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Abstract

Background and Objectives Short-term fasting differen-
tially alters cytochrome P450 (CYP) mediated drug meta-
bolism. This has been established by using CYP-enzyme
selective probe drugs. However, the observed effects of
fasting on the pharmacokinetics of these probe drugs may
also include the effects of altered plasma protein binding of
these drugs. Therefore, we studied the effect of short-term
fasting on protein binding of five commonly used probe
drugs [caffeine (CYP1A2), metoprolol (CYP2D6), mida-
zolam (CYP3A4), omeprazole (CYP2C19) and S-warfarin
(CYP2C9)].

Methods The free and total plasma concentrations of the
five probe drugs were analyzed by LC-MS/MS in samples
retrieved in a cross-over study in which nine healthy sub-
jects received an intravenous administration of the cocktail
after an overnight fast (control) and after 36 h of fasting.

Results Short-term fasting increased plasma free fatty
acid concentrations from 0.48 mmol/L. (control) to
1.29 mmol/L (36 h fasting) (p = 0.012). Short-term fast-
ing did not alter the free fractions of caffeine, metoprolol
and omeprazole compared to the control intervention
(p > 0.05). Power to detect a difference for midazolam and
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S-warfarin was low since the majority of free concentra-
tions were below the limit of quantification.

Conclusions This study demonstrates that short-term fast-
ing does not alter protein binding of the probe drugs caf-
feine, metoprolol and omeprazole.

Key Points

Short-term fasting does not alter protein binding of
the probe drugs caffeine, metoprolol and
omeprazole.

Additional research is warranted to study the role of
short-term fasting on protein binding of the highly
protein bound probe drugs midazolam and S-
warfarin.

When determining the dose of a probe drug in
protein binding studies, it is important to take the
degree of protein binding and the sensitivity of the
analytical method into account.

1 Introduction

Probe drugs are often used to determine the metabolic
activity of cytochrome P450 (CYP) enzymes in vivo. When
the probe drug is almost exclusively metabolized by the
individual CYP enzyme of interest, the pharmacokinetics
of the drug reflect the activity of the specific CYP enzyme
[1].

Previously, we have shown that short-term fasting dif-
ferentially altered the pharmacokinetics of five probe drugs
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administered as a cocktail: caffeine (CYP1A2), metoprolol
(CYP2D6), midazolam (CYP3A4), omeprazole
(CYP2C19) and S-warfarin (CYP2C9) [1-3]. The probe
drugs are selective for the specific CYP enzymes and, as
validated by Turpault et al., do not interact with each other
[1]. This makes the administration of these drugs as a
“cocktail” suitable for in vivo use. Short-term fasting
increased systemic caffeine clearance by 17% (p = 0.04)
and metoprolol clearance by 13% (p < 0.01) which indi-
cates increased activity of CYPIA2 and CYP2D6,
respectively [3]. Furthermore, short-term fasting decreased
systemic S-warfarin clearance by 19% (p < 0.01) which
indicates decreased CYP2C9 enzyme activity, whereas the
pharmacokinetics of omeprazole and midazolam were
unaffected [3]. However, these observations were based on
total drug concentrations of the probe drugs which includes
both protein bound and unbound (free) drugs.

Most drugs are to some extent bound to plasma proteins
such as albumin, o;-glycoprotein or B-lipoprotein. The
impact of plasma protein binding on the pharmacokinetics
of drugs depends on the extraction ratio of the drug and can
be described by the well-stirred model (Egs. 1 and 2):

CL = Qu X (fu X CLint)/(Qu + fu X CLin) (1)
CL = Qq x En, (2)

where CL indicates total clearance, Qy the hepatic blood
flow, f, the fraction of unbound drug in plasma, CL;,, the
intrinsic clearance of unbound drug and Ey the hepatic
extraction ratio [4]. For drugs with a low-extraction ratio
(Qn > fu X CLjy, Ex < 0.3) (caffeine (f, =~ 0.65) and S-
warfarin (f, = 0.01)), clearance (CL) is mainly dependent
on f, and CL;,, (Eq. 1), whereas the three determinants Qy,
CL;, and f, are important factors for the intermediate-ex-
traction ratio drugs (Quy ~ fu X CLi,, Ex = 0.3-0.7)
metoprolol (Ey = 0.67, f, = 0.90), midazolam
(Eq = 031, f, = 0.02) and omeprazole (Ey = 0.35, f, =
0.03) [5, 6].

In most clinical studies total plasma drug concentrations
are measured to assess pharmacokinetic parameters such as
clearance [7]. This assumes that protein binding is rela-
tively constant between and within subjects. However, free
fatty acids in plasma, which are increased by fasting, can
compete with drugs for protein binding sites, thereby
increasing the free fraction (ratio of free per total drug in
plasma) of a drug [8]. This can result in altered total
clearance rates, which may erroneously be interpreted as
altered CYP-mediated clearance. To determine whether the
previously observed effects of fasting on the pharmacoki-
netics of the probe drugs include the effects of altered
plasma protein binding instead of altered CYP-enzyme
activity, our study aimed to determine the effect of short-
term fasting on protein binding by analyzing the free and
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total plasma concentrations of the five probe drugs used in
the cocktail (caffeine, metoprolol, midazolam, omeprazole
and S-warfarin).

2 Materials and Methods

We performed an open-label, randomly assigned crossover
intervention study in healthy male subjects. Nine subjects
received an intravenous administration of a five probe drug
cocktail after (1) an overnight fast (control) and (2) after
36 h of fasting [3]. The drugs were administered sequen-
tially and consisted of 20 mg omeprazole (40 mg powder
for solution for infusion, AstraZeneca BV, Zoetermeer,
The Netherlands), 0.015 mg/kg midazolam (5 mg/mL,
1 mL ampoules, Roche Nederland BV, Woerden, The
Netherlands), 50 mg caffeine (10 mg/mL, 1 mL ampoules,
VUMC, Amsterdam, The Netherlands), 5 mg racemic
warfarin (5 mg/mL, 3 mL ampoules, RadboudUMC, Nij-
megen, The Netherlands) and 20 mg metoprolol
(1 mg/mL, 5 mL ampoules, AstraZeneca BV, Zoetermeer,
The Netherlands). The administered dosages were based on
a previously performed study by Turpault et al. and on the
(lower) quantification limits of the analytical method that
was validated and used for the analysis of the drugs [1, 2].
Dosages were generally low, and no clinical effects were
observed. Per plasma concentration—time curve six sam-
ples, drawn at t = 0.2, t =0.5,r=1,t=3,¢r= 3.5 and
t = 5 h after administration of the first probe drug, were
used for the measurement of the free and total plasma
concentrations.

Plasma was separated by centrifugation and stored at
—80 °C until analysis. Furthermore, before administration
of the cocktail, samples were drawn for analyses of bio-
chemical parameters such as serum albumin and free fatty
acids [3]. Free fatty acid concentrations were determined
using a validated spectrophotometric assay [9, 10]. For
additional details on the study protocol we refer to our
study on the effects of short-term fasting on CYP-mediated
drug metabolism [3].

2.1 Analytical Method

Total plasma concentrations of the five drugs were simul-
taneously analyzed using a previously validated analytical
LC-MS/MS method [2]. For the analyses of the free drug
concentrations, unbound drug was separated from plasma
protein bound drug by ultrafiltration: the same plasma
samples were thawed at room temperature and kept in a
water bath (37 °C) for 30 min after which 250 pL was
transferred to an ultrafiltration device (Centrifree® Ultra-
cel, YM-T membrane, Merck Millipore, Bad Schwalbag,
Germany) for 30 min centrifugation at 37 °C while running
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at 2000xg. The ultrafiltrate samples containing the free
probe drug were then further processed in a similar manner
as the samples for assessment of the total plasma concen-
trations. For caffeine, midazolam, omeprazole and S-war-
farin, recovery after ultrafiltration was 95.1-99.3% at the
lower limit of quantification (LLOQ), 93.0-117.4% at a
midlevel of quantification (MLQ) and 94.6-106.6% at the
upper limit of quantification (ULOQ). This indicates that
no specific binding occurred to the ultrafiltration device.
Some binding was present for midazolam; recovery was
78.7, 77.7 and 82.5% for the LLOQ, MLQ and ULOQ,
respectively. To be able to simultaneously quantify free
drug concentration of the five probe drugs in a single
sample, measured midazolam concentrations were cor-
rected by a multiplication factor of 1.25. The LLOQ was
50 pg/L for caffeine, 1 pg/L for metoprolol and 2 pg/L for
omeprazole [2]. By fourfold dilution of the QC samples,
the LLOQ for the high protein bound drugs was semi-
quantitatively lowered from 0.5 to 0.125 pg/L. for mida-
zolam and from 4 to 1 pg/L for S-warfarin, to be able to
measure the very low free concentrations of these drugs.

2.2 Statistical Analysis

Due to the sequential intravenous administration and dif-
ferences in half-life of the probe drugs, the number of
samples to be included in the analysis differed per probe:
six samples per plasma concentration—time curve for
midazolam, 5 for caffeine and 4 for metoprolol, omepra-
zole and S-warfarin, respectively. Per sample, the free
fraction (ratio of free per total drug in plasma) was cal-
culated for each probe drug.

Most drugs display linear protein binding, whereby
the free fraction remains unchanged as drug concentra-
tions increase [11]. In order to test for linearity, the
relationship between the free fractions and total drug
concentrations were analyzed for each drug and com-
pared between the control and 36 h of fasting interven-
tion using linear regression. In the absence of
concentration-dependent protein binding, the differences
in the free fractions of the probe drugs between the
control and the fasting intervention were assessed: the
average free fraction per patient per intervention was
calculated and compared using a paired z-tests (normally
distributed data) or Wilcoxon signed-ranks test (not
normally distributed data). The Shapiro-Wilk test was
used to assess the normality of data distribution. A
p value < 0.05 was considered significant. Statistical
analysis was performed using IBM SPSS Statistics ver-
sion 23.0. Based on the results of the free fractions of all
probe drugs, a post hoc power analysis was performed
using nQuery Advisor version 7.0.

3 Results

Short-term fasting increased plasma free fatty acid con-
centrations from 0.48 mmol/L (range 0.19-0.73) in the
control condition to 1.29 mmol/L (range 0.63-2.57) after
short-term fasting (p = 0.012). However, short-term fast-
ing did not alter serum albumin concentrations: the median
concentration was 47 g/L. (range 44-49) in the control
condition and 48 g/L (range 45-51) after short-term fasting
(p = 0.256).

The mean total and unbound (free) plasma concentra-
tion—time curves of the five probe drugs are presented in
Fig. 1.

All five probe drugs demonstrated a linear relationship
(no concentration-dependency) between protein binding
and the total plasma concentration (Fig. 2): free fractions
are evenly distributed and the slopes for both the control
and the short-term fasting intervention did not significantly
differ from zero (data not shown).

Short-term fasting did not significantly alter the free frac-
tions of the five probe drugs compared to the control inter-
vention (Table 1). This may also be appreciated in Fig. 1S
(supplementary data). For S-warfarin and midazolam only one
sample per plasma concentration—time curve [drawn at the
time at which the maximum concentration was observed
(tmax)] could be included in the analysis since the free plasma
concentrations of the other samples were all below the LLOQ
(BLOQ) (Table 1, Fig. 1). Within the #,,,x samples, 55.6% of
the free plasma concentrations of midazolam and 16.7% of the
free plasma concentrations of S-warfarin were still below
LLOQ, whereas all total plasma concentrations within these
samples could well be quantified. In order to calculate the free
fractions (ratio between the free and total plasma concentra-
tions), these BLOQ data (55.6% for midazolam and 16.7% for
S-warfarin) were set at 50% of the LLOQ.

Based on the results of the free fractions of all probe drugs,
a post hoc power analysis was performed. Using a paired
t test with a 0.05 two-sided significance level, a sample size
of nine will have > 98% power to detect a 15% difference in
mean free fraction of caffeine, metoprolol and omeprazole
between the control and short-term fasting interventions.
However, for S-warfarin, a sample size of nine subjects will
have 36% power to detect a 15% difference and, for mida-
zolam, a similar sample size will only have 7% power to
detect a 15% difference in free fraction between the control
and the short-term fasting intervention.

4 Discussion
The study demonstrates that short-term fasting did not

significantly alter protein binding of the probe drugs caf-
feine, metoprolol and omeprazole. This supports our
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Fig. 1 Mean (& SD) total and
unbound (free) plasma
concentration—time curves of
the five probe drugs. The dashed
line with open triangles
represents the mean total plasma
concentration—time curve after
the control intervention. The
solid line with closed triangles
represents the mean total plasma
concentration—time curve after
the short-term fasting
intervention. The dashed line
with open circles represents the
mean unbound plasma
concentration—time curve after
the control intervention. The
solid line with open circles

Mean plasma concentration (ug L)

100 T T

Caffeine

Metoprolol

=

00+

Mean plasma concentration (ug L)
3

represents the mean unbound

1 T T T T

! . 0 1 2 3 4 5 6 0 1 2 3 4 5
plasma concentration—time Time (hour) Time (hour)

curve after the short-term .

fasting intervention Midazolam Omeprazole

1004

N
2

Mean plasma concentration (ug L)

10000+

10004

-
=]
d

Mean plasma concentration (ug L")
3

019
[ o
0.01 . . . . . .
o 1 2 3 4 5 & o1t ; ] 3
Time (hour) Time (hour)
S-Warfarin
1000,

_.
o >
2 hd

Mean plasma concentration (ug L)

0.1

2

3

Time (hour)

previous findings that short-term fasting alters the phar-
macokinetics of caffeine and metoprolol by affecting CYP-
mediated drug metabolism [3, 12].
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Short-term fasting did not alter protein binding of the
low extraction ratio drug and CYP1A2 probe caffeine
which means that the previously found increased systemic
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Fig. 2 Distribution of the free
fractions (ratio of free per total
drug in plasma) versus the total
plasma concentrations of the
five probe drugs. The open
circles represent the free
fractions analyzed after the
control intervention and the
closed circles represent the
short-term fasting intervention.
The solid (short-term fasting)
and dashed (control) lines
represent the Y-intercepts for
the best fits
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Table 1 Free fractions and percentages of BLOQ samples of the five probe drugs

Free Control, median (range) Fasting, median (range) Difference p value BLOQ samples
fractions (%)
Total plasma Unbound (free) plasma
concentrations concentrations
Control Fasting Control Fasting
(%) (%) (%) (%)
Caffeine 0.85 (0.65-1.00) 0.86 (0.66-1.00) + 0.57 0.214 0.00 0.00 0.00 0.00
Metoprolol 0.80 (0.72-0.83) 0.77 (0.72-0.82) - 35 0.767 13.9 11.1 13.9 11.1
S-Warfarin ~ 0.0043 (0.0022-0.0054) 0.0036 (0.0020-0.0045) — 16.2 0.110 0.00 0.00 80.6 77.8
Omeprazol  0.0141 (0.012-0.019) 0.0138 (0.010-0.017) — 2.1 0.374 2.78 0.00 11.1 13.9
Midazolam  0.0039 (0.0011-0.0077) 0.0025 (0.0014-0.0034) — 36 0.260 0.00 0.00 88.9 96.3

BLOQ below lower limit of quantification

clearance (+ 17%) is due to altered CYP1A2-mediated
drug metabolism. As an intermediate-extraction ratio drug,
the pharmacokinetics of metoprolol after intravenous
infusion depends on hepatic blood flow, protein binding
and intrinsic clearance (Eq. 1). We have now demonstrated
that the previously found increased systemic clearance
(+ 13%) is not due to altered (decreased) protein binding.
Furthermore, it is unlikely that short-term fasting would
have increased hepatic blood flow to explain the observed
effect, since the opposite has been described in literature
[13, 14]. Therefore, short-term fasting increased CYP2D6-
mediated drug metabolism, considering the fact that
metoprolol is a probe for CYP2D6.

Short-term fasting did not significantly alter protein
binding of the highly protein bound (> 95%) probes
midazolam and S-warfarin. However, these results are
underpowered and no conclusions on the effect of short-
term fasting on protein binding of both drugs can be drawn.
The lack of power could be explained by the high per-
centage of free plasma concentration samples below the
lower limit of quantification (BLOQ) (Table 1). The free
concentrations of both midazolam and S-warfarin in the
samples were very low, and only the samples drawn at the
tmax Of each plasma concentration—time curve could be
included in the analysis. The f,,,x samples still included a
number of free plasma concentrations that were below the
LLOQ (55.6% for midazolam and 16.7% for S-warfarin)
which were set at 50% of the LLOQ. This may hamper
detection of small differences in BLOQ free plasma con-
centrations between both interventions. Although this may
seem to be unimportant, small differences in BLOQ free
plasma concentrations can still cause relatively large
changes in the already small fractions of unbound mida-
zolam and S-warfarin (Eq. 1). For S-warfarin, the previ-
ously found decrease in systemic S-warfarin clearance is in
line with the expression of hepatic mRNA of the
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corresponding CYP enzyme in rats, which indicates an
effect of fasting on CYP2C9-mediated metabolism [12].
However, an effect of fasting on protein binding instead or
in addition to altered CYP2C9-mediated metabolism can-
not be excluded. Additional research on the effect of short-
term fasting on protein binding of S-warfarin may be
warranted because of conflicting findings described in lit-
erature. Some studies suggest that free fatty acids, which
were significantly increased by fasting, compete with drugs
thereby increasing the free fraction [8].In contrast, Vorum
et al. have shown that free fatty acids can increase warfarin
binding affinity [15]. The latter may result in a relatively
large decrease in free fraction, which could explain
decreased total clearance (Eq. 1). Omeprazole is also
highly protein bound (& 97%). In contrast to S-warfarin
and midazolam, omeprazole free concentrations were all
above the LLOQ and it was clearly demonstrated that
short-term fasting did not alter plasma protein binding.
However, this result cannot be extrapolated to S-warfarin
as serum albumin has different binding sites for warfarin
(site I) and omeprazole (site Ila) [16]. To overcome the
potential confounding effects of protein binding when
studying intrinsic clearance (CL;,,) using probe drugs, the
use of low protein bound probe drugs might be recom-
mended. However, for CYP2C9, 2C19 and CYP3A4 there
are no good alternative probes which have low protein
binding or comply with other factors (e.g. selectivity for
the enzyme involved, lack of interaction with other probe
drugs when administered as cocktail) that are also impor-
tant for a probe drug and should not be ignored. In the
absence of a suitable alternative, administration of a higher
dose of the high protein bound probe drug and/or the use of
a more sensitive analytical method, which is able to detect
changes in the very low free plasma concentrations of these
drugs, could be considered.
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