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Abstract

the metabolic ratio and voriconazole

Background: During an infection or in-

trough concentration.

flammation, several drug-metabolizing
enzymes in the liver are downregu-

Results: Thirty-four patients were in-

lated, including cytochrome P450 iso-

cluded. In total 489 voriconazole

enzymes. Since voriconazole is exten-

trough concentrations were inclu-

sively metabolized by cytochrome P450

ded in the longitudinal data ana-

iso-enzymes, the metabolism of vori-

lysis. This analysis showed that in-

conazole can be influenced during in-

flammation, reflected by CRP con-

flammation via reduced clearance of

centrations, significantly influenced

the drug, resulting in higher voricon-

the metabolic ratio, voriconazole

azole trough concentrations.

trough concentration and

voricon-

azole-N-oxide concentration (all P <
Objective: To investigate prospectively

0.001), when corrected for other fac-

the influence of inflammation on vori-

tors that could influence voriconazo-

conzole metabolism and voriconazole

le metabolism. The metabolic ratio

trough concentrations.

was decreased by 0.99229N and the
voriconazole-N-oxide concentration

Methods: A prospective observational

by 0.99775N, while the voriconazole

study was performed at the Universi-

trough concentration was increased

ty Medical Center Groningen. Patients

by 1.005321N, where N is the difference

were eligible for inclusion if they were

in CRP units (in mg/L).

≥18 years old and treated with voriconazole. Voriconazole and voriconazole-N-

Conclusions: This study shows that vo-

oxide

determin-

riconazole metabolism is decreased

ed in discarded blood samples. To de-

during inflammation, resulting in

termine the degree of inflammation,

higher voriconazole trough concen-

C-reactive protein (CRP) concentrations

trations. Therefore, frequent moni-

were

concentrations

were

longitu-

toring of voriconazole serum concen-

dinal data analysis was performed to

trations is recommended during and

assess the effect of inflammation on

following severe inflammation.

used.

Subsequently,

a

Funding: This work was financially supported by Pfizer, the Netherlands (grant number WI183792).

5.1 Introduction

ral drug-metabolizing enzymes in the liver

Severe infections are commonly seen in

are down-regulated, including cytochrome

hospitalized patients, particularly in pa-

P450 (CYP) iso-enzymes. This can result in

tients in ICUs. The risk of infection even

reduced metabolism of drugs that are meta-

seems to increase with longer admission to

bolized by these enzymes and hence higher

an ICU. Additionally, the incidence of seve-

drug concentrations [3,4].

re sepsis continues to increase

[1,2]

. Multiple

in vitro and in vivo studies have shown that

Inflammation could also contribute to the

during an infection or inflammation seve-

pharmacokinetic variability of voriconazole.
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Voriconazole is a broad-spectrum triazole

measured in both studies. Another retro-

that is used for the treatment and preven-

spective

study,

where

voriconazole-N-

. The cli-

oxide concentrations were included, show-

nical effect and the occurrence of adverse

ed a changed metabolic ratio of voricon-

events with voriconazole are associated

azole and the main metabolite of voricon-

with its serum concentration. Therefore,

azole, voriconazole-N-oxide, during inflam-

therapeutic drug monitoring is indicated

mation [16,17].

tion of invasive fungal infections

[5]

for voriconazole to improve treatment out. However,

A limitation of that study was that a limited

voriconazole serum concentrations are hig-

number of patients were included. In addi-

hly variable in clinical practice. This variabi-

tion, only a limited number of samples per

lity is not only seen between patients, but

patient were available for analysis. Although

come and to reduce toxicity

[6 – 8]

. Several

these studies showed a trend that voricon-

factors are known to influence the serum

azole serum concentrations were influen-

concentration, including age, liver func-

ced during severe inflammation, methodo-

tion, CYP2C19 genotype and co-medication

logical limitations hampered firm conclu-

also within patients over time

[9,10]

, though these factors do not completely

sions. To overcome these limitations, the

explain the observed variability. Since vori-

aim of this study was to investigate prospec-

conazole is extensively metabolized by CYP

tively the influence of inflammation on the

iso-enzymes [12], the metabolism of voricona-

metabolism of voriconazole by daily sam-

zole can be influenced during inflammation

pling during voriconazole treatment.

[11 – 14]

or an infection via reduced clearance of the
drug, resulting in higher voriconazole se-

5.2 Patients and methods

rum concentrations. Therefore, if C-reactive

5.2.1 Study design

protein (CRP) or IL-6 concentrations are sig-

This was a prospective observational study.

nificantly increased, a higher voriconazole

Patients were eligible for inclusion if they

serum concentration may be observed. Re-

were ≥18 years old and treated with intra-

cently, a retrospective study showed that

venous or oral voriconazole at the University

inflammation could influence the voricona-

Medical Center Groningen, the Netherlands,

. In that study,

between January 2014 and August 2014. Pa-

higher voriconazole trough concentrations

tients were excluded if they concomitantly

were observed during severe inflammati-

used a strong inhibitor or inducer of CYP3A4

on, as reflected by high CRP concentrations.

as described in the summary of product

Additionally, multiple voriconazole trough

characteristics.

zole serum concentration

[15]

concentrations with corresponding CRP
concentrations were analysed to determine

Discarded blood samples, drawn for clinical

the association between inflammation, re-

reasons, were collected during treatment

flected by CRP, and the voriconazole trough

with voriconazole, starting at steady state.

. Both studies in-

Steady state was assumed to be achieved

dicated that inflammation plays a signi-

within 24 h after administration of two load-

ficant role in the pharmacokinetic varia-

ing doses of voriconazole or after 10 doses

bility of voriconazole. However, vorico-

if no loading dose was given

nazole-N-oxide concentrations were not

dose was defined as two intravenous doses

concentration over time

60

[16]

[12]

. A loading

Chapter 05

of 6 mg/kg or two oral doses of 400 mg on the

gories: poor metabolizers were described as

first day, followed by an intravenous dose of

CYP2C19*2/*2, CYP2C19*2/*3 or CYP2C19*3/*3;

4 mg/kg or an oral dose of 200 mg twice daily.

intermediate metabolizers as CYP2C19*1/*2
or CYP2C19*1/*3; extensive metabolizers as

5.2.2 Ethics

CYP2C19*1/*1; and ultra-rapid metabolizers

This study was evaluated and allowed by

as CYP2C19*1/*17 [20].

the local ethics committee (Institutional
Review Board 2013-511) and registered at

Demographic data were obtained from the

ClinicalTrials.gov under registration num-

medical chart of the patient and included

ber NCT02074462. Informed consent was

age, sex, weight and underlying disease.

obtained from each patient included.

Information about the voriconazole treatment included the dose (mg/kg/day), and

5.2.3 Voriconazole and

time and route of administration. Further-

voriconazole-N-oxide assay

more, information about potentially inter-

The voriconazole and voriconazole-N-oxide

acting CYP450 co-medication was collected.

concentrations were measured with a vali. The validation

To determine the degree of inflammation,

of voriconazole showed a within-run co-

CRP concentrations were used, which were

efficient of variation (CV) ranging from 1.9%

measured routinely or determined in dis-

to 2.3%, and a between-run CV ranging from

carded blood samples. The validation of CRP

0.0% to 3.1%. For voriconazole-N-oxide the

showed a CV ranging from 1.2% to 9.7%. In ad-

within-run CV ranged from 3.6% to 10.8%

dition, other routine laboratory parameters

and the between-run CV ranged from 0.0%

that could influence the voriconazole and

to 7.7%. The limit of quantification for both

possibly the voriconazole-N-oxide concen-

voriconazole and voriconazole-N-oxide was

tration were collected, including alkaline

0.1 mg/L.

phosphatase, ALT, AST, GGT and total biliru-

dated LC-MS/MS method

[18]

bin.
For the voriconazole analysis, we participated in an international proficiency testing

5.2.5 Statistical analysis

programme for the measurement of anti-

Numerical variables were summarized as

fungal drug concentrations and obtained

medians with IQR, and categorical variables

good results [19].

were summarized with frequencies and
percentages. The longitudinal data of the

5.2.4 Data collection

voriconazole, voriconazole-N-oxide concen-

Trough concentrations were used for the

trations and metabolic ratios were analysed

statistical analysis and the metabolic ratio

with a linear mixed model. A transformation

was determined by dividing the voricon-

was performed if the data were not normal-

azole-N-oxide concentration by the corres-

ly distributed. A random additive effect was

ponding voriconazole concentration.

selected for patients to address different
concentrations between patients. A first-

Furthermore, CYP2C19 genotype was de-

order autoregressive correlation between

termined. Based on CYP2C19 genotype, pa-

voriconazole trough concentrations, vorico-

tients were divided into four different cate-

nazole-N-oxide concentrations or metabo-
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Table 1. Baseline patient characteristics (n = 34)

5.3 Results
Thirty-six patients were eligible for inclusion. 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, omeprazole or pantoprazole were the only potential
interacting drugs that were used during
treatment with voriconazole.
Other diagnosed diseases included cystic fibrosis,
chronic obstructive pulmonary disease, and
vasculitis.

a

For 20 patients CYP2C19 genotype was
determined; nine were extensive metabolizers, six intermediate metabolizers and

lic ratios over time was selected to cor-

five ultra-rapid metabolizers. In 14 patients,

rect for differences in intervals between

CYP2C19 genotype was not determined

observations. To investigate the effect of

because they received allogeneic stem

inflammation on the metabolic ratio, vori-

cell transplantation and therefore blood

conazole trough concentration and vori-

samples were not representative for the

conazole-N-oxide concentration, the Wald

genotype.

type III test was conducted after correc-

character of this study, no other methods

ting for gender, age, voriconazole dose and

for

route of administration, liver enzymes

used.

Due

determining

to
the

the

observational

genotype

were

(alkaline phosphatase, ALT, AST, GGT and

62

total bilirubin) and the use of interacting

Therapeutic

comedication. This correction means that

conazole is routinely performed in our

we studied the contribution of inflammation

hospital, particularly for patients who

on the metabolic ratio, voriconazole trough

receive

concentration

invasive

and

voriconazole-N-oxide

drug

monitoring

voriconazole
fungal

as

of

treatment

infections.

vori-

for

Thereby,

concentration when we had eliminated the

serum

possible influence of the other variables

as routine care for 25 of the included

first. Thus, we wanted to estimate the di-

patients

rect effect of inflammation on the metabolic

study. In general the therapeutic range

concentrations
during

were

participation

measured
in

this

ratio, voriconazole trough concentration

applied from 1.5 up to 5 mg/L and for prop-

and voriconazole-N-oxide concentration.

hylaxis there was a lower limit of 1 mg/L [6,7].

The analysis was performed using SAS 9.3

For 14 patients the voriconazole dose was

(SAS Institute Inc., Cary, NC, USA). P < 0.05

adjusted after routine care measurement of

was considered statistically significant.

the voriconazole serum concentration.

Chapter 05

A total of 489 voriconazole trough concen-

voriconazole metabolism, which are men-

trations were included in the analysis, with

tioned in the Patients and methods secti-

a median of 11 trough concentrations per pa-

on, the voriconazole trough concentration

tient (range 2–73). As well as the metabolic

was significantly increased at higher CRP

ratio, voriconazole and voriconazole-N-oxi-

concentrations, while voriconazole-N-oxi-

de trough concentrations were not normal-

de concentrations and the metabolic ratio

ly distributed, so the data were log transfor-

were significantly decreased at higher CRP

med. In Figure 1 a scatter plot is shown of

concentrations (all P < 0.001). The metabolic

all calculated metabolic ratios (panel a) and

ratio decreased by 0.99229 N and the voricon-

measured voriconazole trough concentra-

azole-N-oxide concentration by 0.99775 N ,

tions (panel b) with the corresponding CRP

while the voriconazole concentration incre-

concentration. In this figure the metabolic

ased by 1.005321N , where N is the difference

ratio seems to decrease with increasing CRP

in CRP units (expressed in mg/L). Besides

concentration (panel a), while the voricona-

CRP, the metabolic ratio, voriconazole con-

zole trough concentration seems to increase

centration and voriconazole-N-oxide con-

with increasing CRP concentration (panel b).

centration were significantly associated
with the voriconazole dose, ALT and AST

Subsequently, a longitudinal data analysis

concentrations (all P < 0.05). In addition,

was performed to determine the influence

voriconazole-N-oxide concentrations were

of CRP on the metabolic ratio, voriconazo-

significantly associated with total bilirubin

le trough concentration and voriconazo-

(P < 0.05).

le-N-oxide concentration where the repeated measurements were taken into account

The

as well as other factors that could influence

trough concentrations for the difference

simulated

expected

voriconazole

the metabolism of voriconazole. The longi-

in CRP concentration from 5 up to 300 mg/L

tudinal data analysis showed that after cor-

are shown in Figure 2, where an initial

recting for other factors that could influence

voriconazole trough concentration of 1, 2

Figure 1. (a) Scatter plot of metabolic ratio versus CRP concentration (mg/L) for all calculated metabolic 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.
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and 3 mg/L is used. To obtain this figure

ween the different genotypes (P < 0.001).

the above-mentioned formula 1.005321N is

For extensive metabolizers the metabolic

used, where N is the difference in CRP units.

ratio decreased by 0.991972N , for interme-

Others factors that could influence the

diate metabolizers by 0.986512N and for

voriconazole concentration are taken into

ultra-rapid metabolizers by 0.994147N , where

account in this formula. Figure 2 shows that

N is the difference in CRP units (expressed

with an increase of the CRP concentration

in mg/L). For instance, if N is 200 mg/L, this

from, e.g. 5 to 205 mg/L (n = 200 mg/L), the

results in a decrease of the metabolic ratio

initial voriconazole concentration of 2 mg/L

by 80% for extensive metabolizers, >90%

is expected to increase to ~ 6 mg/L (calcu-

for intermediate metabolizers and 70% for

lated by 2*1.005321

).

ultra-rapid metabolizers.

200

To assess the influence of genotype on the
metabolism of voriconazole and hence

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

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 performed and the total population, as can
be seen in Table 2. In total, 301 voriconazole trough concentrations were included in the longitudinal data analysis. The
results of this analysis for the subgroup
showed that the metabolic ratio was decreased

and

the

voriconazole

trough

concentration was increased at higher
CRP concentrations, after correcting for
other factors that could influence voriconazole metabolism. The extent of decrease of the metabolic ratio varied betFigure 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.
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Other diagnosed diseases included cystic fibrosis,
chronic obstructive pulmonary disease, and
vasculitis.

a
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The extent of increase in the voriconazole

others theophylline, a CYP1A2 substrate and

trough concentration also varied between

midazolam, a CYP3A4 substrate [24,25].

the different genotypes (P = 0.04). For extensive metabolizers the voriconazole trough

As mentioned before, voriconazole is ex-

concentration increased by 1.004965 , for

tensively metabolized by CYP iso-enzymes,

intermediate metabolizers by 1.009365 N and

primarily by CYP2C19, and to a lesser extent

N

for ultra-rapid metabolizers by 1.003685 .

by CYP2C9 and CYP3A4. Several in vitro stu-

For example, if a patient has an initial vori-

dies using cell lines representative for ex-

conazole trough concentration of 2 mg/L,

pression of many CYP450 genes in vivo have

with a corresponding CRP concentration of

shown that CYP2C19 activity is reduced du-

5 mg/L, the voriconazole trough concentra-

ring inflammation

tion will increase to ~5 mg/L for an extensive

conazole has a narrow therapeutic window

metabolizer if the CRP concentration increa-

and voriconazole serum concentrations are

ses to 205 mg/L. For the same increase in CRP

associated with efficacy and safety. There-

and initial voriconazole trough concentra-

fore, reduced metabolism of voriconazole

tion, the voriconazole trough concentration

can result in high serum concentrations,

will increase to ~13 mg/L for an intermedia-

which are associated with an increased

te metabolizer and to ~4 mg/L for an ultra-

risk of neurotoxicity and liver toxicity

rapid metabolizer.

In addition, the probability and severity of

N

[26,27]

. Furthermore, vori-

[6,8,28]

.

drug–drug interactions between different
5.4 Discussion

CYP450 substrates can be increased due to

In this study, we show that the metabolism

the decreased enzyme activity.

of voriconazole is influenced by the degree
of inflammation as reflected by CRP concen-

An in vitro study with human hepatocy-

tration. The decreased drug metabolism du-

tes showed that the expression of CYP2C19

ring inflammation can be explained by the

mRNA was decreased by ~30%–50% in hu-

synthesis of pro-inflammatory cytokines

man hepatocytes and appears to depend

during inflammation (e.g. TNF-α, IL-1, IL-6),

on the pro-inflammatory cytokine IL-6

resulting in a changed expression of speci-

In this study we measured the acute phase

fic transcription factors (e.g. NF-κB). These

protein CRP, instead of IL-6. In contrast to

changes result in down-regulation of va-

the pro-inflammatory cytokine IL-6, CRP

rious CYP iso-enzymes at the level of gene

concentrations were routinely measured

transcription, resulting in a loss of mRNA

for the included patients. However, the syn-

of the corresponding CYP iso-enzymes and

thesis of CRP is stimulated by pro-inflamma-

subsequently a decrease in protein and en-

tory cytokines (including IL-6). Therefore,

zyme activity. As a result, the metabolism

CRP concentrations could be used instead

of drugs that are metabolized by CYP-iso-

of IL-6 concentrations for reflection of the

enzymes decreases and hence the serum

degree of inflammation [30]. Additionally, sin-

[29]

.

. Therefore,

ce CRP expression in the liver is induced by

drugs with a narrow therapeutic window

IL-6, which is released by macrophages and

can accumulate to toxic serum concentra-

T cells, CRP concentrations will show a de-

tions during severe inflammation. This phe-

layed response at the beginning of an infec-

nomenon was previously seen for among

tion and will therefore be relatively normal

concentration increases

[21–24]
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during the initial phase of an infection and

Furthermore, voriconazole trough concen-

. The same ap-

trations were measured at steady state, be-

plies for voriconazole metabolism, which

cause the metabolic ratio could be different

will probably be normal at the beginning

during the loading phase of voriconazole

of an infection and will decrease in a later

due to non-linear pharmacokinetics of vori-

phase. In previous studies this was already

conazole.

increase in a later phase

[31]

observed and voriconazole concentrations
showed a similar trend as CRP concentra-

Since therapeutic drug monitoring of vori-

. A future study investi-

conazole is routinely performed in our hos-

gating IL-6 concentration over time would

pital, the occurrence of sub-therapeutic or

therefore be very interesting as it may be an

toxic voriconazole serum concentrations

early predictor of decreased metabolism of

was prevented by voriconazole dose ad-

voriconazole.

justments by the attending physician. This

tions over time

[15,16]

may have influenced the extent of the efWith the longitudinal data analysis, we

fect. However, the longitudinal data analysis

showed that both the metabolic ratio

showed that the degree of inflammation, as

and the voriconazole trough concentra-

reflected by CRP, had a significant influence

tion were significantly influenced by the CRP

(P < 0.001) on the metabolism of voriconazo-

concentration (both P < 0.001). These results

le and voriconazole trough concentration,

show that inflammation indeed influences

despite dose adjustments after performing

the metabolic ratio of voriconazole and

therapeutic drug monitoring.

the trough concentration, after correction
for other factors that could influence these

CYP2C19 genotype also plays an important

parameters. The increase in voriconazole

role in the metabolism of voriconazole. The

serum concentration observed in this pros-

serum concentration of voriconazole is sub-

pective observational study confirmed the

stantially higher in poor metabolizers of the

results from earlier studies. Unfortunately,

CYP2C19 genotype compared with extensive

the study was not designed to determine

metabolizers, while the serum concentra-

the individual influence of other factors

tion of voriconazole is lower in ultra-rapid

that significantly influenced the metabolic

metabolizers

ratio, voriconazole concentration or vori-

inflammation on the metabolic ratio and the

conazole-N-oxide concentration.

voriconazole trough concentration could

[33,34]

. Therefore, the impact of

differ for different genotypes. In this study,
During voriconazole treatment, seven pa-

the CYP2C19 genotype was determined for

tients were admitted to an ICU. In general,

just over half of the included patients. The

patients admitted to an ICU are critically ill.

largest group of these patients (45%) were

The pharmacokinetics of drugs in critically

extensive metabolizers and no poor meta-

ill patients can differ from those who are

bolizers were found, which is in line with the

. However, by including multiple

low prevalence of poor metabolizers among

less ill

66

[32]

. Approximately 25%

measurements in time for all patients, fac-

Caucasians (3%–5%)

tors such as underlying disease and the ge-

of the included patients showed ultra-rapid

neral condition of the patient are taken into

metabolism, which is in the same range as

account with the longitudinal data analysis.

the percentage of ultra-rapid metabolizers

[33]

Chapter 05

in the Caucasian population

. As expec-

of intermediate metabolizers in our study.

ted, patient genotype influences the extent

Therefore, further research should be per-

of voriconazole metabolism and hence the

formed to determine the probability and se-

voriconazole trough concentration during

verity of this and other drug–drug interacti-

severe inflammation. However, these data

ons during severe inflammation for different

should be interpreted with caution, due to

genotypes, particularly for intermediate

the small number of patients included in this

metabolizers.

[35]

pharmacogenetic analysis.
The findings in our study may help to underIn our hospital, CYP2C19 genotyping for pa-

stand the variability of the voriconazole se-

tients treated with voriconazole is not rou-

rum concentration in adults in clinical prac-

tinely performed. Instead, we measure both

tice. Since inclusion criteria were limited by

voriconazole and voriconazole-N-oxide con-

voriconazole use, selection bias is not like-

centrations to be able to assess the overall

ly and the inflammatory status of patients

influence of genotype and other relevant

should therefore be taken into account to

factors for instance, drug–drug interactions

guide dosing with voriconazole.

and drug absorption on voriconazole metabolism [36].

The metabolism of voriconazole is not only
very variable in adults, but also in paedi-

PPIs were the only potentially interacting

atric patients

co-medication used by patients in this stu-

clearance in children differs from adults. For

dy. Since omeprazole, esomeprazole and

instance, metabolic clearance of voricona-

pantoprazole are metabolized by CYP2C19,

zole via flavin-containing monooxygenase 3

concomitant use of these PPIs with vorico-

is higher in children compared with adults

nazole may influence the metabolism of

[39]

voriconazole. In general, concomitant use

nooxygenase activity also seems to be de-

of voriconazole and omeprazole does not

creased during inflammation [4]. Therefore,

require adjustment of the voriconazole

further research is required to establish the

[38]

. However, the metabolic

; however, hepatic flavin-containing mo-

. Therefore, the influence of PPIs on

influence of inflammation on the metabo-

the metabolism of voriconazole over time

lism of voriconazole in paediatric patients.

seems minimal. This is supported by the ob-

In addition, CYP2C19 is not the only iso-

servation that the longitudinal data analysis

enzyme that is influenced by inflammati-

did not show a significant influence of PPIs

on. The metabolic capacity of several CYP

on voriconazole trough concentration nor

iso-enzymes is decreased during severe in-

on the metabolic ratio. However, the extent

flammation, including CYP1A2, CYP2C9 and

of this drug–drug interaction can be more

CYP3A4. In several inflammatory conditions,

pronounced in intermediate metabolizers

for instance HIV and cancer, pheno-conver-

compared with, e.g. extensive metabolizers

sion can occur. This means that a genotypic

during severe inflammation, since CYP2C19

extensive metabolizer can convert into a

enzyme activity is already decreased in in-

phenotypic poor metabolizer, which results

termediate metabolizers. The lack of signi-

in a reduced metabolic capacity

ficant influence of PPIs that was observed

fore, in general, the influence of inflamma-

could be explained by the small number

tion on the metabolism of drugs with a small

dose

[37]

[24]

. There67
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therapeutic window and primarily metabolized by CYP450 iso-enzymes should be investigated 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 demonstrates that the metabolism of voriconazole
is decreased during inflammation as reflected by a reduction in the formation of voriconazole-N-oxide. As a result, the voriconazole 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 recommended during and after severe inflammation, to maintain the voriconazole serum
concentration within the therapeutic range.

68

Chapter 05

References
1. Vincent JL, Rello J, Marshall J et al. International study of the prevalence and outcomes of infection in
intensive care units JAMA 2009; 302: 2323-9.
2. Stoller J, Halpin L, Weis M et al. Epidemiology of severe sepsis: 2008-2012 J Crit Care 2016; 31: 58-62.
3. Morgan ET. Impact of infectious and inflammatory disease on cytochrome P450-mediated drug
metabolism and pharmacokinetics Clin Pharmacol Ther 2009; 85: 434-8.
4. Aitken AE, Richardson TA, Morgan ET. Regulation of drug-metabolizing enzymes and transporters in
inflammation. Annu Rev Pharmacol Toxicol 2006; 46: 123-49.
5. Walsh TJ, Anaissie EJ, Denning DW et al. Treatment of aspergillosis: Clinical practice guidelines of the
infectious diseases society of america. Clin Infect Dis 2008; 46: 327-60.
6. Pascual A, Calandra T, Bolay S et al. Voriconazole therapeutic drug monitoring in patients with invasive mycoses improves efficacy and safety outcomes. Clin Infect Dis 2008; 46: 201-11.
7. Dolton MJ, Ray JE, Chen SC et al. Multicenter study of voriconazole pharmacokinetics and therapeutic
drug monitoring. Antimicrob Agents Chemother 2012; 56: 4793-9.
8. Park WB, Kim NH, Kim KH et al. The effect of therapeutic drug monitoring on safety and efficacy of
voriconazole in invasive fungal infections: A randomized controlled trial Clin Infect Dis 2012; 55: 1080-7.
9. Trifilio SM, Yarnold PR, Scheetz MH et al. Serial plasma voriconazole concentrations after allogeneic
hematopoietic stem cell transplantation. Antimicrob Agents Chemother 2009; 53: 1793-6.
10. Bruggemann RJ, Blijlevens NM, Burger DM et al. Pharmacokinetics and safety of 14 days intravenous
voriconazole in allogeneic haematopoietic stem cell transplant recipients J Antimicrob Chemother 2010;
65: 107-13.
11. Bruggemann RJ, Alffenaar JW, Blijlevens NM et al. Clinical relevance of the pharmacokinetic interactions of azole antifungal drugs with other coadministered agents. Clin Infect Dis 2009; 48: 1441-58.
12. Theuretzbacher U, Ihle F, Derendorf H. Pharmacokinetic/pharmacodynamic profile of voriconazole.
Clin Pharmacokinet 2006; 45: 649-63.
13. Weiss J, Ten Hoevel MM, Burhenne J et al. CYP2C19 genotype is a major factor contributing to the
highly variable pharmacokinetics of voriconazole. J Clin Pharmacol 2009; 49: 196-204.
14. Solis-Munoz P, Lopez JC, Bernal W et al. Voriconazole hepatotoxicity in severe liver dysfunction.
J Infect 2013; 66: 80-6.
15. van Wanrooy MJ, Span LF, Rodgers MG et al. Inflammation is associated with voriconazole trough
concentrations. Antimicrob Agents Chemother 2014; 58: 7098-101.
16. Encalada Ventura MA, Span LF, van den Heuvel ER et al. Influence of inflammation on voriconazole
metabolism Antimicrob Agents Chemother 2015; 59: 2942-3.
17. Roffey SJ, Cole S, Comby P et al. The disposition of voriconazole in mouse, rat, rabbit, guinea pig, dog,
and human. Drug Metab Dispos 2003; 31: 731-41.
18. Alffenaar JW, Wessels AM, van Hateren K et al. Method for therapeutic drug monitoring of azole antifungal drugs in human serum using LC/MS/MS. J Chromatogr B Analyt Technol Biomed Life Sci 2010; 878:
39-44.
19. Lempers VJ, Alffenaar JW, Touw DJ et al. Five year results of an international proficiency testing programme for measurement of antifungal drug concentrations J Antimicrob Chemother 2014; 69: 2988-94.
20. Wang T, Zhu H, Sun J et al. Efficacy and safety of voriconazole and CYP2C19 polymorphism for optimised dosage regimens in patients with invasive fungal infections Int J Antimicrob Agents 2014; 44: 436-42.

69

05 — Voriconazole metabolism & inflammation in adults

21. Renton KW. Regulation of drug metabolism and disposition during inflammation and infection.
Expert Opin Drug Metab Toxicol 2005; 1: 629-40.
22. Morgan ET, Goralski KB, Piquette-Miller M et al. Regulation of drug-metabolizing enzymes and transporters in infection, inflammation, and cancer Drug Metab Dispos 2008; 36: 205-16.
23. Renton KW. Cytochrome P450 regulation and drug biotransformation during inflammation and
infection Curr Drug Metab 2004; 5: 235-43.
24. Shah RR, Smith RL. Inflammation-induced phenoconversion of polymorphic drug metabolizing enzymes: Hypothesis with implications for personalized medicine Drug Metab Dispos 2015; 43: 400-10.
25. Vet NJ, Brussee JM, de Hoog M et al. Inflammation and organ failure severely affect midazolam clearance in critically ill children. Am J Respir Crit Care Med 2016; 194: 58-66.
26. Rieger JK, Klein K, Winter S et al. Expression variability of absorption, distribution, metabolism, excretion-related microRNAs in human liver: Influence of nongenetic factors and association with gene
expression Drug Metab Dispos 2013; 41: 1752-62.
27. Rieger JK, Reutter S, Hofmann U et al. Inflammation-associated MicroRNA-130b down-regulates cytochrome P450 activities and directly targets CYP2C9 Drug Metab Dispos 2015; 43: 884-8.
28. Elewa H, El-Mekaty E, El-Bardissy A et al. Therapeutic drug monitoring of voriconazole in the management of invasive fungal infections: A critical review Clin Pharmacokinet 2015; 54: 1223-35.
29. Aitken AE, Morgan ET. Gene-specific effects of inflammatory cytokines on cytochrome P450 2C, 2B6
and 3A4 mRNA levels in human hepatocytes. Drug Metab Dispos 2007; 35: 1687-93.
30. Gabay C, Kushner I. Acute-phase proteins and other systemic responses to inflammation N Engl J Med
1999; 340: 448-54.
31. Ho KM, Lipman J. An update on C-reactive protein for intensivists. Anaesth Intensive Care 2009; 37:
234-41.
32. Power BM, Forbes AM, van Heerden PV et al. Pharmacokinetics of drugs used in critically ill adults.
Clin Pharmacokinet 1998; 34: 25-56.
33. Lee S, Kim BH, Nam WS et al. Effect of CYP2C19 polymorphism on the pharmacokinetics of voriconazole after single and multiple doses in healthy volunteers J Clin Pharmacol 2012; 52: 195-203.
34. Wang G, Lei HP, Li Z et al. The CYP2C19 ultra-rapid metabolizer genotype influences the pharmacokinetics of voriconazole in healthy male volunteers Eur J Clin Pharmacol 2009; 65: 281-5.
35. Sim SC, Risinger C, Dahl ML et al. A common novel CYP2C19 gene variant causes ultrarapid drug metabolism relevant for the drug response to proton pump inhibitors and antidepressants. Clin Pharmacol
Ther 2006; 79: 103-13.
36. Veringa A, ter Avest M, Touw DJ et al. Comment on: Utility of voriconazole therapeutic drug monitoring: A meta-analysis. J Antimicrob Chemother 2016; doi:10.1093/jac/dkw284: .
37. Wood N, Tan K, Purkins L et al. Effect of omeprazole on the steady-state pharmacokinetics of voriconazole Br J Clin Pharmacol 2003; 56 Suppl 1: 56-61.
38. Neely M, Rushing T, Kovacs A et al. Voriconazole pharmacokinetics and pharmacodynamics in
children. Clin Infect Dis 2010; 50: 27-36.

70

Chapter 05

39. Yanni SB, Annaert PP, Augustijns P et al. In vitro hepatic metabolism explains higher clearance of
voriconazole in children versus adults: Role of CYP2C19 and flavin-containing monooxygenase 3. Drug
Metab Dispos 2010; 38: 25-31.
40. Veringa A, Sturkenboom MGG, Dekkers BGJ et al. LC-MS/MS for therapeutic drug monitoring of anti-infective drugs. Trends Anal Chem 2016; doi:10.1016/j.trac.2015.11.026.

71

