 0.560 (59)

Note: Data are geometric means (percentage coefficient of variation) except for tmax, which is expressed as median (range), and AE,ur,
which is expressed as arithmetic mean ± standard deviation. AE,ur: amount excreted into urine from time 0 to infinity; AUC: area under
the plasma concentration–time curve from time 0 to infinity; AUCnorm: AUC divided by dose of riociguat per kilogram of body weight
for total (bound and unbound) riociguat/M1; AUCu,norm: AUC divided by dose of riociguat per kilogram of body weight for unbound
riociguat/M1; CL/F: apparent oral clearance for total riociguat/M1; CLR: renal clearance of riociguat/M1; Cmax: maximum concentration
in plasma; Cmax,norm: Cmax divided by dose of riociguat per kilogram of body weight for total riociguat/M1; Cmax,u,norm: Cmax divided by
dose of riociguat per kilogram of body weight for unbound riociguat/M1; fu: fraction unbound; tmax: time to Cmax of total riociguat/M1;
t1/2: terminal elimination half-life for total riociguat/M1.

a Data were available from 15 patients.
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ble 4). The median tmax for M1 ranged between 8.00 hours (control
group A) and 12.0 hours (both groups of hepatic impairment and
control group B; Table 4; Fig. 1B). The antagonizing effects of di-
minished M1 formation and elimination led to only small differ-
ences in overall exposure (AUCnorm) to M1 between individuals
with Child-Pugh A (24.9 kg·h/L) or Child-Pugh B (21.9 kg·h/L)
hepatic impairment and their matched healthy controls (18.4 and
18.2 kg·h/L, respectively; Table 4; Fig. 2B; Fig. 3B). The ratios (90%
CIs) of LS means of Cmax,norm between patients with hepatic im-
pairment and matched healthy individuals for total M1 were 84.4
(58.9–121) for Child-Pugh B and 123 (85.6–176) for Child-Pugh A
(Table 5). There was little variation in the Cmax,u,norm of M1 be-
tween the hepatic-function groups (Table 4).

Although the total levels of M1 were similar in the whole study
population (comprising nonsmokers and smokers; Fig. 2B) and in
the population of nonsmokers only (Fig. 3B), individuals who did

not smoke had a higher exposure to riociguat per se (median
AUCnorm of nonsmokers vs. whole population: Child-Pugh A, 43.3
vs. 32.7 kg·h/L; Child-Pugh B, 39.4 vs. 36.3 kg·h/L; Fig. 2A, 3A), most

Figure 1. Geometric mean plasma concentration–time courses of
total riociguat (A) and metabolite M1 (B) after a single oral dose of
riociguat 1.0 mg in eligible participants with Child-Pugh A or B
hepatic impairment or the respective age-, weight-, and sex-matched
healthy controls. Bars denote the geometric standard deviation; semi-
logarithmic scale; N = 64 (all individuals eligible for pharmacokinetic
evaluation; total population of smokers and nonsmokers). Individual
data values below the lower limit of quantification (LLOQ) ceased to
be measured. Mean values at any one time were calculated only if at
least two-thirds of individual data were above the LLOQ. Values be-
low the LLOQ were substituted by half of this limit for calculation of
mean values.

Table 5. Point estimates (least-squares means) and two-sided 90%
confidence intervals (CIs) of selected pharmacokinetic parameters
for total and unbound riociguat and metabolite M1 in plasma from
patients (total population of smokers and nonsmokers) with mild
(Child-Pugh A) or moderate (Child-Pugh B) hepatic impairment
compared with those in the respective groups of healthy individu-
als (controls), following a single oral dose of riociguat 1.0 mg

Ratio, parameter n
CV,
%

Estimated
ratio, %

90%
CI, %

Riociguat (total)

Child-Pugh A/control A

AUCnorm 32 75 106 71.4–158

Cmax,norm 32 26 100 86.1–116

Child-Pugh B/control B

AUCnorm 32 75 153 103–228

Cmax,norm 32 26 112 96.7–130

Metabolite M1 (total)

Child-Pugh A/control A

AUCnorm 32 43 136 106–174

Cmax,norm 32 67 123 85.6–176

Child-Pugh B/control B

AUCnorm 32 43 121 94.2–154

Cmax,norm 32 67 84.4 58.9–121

Riociguat (unbound)

Child-Pugh A/control A

AUCu,norm 32 83 103 66.9–158

Cmax,u,norm 32 30 96.9 81.5–115

Child-Pugh B/control B

AUCu,norm 32 83 169 110–259

Cmax,u,norm 32 30 124 104–147

Metabolite M1(unbound)

Child-Pugh A/control A

AUCu,norm 32 48 131 100–172

Cmax,u,norm 32 67 119 82.7–170

Child-Pugh B/control B

AUCu,norm 32 48 143 109–188

Cmax,u,norm 32 67 100 69.9–144

Note: AUCnorm: area under the plasma concentration–time curve
from time 0 to infinity divided by dose of riociguat per kilogram of
body weight for total riociguat/M1; AUCu,norm: area under the plasma
concentration–time curve from time 0 to infinity divided by dose
of riociguat per kilogram of body weight for unbound riociguat/M1;
Cmax,norm: maximum concentration in plasma divided by dose of rio-
ciguat per kilogram of body weight for total riociguat/M1; Cmax,u,norm:
maximum concentration in plasma divided by dose of riociguat per
kilogram of body weight for unbound riociguat/M1; CV: coefficient of
variation.
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probably as a result of a lower metabolic clearance of riociguat to
M1 compared with individuals who smoked. Thus, impaired hepatic
function resulted in a higher mean exposure to riociguat in non-
smokers than was seen in the respective groups of impaired hepatic
function of the total population (Tables 4, S1, available online).

The mean CLR of riociguat was lower in individuals with Child-
Pugh A or B hepatic impairment than in their matched healthy con-
trols (Table 4). CLCR values measured on the treatment day indi-
cated decreased renal function (in addition to hepatic impairment)
in individuals with Child-Pugh A (CLCR of 94.2 ± 31.1 mL/min) or
Child-Pugh B (CLCR of 78.6 ± 29.5 mL/min) hepatic impairment,
whereas healthy individuals exhibited normal CLCR levels (CLCR of

121 ± 48.1 and 103 ± 37.2 mL/min for control groups A and B,
respectively). The effect of renal impairment is reflected by the re-
duced AE,ur values for M1 observed in individuals with Child-Pugh
A and, in particular, Child-Pugh B hepatic impairment compared
with the AE,ur values observed in individuals in the respective con-
trol groups (Table 4).

DISCUSSION

The liver plays a substantial role in the metabolism and clearance
of riociguat. These two clinical pharmacological studies and their
joint evaluation investigated the pharmacokinetics and safety of a
single oral dose of riociguat 1.0 mg in patients with mild or moder-
ate hepatic impairment.

Figure 2. Box-and-whisker plots of exposure to total riociguat (A)
and metabolite M1 (B), normalized for riociguat dose and body
weight (AUCnorm), following a single oral dose of riociguat 1.0 mg
in a mixed population of smokers and nonsmokers (N = 64, all
individuals eligible for pharmacokinetic evaluation). Study groups
consisted of eligible participants with Child-Pugh A or B hepatic
impairment and respective age-, weight-, and sex-matched healthy
controls. Boxes signify the 25th to 75th percentiles, vertical lines show
the 10th to 90th percentiles, and horizontal bisecting lines repre-
sent medians. More extreme values are plotted as points. AUCnorm,
area under the plasma concentration–time curve from time 0 to in-
finity divided by dose of riociguat per kilogram of body weight for
total riociguat.

Figure 3. Box-and-whisker plots of exposure to total riociguat (A)
and metabolite M1 (B), normalized for riociguat dose and body
weight (AUCnorm), following a single oral dose of riociguat 1.0 mg
in a population of nonsmokers only (N = 52). Study groups con-
sisted of eligible participants with Child-Pugh A or B hepatic im-
pairment and respective age-, weight-, and sex-matched healthy
controls. Boxes signify the 25th to 75th percentiles, vertical lines show
the 10th to 90th percentiles, and horizontal bisecting lines repre-
sent medians. More extreme values are plotted as points. AUCnorm,
area under the plasma concentration–time curve from time 0 to in-
finity divided by dose of riociguat per kilogram of body weight for
total riociguat.
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Riociguat was well tolerated and showed a favorable safety pro-
file. Exposure to riociguat was highly variable among individuals
with hepatic impairment, and the ranges of AUC and Cmax in pa-
tients with hepatic impairment overlapped with those previously
observed in healthy volunteers and patients with PH receiving a
single dose of riociguat 1.0 mg (in solution).8,9 In our group of
smokers and nonsmokers with Child-Pugh A hepatic impairment,
exposure to the drug was similar to that seen in matched healthy
individuals. However, among patients with Child-Pugh B hepatic
impairment, exposure to riociguat was increased by approximately
50% compared with that in matched healthy individuals, reflecting
the reduced ability of patients with hepatic insufficiency to metabo-
lize the drug to M1. Nonsmokers with Child-Pugh A or B hepatic
impairment experience higher exposures to riociguat than the re-
spective hepatic-impairment groups in the total population of smok-
ers and nonsmokers, as described in “Results” and demonstrated in
Figures 2 and 3. Consequently, the EMA and FDA labels for rio-
ciguat12,24 are based on data relating to nonsmoking individuals,
who might be at a higher risk of hypotension with riociguat than
smokers owing to increased exposure; a statement on riociguat ex-
posures in nonsmoking individuals with hepatic impairment is in-
cluded in the EMA label as follows: “In cirrhotic patients (non-
smokers) with mild hepatic impairment (classified as Child Pugh A)
riociguat mean AUC was increased by 35% compared to healthy
controls, which is within normal intra-individual variability. In cir-
rhotic patients (nonsmokers) with moderate hepatic impairment
(classified as Child Pugh B), riociguat mean AUC was increased by
51% compared to healthy controls. There are no data in patients
with severe hepatic impairment (classified as Child Pugh C).”24

Overall, the increases in exposures to riociguat in patients with
hepatic impairment were less than expected given the results of a
mass balance study conducted in healthy volunteers, in which be-
tween 48% and 59% of riociguat-associated radioactivity from a sin-
gle 1.0-mg oral dose of [14C]riociguat was eliminated via the biliary/
fecal route.25 Systemic clearance thus has an important role to play
alongside hepatic clearance in the elimination of riociguat. These
exposure data suggest that particular care should be exercised during
individual dose titration for patients with Child-Pugh B hepatic im-
pairment but that no additional precautions are necessary during
dose titration for patients with mild (Child-Pugh A) hepatic impair-
ment. This is reflected in the EMA label and is important because
hepatic cirrhosis might be indolent and asymptomatic and therefore
remain undetected until decompensated complications of hepatic
disease present.26 Despite the differing levels of exposure, the safety
profile of riociguat in individuals with hepatic impairment was simi-
lar to that in healthy individuals.

The effect of smoking on riociguat exposure that was docu-
mented in this study may be related to the sensitivity of the CYP1A1
protein to components of tobacco smoke. In humans, the micro-
somal enzyme CYP1A1 has been shown to be expressed in the
lungs27-29 in addition to the liver30,31 and other extrahepatic tis-
sues.31 CYP1A1 gene expression occurs at very low levels in un-
induced cells;32 the messenger RNA is typically undetectable in the
lungs of nonsmokers but is found at high levels in the bronchial

epithelial cells of smokers. Likewise, the CYP1A1 protein is ex-
pressed at constitutively low levels in the lung tissues of nonsmokers
but is found at much higher levels in the lung microsomes of smok-
ers.13,33 Furthermore, interindividual variation in levels of CYP1A1
expression in lung samples is partially dependent on the number of
cigarettes smoked per day.29 This small study suggests that, most
probably owing to the enhanced expression of CYP1A1 induced by
the polycyclic aromatic hydrocarbons found in tobacco smoke,14,15

the metabolism of riociguat to M1 is enhanced in a population in-
cluding smokers, resulting in an overall reduced exposure to rio-
ciguat compared with that in a population of only nonsmokers. It
would be of interest to discover in the future whether larger stud-
ies, perhaps based on registry data, can provide further insight into
the relationship among hepatic function, smoking, and riociguat
metabolism.

Mean CLCR at baseline ranged from 79.0 mL/min in individuals
with moderate hepatic impairment to 94.2 mL/min in control group A.
Following exposure to riociguat, mean CLCR and CLR of riociguat
observed in patients in the Child-Pugh A and Child-Pugh B groups
was lower than that in healthy controls. However, results from an-
other recent clinical trial, which investigated the pharmacokinetics
of riociguat in patients with mild, moderate, or severe renal impair-
ment (CLCR of 15–80 mL/min), suggest that there are no additional
risks from the use of riociguat in these individuals; a greater overall
exposure to riociguat was observed in patients with renal impair-
ment (42.7%–104.3%) than in healthy individuals, but the ranges of
exposure in the study groups overlapped.34

Riociguat is approved for the treatment of patients with PAH
and chronic thromboembolic PH (CTEPH). However, this study
did not include patients with either form of PH, a limitation that
should be considered when extrapolating the findings into clinical
practice. The absorption of riociguat (at therapeutic doses titrated
up to 2.5 mg three times daily) is similar in patients with PH and
healthy individuals; however, riociguat elimination is markedly lower
in patients with PH, resulting in an approximately two- to three-
fold higher exposure compared with healthy individuals.35 Charac-
teristics of patients with PH, such as right-sided heart failure and
increased age, are associated with physiological changes including
diminished renal excretion and hepatobiliary elimination. The effect
of underlying PH with right-sided heart failure on the organs re-
sponsible for drug elimination is hypothesized to influence riociguat
exposure to a great extent. Right-sided heart failure is often caused
by severe PAH and can result in hepatic dysfunction. The primary
pathophysiology of this frequently asymptomatic condition is either
hepatic congestion or impaired perfusion, the latter being associ-
ated with hepatic necrosis and reduced enzyme activity.36 In addi-
tion, the increased central venous pressures characteristic of PH with
right heart failure are associated with worsening renal function.37

Despite the increased exposure to riociguat in patients with PH com-
pared with those without PH, individual dose titration should allow
riociguat therapy to be tailored to the individual according to blood
pressure and clinical response. Patients should be started on rioci-
guat 1.0 mg three times daily (0.5 mg three times daily in patients
who may not tolerate hypotensive effects), and—at intervals of at
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least 2 weeks—the dose increased by 0.5 mg three times daily to a
maximum of 2.5 mg three times daily; however, if blood pressure
falls below 95 mmHg the dose should not be uptitrated, and if the
patient develops hypotension the dose should be decreased by 0.5 mg
three times daily.12,24

The pharmacodynamic effects of a single dose of riociguat 1.0 mg
that were observed in this study are not necessarily predictive of the
pharmacodynamic effects of riociguat when used as chronic treat-
ment in patients with PAH or CTEPH. However, the pharmacoki-
netic results are in line with those of multiple-dose studies in healthy
individuals and in patients.10,11,38,39 This plus the knowledge that
riociguat displays dose-proportional and linear kinetics and that a
single dose of riociguat is pharmacologically effective8 mean that the
pharmacokinetic conclusions from this single-dose study could po-
tentially be applied to multiple-dosing steady-state conditions.

Our study should be considered in the context of other inves-
tigations from our group of the interactions between riociguat and
a spectrum of commonly used drugs, including aspirin, ketocona-
zole, clarithromycin, and omeprazole.40-45 The present study adds
to current knowledge by demonstrating that riociguat exposure in
patients with moderate hepatic impairment is elevated compared
with that in age-, weight-, and sex-matched controls even though
the level of exposure overlaps with that previously reported in
healthy volunteers. Individual dose titration and close monitoring of
blood pressure and clinical well-being, as performed in the phase 3
trials10,11 and recommended in European and US labeling,12,24 should
overcome this risk of increased exposure. In summary, moderate
liver impairment (Child-Pugh B hepatic impairment) results in in-
creased exposure to riociguat compared with that in controls, and
particular care should be exercised during individual dose titration
when prescribing the drug to patients with this condition.
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