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Abstract

Background Activities of hepatic cytochrome P450 enzymes (CYPs) are relevant for hepatic clearance of drugs and known
to be decreased in patients with liver cirrhosis. Several studies have reported the effect of liver cirrhosis on CYP activity,
but the results are partially conflicting and for some CYPs lacking.

Objective In this study, we aimed to investigate the CYP activity in patients with liver cirrhosis with different Child stages
(A-C) using the Basel phenotyping cocktail approach.

Methods We assessed the pharmacokinetics of the six compounds and their CYP-specific metabolites of the Basel phenotyp-
ing cocktail (CYP1A2: caffeine, CYP2B6: efavirenz, CYP2C9: flurbiprofen, CYP2C19: omeprazole, CYP2D6: metoprolol,
CYP3A: midazolam) in patients with liver cirrhosis (n = 16 Child A cirrhosis, n = 15 Child B cirrhosis, n = 5 Child C cir-
rhosis) and matched control subjects (n = 12).

Results While liver cirrhosis only marginally affected the pharmacokinetics of the low to moderate extraction drugs efavirenz
and flurbiprofen, the elimination rate of caffeine was reduced by 51% in patients with Child C cirrhosis. For the moderate to
high extraction drugs omeprazole, metoprolol, and midazolam, liver cirrhosis decreased the elimination rate by 75%, 37%,
and 60%, respectively, increased exposure, and decreased the apparent systemic clearance (clearance/bioavailability). In
patients with Child C cirrhosis, the metabolic ratio (ratio of the area under the plasma concentration—time curve from 0 to
24 h of the metabolite to the parent compound), a marker for CYP activity, decreased by 66%, 47%, 92%, 73%, and 43% for
paraxanthine/caffeine (CYP1A2), 8-hydroxyefavirenz/efavirenz (CYP2B6), 5-hydroxyomeprazole/omeprazole (CYP2C19),
a-hydroxymetoprolol/metoprolol (CYP2D6), and 1'-hydroxymidazolam/midazolam (CYP3A), respectively. In comparison,
the metabolic ratio 4-hydroxyflurbiprofen/flurbiprofen (CYP2C9) remained unchanged.

Conclusions Liver cirrhosis affects the activity of CYP isoforms differently. This variability must be considered for dose
adjustment of drugs in patients with liver cirrhosis.

Clinical Trial Registration NCT03337945.

1 Introduction

Most patients with liver cirrhosis are treated with multiple
drugs not only for liver disease but also for comorbidities
[1-3]. Because of impaired liver function and portosystemic
shunts, the kinetics of drugs used in patients with liver cir-
rhosis can be altered substantially [4—6]. In most cases,
drug exposure is increased when the same dose is used as in
patients without liver cirrhosis, possibly leading to toxicity.
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We have previously shown that 336 of 1653 prescriptions
(20.3%) in 400 patients with liver cirrhosis were incorrect
(drug contraindicated or dosage too high), leading to 210
adverse drug reactions and 24 hospitalizations [7]. Avoiding
critical drugs or adjusting their dose is therefore important
in this group of patients.

Hepatic drug clearance depends on the liver blood flow,
the activity of drug-metabolizing enzymes, and the free drug
concentration [4]. For drugs with a high hepatic extraction
(e.g., >70% and a bioavailability <30%), hepatic clearance
is mainly determined by the functional blood flow across
the liver, which is dependent on the extent of portosys-
temic shunting. For drugs with a low hepatic extraction
(e.g., <£30% and a bioavailability >70%), hepatic clear-
ance is mainly determined by the product of the free drug
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Liver cirrhosis had large effects on the pharmacokinet-
ics of the moderate to high extraction drugs omeprazole,
metoprolol, and midazolam, but lacked or had less pro-
nounced effects on the low to moderate extraction drugs
caffeine, efavirenz, and flurbiprofen.

Liver cirrhosis did not affect cytochrome P450 enzyme
(CYP) 2C9 activity, but decreased the activities of
CYP1A2, 2B6, 2C19, 2D6, and 3A.

The data can be used for dose adjustment of specific
drugs in patients with liver cirrhosis and to construct a
mathematical model for further improvement and facili-
tation of dose adjustment in this group of patients.

concentration and the activity of metabolizing enzymes. For
drugs with a moderate hepatic extraction (30-70%) both
hepatic blood flow and activity of metabolizing enzymes
determine the hepatic clearance. For drugs with a high
protein binding (e.g., >95%), the fraction of free drug can
vary considerably in patients with liver cirrhosis owing to a
reduced serum concentration of drug-binding proteins such
as albumin and acid a-glycoprotein and displacement from
the protein binding [8]. For low and moderate extraction
drugs, an increase in the free drug concentration should
result in an increase in hepatic drug clearance, which, how-
ever, is often overruled by a decrease in the activity of drug-
metabolizing enzymes in the cirrhotic liver. Drugs without a
functional group that cannot be conjugated directly must first
undergo phase I metabolism, which is mainly performed by
cytochrome P450 enzymes (CYPs) [9]. Cytochrome P450
activity is therefore an important parameter for estimating
the hepatic clearance of low and moderate extraction drugs
undergoing phase I metabolism.

We have developed and validated a functional test to
assess the activity of the six major CYPs simultaneously
using a drug phenotyping cocktail approach [10-12]. For
this test, we administer a single capsule containing com-
pounds specific for six different CYP isoforms in a subther-
apeutic dosage (Table 1 of the Electronic Supplementary
Material [ESM]) and measure the plasma concentration of
the parent compound and of a specific metabolite at different
timepoints [13]. The ratio between the area under the plasma
concentration—time curve (AUC) or between the plasma con-
centration at a specific timepoint of the metabolite and the
parent compound (called the metabolic ratio, MR) reflects
the activity of a specific CYP.

The effect of liver cirrhosis on CYP activity has been
investigated in previous studies. In most of them, only one
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or two CYPs were tested and in only one study the cocktail
approach was used to investigate four CYPs simultaneously
[14]. However, in their cocktail study, Frye et al. determined
the MR only at one timepoint and did not assess a phar-
macokinetic profile, which may not be precise enough for
the assessment of CYP activity in liver cirrhosis. The cur-
rently available studies showed a decrease in the activity of
CYP1A2 [14-16] and CYP2C19 [14, 17, 18], no change
[17] or a decrease in the activity of CYP2D6 [14, 19], a
decrease in the MR of CYP2E]1 [14], and a decrease in the
activity of CYP3A [20-23]. Regarding CYP2B6, increased
efavirenz plasma concentrations have been reported in
human immunodeficiency virus-infected patients with liver
fibrosis/cirrhosis, but no pharmacokinetic profiles have been
obtained [24, 25]. For CYP2C9, to the best of our knowl-
edge, no information is currently available.

Considering the sometimes conflicting or lacking avail-
able data, we decided to study the CYP activity in patients
with liver cirrhosis with different Child stages using the
Basel phenotyping cocktail. The specific aims of the study
were to obtain pharmacokinetic profiles for the six substrates
and their specific metabolites and to assess the activities of
the six major drug metabolizing CYPs involved.

2 Materials and Methods
2.1 Clinical Study

We conducted a single-center clinical study (ClinicalTrials.
gov, ID: NCT03337945) in 36 patients with liver cirrho-
sis and 12 matched control subjects. The study has been
approved by the local ethics committee EKNZ (Ethikkom-
mission Nordwestschweiz/Zentralschweiz, BASEC-Nr:
2017-01329) and was conducted in accordance with good
clinical practice guidelines and the current version of the
Declaration of Helsinki.

The 36 patients with liver cirrhosis were recruited during
hospitalization for problems associated with liver disease
at the University Hospital of Basel, Switzerland. The study
was performed after discharge when the patients were in a
stable clinical condition. Liver cirrhosis had been diagnosed
histologically in all patients during the current or previous
hospitalizations. After explanation of the study aims and
study design, patients had a screening visit in the ambulatory
study center of the University Hospital of Basel and eligi-
ble patients were included into the study after signing the
informed consent. Hepatic encephalopathy stage III and IV,
tense ascites, continued alcohol consumption, and ingestion
of drugs interacting with the substrates of the Basel pheno-
typing cocktail (moderate and strong CYP inhibitors accord-
ing to the US Food and Drug Administration) were exclusion
criteria. Control subjects were mainly recruited from the
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hospital staff. They had to have no acute disease, no history
of liver disease, normal liver function tests in the screening
visit, and no drugs interfering with the metabolism of the
six substrates in the Basel phenotyping cocktail. Excessive
caffeine ingestion (> 800 mg/day) was an exclusion criterion
for both patients and control subjects. One control subject
was matched to three patients with liver cirrhosis regarding
age (£ 10 years), body mass index (+ 10%), and sex.

The study subjects had to stop consuming caffeine con-
taining nutrients 24 h prior to the phenotyping cocktail
administration. They were not allowed to eat overnight
before they arrived at the study center the next morning.
A venous catheter was placed in the non-dominant forearm
and a blood sample was withdrawn to determine the baseline
caffeine and paraxanthine concentrations. The patients had
to void their bladder before a 40% galactose infusion (0.5
g galactose per kg) was administered over 5 min. Venous
blood samples were obtained 20, 35, and 50 min after start
of the infusion into ethylenediaminetetraacetic acid-coated
tubes and the urine was collected over 45 min. Blood sam-
ples were centrifuged at 1500g for 10 min at 4 °C and the
plasma stored at — 80 °C until analysis. The urine volume
was measured and an aliquot frozen at — 80 °C until analy-
sis. 30 min after start of the galactose infusion, the Basel
phenotyping cocktail capsule containing 10 mg of caffeine
(CYP1A2 substrate), 50 mg of efavirenz (CYP2B6 sub-
strate), 12.5 mg of flurbiprofen (CYP2CO substrate), 10 mg
of omeprazole (CYP2C19 substrate), 12.5 mg of metopro-
lol tartrate (CYP2D6 substrate), and 2 mg of midazolam
(CYP3A substrate) was administered orally. Venous blood
samples were obtained 5 min, 15 min, 30 min, 45 min, 1 h,
2h,3h,4h,6h, 8h, 12 h, and 24 h after cocktail admin-
istration into ethylenediaminetetraacetic acid-coated tubes.
Samples were centrifuged at 1500g for 10 min at 4 °C and
the plasma stored at — 80 °C until analysis. We have shown
previously that there are no significant pharmacokinetic
interactions between the compounds administered in the
Basel phenotyping cocktail at these dosages [11].

2.2 Characterization of the Study Subjects

All study subjects were investigated clinically and biochemi-
cally to assess the functions of the liver and other organs as
shown in Table 1, and in Table 2 of the ESM. This allowed
the calculation of the Child score [26], which was used to
categorize the patients with liver cirrhosis. Furthermore,
the galactose elimination capacity [27, 28] and the plasma
concentrations of unconjugated cholic acid and chenode-
oxycholic acid were determined in all subjects to assess the
metabolic function of the liver and the extent of portosys-
temic shunting [29], respectively.

2.3 Study Drugs

The Basel phenotyping cocktail capsules were prepared
under good manufacturing practice conditions by Dr. Hysek
Apotheke (Biel, Switzerland) as described previously [13].
The 40% galactose infusion (40 g/100 mL) was prepared
under good manufacturing practice conditions by the Hos-
pital Pharmacy of the University Hospital of Basel.

2.4 Bioanalysis

The substrates of the Basel phenotyping cocktail were quan-
tified in plasma via high-performance liquid chromatog-
raphy tandem mass spectrometry as described previously
[30]. The plasma concentrations of caffeine, efavirenz, flur-
biprofen, omeprazole, and metoprolol and their metabolites
were determined without prior deglucuronidation, whereas
for midazolam and 1'-OH-midazolam, the samples were
first treated with p-glucuronidase (from Helix pomatia,
> 100,000 units/mL; Sigma-Aldrich, Buchs, Switzerland)
[31]. Analyte extraction was performed by the addition of
150 pL of methanol to 50 pL. of plasma. After vortex mix-
ing for 1 min, the samples were centrifuged, and aliquots
of the clear supernatant injected into the high-performance
liquid chromatography tandem mass spectrometry system.
The analyses were conducted on a Shimadzu (Kyoto, Japan)
ultra-high pressure liquid chromatography system, which
was connected to an API 5500 QTRAP mass spectrometer
(Sciex, Concord, ON, Canada).

2.5 Measurement of Galactose Concentrations
in Plasma and Urine

The galactose concentrations in plasma and urine samples
were measured using the fluorometric assay kit ab83382
from Abcam (Lucerna-Chem AG; Luzern, Switzerland)
following the instructions of the supplier.

2.6 Determination of the Galactose Elimination
Capacity

In the concentration range assessed in the current study,
galactose is eliminated by zero order kinetics [27]. The three
plasma concentrations determined were plotted against time
and the slope (k) was determined by linear regression. C
was determined as the intersection of the regression line
with the y-axis and used to calculate the volume of distribu-
tion Vy:
_ Dose

V - ’
17 7¢, (1)
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where dose represents the dose of galactose administered.
The amount of galactose metabolized and excreted over 50
min (Asg;,) Was calculated as:

Asomin = ke X Vg X 50. )

After subtraction of the amount eliminated by the urine
over 50 min (Us,;.), the galactose elimination capacity
(GEC) could be calculated as g galactose metabolized per
min:

ASOmin - USOmin
GEC= —. 3
30 (€)]

2.7 Measurement of Cholic Acid
and Chenodeoxycholic Acid Concentrations

Cholic acid (Toronto Research Chemicals, Toronto, ON,
Canada) and chenodeoxycholic acid (Merck, Schafthausen,
Switzerland) plasma concentrations were determined by
high-performance liquid chromatography tandem mass spec-
trometry (API 5000; Sciex). An aliquot of 50 pL of plasma
was extracted with 150 pL of acetonitrile, which contained
25 ng/mL of the internal standards, cholic acid-d4 (Toronto
Research Chemicals), and chenodeoxycholic acid-d4 (Ceril-
liant, Round Rock, TX, USA). The samples were agitated
for 30 min and afterwards centrifuged at 10 °C and 3220g
for 30 min. An aliquot of 5 uL. was injected into the liquid
chromatography tandem mass spectrometry system.

Calibrators and quality control samples were prepared in
charcoal-stripped plasma, which was extracted similarly as
unknown samples. The calibration range covered 0.5-500
ng/mL and 0.5-1000 ng/mL for cholic acid and chenode-
oxycholic acid, respectively. Samples with concentrations
above the upper limit of quantification were diluted into the
calibration range using charcoal-stripped plasma. Triplicates
of six quality control levels (1, 2.5, 5, 50, 250, and 500 ng/
mL) were included in each analytical run.

Water plus 0.1% formic acid and acetonitrile served
as mobile phase A and B, respectively. Samples were on-
line diluted with mobile phase A via a t-union, which was
installed in front of the analytical column (Kinetex C18,
50 X 2.1 mm, 2.6 um; Phenomenex, Torrance, CA, USA).
The following gradient profile was used to separate the ana-
lytes: 0-0.5 min; 2% mobile B, 0.5-1 min; 2-30% mobile B,
1-7 min; 30-45% mobile B, 7-7.5 min; 45-95% mobile B,
7.5-8.5 min; 95% mobile B, 8.5-9 min; 2% mobile B. The
flow rate was set a 0.5 mL/min and the column oven tem-
perature at 35 °C. Cholic acid and chenodeoxycholic acid
eluted after 3.8 min and 5.92 min, respectively. The analytes
were detected by negative electrospray ionization and mul-
tiple reaction monitoring. The following mass transitions
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were used: cholic acid; m/z 407.3 — 407.3 (collision energy
[CE]: —40 V), cholic acid-d4; m/z 411.3 — 411.3 (CE: —40
V), chenodeoxycholic acid: m/z 391.3 — 391.3 (CE: —50
V), and chenodeoxycholic acid-d4: m/z 395.3 — 395.3 (CE:
—-50V).

The bioanalytical method was qualified considering
method linearity, accuracy and precision, and selectivity.
The method was linear over the applied calibration range (R
> 0.998), endogenous interferences were separated by the
applied high-performance liquid chromatography gradient
program, and the intra-assay accuracy was between 89.5 and
109.1% and the intra-assay precision was <6.4%.

2.8 Pharmacokinetic Analysis and Statistics

A primary endpoint of the study was the effect of liver cir-
rhosis on the metabolic activity of CYP1A2, 2B6, 2C9,
2C19, 2D6, and 3A. Cytochrome P450 activities were
determined as the terminal elimination rate constant (k)
and as the MR of the six substrates used in the Basel phe-
notyping cocktail. We quantified the following reactions:
caffeine to paraxanthine (CYP1A2), efavirenz to 8-hydrox-
yefavirenz (CYP2B6), flurbiprofen to 4-hydroxyflurbi-
profen (CYP2C9), omeprazole to 5-hydroxyomeprazole
(CYP2C19), metoprolol to a-hydroxymetoprolol (CYP2D6),
and midazolam to 1’-hydroxymidazolam (CYP3A). The MR
was calculated by dividing the AUC from 0 to 24 h (AUC
o0-2ap) Of the metabolite by the AUC,, ,,;, of the respective
parent drug. We performed non-compartmental pharmacoki-
netic analyses of plasma concentration—time curves of the
study drugs and their metabolites using PKanalix (version
2019R1; Lixoft SAS, Antony, France). Values below the
lower limit of quantification were put to zero. The number
of values lower than the lower limit of quantification per
analyte and timepoint are shown in Table 3 of the ESM.
Maximum plasma concentration was obtained directly from
the plotted plasma concentration—time profiles and the k,
from the terminal linear part of the semilogarithmic plasma
concentration—time plots (Table 1). The elimination half-
lives (1,,) were calculated as In2/k,. Area under the plasma
concentration—time curves were calculated using the linear
trapezoidal method. Clearance divided by bioavailability
(CV/F) of the parent compounds was calculated by dividing
the dose (Table 1 of the ESM) by the AUC from O to infin-
ity, and the volume of distribution of the elimination phase
(V,/F) by dividing CI/F by k..

Considering the explorative nature of the study, we did
not perform a formal power analysis. Differences between
the study groups (controls and patients with Child A, Child
B, and Child C liver cirrhosis) were analyzed by a one-way
analysis of variance followed by the Holm—Sidak method
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for comparisons vs the control values. In the case of non-
normally distributed values, an analysis of variance on
ranks (Kruskal-Wallis) followed by Dunn’s method was
performed. All analyses were conducted with GraphPad
Prism 8 (Graphpad Software, La Jolla, CA, USA). Statisti-
cal significance was defined as p < 0.05.

3 Results

We investigated the pharmacokinetics of the six substrates
in the Basel phenotyping cocktail in 16, 15, and 5 patients
with Child A, Child B, and Child C liver cirrhosis, respec-
tively, and in 12 matched control subjects. Compared with
control subjects, patients with liver cirrhosis tended to be
older but had similar body weights and body mass indexes
(Table 1, and in Table 2 of the ESM). Patients with liver
cirrhosis had higher activities of serum transaminases and
alkaline phosphatase as well as higher serum bilirubin lev-
els, but lower serum albumin levels. The galactose elimi-
nation capacity, a marker of the metabolic capacity of the
liver [27, 28], decreased with increasing severity of liver
cirrhosis, dropping to 18% in patients with Child C cirrho-
sis compared with controls. The prothrombin ratio and the
factor V concentrations were reduced in patients with liver
cirrhosis and, accordingly, the international normalized ratio
was increased. The plasma concentrations of chenodeoxy-
cholic acid and cholic acid were increased in patients with
liver cirrhosis, reaching statistical significance compared to

Table 1 Baseline characterization of the study subjects

controls only for chenodeoxycholic acid because of a high
variability.

The impact of liver cirrhosis on the pharmacokinetics of
the low to moderate extraction drugs was limited for efa-
virenz and flurbiprofen but distinct for caffeine. Despite
abstinence from caffeine ingestion during the 24 h before
treatment with the Basel phenotyping cocktail, all subjects
had residual plasma caffeine and paraxanthine concentra-
tions, whereby the residual plasma caffeine concentration
was higher in patients with liver cirrhosis compared with
controls (control subjects 1.19 + 0.24 yg/mL [n = 12; mean
+ standard error of the mean], Child A: 1.44 + 0.34 pg/
mL [n = 16], Child B: 2.04 + 0.49 pg/mL [n = 15], Child
C:7.49 + 3.68 pg/mL [n = 5; p < 0.05 vs control]) (Fig. 1
and Table 2). Because of this high residual plasma caffeine
concentration, the increment resulting from the exogenous
caffeine (10 mg) could not be determined with certainty,
precluding the calculation of V,/F and CI/F for caffeine. The
caffeine elimination rate was numerically lower in patients
with cirrhosis compared with controls but without reaching
statistical significance because of a high variability. The caf-
feine MR_,,;, decreased with the severity of liver cirrhosis,
dropping to 12% in patients with Child C cirrhosis compared
with controls. Similar to caffeine, the elimination rate of
paraxanthine was decreased in patients with liver cirrhosis
compared with control subjects (Fig. 1 and Table 3).

In comparison to caffeine, liver cirrhosis affected the
metabolism of efavirenz less strongly (Fig. 1 and Table 2).

Parameter Control (n = 12) Child A (n = 16) Child B (n = 15) ChildC (n=5)
Age (years) 51+9 54+ 10 57+8 62 + 6%
Body weight (kg) 82+ 15 86 + 19 78 + 17 75 £ 16
Body mass index (kg/mz) 28+5 20+5 27+5 27+ 6
Serum bilirubin (uM) 7+2 10+6 14 + 8% 44 + 39%
Aspartate aminotransferase (U/L) 22+5 36 + 17* 52 + 32% 58 +31*
Alanine aminotransferase (U/L) 22 + 10 34 +25 33+ 16 50 + 46
Alkaline phosphatase (U/L) 61 +21 75 £ 21%* 120 + 54* 117 52
Serum albumin (g/L) 37+2 36 +4 34 + 5% 30 + 3%
Prothrombin ratio (%) 95+ 13 84 + 9% 74 £ 11* 60 + 11*
International normalized ratio 1.0+ 0.1 1.1 +£0.1* 1.2 +0.1* 1.4 +0.2%
Factor V (% of normal) 104 +9 86 + 16* 83 + 12* 56 + 19*
Galactose elimination capacity (g/min) 0.68 + 0.08 0.58 £ 0.13 0.42 + 0.09* 0.12 + 0.12*
Plasma chenodeoxycholic acid (ug/L) 176 + 374 540 + 841 468 + 598 1050 + 1200*
Plasma cholic acid (ug/L) 132 + 265 254 + 579 137 + 256 389 + 590

Data are presented as mean =+ standard error of the mean
*p < 0.05 vs control subjects
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«Fig. 1 Pharmacokinetics of substrates with a low to moderate hepatic
extraction. Plasma concentration—time profiles were assessed in n =
16 patients with Child A cirrhosis, n = 15 patients with Child B cir-
rhosis, n = 5 patients with Child C cirrhosis, and in 12 matched con-
trol subjects. The insert displays the semi-logarithmical presentation
of the data. The calculated pharmacokinetic variables are displayed
in Table 2. Data are presented as mean + standard error of the mean

Liver cirrhosis did not significantly affect efavirenz elimi-
nation, exposure, V,/F, or CI/F. Regarding the elimination
rate constant k. and half-life of efavirenz, the short sampling
time (24 h) of the current study must be taken into account.
The half-life was clearly shorter in the current study (17.4
h in control subjects) than the 52-74 h reported in studies
with longer sampling times [32]. The short sampling time
may have mitigated the effect of liver cirrhosis on efavirenz
elimination. The MR,_,,;, of efavirenz decreased signifi-
cantly with the severity of liver cirrhosis, dropping to 58%
in patients with Child C cirrhosis compared with control
subjects. In comparison, liver cirrhosis did not significantly
affect the pharmacokinetics of 8-hydroxyefavirenz (Table 3).
As shown in Fig. 1 and Table 2, the pharmacokinetics and
MR, ,4;, of flurbiprofen were not significantly affected by
liver cirrhosis. Accordingly, the effect of liver cirrhosis on
the pharmacokinetics of 4-hydroxyflurbiprofen was minimal
with a 58% increase in the AUC,_,;,,, which reached statisti-
cal significance (Fig. 1 and Table 3).

In contrast to the low to moderate extraction drugs,
liver cirrhosis had a large impact on the pharmacokinetics
of moderate to high extraction drugs (Fig. 2, Tables 3 and
4). Regarding omeprazole, patients with liver cirrhosis had
a large decrease in the elimination rate and an increase in
exposure, resulting in a decrease in the omeprazole CI/F
by 91% in Child C cirrhosis compared with control sub-
jects. Because of the increase in omeprazole exposure, the
MR, ,4, showed a marked drop in patients with liver cir-
rhosis; this drop reached 92% in Child C cirrhosis compared
with control subjects. Similarly, patients with liver cirrho-
sis had a reduced elimination rate and V,/F of metoprolol,
resulting in a reduction in CI/F, which dropped to 22% in
patients with Child C cirrhosis compared with control sub-
jects. With increasing severity of liver cirrhosis, the MR, ,,
of metoprolol decreased, amounting to 21% in patients with
Child C cirrhosis compared with control subjects.

For midazolam, we deglucuronidated the plasma sam-
ples before quantification because 1’-hydroxymidazolam is
rapidly and almost completely glucuronidated [33] and the

MR_,4;, provides more reliable results when the total (glu-
curonidated and non-glucuronidated) 1'-hydroxymidazolam
is used for the calculation [31]. Similar to omeprazole and
metoprolol, the elimination rate of midazolam decreased
with increasing severity of liver cirrhosis, resulting in a
higher exposure and lower CI/F (drop by 84% in patients
with Child C cirrhosis compared with control subjects). The
MR, ,4, was decreased in severe liver cirrhosis, dropping
to 33% in patients with Child C cirrhosis compared with
control subjects.

As shown in Table 4 of the ESM, we found significant
linear correlations between liver function tests and pharma-
cokinetic parameters. As expected, such correlations were
mainly present for the moderate to high extraction drugs
omeprazole, metoprolol, and midazolam, whose pharma-
cokinetics were predominantly affected by liver cirrhosis.
The galactose elimination capacity, serum bilirubin, mark-
ers of protein synthesis (serum albumin, prothrombin ratio,
and factor V activity), and the bile acids (chenodeoxycholic
acid and cholic acid) showed the best correlations with the
pharmacokinetic variables. The correlations of the pro-
thrombin ratio with the elimination rate constant and the
MR _,4;, for the substrates used are shown in Figs. 3 and 4,
respectively. The figures show that the prothrombin ratio has
tighter correlations with the elimination rate constant than
with the MR, ,;, and that significant correlations between
the prothrombin ratio and the two pharmacokinetic variables
mainly exist for omeprazole, metoprolol, and midazolam.

Next, we estimated the effect of liver cirrhosis on the
activity of the CYPs involved in the metabolism of the six
substrates of the Basel phenotyping cocktail using the elimi-
nation rate constant and MR, ,4;, as markers for CYP activ-
ity. The main reason to use these two parameters is the fact
that they are independent of bioavailability. This is impor-
tant because the presence of portosystemic shunts in patients
with liver cirrhosis leads to an increase of the bioavailability
of drugs with a moderate to high hepatic extraction [6, 22].
As shown in Fig. 5, the results obtained with the elimination
rate constant and MR, ,;, were similar, showing a decrease
in CYP activity depending on the CYP assessed and on the
severity of liver cirrhosis. The only exception was CYP2C9
(flurbiprofen), for which we had not observed a significant
effect of liver cirrhosis on the elimination rate constant or
MR ,4, (Table 2). The mean reductions in CYP activity in
patients with Child C cirrhosis were 72% for CYP1A2, 36%
for CYP2B6, 84% for CYP2C19, 58% for CYP2D6, and
70% for CYP3A.
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Table 2 Pharmacokinetic variables for low to moderate extraction drugs

CON (n = 12)

Child A (n = 16)

Child B (n = 15)

ChildC (n = 5)

Caffeine
k. (1/h)
tp (h)
Cinax (Hg/mL)
AUC, o4y, (ug X h/mL)
AUC s (ng X h/mL)
MR 54y
Efavirenz
k. (1/h)
tp (h)
Cphax (ng/mL)
AUC,) 4, (ng X h/mL)
VJF (L)
CVF (L/h)
MR 54
Flurbiprofen
k (1/h)
tp (h)
Cphax (ng/mL)
AUC,) 4, (ng X h/mL)
AUC ;s (ng X h/mL)
VJF (L)
CI/F (L/h)
MR 54y

0.071 (0.048-0.105)
9.78 (6.64—14.4)
1.96 (1.63-2.36)
19.4 (14.6-25.7)
28.2 (19.0-41.8)
0.594 (0.426-0.829)

0.040 (0.030-0.054)
17.4 (12.9-23.5)
115 (80.9-163)
1193 (981-1451)
571 (447-730)

22.7 (18.5-27.9)
0.019 (0.016-0.022)

0.127 (0.110-0.146)
5.48 (4.76-6.31)
1340 (1155-1555)
7502 (6540-8606)
7943 (6902-9140)
12.4 (10.6-14.6)
1.57 (1.37-1.81)
0.065 (0.052-0.082)

0.076 (0.049-0.119)
9.07 (5.80-14.2)
2.11 (1.65-2.71)
17.6 (11.4-27.1)
27.4 (14.7-50.9)
0.667 (0.464—0.958)

0.045 (0.035-0.057)
15.5 (12.1-19.8)
93.0 (68.4-127)
960 (730-1262)
698 (529-921)

31.3 (23.1-42.4)
0.012 (0.010-0.016)

0.126 (0.093-0.171)
5.50 (4.04-7.48)
1087 (961-1229)
7494 (5760-9752)
8477 (6208-11,580)
11.7 (10.2-13.4)
1.48 (1.08-2.01)
0.054 (0.035-0.084)

0.038 (0.021-0.068)
18.3 (10.2-32.8)
2.59 (1.91-3.52)
25.9(19.1-35.2)
61.8 (25.9-147)
0.422 (0.274—0.648)

0.036 (0.029-0.044)
19.4 (15.7-23.9)
100 (77.0-131)
1113 (871-1423)
656 (495-869)
23.5(17.1-32.2)
0.013 (0.009-0.016)

0.117 (0.097-0.141)
5.94 (4.92-7.16)
1016 (809-1275)
7555 (6439-8866)
8504 (7096-10,190)
12.6 (11.1-14.3)
1.47 (1.23-1.76)
0.068 (0.056-0.082)

0.032 (0.012-0.082)
22.0 (8.4-57.3)
5.56 (1.51-20.5)
52.3 (12.1-226)

174 (18.6-1630)
0.072 (0.003-1.75)*

0.028 (0.015-0.053)
24.5 (13.0-46.0)
82.0 (58.1-116)
895 (647-1238)
901 (676-1201)
25.6 (14.5-45.1)
0.011 (0.005-0.022)*

0.103 (0.060-0.177)
6.72 (3.92-11.5)
1356 (1229-1496)
9744 (7127-13,320)
10820 (7071-16,550)
11.2 (8.85-14.2)

1.16 (0.76-1.77)
0.080 (0.039-0.164)

The patients were treated with a capsule of the Basel phenotyping cocktail and the pharmacokinetic variables were determined from the drug
concentrations obtained in serial plasma samples. For caffeine, V,/F and CI/F are not provided because of high residual plasma concentrations at
study entry. For efavirenz, AUC ;. is not provided because of the short sampling time of 24 h

Data are shown as geometric mean (95% confidence interval)

AUC area under the plasma concentration—time curve, AUC,_,,, area under the plasma concentration—time curve from O to 24 h, CI/F systemic
clearance divided by F, C,,,, maximum plasma concentration, CON control, F bioavailability, k, terminal elimination rate constant, MR, ,,
metabolic ratio determined as the ratio of the AUC ,,;, of the respective metabolite divided by the AUC,, ,,, of the parent drug, ¢,, terminal

half-life, V. /F volume of distribution in the elimination phase divided by F

*p < 0.05 vs CON

4 Discussion and Conclusions

The principal aims of the current study were to assess
the pharmacokinetics of the six substrates and their spe-
cific metabolites of the Basel phenotyping cocktail and to
determine the activity of the CYPs that metabolize these
substrates in patients with liver cirrhosis. We included 48
subjects into the study, yielding 576 individual pharmacoki-
netic profiles.

The substrates in the Basel phenotyping cocktail comprise
two low to moderate (caffeine and flurbiprofen) and three
moderate to high extraction drugs (omeprazole, metoprolol,
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and midazolam) (Table 1). The classification of efavirenz is
unclear as the absolute bioavailability and hepatic extraction
in humans is not known. Assuming the same bioavailability
in humans as in monkeys (42%) [32], efavirenz would be
classified as a moderate extraction drug. However, the bio-
availability of efavirenz is primarily limited by its low water
solubility and not by hepatic extraction [32], which could
shift it into the category of the low extraction drugs. As
expected, the effect of liver cirrhosis was clearly evident for
the moderate to high extraction substrates, with a reduction
in CI/F and in the elimination rate for omeprazole, meto-
prolol, and midazolam. In theory, liver blood flow, and not
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Table 3 Pharmacokinetic variables of metabolites

CON (n = 12)

Child A (n = 16)

Child B (n = 15)

ChildC (n = 5)

Paraxanthine

k. (1/h)

tp (h)

Cinax (Hg/mL)

AUC, o4y, (ug X h/mL)

AUC s (ng X h/mL)
8-Hydroxyefavirenz

k, (1/h)

tp (h)

Cphax (ng/mL)

AUC,) 4, (ng X h/mL)

AUC ;s (ng X h/mL)
4-Hydroxyflurbiprofen

k, (1/h)

tp (h)

Cphax (ng/mL)

AUC,) 4, (ng X h/mL)

AUC ;s (ng X h/mL)
5-Hydroxyomeprazole

k, (1/h)

1y ()

Cphax (ng/mL)

AUC, y4y, (ng X h/mL)

AUC ;s (ng X h/mL)
a-Hydroxymetoprolol

k, (1/h)

tip ()

Cpax (ng/mL)

AUC, »yy, (ng X h/mL)

AUC ;s (ng X h/mL)
1'-Hydroxymidazolam

k, (1/h)

tip (h)

Cpax (ng/mL)

AUC,) 4y, (ng X h/mL)

AUC ;s (ng X h/mL)

0.057 (0.042-0.078)
12.2 (8.9-16.7)

0.95 (0.67-1.35)
11.5(7.1-18.7)

19.8 (13.3-29.6)

0.054 (0.040-0.074)
12.7 (9.3-17.4)

2.91 (1.99-4.28)
22.3 (16.9-29.5)
36.0 (27.2-47.5)

0.087 (0.074—0.103)
7.93 (6.74-9.33)
65.0 (47.9-88.1)
491 (397-608)

568 (457-706)

0.521 (0.473-0.573)
1.33 (1.21-1.47)
104 (83-131)

262 (212-325)

264 (213-327)

0.098 (0.083-0.115)
7.10 (6.05-8.35)
6.63 (5.19-8.48)
64.1 (54.7-75.1)
72.4 (61.2-85.7)

0.433 (0.387-0.486)
1.60 (1.43-1.79)
1.49 (1.00-2.22)
3.80 (2.84-5.08)
4.13 (3.13-5.45)

0.045 (0.028-0.073)
15.4 (9.6-24.7)
0.82 (0.62-1.08)
11.7 (8.0-17.3)
23.3 (14.4-37.9)

0.047 (0.033-0.067)
14.8 (10.3-21.3)
1.43 (0.96-2.12)
11.8 (7.7-18.0)
20.0 (13.1-30.4)

0.074 (0.051-0.107)
9.43 (6.51-13.7)
45.2 (31.9-64.2)
404 (312-523)

533 (429-662)

0.257 (0.205-0.322)*
2.70 (2.15-3.38)*
32.6 (24.6-43.4)*
187 (147-237)

195 (156-242)

0.074 (0.060-0.090)
9.41 (7.67-11.6)
4.56 (3.21-6.47)
56.3 (44.4-71.5)
70.7 (56.1-89.0)

0.282 (0.201-0.394)
2.46 (1.76-3.44)
2.87 (1.84-4.46)
7.76 (4.58-13.1)
8.37 (4.96-14.1)

0.034 (0.019-0.059)
20.7 (11.7-36.5)
0.77 (0.54-1.11)
11.8 (7.9-17.6)
26.8 (13.8-52.2)

0.050 (0.034—0.072)
14.0 (9.6-20.3)

1.62 (0.95-2.75)
13.9 (8.9-21.7)
26.7 (17.2-41.6)

0.092 (0.075-0.111)
7.57 (6.23-9.20)
57.4 (46.6-70.8)
512 (444-590)

596 (516-687)

0.235 (0.188-0.295)*
2.95 (2.35-3.70)*
28.1 (20.9-37.7)*
179 (154-208)*

191 (165-222)

0.054 (0.035-0.084)*
12.7 (8.3-19.6)

4.22 (2.52-7.06)
55.4(39.7-77.2)
85.6 (72.8-101)

0.174 (0.124-0.246)*
3.98 (2.82-5.61)*
4.14 (2.77-6.19)*
18.1 (10.6-30.7)*
19.8 (11.5-34.1)*

0.014 (0.008-0.026)*
54.6 (34.3-86.8)*
0.70 (0.31-1.54)

14.1 (6.03-33.2)
60.8 (20.4—182)*

0.053 (0.026-0.106)
13.1 (6.6-26.3)
1.02 (0.24-4.31)
10.5 (2.3-48.6)
19.0 (8.6-41.6)

0.098 (0.075-0.128)
7.07 (5.40-9.24)
84.2 (50.4-141)

775 (487-1233)*
858 (547-1344)

0.150 (0.070-0.321)*
4.64 (2.16-9.96)*
27.7 (19.1-39.9)*
230 (138-384)

250 (140-448)

0.051 (0.024-0.107)*
13.7 (6.5-28.7)

3.96 (1.81-8.67)
57.6 (35.3-93.8)
85.8 (37.5-197)

0.099 (0.055-0.179)*
7.00 (3.87-12.7)*
5.97 (3.94-9.05)*
33.4 (14.5-77.0)*
37.8 (15.6-91.2)*

The patients were treated with a capsule of the Basel phenotyping cocktail and the pharmacokinetic variables were calculated from the drug con-
centrations determined in serial plasma samples

Data are shown as geometric mean (95% confidence interval)

AUC, 5y, area under the plasma concentration-time curve from 0 to 24 h, AUC_;,, area under the plasma concentration-time curve from 0 to
infinity, C,,,, maximum plasma concentration, CON control, k, terminal elimination rate constant, MRT mean residence time, ¢;,, terminal half-

life
*p < 0.05 vs CON
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«Fig. 2 Pharmacokinetics of substrates with a moderate to high
hepatic extraction. Plasma concentration—time profiles were assessed
in n = 16 patients with Child A cirrhosis, n = 15 patients with Child
B cirrhosis, n = 5 patients with Child C cirrhosis, and in 12 matched
control subjects. The insert displays the semi-logarithmical presen-
tation of the data. The calculated pharmacokinetic variables are dis-
played in Table 4. Data are presented as mean =+ standard error of the
mean

CYP activity, should limit the hepatic metabolism of high-
extraction compounds [34], rendering midazolam potentially
useless as a marker for CYP activity. In three publications
where midazolam was administered intravenously, the vol-
ume of distribution was not different between patients with
liver cirrhosis and control subjects [20-22]. Assuming that
the same is true for the subjects of the current study, the
ratio of the bioavailabilities F posis child o Feontrols €qUals
1.73. Assuming a bioavailability of 30% in healthy persons
[35, 36], this would result in a bioavailability of 50-60% in
patients with Child C cirrhosis, matching well with reported
data [36]. Using these values for bioavailability, the cor-
responding clearances can be calculated as approximately
80 L/h in controls and 35 L/h in patients with Child C cir-
rhosis, showing the clearance of midazolam is impaired in
patients with liver cirrhosis also after correction for bio-
availability. This indicates that portosystemic shunts, which
are mainly responsible for the increase in bioavailability,
cannot entirely explain the decrease in CI/F of midazolam
in patients with liver cirrhosis, suggesting that a reduced
function of CYP3A at least contributes to the impaired
metabolism of midazolam in this group of patients. This is
supported by the decreases in the elimination rate constant
and in MR_,,;,, which we consider to be independent of
bioavailability. Similarly, for omeprazole and metoprolol,
two moderate extraction drugs, the effect of liver cirrhosis
on CI/F was more accentuated than on V,/F, suggesting a
negative effect of liver cirrhosis on the activity of CYP2C19
and CYP2D6, respectively. In addition for these substrates,
the impact of liver cirrhosis on their pharmacokinetics is
evidenced by the decrease in the respective elimination rate
constant and MR o4,

The effects of liver cirrhosis observed in the current study
match well with data reported in the literature for omepra-
zole [37, 38], metoprolol [39], and midazolam [20-23]. This
demonstrates that the cocktail approach cannot only be used
to obtain MRs but can provide also entire plasma concentra-
tion—time profiles for pharmacokinetic calculations. Similar
to the findings in the current study, these earlier publications
showed that liver cirrhosis decreases the elimination rate

with a corresponding increase in the terminal half-life and
decreases the clearance of moderate to high extraction drugs,
whereas the volume of distribution remains unchanged. In
the studies, where the absolute bioavailability was measured,
the expected increase in patients with liver cirrhosis was
demonstrated [22, 37, 39].

In comparison to the moderate to high extraction drugs,
the effect of liver cirrhosis on the pharmacokinetics of the
low to moderate extraction drugs caffeine, efavirenz, and
flurbiprofen was much less accentuated. In contrast to caf-
feine, efavirenz and flurbiprofen have a high protein binding
(Table 1 of the ESM), which is usually associated with an
increase in the free fraction (and possibly free concentration)
of such drugs in patients with liver cirrhosis [8, 20, 22],
potentially overriding a negative effect of liver cirrhosis on
drug clearance. As shown in Table 2, this appears to be the
case for efavirenz and flurbiprofen. As the MR,_,,,, may be
influenced by protein binding (protein binding between the
parent drug and the metabolite may be different), the elimi-
nation rate constant, which is independent of protein bind-
ing [8, 20], may represent the best marker for CYP activity
for such compounds. The results of the current study show
a significant decrease in the MR _,,;, for caffeine and efa-
virenz but no significant effect on elimination rate constant
or MR ,,;, of flurbiprofen. The effect of liver cirrhosis on
the metabolism of caffeine has been reported earlier [15, 16],
and caffeine has been proposed as a marker of the metabolic
capacity of the liver [27]. Because caffeine has a low protein
binding (Table 1 of the ESM), protein binding does not influ-
ence its hepatic clearance, which therefore mainly depends
on the activity of CYP1A2. This dependence on only one
CYP must be taken into account when caffeine is used as a
marker of liver function.

In contrast to caffeine, the pharmacokinetics of efavirenz
and flurbiprofen have so far not been reported in patients
with liver cirrhosis. Both drugs are highly protein bound,
which must be taken into account for the interpretation of
their pharmacokinetic data. Considering flurbiprofen, liver
cirrhosis did not significantly affect its pharmacokinetic
properties. In comparison, regarding efavirenz, liver cir-
rhosis was associated with a 30% numerical decrease and
a significant 42% decrease in the MR, ,,;, in patients with
Child C cirrhosis, suggesting a decrease in the activity of
CYP2B6.

A second aim of the study was to determine the activity
of the CYPs involved in the metabolism of the substrates
of the Basel phenotyping cocktail. The markers used for
CYP activity should be independent of protein binding and
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Table 4 Pharmacokinetic variables for moderate to high extraction drugs

Child B (n = 15)

ChildC (n = 5)

CON (n=12) Child A (n = 16)
Omeprazole
k. (1/h) 0.761 (0.627-0.924) 0.318 (0.239-0.424)*
t, (h) 0.91 (0.75-1.11) 2.18 (1.64-2.90)*
Cphax (ng/mL) 99.2 (64.6-152) 218 (149-319)

AUC, 54, (ng X h/mL)
AUC ;¢ (ng X h/mL)

207 (124-348)
208 (124-349)

986 (587-1655)*
994 (591-1670)*

V,/F (L) 63.0 (42.0-94.5) 31.7 (24.1-41.8)*

CVF (L/h) 48.1 (28.6-80.8) 10.1 (6.0-16.9)*

MRy o4, 1.27 (0.82-1.94) 0.19 (0.12-0.31)*
Metoprolol

k (1/h) 0.174 (0.143-0.212) 0.139 (0.114-0.171)

t1 (h) 3.98 (3.28-4.84) 4.98 (4.06-6.10)

Chhax (ng/mL)
AUC,) 54, (ng X h/mL)
AUC ;,; (ng X h/mL)

8.84 (5.76-13.6)
44.3 (28.2-69.6)
45.5 (28.7-72.1)

14.6 (10.2-20.8)
88.9 (55.4-143)
95.9 (59.3-155)

V/F (L) 1580 (1070-2330) 936 (680-1290)
CI/F (L/h) 275 (173-436) 130 (80.6-211)
MR o4 1.45 (0.92-2.27) 0.73 (0.40-1.31)
Midazolam

k, 0.219 (0.164-0.293) 0.131 (0.088-0.196)
tin 3.17 (2.36-4.23) 5.28 (3.53-7.89)
Crax 4.44 (3.39-5.81) 6.37 (4.51-8.98)
AUC o4 11.9 (9.63-14.8) 20.0 (12.5-32.2)
AUC ¢ 13.4 (10.6-16.8) 23.5(14.5-38.2)
V,/F (L) 684 (559-838) 648 (509-826)
CI/F (L/h) 150 (119-189) 85.1(52.4-138)
MR o4 5.13 (4.10-6.43) 4.13 (2.33-7.30)

0.263 (0.204—0.337)%
2.64 (2.06-3.39)*
273 (223-335)*

1327 (959-1836%)
1345 (946-1914)*
28.3 (23.8-33.8)*
7.43 (5.22-10.6)*
0.14 (0.09-0.20)*

0.113 (0.088-0.145)*
6.11 (4.77-7.84)*
16.5 (12.2-22.3)

113 (68.3-188)

129 (76.0-220)*

852 (611-1290)*
96.7 (56.8-164)*
0.52 (0.23-0.91)*

0.110 (0.078-0.154)%
6.32 (4.50-8.89)*
5.83 (4.67-7.26)
29.7 (20.2-43.5)*
34.8 (22.9-52.7)*
525 (433-637)

57.6 (38.0-87.2)*
2.48 (1.59-3.88)*

0.182 (0.100-0.329)*
3.82 (2.11-6.92)*
343 (261-451)*
2111 (1234-3613)*
2184 (1233-3869)*
25.1 (22.3-28.3)*
4.58 (2.59-8.11)*
0.11 (0.07-0.016)*

0.111 (0.077-0.142)%
6.25 (4.36-8.95)*
29.1 (20.7-40.9)*
186 (72.1-479)*

203 (73.1-563)*

555 (283-1090)*
61.6 (22.2-171)*
0.31 (0.09-0.89)*

0.060 (0.020-0.181)*
11.6 (3.82-35.0)*
11.2 (5.27-23.9)%
58.1 (21.7-156)*
84.4 (22.3-319)*
396 (217-720)

23.7 (6.3-89.6)*

1.71 (0.76-3.85)*

The patients were treated with a capsule of the Basel phenotyping cocktail and the pharmacokinetic variables were determined from the drug

concentrations obtained in serial plasma samples

Data are shown as geometric mean (95% confidence interval)

AUC area under the plasma concentration—time curve, AUC,,_,4, area under the plasma concentration—time curve from 0 to 24 h, CI/F systemic

clearance divided by F, C

max

maximum plasma concentration, CON control, F' bioavailability, k, terminal elimination rate constant, MR, ,,,

metabolic ratio determined as the ratio of the AUC,, ,,;, of the respective metabolite divided by the AUC,, ,,;, of the parent drug, ¢;, terminal

half-life, V. /F volume of distribution in the elimination phase divided by F
*p < 0.05 vs CON

bioavailability, which can change substantially in patients
with liver cirrhosis [4]. An ideal candidate is the elimination
rate constant, which is independent of both protein binding
and bioavailability if protein binding of the drug consid-
ered is not saturable [8]. The MR can be considered to be
independent of bioavailability but may not be independent
of protein binding, which may differ between parent com-
pound and metabolite. This is almost certainly the case for
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midazolam, where we used the total 1'-hydroxymidazolam
concentration (mainly consisting of the 1’-O-glucuronide
metabolite, which is more polar than midazolam and there-
fore has most probably a lower protein binding than mida-
zolam) for the calculation of the MR, ,,,. However, the
results regarding the effect on CYP3A activity were similar
for the elimination rate constant and MR_,,;, as markers
(Fig. 5), suggesting that protein binding had no relevant
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Fig.3 Linear correlation of the prothrombin ratio with the terminal
elimination rate constant (k) for the substrates used in the Basel phe-
notyping cocktail. The population studied included n = 16 patients

impact on the MR, ,,, of midazolam. As shown in Fig. 5,
the effect of liver cirrhosis on CYP activity depends on
both the severity of cirrhosis and on the CYP considered.
Whereas CYP2C9 was not significantly affected by liver
cirrhosis, the activities of CYP1A2, 2B6, 2C19, 2D6, and
3A were reduced in patients with Child C cirrhosis, with
CYP2C19 activity being reduced already in patients with
Child A cirrhosis. Activities of CYP1A2 and CYP3A4 in
liver microsomes or liver biopsies from patients with liver
cirrhosis were in the range of 20-30% and 30-70% of con-
trol activities [40—42], respectively, which is similar to the
findings in the current study. Protein expression data showed

with Child A cirrhosis, n = 15 patients with Child B cirrhosis, n = 5
patients with Child C cirrhosis, and in 12 matched control subjects. k,
terminal elimination rate constant

a drop to 20-29% for CYP1A2, 44-57% for 2C9, 68% for
CYP2D6, and 11-25% for CYP3A4 in liver microsomes
from patients with liver cirrhosis compared with control
subjects [41, 43]. The protein expression appears to be lower
than the respective activity, which may be due to contami-
nation of the microsomal preparation with non-hepatocyte
microsomes. For dose adjustments, the functional data are
therefore more relevant than the protein expression data. In
two studies, the mRNA expressions of different CYPs were
also assessed, which roughly correlated with the protein
expression data, suggesting that the decrease in CYP activ-
ity in liver cirrhosis is due to impaired transcription [42, 44].
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Fig.4 Linear correlation of the prothrombin ratio with the metabolic
ratio for the substrates used in the Basel phenotyping cocktail. The
population studied included n = 16 patients with Child A cirrhosis,
n = 15 patients with Child B cirrhosis, n = 5 patients with Child C

The reasons why liver cirrhosis affects CYP transcription
have so far not been reported.

As shown in Table 4 of the ESM and in Figs. 3 and 4,
there were multiple significant linear correlations between
liver function parameters and pharmacokinetic variables.
However, the correlations were not strong enough that liver
function tests could be recommended as surrogates for CYP
activity. In addition, the variable effect of liver cirrhosis on
the activity of the individual CYPs precludes the use of liver
function parameters as a surrogate for CYP activity.
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cirrhosis, and in 12 matched control subjects. The metabolic ratio was
calculated as the ratio of area under the plasma concentration—time
curve from 0 to 24 h for the specific metabolite and area under the
plasma concentration—time curve from 0 to 24 h for the parent drug

The study has several limitations. First, we did not geno-
type the subjects included. Although the influence of liver
cirrhosis on the pharmacokinetics of most substrates is
evident, we cannot exclude additional effects by the under-
lying genotype. Second, oral ingestion of the probe drugs
includes not only hepatic but also intestinal metabolism and
the metabolites formed are usually further metabolized,
which has an impact on the MR. These are arguments to use
the elimination rate constant as a marker for CYP activity,
which avoids these weaknesses. Third, the parent drug may
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Fig.5 Effect of liver cirrhosis on cytochrome P450 enzyme (CYP)
activity. The population studied included n = 16 patients with
Child A cirrhosis, n = 15 patients with Child B cirrhosis, n = 5
patients with Child C cirrhosis, and in 12 matched control subjects.
Cytochrome P450 enzyme activity was estimated based on the elimi-
nation rate constant (k,) or on the metabolic ratio (MR ,,,) of the
substrates used in the Basel phenotyping cocktail. The substrates
included caffeine (CYP1A2), efavirenz (CYP2B6), flurbiprofen
(CYP2C9), omeprazole (CYP2C19), metoprolol (CYP2D6), and
midazolam (CYP3A). The MR was calculated as the ratio of area
under the plasma concentration—time curve from O to 24 h for the
specific metabolite and area under the plasma concentration—time
curve from 0 to 24 h for the parent drug. Data are displayed as indi-
vidual values and mean =+ standard error of the mean. k, terminal
elimination rate constant, *p < 0.05 between patients with liver cir-
rhosis according to Child class vs control subjects

not only be metabolized by the CYP investigated but also
by other CYPs [45], which can impair the informative value
of the MR.

In conclusion, liver cirrhosis affects CYP activity differ-
ently, depending on the severity of cirrhosis and of the CYP

considered. The cocktail approach is suitable to assess the
activity of different CYPs in patients with liver cirrhosis in
one step.
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