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ABSTRACT

Objective: We assessed the effect of voriconazole and fluconazole on the pharmacokinetics and
pharmacodynamics of diazepam.

Methods: Twelve healthy volunteers took 5 mg of oral diazepam in a randomized order on three
study sessions: without pretreatment, after oral voriconazole at 400 mg twice daily on the first day
and 200 mg twice daily on the second day, or after oral fluconazole 400 mg on the first day and 200
mg on the second day. Plasma concentrations of diazepam and N-desmethyldiazepam were
determined for up to 48 h. Pharmacodynamic variables were measured for 12 hours.

Results: In the voriconazole phase, the area under the plasma concentration-time curve (AUC, ) of
diazepam was increased (geometric mean ratio) 2.2-fold (p < 0.05; 90% confidence interval [CI]
1.56 to 2.82). This was associated with the prolongation of the mean elimination half-life (t.) from
31 hto 61 h (p < 0.01) after voriconazole. In the fluconazole phase, the AUC, of diazepam was
increased 2.5-fold (p < 0.01; 90% CI 1.94 to 3.40) and the t, was prolonged from 31 to 73 h (p <
0.001). The peak plasma concentration of diazepam was practically unchanged by voriconazole and
fluconazole. The pharmacodynamics of diazepam were changed only modestly.

Conclusion: Both voriconazole and fluconazole considerably increase the exposure to diazepam.
Recurrent administration of diazepam increases the risk of clinically significant interactions during
voriconazole or fluconazole treatment because the elimination of diazepam is impaired

significantly.
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INTRODUCTION

Diazepam is a lipid soluble benzodiazepine, which is widely used for sedation, hypnosis, and
anxiolysis and also as an anticonvulsant. Oral bioavailability of diazepam is almost 100% [1] and it
is extensively metabolized by cytochrome (CYP) P450 enzymes, mainly by CYP2C19 and
CYP3A4 [2-5]. The demethylation of diazepam to N-desmethyldiazepam is mediated mainly by a
genetically polymorphic CYP2C19, and 3-hydroxylation of diazepam to temazepam by CYP3A4

[4, 5]. Both of these metabolites are pharmacologically active [6].

Voriconazole is a novel triazole antifungal agent used to treat invasive fungal infections both
intravenously and orally [7, 8]. Voriconazole is rapidly and almost completely absorbed from the
gastrointestinal tract [9], and similar to the other triazole antifungals, voriconazole undergoes
extensive oxidative metabolism involving the CYP enzymes CYP2C9, CYP2C19 and to a lesser
extent CYP3A4 [10]. Voriconazole inhibits several CYP enzymes, namely CYP3A4, CYP2C9 and
CYP2C19 [11, 12, 8] and we have previously shown that voriconazole has strong interactions with
CYP3A substrates, midazolam and alfentanil [13, 14]. Fluconazole is another triazole antimycotic,
which also inhibits CYP2C9 and CYP2C19, and to a lesser extent CYP3A [15-17]. It has clinically

significant pharmacokinetic interactions with, e.g., midazolam, triazolam and alfentanil [18-20].

It has been demonstrated that CYP2C19 inhibitors omeprazole and fluvoxamine affect the
pharmacokinetic disposition of diazepam [21, 22]. Previous studies have shown that the strong
inhibitors of CYP3A4, erythromycin and itraconazole, have only a minor effect on the
pharmacokinetics of diazepam [23, 24]. The relative contribution of CYP2C19 to the metabolism of
diazepam can be increased during impaired metabolism by CYP3A4. Because voriconazole and

fluconazole inhibit both CYP2C19 and CYP3A4, it is possible that they could have a greater effect



on the pharmacokinetics of diazepam. We, therefore, found it important to study the possible effect

of voriconazole and fluconazole on the pharmacokinetics and pharmacodynamics of oral diazepam.



MATERIALS AND METHODS

Subjects and ethics. The study protocol was approved by the Ethics committee of the Hospital
District of Southwest Finland, as well as by the Finnish National Agency for Medicines, and was
conducted according to the revised Declaration of Helsinki
(http://www.wma.net/e/ethicsunit/helsinki.htm). A power analysis was performed before the study
to calculate the number of subjects sufficient to show a 30% change in AUC of diazepam with a
power of 80% and a significance level of p<0.05. Written informed consent was obtained from 12
healthy volunteers, 9 men and 3 women (Table 1). Before entering the study, the volunteers were
ascertained to be in good health by medical history, clinical examination and standard
haematological and blood chemistry tests. None of the volunteers was receiving any continuous

medication, including contraceptive steroids, or natural products, nor was anyone a smoker.

Study design. We used an open, three-phase crossover study design, at intervals of 4 weeks. Before
diazepam dosing, the volunteers were given in a randomized order either no pretreatment (control
phase), oral voriconazole (voriconazole phase) for two days or oral fluconazole (fluconazole phase)
for two days. The dose of voriconazole (Vfend 200 mg tablet, Pfizer Ltd, Sandwich, Great Britain)
was 400 mg every 12 hours for one day and then 200 mg every 12 hours for one additional day. The
dose of fluconazole (Fluconazol Copypharm 100 mg tablet, Copypharm A/S, Odense, Denmark)
was 400 mg once a day for one day and then 200 mg for one additional day. The last doses of
voriconazole and fluconazole were given at 8 a.m. with 150 ml of water by the investigators in the
research facility and those volunteers not receiving any pretreatment were given 150 ml of water.
The volunteers had been instructed to take the pretreatment at home with a meal and the adherence

with the drug dosing schedule was assessed by using mobile phone short message service.



One hour after the last doses of voriconazole or fluconazole or water during the control phase, all
volunteers ingested 5 mg diazepam (Stesolid 5 mg tablet, Dumex-Alpharma A/S, Copenhagen,
Denmark) with 150 ml water. The volunteers fasted for 12 hours before the administration of
diazepam, and they were given standard meals 4 hours and 8 hours after diazepam administration.
The drinking of grapefruit juice, alcohol, coffee, tea or cola was forbidden on the test days and for 2

days prior to the study.

Sampling. For each session, an intravenous catheter was placed in a cubital vein for blood
sampling. A baseline venous blood sample was drawn into EDTA tube just before the last dose of
pretreatment and timed blood samples (10 ml each) were drawn 0.5, 1, 1.5, 2, 3,4, 6, 8, 10, 12, 24
and 48 hours after diazepam administration. Plasma was separated within 30 minutes and stored at -

40 °C until analysis.

Bioanalysis of diazepam and N-desmethyldiazepam. Plasma concentrations of diazepam and N-
desmethyldiazepam were quantified by high performance liquid chromatography (HPLC) with UV
detection as previously described [25]. The temazepam concentrations were below the limit of
quantification and we could not reliably quantify plasma concentrations of temazepam. The limit of
quantification for both diazepam and N-desmethyldiazepam was 1 ng/ml. The interday coefficient of
variation (CV) for diazepam was 10.4%, 2.3%, and 1.1% at 7.0 ng/ml, 70 ng/ml, and 700 ng/ml,
respectively (n = 13) and for N-desmethyldiazepam 20.2%, 5.9% and 4.5% at 7.0 ng/ml, 70 ng/ml,

and 700 ng/ml, respectively (n = 13).

Bioanalysis of voriconazole and fluconazole. After a solid-phase extraction of voriconazole from
plasma, its concentrations were determined by HPLC with UV detection at 255 nm by using a

fluconazole analog (UK 54373, Pfizer Ltd) as the internal standard [26, 27]. The limit of



quantification was 20 ng/ml for voriconazole and the interday CV was 3.5%, 0.6% and 0.8% at 50
ng/ml, 1000 ng/ml and 10000 ng/ml (n = 4), respectively. The plasma fluconazole concentrations
were determined after a solid-phase extraction by HPLC with UV detection at 210 nm by using UK
54373 as the internal standard [28]. The limit of quantification for fluconazole was 0.2 mg/l. The CV
was 1.3 % and 3.0% at 3 mg/l and 18 mg/l (n = 3), respectively. Trough concentrations (C...) of

voriconazole and fluconazole were determined from the baseline samples.

Genotyping. Genotyping for CYP2C19 was carried out by a polymerase chain reaction method
with specific primers used as described earlier by de Morais et al [29]. As all subjects were Finnish
Caucasians, they were tested for the CYP2C19*2 allele, and not for the CYP2C19*3, which is
present in Asians. We did not analyze for the CYP2C19*17 allele, which gives slightly increased

activity of the encoded enzyme [30], as this should have no major effect in the present study.

Pharmacokinetic analysis. The peak plasma concentrations (C...) and corresponding peak plasma
concentration times (t...) were observed directly from the data. C,,, refers to the highest observed
value for N-desmethyldiazepam plasma concentrations. For each subject, the terminal log-linear
phase of the plasma diazepam concentration-time curve was identified visually and the elimination
rate constant (k.) was determined by regression analysis on the basis of at least 6 time points. The
elimination half-life (t.) was then calculated from the equation: t. = In 2 / k... The areas under the
diazepam and N-desmethyldiazepam plasma concentration-time curves (AUC,., and AUC, ) were
calculated using the trapezoidal method. AUC,., was extrapolated to infinity by use of the respective
k. value. We used the linear trapezoidal rule while successive concentration values were increasing
and the logarithmic trapezoidal rule for successive descending concentration values. The apparent
oral clearance (CL/F) and the apparent volume of distribution of diazepam during elimination (V/F)

were also calculated with noncompartmental methods based on statistical moment theory. The



pharmacokinetic data were analyzed by use of the pharmacokinetic program WinNonlin (version

4.1, Pharsight Corporation, California, USA).

Pharmacodynamic measurements. The effects of diazepam were assessed with digit symbol
substitution test (DSST), the Maddox wing test and three visual analog scales (VAS) just before
administration of the last dose of voriconazole, fluconazole or water and at the time of blood
sampling up to 12 hours after diazepam administration. The DSST was used to quantify the
pharmacodynamic response associated with the administration of oral diazepam [31]. Subjects were
asked to draw the appropriate matched symbol beneath each presented digit. The number of
symbols correctly drawn in 3 minutes was noted. Because the code can be learned, multiple
versions of the DSST were developed for this study. The Maddox wing was used to measure the
effect of diazepam on the coordination of the extraocular muscles, and the result was given in
diopters [32]. Subjective effects (no effects of the drug to very strong effects of the drug, alert to
drowsy, very good performance to very poor performance) were recorded with 100-mm horizontal
visual analog scales. [33] For each pharmacodynamic variable, the area under the response-time

curve was determined by the trapezoidal rule for 12 hours.

Statistical analysis. Pharmacokinetic variables were compared with the analysis of variance for
repeated measures, and a posteriori testing was performed using Tukey’s test. The tests were used
to determine the contributions of treatment, gender, genotype, phase and sequence to overall
variance. .. wasanalyzed by Friedman's test, and the Wilcoxon signed rank testwas used for
pairwise comparisons. In addition, we used Student’s t-test for independent samples to compare the
data between different genotypes of CYP2C19. Differences were regarded statistically significant if
p <0.05. Since pharmacokinetic drug interactions can also be assessed statistically by the same

methods that are standard for investigation of bioequivalence, we calculated the geometric mean



ratios with 90% confidence intervals (Cls). Bioequivalence (i.e., the lack of an interaction) was
concluded if the 90% CI of the geometric mean ratios for pharmacokinetic variables were within the
acceptance limit of 0.8 to 1.25. Pearson's product-moment correlation coefficient was used to
investigate the possible relationship between the ratio of the AUC.« of diazepam during the
voriconazole or fluconazole phase to the AUC,« of diazepam during the control phase and the
AUC.,., of voriconazole or fluconazole, respectively. The results are expressed as mean + standard
deviation (SD). All data were analyzed with the statistical program Systat for Windows, version

10.2 (Systat Software, Richmond, California, USA).
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RESULTS

Diazepam pharmacokinetics. Mean plasma concentrations of diazepam and N-
desmethyldiazepam as a function of time during different phases of the study are shown in the Fig.
1. During the first 4 h following diazepam ingestion, the concentrations of diazepam did not differ
between the phases. However, both voriconazole and fluconazole increased the mean AUC, of oral
diazepam, by 2.2-fold (p < 0.05) and 2.5-fold (p < 0.01), respectively. Voriconazole and
fluconazole increased both the AUC,« and t. of oral diazepam in all subjects (Fig. 2). Voriconazole
prolonged the mean t, of diazepam from 30.9 h to 61.1 h (p < 0.01) and fluconazole from 30.9 h to
72.8 h (p < 0.001). The values of C,, and V /F did not differ between the phases (Fig. 2, Table 2).
During the voriconazole and fluconazole phases, the geometric mean ratios with 90% CI for all
calculated pharmacokinetic variables for diazepam were outside the bioequivalence acceptance

limits, except for C.. after voriconazole pretreatment (Table 2).

N-desmethyldiazepam pharmacokinetics. Voriconazole and fluconazole decreased the C,, and
AUC,, of N-desmethyldiazepam significantly (p < 0.001; Fig. 1, Table 2). The ratio of N-
desmethyldiazepam AUC.,., to diazepam AUC, . was significantly (p < 0.001) lower during the

control phase as compared to the voriconazole or fluconazole phases (Table 2).

Plasma voriconazole and fluconazole. The C.... of voriconazole and fluconazole, before their last

doses, were 1.17 mg/1 (range 0.20 to 2.77) and 4.14 mg/1 (range 3.05 to 6.58), respectively (Fig. 3).
The C...-values did not differ significantly between study phases and there was no significant linear
correlation between the change in the AUC, of diazepam and the AUC.,.. of voriconazole (r =0.43;

p = 0.16) or fluconazole (r = 0.05; p = 0.83).
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CYP2C19 genotyping. Four of the subjects had the CYP2C19*1/*2 genotype (3 men, | woman)
and the other eight subjects were homozygous wild type (*1/*1) for CYP2C19 (Table 1). There
were no statistically significant differences in any of the pharmacokinetic variables of diazepam
between these two genotypes during the control phase or after antimycotic pretreatments. The AUC,

.. of voriconazole was significantly higher in subjects carrying CYP2C19*1/*2 genotype (p < 0.05).

Pharmacodynamics. There was a linear correlation between plasma diazepam concentration and
effect in all pharmacodynamic variables (p < 0.001). The AUC,.. for DSST during the fluconazole
phase differed significantly (p < 0.05) from that of the control phase but no statistically significant
differences were seen in any of the other pharmacodynamic variables between the voriconazole and

control or fluconazole and control phases (Fig. 4).

Adverse effects. All volunteers completed the study according to the protocol. Five of the twelve
volunteers reported visual adverse events during the voriconazole pretreatment. Transient altered
perception of light, chromatopsia and photophobia were experienced shortly after taking
voriconazole. No other clinically relevant adverse effects were observed or reported during the

study.
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DISCUSSION

Both voriconazole and fluconazole markedly affected the pharmacokinetics of oral diazepam. While
the absorption of diazepam was unchanged, voriconazole and fluconazole caused a considerable
delay in the elimination of diazepam. The t,, as well as the exposure to diazepam were
approximately doubled but no effect was seen in the Cumax of diazepam, and the pharmacological
effects remained largely unchanged. Unaltered Cmax of diazepam after its single dose and the
reduction of the formation of its active metabolite(s) [6] by voriconazole and fluconazole can
explain the minor pharmacodynamic differences between the study phases. However, since no
double-blind study design was used, and the study subjects were young healthy volunteers, the
pharmacodynamic findings should be interpreted cautiously but they do support the observed

changes in pharmacokinetics.

During the first 4 hours following the administration of diazepam, its concentrations were
essentially similar in all phases. This is in accordance with the practically complete oral
bioavailability of diazepam [1]. The differences in the pharmacokinetics of diazepam did not
become evident until 4 hours post-ingestion, i.e., during its elimination phase. Drugs which have a
lower oral bioavailability than diazepam and which are metabolized by CYP enzymes during
absorption and elimination from body, are more prone to have forceful interactions with inhibitors
and inducers of CYP enzymes, because the interactions occur not only during elimination but also

during the first pass extraction [18, 34, 35].

Diazepam is extensively metabolized by CYP2C19 and CYP3A4, which account for 80 % of the
biotransformation of diazepam to its metabolites [2-5]. The demethylation of diazepam to N-

desmethyldiazepam is mediated by a genetically polymorphic CYP2C19 [2], and the 3-
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hydroxylation of diazepam to temazepam by mediated CYP3A, predominantly by CYP3A4 [4, 5].
In the present study both voriconazole and fluconazole caused a significant delay and decrease in
the formation of N-desmethyldiazepam which is in good agreement with the available information

on the interaction potential of voriconazole and fluconazole in vitro and in vivo [8, 15, 17].

Previous studies have shown that diazepam is susceptible to drug interactions [36-38], some of
which are also clinically important [36, 38]. However, erythromycin and itraconazole, both strong
inhibitors of CYP3A4, have only a minor effect on the pharmacokinetics of diazepam. They caused
a 10-30% increase in the AUC of diazepam with no change in N-desmethyldiazepam [23, 24]. The
authors concluded, that the increase in the AUC of diazepam was most likely due to the inhibition
of CYP3A4 leading to a decreased formation of temazepam. Both voriconazole and fluconazole are
inhibitors of CYP2C19 and CYP3A4. Thus, it is plausible, that the interaction between diazepam
and voriconazole or fluconazole is stronger than that between diazepam and erythromycin or
itraconazole. Unfortunately, in the present study, where only a small single dose (5 mg) of
diazepam was given to healthy volunteers, we could not reliably quantify plasma concentrations of
temazepam and we can not draw conclusions on the relative importance of the inhibition of

CYP2C19 and CYP3A4 on the voriconazole-diazepam and fluconazole-diazepam interaction.

There is a notable variation in the CYP2C19 activity between subjects carrying different CYP2C19
alleles yielding ultrarapid, extensive, intermediate and poor metabolizer genotypes [29, 30, 39].
Several previous studies have reported differences in the diazepam pharmacokinetics and
pharmacodynamics between the CYP2C19 poor and extensive metabolizers [40-42]. It has been
recently shown that CYP2C19 genotype affects the emergence from general anaesthesia in patients
who have been given oral diazepam for premedication [43]. We therefore determined the CYP2C19

genotype in the subjects participating in our study. Four of our 12 subjects expressed
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CYP2C19*1/*2 genotype while the rest had the wild type CYP12C19*1/*1 genotype. In accordance
with the previous results [42, 43], the pharmacokinetic variables of diazepam did not differ between
subjects having CYP2C19*1/*2 or CYPI12C19*1/*1 genotype. It has also been suggested that
women at fertile age have a slightly reduced CYP2C19 activity [44]. This was shown to be
correlated with the use of oral contraceptives. However, none of the female volunteers participating

in this study were on oral contraceptives.

Our study can be criticized for having a too short period of blood sampling for the full
characterization of the pharmacokinetics of diazepam. Therefore, the pharmacokinetic parameters
could not be determined with such reliability as usual. However, the observed t; values are similar
to those reported earlier [45]. Furthermore, the calculation of elimination rate constants was based
on at least 6 time points. We therefore believe that no bias is caused by the relatively short time

interval of blood sampling as compared to the observed values of tv.

In conclusion, both voriconazole and fluconazole decreased the elimination clearance of diazepam
significantly. When single doses of diazepam are administered during voriconazole or fluconazole
treatment, dose adjustment of diazepam is most likely not needed, because the initial diazepam
plasma concentrations are not affected. If diazepam is given repeatedly, the dosage of diazepam
should be reduced, since the accumulation of diazepam and its active metabolites may prolong and
increase the effects of diazepam. We also want to emphasize that our study was done in healthy
young volunteers. The results may not be extrapolated uncritically to the elderly patients or patients

with critical illness.
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TABLE 1. Characteristics of the subjects and the AUCo.24 values of voriconazole and fluconazole

after pretreatment with oral voriconazole or fluconazole, respectively.

Sieet A gy Weish Cypacly QEERe TR
(mg ‘ml ! - h) (mg - ml' - h)
1 23 Male 68 *1/%*2 52.1 139.7
2 23 Male 78 *1/*1 8.6 116.5
3 21 Male 76 *1/*2 75.8 123.2
4 26 Male 70 *1/*1 19.0 125.5
5 24 Male 78 *1/*1 9.3 126.7
6 21 Female 75 *1/%2 19.9 115.8
7 22 Male 68 *1/%*2 53.1 148.8
8 21 Female 53 *1/*1 26.6 159.1
9 20 Female 61 *1/*1 14.08 181.1
10 21 Male 108 *1/*1 3.8 100.7
11 24 Male 84 *1/*1 20.6 108.9
12 30 Male 113 *1/*1 5.6 107.4
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TABLE 2. Pharmacokinetic parameters of diazepam and N-desmethyldiazepam after oral
administration of 5 mg diazepam to 12 healthy volunteers without pretreatment (control) or

following pretreatment with fluconazole, or oral voriconazole.

Geometric mean ratio (90%
Value for:

CI) for
Parameter
Fluconazole/  Voriconazole/
Control Fluconazole Voriconazole
control control

Diazepam
Cmax (ng - ml™) 131 +37 143 +35 129 +35 1.10 1.02

% of control (range) 100 125 (87-243) 102 (80-143) (1.08, 1.32) (0.81, 1.20)
tmax (h) 1.0 (0.5-3.0) 0.5 (0.5-1.5) 1.0 (0.5-2.0)
AUCo.4s (ng - ml” - h) 1800 = 500 2720 + 920" 2500 + 830™ 150 137

% of control (range) 100 150 (109- 138 (86-181) (1.16, 1.94) (1.06, 1.78)

191 .16, 1. .06, 1.

AUCo (ng - ml! - h) 2760 + 800 7550 £4610™ 6140 £2930"" 257 210

% of control (range) 100 254 (144- 221 (110-343) (1.94, 3.40) (1.56,2.82)

401) ’ T

CL/F (ml - min"-kg!)  32+9.0 13 £4.6" 17 +8.2" 0.39 0.48

% of control (range) 100 44 (25-69) 52 (29-91) (0.29, 0.52) (0.35,0.64)
VJF (1-kg?) 93+ 59 81+ 40 79 £28 1.11 1.10

% of control (range) 100 92 (71-109) 92 (52-119) (0.67, 1.21) (0.69, 1.19)
ty. (h) 3173 73 £25" 61 +£23" 23] 1.90

% of control (range) 100 32272)6 (136- 195 (111-257) (1.90, 2.81) (1.53,2.38)
N-Desmethyldiazepam
Casn (ng - ml™) 18.1+5.6 7.1+4.2° 9.4+4.5" 0.35 0.50

% of control (range) 100 36 (16-59) 49 (30-77) (0.25, 0.50) (0.36, 0.68)
AUCou4s (ng - ml™" - h) 640 +210 190 + 1107 230+ 110" 0.33 0.26

% of control (range) 100 29 (10-56) 33 (17-61) (0.24,0.45)  (0.18,0.38)
AUC ratio 0.35+0.08 0.10£0.13" 0.10 +0.04" 0.51 0.54

% of control (range) 100 19 (8-40) 25 (13-50) (0.45, 0.56) (0.48, 0.60)
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Data is given as mean + SD, except for tmax data, which is given as median and range. % of control
was calculated individually for each subject; mean and range of these individual values are
reported. AUC ratio, ratio of N-desmethyldiazepam AUC,., to diazepam AUC,

*Significantly (p < 0.001) different from control.

*Significantly (p < 0.01) different from control.

**Significantly (p < 0.05) different from control.
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FIGURE LEGENDS

FIG. 1. Plasma concentrations (mean + SD) of diazepam and N-desmethyldiazepam in 12 healthy
volunteers after a single oral dose of 5 mg of diazepam without pretreatment (open circles) or
following pretreatment with oral voriconazole (solid circles) or oral fluconazole (solid triangles).

The inset depicts the same data on a semilogarithmic scale.

FIG. 2. Individual values for CL/F, AUC,«, and t. in 12 healthy volunteers after a single oral dose
of 5 mg of diazepam without pretreatment (Control) or following pretreatment with oral
voriconazole (Vori) or oral fluconazole (Fluco). Subjects with CYP2C19*1/*1 (e) and

CYP2C19*1/*2 (o) genotype are indicated.

FIG. 3. Plasma concentrations (mean = SD) of with oral voriconazole (solid circles) or oral
fluconazole (solid triangles) in 12 healthy volunteers during the oral voriconazole and fluconazole
phases, respectively. The arrow denotes the time when 5 mg of oral diazepam was administered. P

refers to the time point before the administration of the last doses of voriconazole or fluconazole.

FIG. 4. Results (mean + SD) of Maddox wing test, DSST and the recordings of subjective drug
effect, drowsiness, and performance from visual analog scales (VAS) in 12 healthy volunteers after
a single oral dose of 5 mg of diazepam without pretreatment (open circles) or following

pretreatment with oral voriconazole (solid circles) or oral fluconazole (solid triangles).
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