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Purpose: The purpose of this study was to examine the effects of voriconazole on the

pharmacokinetics of vonoprazan.

Methods: Fifteen Sprague-Dawley rats were randomly divided into three groups: five rats in

each group, including control group, single-dose group (a single dose of 30 mg/kg of

voriconazole), and multiple-dose group (multiple doses of 30 mg/(kg•day) per dose of

voriconazole). Each group of rats was given an oral dose of 10 mg/kg vonoprazan 30 min

after the administration of voriconazole or vehicle. After the oral administration of vono-

prazan, 50 µL of blood was collected into 1.5-mL heparinized tubes via the caudal vein. The

concentration of vonoprazan in plasma was quantified by ultra-performance liquid chroma-

tography/tandem mass spectrometry. Both in vitro effects of voriconazole on vonoprazan and

the mechanism of the observed inhibition were studied in rat liver microsomes.

Results: When orally administered, voriconazole increased the area under the plasma

concentration–time curve (AUC), prolonged the elimination half-life (t1/2), and decreased

the clearance (CL) of vonoprazan; there was no significant difference between the single-

dose and multiple-dose groups. Voriconazole inhibited the metabolism of vonoprazan at an

IC50 of 2.93 μM and showed mixed inhibition. The results of the in vivo experiments were

consistent with those of the in vitro experiments.

Conclusion: Our findings provide the evidence of drug–drug interactions between vorico-

nazole and vonoprazan that could occur with pre-administration of voriconazole. Thus,

clinicians should pay attention to the resulting changes in pharmacokinetic parameters and

accordingly, adjust the dose of vonoprazan in clinical settings.

Keywords: cytochrome P450, drug–drug interaction, pharmacokinetic, proton pump

inhibitor

Introduction
Proton pump inhibitors (PPIs) suppress gastric acid secretion and are used for the

treatment of gastric acid-related diseases such as gastroesophageal reflux disease,

peptic ulcers, erosive esophagitis, and reflux esophagitis.1–3 Traditional PPIs, such as

omeprazole, lansoprazole, and esomeprazole, have a slow onset of action and short

plasma half-life, and most of them are metabolized by the liver microsomal enzyme,

CYP2C19, which shows both genetic and phenotypic polymorphisms.4,5 All these

factors may lead to insufficient inhibition of acid secretion at night and may cause

a large variation in efficacy among patients. Vonoprazan is an orally available,

reversible potassium-competitive acid blocker that was approved for the treatment

of acid-related diseases in December 2014 in Japan.6 It inhibits K+ binding sites on

H+-K +-ATPase and suppresses gastric acid secretion.7 Compared to traditional PPIs,
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vonoprazan has a more rapid onset of action, higher affinity,

slower dissociation, longer plasma half-life, more long-

lasting acid suppression resulting in prolonged inhibition

of acid secretion, and is unaffected by CYP2C19 poly-

morphism, which results in less variation in efficacy

among patients.8–10 Vonoprazan is metabolized by different

metabolic pathways to form four major metabolites, M-I,

M-II, M-III, andM-IV-Sul.11,12 In a correlation study, vono-

prazan was found to be mainly metabolized by the CYP

isoforms, CYP2B6, CYP3A4, CYP2C19, and CYP2D6 to

M-I, M-III, and N-demethylated vonoprazan (a presumed

metabolite), while the other pathway involved sulfation by

SULT2A1 toM-IV-Sul.11,13 We hypothesized that the meta-

bolism of vonoprazan might be altered when it is co-

administered with drugs that can alter the metabolic activity

of CYP3A4, CYP2B6, or CYP2C19.

Voriconazole is a second-generation, synthetic, broad-

spectrum antifungal drug used for treating a variety of

invasive fungal diseases because of its pharmacokinetic

characteristics, such as rapid onset of action and high

bioavailability.14–16 Voriconazole is mainly metabolized

by CYP2C19 and, to a lesser extent, by CYP2C9, as

well as CYP3A4.17 Additionally, voriconazole is a potent

inhibitor of CYP3A4, CYP2B6, CYP2C9, and

CYP2C19.18,19 A clinical study showed that voriconazole

could significantly increase the exposure to oral buprenor-

phine by inhibiting hepatic CYP3A4.20 PPIs and vorico-

nazole are often used together for the treatment of

inpatients with gastrointestinal problems and invasive fun-

gal infections.21–23 Treatment of human liver microsomes

with five PPIs (rabeprazole, omeprazole, pantoprazole,

lansoprazole, and esomeprazole) resulted in a significant

increase in the systemic exposure of voriconazole.24

Different types of PPIs have different effects on the phar-

macokinetic parameters of voriconazole. The findings of

a retrospective clinical study revealed that the voricona-

zole trough level was significantly increased with the co-

administration of PPIs such as omeprazole, lansoprazole,

and esomeprazole, but not pantoprazole and ilaprazole.23

However, in another clinical study, neither lansoprazole

nor ilaprazole appeared to affect the pharmacokinetic para-

meters of voriconazole in renal transplant recipients.15

Although studies have demonstrated the potential for

CYP450-mediated interactions with the co-administration

of voriconazole and PPIs, the effects of voriconazole on the

pharmacokinetics of PPIs remain unclear.25–29 In addition,

there are no reports of clinical studies on the combination

of vonoprazan with voriconazole. As voriconazole and

vonoprazan are metabolized by the same enzymes, and

both drugs are co-administered in clinical settings, we

aimed to examine the effects of voriconazole on the phar-

macokinetics of vonoprazan. The pharmacokinetic para-

meters of vonoprazan, with or without voriconazole

pretreatment in rats, were analyzed using a sensitive and

reliable ultra-performance liquid chromatography/tandem

mass spectrometry (UPLC/MS-MS) system. The effect of

voriconazole on the metabolic stability of vonoprazan was

determined using rat liver microsomes, and the mode of

inhibition of vonoprazan by voriconazole was studied

in vitro.

Materials and Methods
Chemicals and Biologicals
Vonoprazan (purity > 98%) and voriconazole (purity >

98%) were purchased from the Beijing Sunflower

Technology Development Co. Ltd. (Beijing, China).

M-I was purchased from the WuXi PharmaTech Co.

Ltd. (Jiangsu, China). Diazepam (internal standard (IS);

purity > 98%) was purchased from the Tianjin KingYork

Pharmaceutical Co. Ltd. (Tianjin, China). Acetonitrile

and methanol were purchased from Merck Co. Ltd.

(Darmstadt, Germany). Carboxy methylcellulose sodium

salt (CMC-Na) was purchased from Sinopharm Chemical

Reagent Co. Ltd (Shanghai China). Formic acid was

obtained from Sigma-Aldrich (St. Louis, MO, USA).

Ultrapure water was obtained by using a Milli-Q water

purification system (Millipore, Billerica, MA, USA). Rat

liver microsomes (RLM) were prepared in our labora-

tory. All other chemicals and biologicals were of analy-

tical grade or higher.

Animals and Treatment
Male Sprague-Dawley rats were obtained from the

Experimental Animal Center of Wenzhou Medical

University (Wenzhou, China). The animals were housed

in a breeding room at 25°C with 60 ± 5% humidity and

a 12 h/12 h dark-light cycle. Tap water and diet were

provided ad libitum. The rats were acclimated to the

above conditions for two weeks before initiating the ani-

mal experiments. All of the experimental procedures fol-

lowed the guidelines for the care and use of laboratory

animals and were approved by the Animal Experimental

Ethical Inspection of Laboratory Animal Center, Wenzhou

Medical University.
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Instruments and Operation Conditions
The measurement of vonoprazan parameters was performed

by using a UPLC-MS/MS system, which possessed an

ACQUITY I Class UPLC and a XEVO TQD triple quadru-

pole mass spectrometer (Waters Corp., Milford, MA, USA).

Chromatographic analysis of vonoprazan was performed

with a CORTECS C18 column (2.1 × 50 mm, 1.6 µm)

maintained at 40°C. The mobile phase consisted of 0.1%

formic acid, 5 mM ammonium formate and acetonitrile.

The elution process had a linear gradient: it started with

acetonitrile increasing from 10% to 30% (0 to 0.5 min);

rapidly increasing from 30% to 95% (0.5 to 1.0 min), which

was maintained at 95% (1.0 to 2.0 min); and then decreasing

to 10% (2.0 to 2.6 min). The flow rate was 0.4 mL/min, and

the total run time was 3 min.

The mass scan mode was the positive multiple reaction

monitoring mode. The precursor ion and product ion

were m/z 347.08→205.06 for vonoprazan M-I, m/z

346.04→314.97 for vonoprazan, and m/z 285.10→193.10

for IS. The optimal MS parameters were defined as follows:

the cone voltages were set at 40 V, 20 V, and 35 V for M-I,

vonoprazan, and IS, respectively; the collision energies

were set at 15 V, 10 V, and 30 V for M-I, vonoprazan, and

IS, respectively.

In vivo Pharmacokinetics
Fifteen Sprague-Dawley rats, each weighing 230–250 g,

were selected and divided into three groups, five rats in

each group, including control group (orally administered

30 mg/kg/day CMC-Na solution for 14 consecutive days),

single-dose group (orally administered a single dose of

30 mg/kg of voriconazole, dissolved in CMC-Na solution,

on the 14th day), and multiple-dose group (orally adminis-

tered multiple doses of 30 mg/kg/day of voriconazole for 14

consecutive days). After oral administration for 14 consecu-

tive days, each group of rats was administered an oral gavage

at a dose of 10 mg/kg vonoprazan (dissolved in CMC-Na

solution) 30 min after the administration of voriconazole or

vehicle. Blood (50 μL) was collected from the tail veins into

heparinized glass capillary tubes for analysis at 5, 15, and 30

min and 1, 2, 3, 4, 6, 8, 12, and 24 h after vonoprazan

administration. To the collected blood sample, 20 μL of IS

and 100 μL of acetonitrile were added in a 1.5 mL micro-

centrifuge tube. The mixture was vortexed for 30 s and then

centrifuged at 12,000 rpm for 10 min. Subsequently, the

supernatant was transferred into a separate sample bottle.

Five microliters of this supernatant were immediately ana-

lyzed using a sensitive and reliable LC-MS/MS method.

In vitro Pharmacokinetics
The procedure for preparing RLMwas based on the methods

described by Wang et al.30,31 The 200-µL incubation system

contained vonoprazan, voriconazole, 0.44 mg/mL RLM, 1

mM of the reduced form of nicotinamide adenine dinucleo-

tide phosphate (NADPH), and 100 mM potassium phos-

phate buffer (pH 7.4). To determine the half-maximal

inhibitory concentration (IC50) of voriconazole for inhibit-

ing vonoprazan metabolism, 0.01, 0.1, 1, 10, 25, 50, and 100

µM of voriconazole and 10 µM of vonoprazan (close to its

Km value) were selected. To determine the mechanisms

underlying the inhibitory effect of voriconazole on vonopra-

zan based on the IC50 value, 0, 1.5, 3, 6, and 12 μM of

voriconazole, and 5, 10, 20, and 40 μM of vonoprazan,

based on the Km value in the RLM system, were selected.

The incubation was performed at 37°C for 50 min,

followed by cooling to −80°C to terminate all of the reac-

tions at the same time, after which 200 µL of acetonitrile and

20 µL of IS (500 ng/mL) were added to the mixture. After

vortex mixing for 30 s and centrifugation at 13,000 rpm for 5

min, the supernatant was obtained for LC-MS/MS analysis.

Statistical Analysis
The pharmacokinetic parameters, including the maximal

plasma concentration (Cmax), the maximum plasma time

(Tmax), the apparent volume of distribution (Vz/F), the area

under the plasma concentration–time curve (AUC), the elim-

ination half-life (t1/2), the plasma clearance (CL) and the

mean residence time (MRT), were analyzed using DAS

(Drug and Statistics) software (Version 3.2.8, The People’s

Hospital of Lishui, China). The IC50 and Lineweaver–Burk

plot were obtained using GraphPad Prism (Version 8;

Graphpad Software Inc., San Diego, CA, USA).

All pharmacokinetic parameters are expressed as the

means ± standard deviation (SD). Statistical analyses of

the main pharmacokinetic parameters were performed

using the one-way ANOVA using SPSS (version 16.0;

SPSS Inc., Chicago, IL, USA). Values of P < 0.05 were

considered to be statistically significant.

Results
Method Validation
The concentrations of the calibration curves ranged from 0.1

to 100 ng/mL for vonoprazan, with both correlation
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coefficients higher than 0.9977. The LLOQwas set at 0.1 ng/

mL for vonoprazan with acceptable accuracy and precision.

Effects of Voriconazole on the in vivo

Pharmacokinetics of Vonoprazan
The mean plasma concentration–time curves of vonoprazan

in the control, single-dose, and multiple-dose groups are

shown in Figure 1. The corresponding pharmacokinetic para-

meters are summarized in Table 1. Pretreatment with a single

dose and multiple doses of voriconazole led to a significant

increase in the values of AUC(0-t), AUC(0-∞), MRT(0-t), and

MRT(0-∞) of vonoprazan, whereas the value of CLz/F had

significantly decreased compared to that of the control group.

However, there was no significant change in the Cmax and

Tmax values of vonoprazan after pretreatment with voricona-

zole (P > 0.05). These results demonstrate that pretreatment

with a single dose or multiple doses of voriconazole inhibited

vonoprazan metabolism in rats.

Effects of Voriconazole on the in vitro

Pharmacokinetics of Vonoprazan
The inhibitory effect of voriconazole on vonoprazan in RLM

was examined in terms of the peak area ratio of the metabo-

lites of vonoprazan. The Michaelis–Menten kinetics and the

IC50 value of vonoprazan in RLM are shown in Figure 2.

The mechanism of inhibition by voriconazole in RLM is

illustrated by the Lineweaver–Burk plot shown in Figure 3.

The IC50, Ki, and αKi values of vonoprazan in RLM are 2.93

μM, 2.69 μM, and 5.32 μM, respectively. These results

indicate that there was a significant in vitro inhibitory effect

of voriconazole on vonoprazan.

Discussion
The objective of this study was to demonstrate changes in the

pharmacokinetics of vonoprazan after the administration of

voriconazole in rats. After oral administration, vonoprazan

was absorbed quickly and reached the highest plasma con-

centration at approximately 1.1 h in rats. In addition, vono-

prazan was quickly eliminated from plasma with an

elimination t1/2 of 1.29 ± 0.23 h in this study. Drug–drug

interactions are generally determined according to pharma-

cokinetic properties, and their effects can be observed during

absorption, distribution, metabolism, or excretion.32 Such

interactions are increasingly recognized as important clinical

events as they can produce irrelevant, synergistic, additive, or

antagonistic results.33,34 However, as drug combinations are

commonly used when treating patients in clinical practice, it

is important to identify any potential drug–drug interactions

so that drug dosages can be adjusted.

When rats were pretreated with a single dose or multi-

ple doses of voriconazole at 30 mg/kg each dose, the AUC

(0-∞) value of vonoprazan ranged from 644.81 ± 243.63 to

1548.18 ± 352.68 μg/(L•h) (single-dose group) and 644.81

± 243.63 to 1286.31 ± 413.96 μg/(L•h) (multiple-dose

group), which implied that the extent of absorption of

vonoprazan may increase. Compared with the control

group, the CLz/F value of vonoprazan had decreased by

2.7- and 2.1-fold in the single-dose and multiple-dose

groups, respectively. These data indicate that the pharma-

cokinetic parameters of vonoprazan were significantly

affected by voriconazole in rats. A Phase I clinical study

on the effects of multiple oral doses of clarithromycin (a

potent CYP3A4 inhibitor) on the pharmacokinetics of
Figure 1 Mean plasma concentration–time curves of vonoprazan in control, single-

dose, and multiple-dose groups.

Table 1 Main Pharmacokinetic Parameters of Vonoprazan in

Rats

Pharmacokinetic

Parameters

Control

Group

Multiple-Dose

Group

Single-Dose

Group

AUC(0-t) (μg/L*h) 642.84 ± 243.07 1286.31 ± 413.96* 1548.18 ± 352.68*

AUC(0-∞) (μg/L*h) 644.81 ± 243.63 1295.25 ± 415.44* 1597.74 ± 340.88*

MRT(0-t) (h) 2.43 ± 0.23 3.00 ± 0.31* 3.60 ± 0.65*

MRT(0-∞) (h) 2.47 ± 0.25 3.07 ± 0.36* 4.00 ± 0.91*

t1/2 (h) 1.29 ± 0.23 1.51 ± 0.17 2.24 ± 0.82*

Tmax (h) 1.10 ± 0.55 1.10 ± 0.55 1.70 ± 0.98

Vz/F (L/kg) 32.16 ± 12.66 18.53 ± 6.80 21.46 ± 9.58

CLz/F (L/h/kg) 17.60 ± 7.12 8.53 ± 3.17* 6.50 ± 1.45*

Cmax (μg/L) 244.83 ± 89.11 357.61 ± 117.58 351.05 ± 108.48

Notes: n = 5 per group; data are expressed as mean ± SD; *P < 0.05 indicate

significant differences from the control.

Abbreviations: AUC, area under the plasma concentration–time curve; CL,

plasma clearance; Cmax, maximum plasma concentration; MRT, mean residence

time; SD, standard deviation; t1/2, half-life; Tmax, maximum plasma time, Vz/F,

apparent volume of distribution.
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a single oral dose of vonoprazan revealed that the mean

ratio of the geometric means of AUC(0-∞) and Cmax of

vonoprazan increased by approximately 1.58- and 1.35-

fold, respectively.35 These results indicate that the

metabolism of vonoprazan may be altered when it is co-

administered with potent CYP3A4 inducers. In addition,

although the changes in the pharmacokinetic parameters of

vonoprazan were greater in the single-dose group than in

the multiple-dose group, the differences between the two

groups were not significant, which shows that the inhibi-

tion was not dependent on the frequency or the duration of

administration of voriconazole. We performed in vitro

experiments to further evaluate the effect of voriconazole

on the pharmacokinetics of vonoprazan metabolites. The

Figure 2 Michaelis–Menten kinetics (A) and the IC50 value (B) of vonoprazan in rat liver microsomes.

Figure 3 Michaelis-Menten model (A), Lineweaver–Burk plot (B) and the secondary plot for Ki (C) and αKi (D) in the inhibition of vonoprazan metabolism by various

concentrations of voriconazole in rat liver microsomes.
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results show that voriconazole inhibited vonoprazan meta-

bolism at IC50 < 10 μM in vitro, and the in vivo results

also inferred this inhibition effect of voriconazole.

Furthermore, the Lineweaver–Burk plot suggested that

the inhibition was of a mixed type, which included com-

petitive and non-competitive inhibition (Ki ≠ αKi).
36

The metabolism of vonoprazan is complex: it is known

that CYP3A4, CYP2B6, CYP2C19, and CYP2D6 partici-

pate in the metabolism of vonoprazan. Vonoprazan has

been shown to inhibit the anti-platelet function of clopido-

grel and prasugrel more potently than esomeprazole, and it

inhibits not only CYP3A4, but also CYP2C19.37 However,

the findings of subsequent studies suggest that the phar-

macodynamic drug interaction of vonoprazan and clopido-

grel or prasugrel is not likely to be caused by the inhibition

of CYP2B6, CYP2C19, or CYP3A4 by vonoprazan.38,39

Another study had previously demonstrated that pre-

administration of vonoprazan increased the plasma levels

and altered the pharmacokinetic profiles of gefitinib, erlo-

tinib, and osimertinib.40 Vonoprazan has been found to be

more effective than lansoprazole in the treatment of duo-

denal and gastric ulcers, erosive esophagitis, and

Helicobacter pylori infections.41–43 Therefore, in view of

the efficacy of vonoprazan, the co-administration of vono-

prazan and voriconazole in inpatients with invasive fungal

infections, and the inhibition of enzymes metabolizing

vonoprazan by voriconazole, it is important to understand

the effects of voriconazole on the pharmacokinetics of

vonoprazan.

Conclusion
In summary, the data from this study clearly illustrate that

voriconazole alters the pharmacokinetic parameters of vono-

prazan. When orally administered, voriconazole could

increase the AUC, prolong the t1/2, and decrease the CL of

vonoprazan; there was no significant difference between the

single-dose and multiple-dose groups that received vorico-

nazole. Our results also indicate that the inhibition of vono-

prazan metabolism by voriconazole may be of mixed type.

Therefore, when administering voriconazole before vono-

prazan, clinicians should pay attention to these interactions

and adjust the dose of vonoprazan to avoid toxicity.
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