
 

 

 University of Groningen

Clinical pharmacology and therapeutic drug monitoring of voriconazole
Veringa, Anette

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Veringa, A. (2019). Clinical pharmacology and therapeutic drug monitoring of voriconazole. [Thesis fully
internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/12edf571-0f9c-4a2b-a17f-adf7749b467d


05
Voriconazole
metabolism is
inf luenced by severe
inf lammation:
a prospective study
Anette Veringa
Mendy ter Avest
Lambert F. Span
Edwin R. van den Heuvel
Daan J. Touw
Jan G. Zijlstra
Jos G. W. Kosterink
Tjip S. van der Werf
Jan-Willem C. Alffenaar

Journal of Antimicrobial  
Chemotherapy, 2017
Volume 72,  
Pages 261 – 267

58



Abstract
Background: During an infection or in-
flammation, several drug-metabolizing 
enzymes in the liver are downregu- 
lated, including cytochrome P450 iso- 
enzymes. Since voriconazole is exten- 
sively metabolized by cytochrome P450 
iso-enzymes, the metabolism of vori- 
conazole can be influenced during in- 
flammation via reduced clearance of  
the drug, resulting in higher voricon- 
azole trough concentrations.

Objective: To investigate prospectively 
the influence of inflammation on vori- 
conzole metabolism and voriconazole  
trough concentrations.

Methods: A prospective observational 
study was performed at the Universi-
ty Medical Center Groningen. Patients 
were eligible for inclusion if they were 
≥18 years old and treated with voricon- 
azole. Voriconazole and voriconazole-N- 
oxide concentrations were determin-
ed in discarded blood samples. To de-
termine the degree of inflammation, 
C-reactive protein (CRP) concentrations  
were used. Subsequently, a longitu-
dinal data analysis was performed to  
assess the effect of inflammation on  

the metabolic ratio and voriconazole  
trough concentration.

Results: Thirty-four patients were in- 
cluded. In total 489 voriconazole 
trough concentrations were inclu-
ded in the longitudinal data ana-
lysis. This analysis showed that in- 
flammation, reflected by CRP con-
centrations, significantly influenced 
the metabolic ratio, voriconazole  
trough concentration and  voricon- 
azole-N-oxide concentration (all P < 
0.001), when corrected for other fac-
tors that could influence voriconazo-
le metabolism. The metabolic ratio 
was decreased by 0.99229N and the 
voriconazole-N-oxide concentration 
by 0.99775N, while the voriconazole 
trough concentration was increased 
by 1.005321N, where N is the difference 
in CRP units (in mg/L).

Conclusions: This study shows that vo-
riconazole metabolism is decreased  
during inflammation, resulting in  
higher voriconazole trough concen- 
trations. Therefore, frequent moni-
toring of voriconazole serum concen-
trations is recommended during and 
following severe inflammation.

5.1 Introduction
Severe infections are commonly seen in 
hospitalized patients, particularly in pa-
tients in ICUs. The risk of infection even 
seems to increase with longer admission to 
an ICU. Additionally, the incidence of seve-
re sepsis continues to increase [1,2]. Multiple 
in vitro and in vivo studies have shown that 
during an infection or inflammation seve- 

ral drug-metabolizing enzymes in the liver 
are down-regulated, including cytochrome 
P450 (CYP) iso-enzymes. This can result in 
reduced metabolism of drugs that are meta-
bolized by these enzymes and hence higher 
drug concentrations [3,4].

Inflammation could also contribute to the 
pharmacokinetic variability of voriconazole.

Funding: This work was financially supported by Pfizer, the Netherlands (grant number WI183792).
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Voriconazole is a broad-spectrum triazole 
that is used for the treatment and preven-
tion of invasive fungal infections [5]. The cli-
nical effect and the occurrence of adverse 
events with voriconazole are associated 
with its serum concentration. Therefore, 
therapeutic drug monitoring is indicated 
for voriconazole to improve treatment out- 
come and to reduce toxicity [6 – 8]. However, 
voriconazole serum concentrations are hig-
hly variable in clinical practice. This variabi-
lity is not only seen between patients, but 
also within patients over time [9,10]. Several 
factors are known to influence the serum 
concentration, including age, liver func- 
tion, CYP2C19 genotype and co-medication 
[11 – 14], though these factors do not completely 
explain the observed variability. Since vori-
conazole is extensively metabolized by CYP 
iso-enzymes [12], the metabolism of voricona-
zole can be influenced during inflammation 
or an infection via reduced clearance of the 
drug, resulting in higher voriconazole se-
rum concentrations. Therefore, if C-reactive 
protein (CRP) or IL-6 concentrations are sig-
nificantly increased, a higher voriconazole 
serum concentration may be observed. Re-
cently, a retrospective study showed that 
inflammation could influence the voricona-
zole serum concentration [15]. In that study, 
higher voriconazole trough concentrations 
were observed during severe inflammati-
on, as reflected by high CRP concentrations. 
Additionally, multiple voriconazole trough 
concentrations with corresponding CRP 
concentrations were analysed to determine 
the association between inflammation, re-
flected by CRP, and the voriconazole trough 
concentration over time [16]. Both studies in- 
dicated that inflammation plays a signi-
ficant role in the pharmacokinetic varia-
bility of voriconazole. However, vorico-
nazole-N-oxide concentrations were not 

measured in both studies. Another retro- 
spective study, where voriconazole-N- 
oxide concentrations were included, show-
ed a changed metabolic ratio of voricon- 
azole and the main metabolite of voricon- 
azole, voriconazole-N-oxide, during inflam-
mation [16,17].

A limitation of that study was that a limited 
number of patients were included. In addi-
tion, only a limited number of samples per 
patient were available for analysis. Although 
these studies showed a trend that voricon- 
azole serum concentrations were influen-
ced during severe inflammation, methodo-
logical limitations hampered firm conclu- 
sions. To overcome these limitations, the 
aim of this study was to investigate prospec-
tively the influence of inflammation on the 
metabolism of voriconazole by daily sam-
pling during voriconazole treatment.

5.2 Patients and methods
5.2.1 Study design
This was a prospective observational study. 
Patients were eligible for inclusion if they 
were ≥18 years old and treated with intra-
venous or oral voriconazole at the University 
Medical Center Groningen, the Netherlands, 
between January 2014 and August 2014. Pa-
tients were excluded if they concomitantly 
used a strong inhibitor or inducer of CYP3A4 
as described in the summary of product 
characteristics.

Discarded blood samples, drawn for clinical 
reasons, were collected during treatment 
with voriconazole, starting at steady state. 
Steady state was assumed to be achieved 
within 24 h after administration of two load-
ing doses of voriconazole or after 10 doses  
if no loading dose was given [12]. A loading 
dose was defined as two intravenous doses  60
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of 6 mg/kg or two oral doses of 400 mg on the 
first day, followed by an intravenous dose of  
4 mg/kg or an oral dose of 200 mg twice daily.

5.2.2 Ethics
This study was evaluated and allowed by 
the local ethics committee (Institutional 
Review Board 2013-511) and registered at  
ClinicalTrials.gov under registration num-
ber NCT02074462. Informed consent was 
obtained from each patient included.

5.2.3 Voriconazole and  
voriconazole-N-oxide assay
The voriconazole and voriconazole-N-oxide  
concentrations were measured with a vali-
dated LC-MS/MS method [18]. The validation 
of voriconazole showed a within-run co- 
efficient of variation (CV) ranging from 1.9% 
to 2.3%, and a between-run CV ranging from 
0.0% to 3.1%. For voriconazole-N-oxide the 
within-run CV ranged from 3.6% to 10.8% 
and the between-run CV ranged from 0.0% 
to 7.7%. The limit of quantification for both 
voriconazole and voriconazole-N-oxide was 
0.1 mg/L.

For the voriconazole analysis, we participa-
ted in an international proficiency testing 
programme for the measurement of anti-
fungal drug concentrations and obtained 
good results [19].

5.2.4 Data collection
Trough concentrations were used for the 
statistical analysis and the metabolic ratio 
was determined by dividing the voricon- 
azole-N-oxide concentration by the corres-
ponding voriconazole concentration.

Furthermore, CYP2C19 genotype was de-
termined. Based on CYP2C19 genotype, pa-
tients were divided into four different cate-

gories: poor metabolizers were described as 
CYP2C19*2/*2, CYP2C19*2/*3 or CYP2C19*3/*3; 
intermediate metabolizers as CYP2C19*1/*2 
or CYP2C19*1/*3; extensive metabolizers as 
CYP2C19*1/*1; and ultra-rapid metabolizers 
as CYP2C19*1/*17 [20].

Demographic data were obtained from the 
medical chart of the patient and included 
age, sex, weight and underlying disease. 
Information about the voriconazole treat-
ment included the dose (mg/kg/day), and 
time and route of administration. Further-
more, information about potentially inter-
acting CYP450 co-medication was collected.

To determine the degree of inflammation, 
CRP concentrations were used, which were 
measured routinely or determined in dis-
carded blood samples. The validation of CRP 
showed a CV ranging from 1.2% to 9.7%. In ad-
dition, other routine laboratory parameters 
that could influence the voriconazole and 
possibly the voriconazole-N-oxide concen-
tration were collected, including alkaline 
phosphatase, ALT, AST, GGT and total biliru-
bin.

5.2.5 Statistical analysis
Numerical variables were summarized as 
medians with IQR, and categorical variables 
were summarized with frequencies and 
percentages. The longitudinal data of the 
voriconazole, voriconazole-N-oxide concen-
trations and metabolic ratios were analysed 
with a linear mixed model. A transformation 
was performed if the data were not normal-
ly distributed. A random additive effect was 
selected for patients to address different 
concentrations between patients. A first- 
order autoregressive correlation between 
voriconazole trough concentrations, vorico-
nazole-N-oxide concentrations or metabo- 61
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lic ratios over time was selected to cor-
rect for differences in intervals between 
observations. To investigate the effect of 
inflammation on the metabolic ratio, vori-
conazole trough concentration and vori-
conazole-N-oxide concentration, the Wald 
type III test was conducted after correc-
ting for gender, age, voriconazole dose and  
route of administration, liver enzymes  
(alkaline phosphatase, ALT, AST, GGT and 
total bilirubin) and the use of interacting  
comedication. This correction means that 
we studied the contribution of inflammation 
on the metabolic ratio, voriconazole trough 
concentration and voriconazole-N-oxide 
concentration when we had eliminated the 
possible influence of the other variables 
first. Thus, we wanted to estimate the di-
rect effect of inflammation on the metabolic  
ratio, voriconazole trough concentration 
and voriconazole-N-oxide concentration. 
The analysis was performed using SAS 9.3 
(SAS Institute Inc., Cary, NC, USA). P < 0.05 
was considered statistically significant.

5.3 Results
Thirty-six patients were eligible for inclu-
sion. Two patients were excluded because 
serum concentrations were not measured 
at steady state. Therefore, 34 patients were 
included in the study and discarded blood 
samples were collected for these patients. 
The median duration with voriconazole  
treatment was 19 days (range 5–110 days).  
The baseline patient characteristics 
are shown in Table 1. The proton pump  
inhibitors (PPIs) esomeprazole, omeprazo-
le or pantoprazole were the only potential  
interacting drugs that were used during  
treatment with voriconazole.

For 20 patients CYP2C19 genotype was  
determined; nine were extensive meta- 
bolizers, six intermediate metabolizers and 
five ultra-rapid metabolizers. In 14 patients, 
CYP2C19 genotype was not determined  
because they received allogeneic stem 
cell transplantation and therefore blood  
samples were not representative for the  
genotype. Due to the observational  
character of this study, no other methods  
for determining the genotype were  
used.

Therapeutic drug monitoring of vori- 
conazole is routinely performed in our  
hospital, particularly for patients who  
receive voriconazole as treatment for  
invasive fungal infections. Thereby,  
serum concentrations were measured 
as routine care for 25 of the included  
patients during participation in this  
study. In general the therapeutic range  
applied from 1.5 up to 5 mg/L and for prop-
hylaxis there was a lower limit of 1 mg/L [6,7]. 
For 14 patients the voriconazole dose was  
adjusted after routine care measurement of 
the voriconazole serum concentration.

Table 1. Baseline patient characteristics (n = 34)

aOther diagnosed diseases included cystic fibrosis, 
chronic obstructive pulmonary disease, and  
vasculitis. 
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A total of 489 voriconazole trough concen-
trations were included in the analysis, with 
a median of 11 trough concentrations per pa-
tient (range 2–73). As well as the metabolic 
ratio, voriconazole and voriconazole-N-oxi-
de trough concentrations were not normal-
ly distributed, so the data were log transfor-
med. In Figure 1 a scatter plot is shown of 
all calculated metabolic ratios (panel a) and 
measured voriconazole trough concentra-
tions (panel b) with the corresponding CRP 
concentration. In this figure the metabolic 
ratio seems to decrease with increasing CRP 
concentration (panel a), while the voricona-
zole trough concentration seems to increase 
with increasing CRP concentration (panel b).

Subsequently, a longitudinal data analysis 
was performed to determine the influence 
of CRP on the metabolic ratio, voriconazo-
le trough concentration and voriconazo-
le-N-oxide concentration where the repea-
ted measurements were taken into account 
as well as other factors that could influence 
the metabolism of voriconazole. The longi-
tudinal data analysis showed that after cor-
recting for other factors that could influence 

voriconazole metabolism, which are men-
tioned in the Patients and methods secti-
on, the voriconazole trough concentration 
was significantly increased at higher CRP 
concentrations, while voriconazole-N-oxi-
de concentrations and the metabolic ratio 
were significantly decreased at higher CRP 
concentrations (all P < 0.001). The metabolic 
ratio decreased by 0.99229N and the voricon- 
azole-N-oxide concentration by 0.99775N, 
while the voriconazole concentration incre-
ased by 1.005321N, where N is the difference 
in CRP units (expressed in mg/L). Besides 
CRP, the metabolic ratio, voriconazole con-
centration and voriconazole-N-oxide con-
centration were significantly associated 
with the voriconazole dose, ALT and AST 
concentrations (all P < 0.05). In addition, 
voriconazole-N-oxide concentrations were 
significantly associated with total bilirubin 
(P < 0.05).

The simulated expected voriconazole 
trough concentrations for the difference  
in CRP concentration from 5 up to 300 mg/L 
are shown in Figure 2, where an initial  
voriconazole trough concentration of 1, 2

Figure 1. (a) Scatter plot of metabolic ratio versus CRP concentration (mg/L) for all calculated meta- 
bolic ratios. A trend of decreasing metabolic ratio with increasing CRP concentration can be observed. 
(b) Scatter plot of voriconazole trough concentration (mg/L) versus CRP concentration (mg/L) for all 
measured concentrations. A trend of increasing voriconazole trough concentration with increasing 
CRP concentration can be observed. 63
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and 3 mg/L is used. To obtain this figure 
the above-mentioned formula 1.005321N is 
used, where N is the difference in CRP units. 
Others factors that could influence the  
voriconazole concentration are taken into 
account in this formula. Figure 2 shows that 
with an increase of the CRP concentration 
from, e.g. 5 to 205 mg/L (n = 200 mg/L), the 
initial voriconazole concentration of 2 mg/L 
is expected to increase to ~ 6 mg/L (calcu- 
lated by 2*1.005321200).

To assess the influence of genotype on the 
metabolism of voriconazole and hence 
the voriconazole trough concentration, an  
analysis was performed on a subgroup 
of patients. The patient characteristics at  
baseline were comparable between the  
patients for whom genotyping was per- 
formed and the total population, as can 
be seen in Table 2. In total, 301 voricona-
zole trough concentrations were inclu-
ded in the longitudinal data analysis. The 
results of this analysis for the subgroup 
showed that the metabolic ratio was de-
creased and the voriconazole trough 
concentration was increased at higher 
CRP concentrations, after correcting for 
other factors that could influence vori- 
conazole metabolism. The extent of de- 
crease of the metabolic ratio varied bet-

ween the different genotypes (P < 0.001). 
For extensive metabolizers the metabolic 
ratio decreased by 0.991972N, for interme-
diate metabolizers by 0.986512N and for  
ultra-rapid metabolizers by 0.994147N, where  
N is the difference in CRP units (expressed 
in mg/L). For instance, if N is 200 mg/L, this 
results in a decrease of the metabolic ratio 
by 80% for extensive metabolizers, >90% 
for intermediate metabolizers and 70% for  
ultra-rapid metabolizers.

Figure 2. Simulated expected  
increase in voriconazole serum  
or plasma concentration versus  
difference in CRP concentration  
with an initial voriconazole  
trough concentration of 1, 2 or  
3 mg/L. Horizontal dotted lines  
represent the therapeutic range  
of voriconazole.

Table 2. Baseline patient characteristics with 
genotyping (n = 20)

aOther diagnosed diseases included cystic fibrosis, 
chronic obstructive pulmonary disease, and  
vasculitis. 
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The extent of increase in the voriconazole 
trough concentration also varied between 
the different genotypes (P = 0.04). For exten-
sive metabolizers the voriconazole trough 
concentration increased by 1.004965N, for 
intermediate metabolizers by 1.009365N and 
for ultra-rapid metabolizers by 1.003685N. 
For example, if a patient has an initial vori-
conazole trough concentration of 2 mg/L, 
with a corresponding CRP concentration of 
5 mg/L, the voriconazole trough concentra-
tion will increase to ~5 mg/L for an extensive 
metabolizer if the CRP concentration increa-
ses to 205 mg/L. For the same increase in CRP 
and initial voriconazole trough concentra- 
tion, the voriconazole trough concentration 
will increase to ~13 mg/L for an intermedia-
te metabolizer and to ~4 mg/L for an ultra- 
rapid metabolizer.

5.4 Discussion
In this study, we show that the metabolism 
of voriconazole is influenced by the degree 
of inflammation as reflected by CRP concen-
tration. The decreased drug metabolism du-
ring inflammation can be explained by the 
synthesis of pro-inflammatory cytokines 
during inflammation (e.g. TNF-α, IL-1, IL-6), 
resulting in a changed expression of speci-
fic transcription factors (e.g. NF-κB). These 
changes result in down-regulation of va-
rious CYP iso-enzymes at the level of gene 
transcription, resulting in a loss of mRNA 
of the corresponding CYP iso-enzymes and 
subsequently a decrease in protein and en-
zyme activity. As a result, the metabolism 
of drugs that are metabolized by CYP-iso- 
enzymes decreases and hence the serum 
concentration increases [21–24]. Therefore, 
drugs with a narrow therapeutic window 
can accumulate to toxic serum concentra-
tions during severe inflammation. This phe-
nomenon was previously seen for among 

others theophylline, a CYP1A2 substrate and 
midazolam, a CYP3A4 substrate [24,25]. 

As mentioned before, voriconazole is ex-
tensively metabolized by CYP iso-enzymes, 
primarily by CYP2C19, and to a lesser extent 
by CYP2C9 and CYP3A4. Several in vitro stu-
dies using cell lines representative for ex-
pression of many CYP450 genes in vivo have 
shown that CYP2C19 activity is reduced du-
ring inflammation [26,27]. Furthermore, vori-
conazole has a narrow therapeutic window 
and voriconazole serum concentrations are 
associated with efficacy and safety. There-
fore, reduced metabolism of voriconazole 
can result in high serum concentrations, 
which are associated with an increased 
risk of neurotoxicity and liver toxicity [6,8,28]. 
In addition, the probability and severity of 
drug–drug interactions between different 
CYP450 substrates can be increased due to 
the decreased enzyme activity.

An in vitro study with human hepatocy-
tes showed that the expression of CYP2C19 
mRNA was decreased by ~30%–50% in hu-
man hepatocytes and appears to depend 
on the pro-inflammatory cytokine IL-6 [29]. 
In this study we measured the acute phase  
protein CRP, instead of IL-6. In contrast to 
the pro-inflammatory cytokine IL-6, CRP 
concentrations were routinely measured 
for the included patients. However, the syn-
thesis of CRP is stimulated by pro-inflamma-
tory cytokines (including IL-6). Therefore, 
CRP concentrations could be used instead 
of IL-6 concentrations for reflection of the 
degree of inflammation [30]. Additionally, sin-
ce CRP expression in the liver is induced by  
IL-6, which is released by macrophages and 
T cells, CRP concentrations will show a de-
layed response at the beginning of an infec-
tion and will therefore be relatively normal 65
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during the initial phase of an infection and 
increase in a later phase [31]. The same ap-
plies for voriconazole metabolism, which 
will probably be normal at the beginning 
of an infection and will decrease in a later 
phase. In previous studies this was already 
observed and voriconazole concentrations 
showed a similar trend as CRP concentra-
tions over time [15,16]. A future study investi-
gating IL-6 concentration over time would 
therefore be very interesting as it may be an 
early predictor of decreased metabolism of 
voriconazole.

With the longitudinal data analysis, we  
showed that both the metabolic ratio  
and the voriconazole trough concentra- 
tion were significantly influenced by the CRP 
concentration (both P < 0.001). These results 
show that inflammation indeed influences 
the metabolic ratio of voriconazole and 
the trough concentration, after correction 
for other factors that could influence these 
parameters. The increase in voriconazole 
serum concentration observed in this pros-
pective observational study confirmed the 
results from earlier studies. Unfortunately, 
the study was not designed to determine 
the individual influence of other factors  
that significantly influenced the metabolic 
ratio, voriconazole concentration or vori- 
conazole-N-oxide concentration.

During voriconazole treatment, seven pa-
tients were admitted to an ICU. In general, 
patients admitted to an ICU are critically ill. 
The pharmacokinetics of drugs in critically 
ill patients can differ from those who are 
less ill [32]. However, by including multiple 
measurements in time for all patients, fac-
tors such as underlying disease and the ge-
neral condition of the patient are taken into 
account with the longitudinal data analysis.

Furthermore, voriconazole trough concen-
trations were measured at steady state, be-
cause the metabolic ratio could be different 
during the loading phase of voriconazole 
due to non-linear pharmacokinetics of vori-
conazole.

Since therapeutic drug monitoring of vori-
conazole is routinely performed in our hos-
pital, the occurrence of sub-therapeutic or 
toxic voriconazole serum concentrations 
was prevented by voriconazole dose ad-
justments by the attending physician. This 
may have influenced the extent of the ef-
fect. However, the longitudinal data analysis 
showed that the degree of inflammation, as 
reflected by CRP, had a significant influence 
(P < 0.001) on the metabolism of voriconazo-
le and voriconazole trough concentration, 
despite dose adjustments after performing 
therapeutic drug monitoring.

CYP2C19 genotype also plays an important 
role in the metabolism of voriconazole. The 
serum concentration of voriconazole is sub-
stantially higher in poor metabolizers of the 
CYP2C19 genotype compared with extensive 
metabolizers, while the serum concentra-
tion of voriconazole is lower in ultra-rapid 
metabolizers [33,34]. Therefore, the impact of 
inflammation on the metabolic ratio and the 
voriconazole trough concentration could 
differ for different genotypes. In this study, 
the CYP2C19 genotype was determined for 
just over half of the included patients. The 
largest group of these patients (45%) were 
extensive metabolizers and no poor meta-
bolizers were found, which is in line with the 
low prevalence of poor metabolizers among 
Caucasians (3%–5%) [33]. Approximately 25% 
of the included patients showed ultra-rapid 
metabolism, which is in the same range as 
the percentage of ultra-rapid metabolizers 66
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in the Caucasian population [35]. As expec-
ted, patient genotype influences the extent 
of voriconazole metabolism and hence the 
voriconazole trough concentration during 
severe inflammation. However, these data 
should be interpreted with caution, due to 
the small number of patients included in this 
pharmacogenetic analysis.

In our hospital, CYP2C19 genotyping for pa-
tients treated with voriconazole is not rou-
tinely performed. Instead, we measure both 
voriconazole and voriconazole-N-oxide con- 
centrations to be able to assess the overall 
influence of genotype and other relevant 
factors for instance, drug–drug interactions 
and drug absorption on voriconazole meta-
bolism [36].

PPIs were the only potentially interacting 
co-medication used by patients in this stu-
dy. Since omeprazole, esomeprazole and 
pantoprazole are metabolized by CYP2C19, 
concomitant use of these PPIs with vorico-
nazole may influence the metabolism of 
voriconazole. In general, concomitant use 
of voriconazole and omeprazole does not 
require adjustment of the voriconazole 
dose [37]. Therefore, the influence of PPIs on 
the metabolism of voriconazole over time 
seems minimal. This is supported by the ob-
servation that the longitudinal data analysis 
did not show a significant influence of PPIs 
on voriconazole trough concentration nor 
on the metabolic ratio. However, the extent 
of this drug–drug interaction can be more 
pronounced in intermediate metabolizers 
compared with, e.g. extensive metabolizers 
during severe inflammation, since CYP2C19 
enzyme activity is already decreased in in-
termediate metabolizers. The lack of signi-
ficant influence of PPIs that was observed 
could be explained by the small number 

of intermediate metabolizers in our study. 
Therefore, further research should be per-
formed to determine the probability and se-
verity of this and other drug–drug interacti-
ons during severe inflammation for different 
genotypes, particularly for intermediate 
metabolizers.

The findings in our study may help to under-
stand the variability of the voriconazole se-
rum concentration in adults in clinical prac-
tice. Since inclusion criteria were limited by 
voriconazole use, selection bias is not like-
ly and the inflammatory status of patients 
should therefore be taken into account to 
guide dosing with voriconazole.

The metabolism of voriconazole is not only 
very variable in adults, but also in paedi-
atric patients [38]. However, the metabolic 
clearance in children differs from adults. For 
instance, metabolic clearance of voricona-
zole via flavin-containing monooxygenase 3 
is higher in children compared with adults 
[39]; however, hepatic flavin-containing mo-
nooxygenase activity also seems to be de-
creased during inflammation [4]. Therefore, 
further research is required to establish the 
influence of inflammation on the metabo-
lism of voriconazole in paediatric patients. 
In addition, CYP2C19 is not the only iso- 
enzyme that is influenced by inflammati-
on. The metabolic capacity of several CYP 
iso-enzymes is decreased during severe in-
flammation, including CYP1A2, CYP2C9 and 
CYP3A4. In several inflammatory conditions, 
for instance HIV and cancer, pheno-conver-
sion can occur. This means that a genotypic 
extensive metabolizer can convert into a 
phenotypic poor metabolizer, which results 
in a reduced metabolic capacity [24]. There- 
fore, in general, the influence of inflamma- 
tion on the metabolism of drugs with a small 67
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therapeutic window and primarily metabo-
lized by CYP450 iso-enzymes should be in-
vestigated to optimize treatment with these 
drugs in clinical practice. LC-MS/MS assays, 
including both parent drug and metabolite, 
are particularly useful for such studies [40].

In conclusion, this study clearly demon-
strates that the metabolism of voriconazole 
is decreased during inflammation as reflec-
ted by a reduction in the formation of vori-
conazole-N-oxide. As a result, the voricona-
zole serum concentration is increased, and 
following recovery, serum concentrations 
are expected to drop when inflammation 
subsides. Therefore, frequent monitoring 
of the voriconazole serum concentration 
during voriconazole treatment is recom-
mended during and after severe inflamma-
tion, to maintain the voriconazole serum 
concentration within the therapeutic range.
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