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Purpose: The purpose of the present study was to investigate the effects of vonoprazan on 
the pharmacokinetics of venlafaxine in vitro and in vivo.
Methods: The mechanism underlying the inhibitory effect of vonoprazan on venlafaxine 
was investigated using rat liver microsomes. In vitro, the inhibition was evaluated by 
determining the production of O-desmethylvenlafaxine. Eighteen male Sprague–Dawley 
rats were randomly divided into three groups: control group, vonoprazan (5 mg/kg) group, 
and vonoprazan (20 mg/kg) group. A single dose of 20 mg/kg venlafaxine was administrated 
to rats orally without or with vonoprazan. Plasma was prepared from blood samples collected 
via the tail vein at different time points and concentrations of venlafaxine and its metabolite, 
O-desmethylvenlafaxine, were determined by ultra-performance liquid chromatography-tan-
dem mass spectrometry.
Results: We observed that vonoprazan could significantly decrease the amount of O-desmethyl-
venlafaxine (IC50 = 5.544 μM). Vonoprazan inhibited the metabolism of venlafaxine by a mixed 
inhibition, combining competitive and non-competitive inhibitory mechanisms. Compared with 
that in the control group (without vonoprazan), the pharmacokinetic parameters of venlafaxine 
and its metabolite, O-desmethylvenlafaxine, were significantly increased in both 5 and 20 mg/kg 
vonoprazan groups, with an increase in MRO-desmethylvenlafaxine.
Conclusion: Vonoprazan significantly alters the pharmacokinetics of venlafaxine in vitro 
and in vivo. Further investigations should be conducted to check these effects in humans. 
Therapeutic drug monitoring of venlafaxine in individuals undergoing venlafaxine mainte-
nance therapy is recommended when vonoprazan is used concomitantly.
Keywords: gastroduodenal ulcer, gastroesophageal reflux disease, proton pump inhibitors, 
vonoprazan fumarate

Introduction
The high incidence of acid-related diseases, such as gastroduodenal ulcer and gastro-
esophageal reflux disease, is an important public health issue. The introduction of 
proton pump inhibitors (PPIs) revolutionized the management of these diseases in 
clinical practice.1–3 Pharmacological acid suppression has shown success in the 
treatment of patients and has become the mainstay of treatment for these diseases. 
Vonoprazan fumarate was the first orally active potassium-competitive acid blocker 
(P-CAB) to be approved for the treatment of gastroesophageal reflux disease, peptic 
ulcer, gastric ulcer, erosive esophagitis, and reflux esophagitis, and for use as an 
adjunct in Helicobacter pylori eradication.4,5 Previous research has shown that 
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vonoprazan is metabolized mainly by CYP3A4/5 and to 
some extent by CYP2B6, CYP2C19, CYP2D6, and 
SULT2A1;6 it can also inhibit these enzymes to varying 
degrees while being metabolized and, therefore, some 
drugs that are metabolized by these enzymes might be 
affected by its intake.7

Many antidepressants are substrates of CYPA2D6 or 
CYP3A4/5, or are inhibitors of both the enzyme systems.8,9 

Co-administration of drugs with vonoprazan might affect their 
curative effect. Venlafaxine (VEN) was the first serotonin– 
norepinephrine reuptake inhibitor introduced to the market 
and is one of the most popularly prescribed antidepressants 
in many countries.10 It has high oral bioavailability and is used 
in the treatment of a number of psychiatric disorders, including 
major depressive and anxiety disorders.11 Although VEN is 
more effective than several other antidepressants in treating 
major depression disorders, some patients fail to respond to the 
drug or discontinue the treatment because of a variety of 
serious side effects. Drug–drug interactions (DDI) may 
cause adverse drug reactions, which depend on the dose of 
the drug and its specific metabolism. Previous studies have 
shown that the biotransformation of VEN to O-desmethylven-
lafaxine (ODV) is mediated by CYP2D6, and to N- 

desmethylvenlafaxine by CYP3A4 (Figure 1). After the 
administration of a single oral dose, more than half of the 
dose was metabolized to ODV, mainly through CYP2D6.12 

Both VEN and ODV are bioactive in vivo. When CYP2D6 is 
inhibited by other drugs, such as vonoprazan, the biotransfor-
mation of VEN might be affected, thereby, increasing the 
chance of the treatment being compromised by adverse 
reactions.

PPIs are extensively metabolized by CYP isozymes 
and show a great potential for DDI. In previous studies, 
the possible pharmacokinetic interaction between VEN 
and two PPIs (omeprazole and pantoprazole) has been 
evaluated; it was suggested that these two PPIs can affect 
the metabolism of VEN by inhibiting the activity of 
CYP2C19.13 Vonoprazan has been on the market for a 
short time, and its metabolic pathways are different from 
those of omeprazole and pantoprazole, but it is still a 
substrate for CYP450 isozymes and has potential for inter-
action with VEN. In the absence of data on the pharma-
cokinetic interactions between VEN and vonoprazan, a 
novel PPI, the aim of this study was to investigate the 
possible pharmacokinetic interactions between vonoprazan 
and VEN. In this study, the effect of vonoprazan on VEN 

Figure 1 Venlafaxine metabolism to O-desmethylvenlafaxine, N-desmethylvenlafaxine, and N, O-didesmethylvenlafaxine.
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in rat liver microsomes (RLMs) and the underlying 
mechanism were studied by ultra-performance liquid chro-
matography–tandem mass spectrometry (UPLC-MS/MS). 
The effects of vonoprazan on the pharmacokinetics of 
VEN and its metabolite ODV in rats were also studied. 
Because our results showed that vonoprazan has signifi-
cant inhibitory effect on VEN in RLMs, we conducted in 
vivo drug interaction experiments, in the presence or 
absence of vonoprazan, and evaluated the pharmacokinetic 
parameters of VEN and its metabolite ODV to assess the 
inhibition of VEN by vonoprazan.

Materials and Methods
Chemicals and Reagent
VEN was purchased from Sigma (St. Louis, MO, USA). ODV 
was purchased from Shanghai Macklin Biochemical 
(Shanghai, P.R. China). Vonoprazan was purchased from 
Send Pharm (Beijing, China). Diazepam (used as an internal 
standard, IS) and formic acid (gradient grade for liquid chro-
matography) were purchased from Sigma. Dimethylsulfoxide 
(DMSO) was purchased from Shanghai Aladdin Biochemical 
Technology Co. Ltd (Shanghai, P.R. China). Methanol 
(MeOH) and acetonitrile (ACN) (gradient grade for liquid 
chromatography) were purchased from Merck (Billerica, 
MA, USA). Purified water was obtained from the Milli-Q 
plus filtration system (Millipore, Billerica, MA, USA). All 
chemicals and solvents were of analytical grade.

Preparation of Rat Liver Microsomes
Rats were killed by cervical dislocation after they were 
starved for 12 h. The liver of the rat was exposed by 
opening the abdominal cavity and was perfused with 
0.15 mol/L KCL buffer (pH = 7.4) through the superior 
vena cava till the blood was flushed off. Precisely 3 g 
liver tissue was removed and transferred to a petri dish 
and kept at 0–4°C. The tissue was homogenized in 0.15 
mol/L KCL-PBS buffer (stored at 4°C). The homoge-
nate was centrifuged (Optima XPN, Beckman Coulter, 
USA) at 9000 × g for 30 min at 4°C, and the super-
natant, thus obtained, was precipitated by centrifugation 
at 105,000 × g for 60 min at 4°C. The precipitate 
containing liver microsomes was removed, and resus-
pended in 0.15 mol/L KCL-PBS buffer. The centrifuga-
tion (105,000 × g for 60 min at 4°C) and resuspension 
(0.15 mol/L KCL-PBS buffer containing 0.25 mol/L 
sucrose) steps were repeated for the preparation of 
liver microsome homogenate, which was then stored at 

−80°C until use. The concentration of liver microsomes 
was 8.838 mg/mL, as determined using the BCA protein 
quantitation kit.

Instruments and Conditions
The formation of ODV was measured using the UPLC- 
MS/MS method established in our laboratory. Waters 
Acquity UPLC (Waters Corp., Milford, MA, USA) was 
used for the separation of metabolites. The effective 
separation of metabolites was achieved on Acquity 
UPLC BEH C18 column (50 × 2.1 mm, 1.7 μm) (Waters 
Corporation, Milford, MA, USA) used at a column tem-
perature of 40°C. The mobile phase consisted of a mixture 
of solvent A (acetonitrile) and solvent B (formic acid/ 
ultrapure water, 1:1000, v/v). The linear gradient program 
for the mobile phase was set as follows: 0 min 10% A; 0.5 
min 30% A; 1 min 95% A; 2 min 95% A; 2.6 min 10% A. 
The flow rate of the mobile phase was 0.4 mL/min and the 
injection volume was 2 μL.

The XEVO TQD triple quadrupole mass spectrometer 
was equipped with an electrospray ionization (ESI) source; 
multiple reaction monitoring (MRM) mode was selected 
for quantitation. The Mass Lynx 4.1 software (Waters 
Corp.) was used for data acquisition. Mass spectral data 
were obtained in positive electrospray mode (ESI+) in 
MRM mode. The quantitative ion pairs and related para-
meters of VEN, and of its metabolite, ODV, and diazepam 
(IS) are listed in Table 1. Other mass spectrometry para-
meters were as follows: a capillary voltage of 2000 V, a 
spray gas temperature of 500°C, and a gas flow rate of 50 
L/min.

Effect of Vonoprazan on the Metabolism 
of VEN in Rat Liver Microsomes
According to published article,14 range of 2–16 μM VEN 
was dissolved in methanol to meet concentrations at 

Table 1 The Quantitative Ion Pairs and Related Parameters of 
Venlafaxine (VEN), Its Metabolite, O-Desmethylvenlafaxine 
(ODV), and Diazepam (Internal Standard)

Compound Parent 
(m/z)

Daughter 
(m/z)

Cone 
(V)

Collision 
(eV)

ODV 264.15 57.96 30 20

ODV 264.15 106.95 30 30

VEN 278.19 58.00 30 20
VEN 278.19 120.97 30 30

Diazepam 285.10 193.10 35 30
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a series of the Km value. Vonoprazan was dissolved in 
DMSO and diluted at 0–10 μM concentrations with metha-
nol to meet concentrations at about a series multiple of the 
IC50 value. The incubation was done in a total volume of 
200 μL, which consisted of RLMs (1 mg/mL), 100 mM 
potassium phosphate buffer (pH = 7.4), 10 mM NADPH, 
2–16 μM VEN, with or without vonoprazan at 0–10 μM 
concentration. After pre-incubation at 37°C for 5 min, the 
reaction was initiated by adding 10 μL NADPH. The 
reaction mixtures were incubated for 30 min, and 
the reaction was stopped by adding 200 μL ice-cold acet-
onitrile. All the reaction mixtures were centrifuged at 
14,000 × g (10 min at 4°C) after mixing with 20 μL IS 
(500 ng/mL diazepam), and the supernatant obtained was 
analyzed. A 150 μL aliquot of the supernatant was placed 
on a UPLC vial and 2 μL was loaded in the UPLC-MS/MS 
system.

Animal Experiments
Male SPF Sprague-Dawley rats, weighing 180–220 g, 
were obtained from the Laboratory Animal Center of the 
Wenzhou Medicine University (Wenzhou, Zhejiang, 
China). They were fed a standard diet and kept under 
normal daily light cycle, 40–60% relative humidity at 
25°C. The rats were fed once a day in the morning and 
in the evening and were allowed free access to water. The 
experimental drug was administered 1 week later. No other 
drugs were used before the experiment. All experimental 
produces and protocols were reviewed and approved by 
the Animal Care and Use Committee of Wenzhou Medical 
University (approval No. wydw2019-650) and were in 
accordance with the Guide for the Care and Use of 
Laboratory Animal.

In vivo Pharmacokinetic Study
Eighteen rats were randomly divided into three groups: control 
group (n = 6), pretreated with 0.5% Carboxymethylcellulose 
sodium (CMC-Na) once daily for 7 days before the adminis-
tration of VEN (20 mg/kg, oral); low-dose group (n = 6), 
pretreated with vonoprazan (5 mg/kg, oral) in 0.5% CMC- 
Na once daily for 7 days before the administration of 
VEN; high-dose group (n = 6), pretreated with vonoprazan 
(20 mg/kg, oral) in 0.5% CMC-Na once daily for 7 days before 
the administration of VEN. Animals in both VEN and vono-
prazan groups were given VEN at 4 mL/kg, after 30 min of the 
last treatment with vonoprazan. Rats in all the groups were 
administered VEN in 0.5% CMC-Na, at different time after 
the administration (0.083, 0.25, 0.5, 1, 2, 3, 4, 6, 12, 24 h); 300 

μL blood samples were collected from the caudal vein and 
placed in Eppendorf tubes with heparin sodium. The blood 
samples were centrifuged (Optima XPN) at 4000 rpm for 
10 min at 4°C to obtain the plasma, which was stored at 
−80°C until the analysis.

Preparation of Plasma Samples
The frozen plasma samples were thawed at room tempera-
ture and uniformly mixed; 100 μL plasma was taken out 
and mixed with 20 μL IS (500 ng/mL diazepam), and 
200 μL ACN was added to precipitate the proteins, 
which was followed by vortexing for 30 s and centrifuga-
tion at 13,000 rpm for 5 min. A 150 μL aliquot of the 
supernatant, thus obtained, was transferred to UPLC vials 
and 2 μL of it was loaded into the UPLC-MS/MS system.

Data Analysis
All the data are averages of duplicate or triplicate determi-
nations. The Km value of VEN, the 50% inhibitory effect of 
vonoprazan on VEN, and the plot plasma concentration– 
time curves were determined by nonlinear regression ana-
lysis with GraphPad prism (version 7.0; GraphPad Software 
Inc., San Diego, CA, USA). The pharmacokinetic para-
meters were calculated by noncompartmental analysis 
using DAS (version 3.2.8; The People’s Hospital of 
Lishui, China). Statistical comparisons within groups were 
conducted with SPSS (version 24.0; SPSS Inc., Chicago, 
IL, USA), using Student’s t-test. A P-value < 0.05 was 
considered statistically significant.

Results
Validation of Method
In this study, the regression equation of calibration standard 
curve is constructed as follows: VEN, y=(0.01565x + 
0.00701, r2 = 0.9979); ODV, y=(0.01354x + 0.00034, r2 = 
0.9957). The calibration standard curves demonstrated an 
excellent linearity at a concentration range of 1–500 
ng·mL−1 for VEN and that of 0.2–100 ng·mL−1 for ODV. 
The inter-day and intra-day precision data for VEN in plasma 
at three quality control (QC) levels (3, 30, 300 ng·mL−1) were 
less than 8.58% and 9.06%, respectively; the accuracy of 
which is at a range of 94.70–105.83% and 98.37–103.56%, 
respectively. The inter-day and intra-day precision data for 
ODV in plasma at three QC levels (0.6, 6, 60 ng·mL−1) were 
less than 9.04% and 4.82%, respectively; the accuracy of 
which is at a range of 106.40–107.33% and 104.97 
−109.35%, respectively. All the results are shown in Table 2.
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The results of different stability studies in plasma are 
shown in Table 3. The precision data for VEN and ODV in 
plasma at three QC levels under three different conditions 
(placed at 4°C for 24 hours, room temperature for 4 hours, 
−80°C for 7 days) were less than 11.60% and 5.55%, 
respectively; the accuracy of which at a range of 99.68– 
111.18% and 105.72–112.11%, respectively. The results of 
stability test were within the error range (±15%).

Effects of Vonoprazan on the Enzyme 
Kinetics of VEN in vitro
The method of quantification of ODV was established 
successfully without any interfering peaks as shown in 
Figure 2. The calibration curves demonstrated linearity 
over the range from 0.025 to 5 μM for ODV. The Km 
value for VEN was determined by non-linear regression of 
the reaction velocity versus substrate concentration 
(Figure 3). A value of Km = 8.278 μM for VEN was 
determined as the concentration of ODV. The assessment 
of inhibition revealed that vonoprazan could significantly 
decrease the concentration of ODV (IC50 = 5.544 μM). 
Vonoprazan inhibited the metabolism of VEN, with a Ki of 

23.14 μM and a Ki’ of 11.29 μM, by a mixed inhibition 
mechanism, involving competitive as well as non-compe-
titive inhibition.

Effects of Vonoprazan on the 
Pharmacokinetics of VEN in vivo
Mean plasma concentration-time profiles of VEN and ODV 
after oral administration of VEN (20 mg/kg) in the presence 
and absence of vonoprazan (5 and 20 mg/kg) in rat are 
shown in Figures 4 and 5; the corresponding pharmacoki-
netic parameters for VEN and ODV are shown in Tables 4 
and 5. Compared with the control group, when co-admini-
strated with 20 mg/kg vonoprazan, the AUC (0-∞) values for 
VEN and ODV were significantly increased by 6.37- and 
2.05-fold, and the MRT (0-∞) values were increased by 0.58- 
and 0.39-fold, respectively. The Tmax and Cmax of VEN and 
ODV were elevated by 2.71-, 2.46-fold and 3.12- and 0.88- 
fold, respectively. Additionally, vonoprazan significantly 
decreased the CLz/F of VEN and ODV, and the Vz/F of 
VEN and ODV were decreased by 86.87%, 68.33%, 
89.35%, and 62.08%, respectively. When co-administrated 
with 5 mg/kg vonoprazan, only the AUC(0-t) of VEN and 

Table 2 Evaluation of the Inter- and Intra-Day Precision by the Proposed UPLC-MS/MS Method for Determination of VEN and ODV 
in Rat Plasma (n = 6)

Analytes Preparation 
Concentration 
(ng·mL−1)

Inter-Day Intra-Day

Precision Accuracy Precision Accuracy

RSD (%) RE (%) RSD (%) RE (%)

VEN 3 7.94 94.7 6.94 98.37
30 6.10 105.83 9.06 103.56
300 8.58 106.22 6.38 102.15

ODV 0.6 9.04 107.33 4.16 104.97
6 2.84 106.40 3.26 107.01

60 5.12 106.75 4.82 109.35

Table 3 Stability Results of VEN and ODV in Rat Plasma Under Different Conditions (n = 6)

Analytes Preparation 
Concentration 
(ng·mL−1)

Room Temperature, 6h 4°C, 24h −80°C, 7 Days

Precision Accuracy Precision Accuracy Precision Accuracy

RSD (%) RE (%) RSD (%) RE (%) RSD (%) RE (%)

VEN 3 11.60 102.90 7.55 108.99 9.35 99.68
30 8.42 103.09 7.83 111.18 7.36 108.61
300 8.09 102.08 6.68 106.95 8.86 105.33

ODV 0.6 3.36 107.58 4.37 112.11 3.29 105.72
6 3.68 109.40 2.30 107.41 4.43 103.07

60 5.55 109.57 3.39 108.96 2.39 106.85
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ODV, and Cmax of VEN were increased by 1.66-, 0.39-, and 
1.05-fold, respectively. The Clz/F of VEN was significantly 
decreased by 65.73%; the other parameters of VEN and 
ODV were not altered by the presence of vonoprazan. 
However, the metabolite (M. R.) in the rats co-administered 
with 5 and 20 mg/kg vonoprazan increased by 0.87- and 
1.34-fold compared to that in the control group.

Discussion
PPI affects drug absorption and metabolism by interacting 
with the CYP450 enzyme system. With the increasing 
clinical use of PPIs, the risk of unnecessary DDI increases 

inevitably. Vonoprazan was marketed in Japan as the first 
orally active P-CAB. Vonoprazan is metabolized mainly 
by CYP3A4/5 and to some extent by CYP2B6, CYP2C19, 
CYP2D6, and SULT2A1, it can also inhibit these enzymes 
to varying degrees.5,7 Many antidepressants are substrates 
of CYPA2D6 or CYP3A4/5, or inhibitors of both the 
enzyme systems, such as VEN, the first serotonin-norepi-
nephrine and norepinephrine reuptake inhibitors intro-
duced to the market, which was used in the treatment of 
a number of psychiatric disorders, including major depres-
sive disorders and anxiety disorders.11 The biotransforma-
tion of VEN to its active metabolite, ODV, is mediated by 

Figure 2 Typical MRM chromatograms of venlafaxine, O-desmethylvenlafaxine and diazepam (IS).

Figure 3 (A) Substrate saturation plots, from product formation data, for venlafaxine (1–200 µM) in RLMs. (B) Effect of the vonoprazan on venlafaxine metabolism in RLMs 
(vonoprazan 0.1–100 µM).
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CYP2D6, and to N-desmethylvenlafaxine via CYP3A4. 
More than half of the dose is converted to ODV after 
a single oral administration, mainly by metabolism 
through CYP2D6.

Drug–drug interactions may cause adverse drug reac-
tions, which depend on the dose of the drug and its specific 
metabolism. In this study, we first investigated the inhibi-
tory mechanism of vonoprazan on VEN in rat liver micro-
somes by calculating the generation of ODV. The results 
suggested that vonoprazan significantly inhibited the for-
mation of ODV and exhibited moderate inhibition of the 
VEN metabolism (IC50 = 8.278 μM). The inhibition of 
vonoprazan by VEN, with a Ki of 23.14 μM and a Ki’ of 
11.29 μM, occurred through a mixed inhibition mechan-
ism, combining both competitive and non-competitive 
inhibition. The mechanism of inhibition suggests that 

vonoprazan may display mixed inhibition through multiple 
pathways, such as CYP3A4 or 2D6.

In our previous studies, results of in vitro and in vivo 
experiments showed that vonoprazan inhibited CYP3A4, 
CYP2C9, CYP2D6, and CYP2B6 in vitro and in vivo.16 It 
has been previously established that metabolism of VEN is 
dominated by CYP2D6 and it is transformed into the 
active metabolite ODV in the liver,17–19 In addition, 
CYP3A4/5 also participate partially in the metabolism of 
VEN.20 Therefore, VEN is susceptible to CYP450- 
mediated DDI, especially through the CYP2D6 metabolic 
pathway.21 In this study, the plasma concentrations of 
VEN and ODV were significantly elevated, suggesting 
that vonoprazan causes clinically relevant inhibition of 
VEN metabolism via CYP3A4 or 2D6. In the presence 
of vonoprazan, the AUC(0-t) and Cmax values for VEN and 

Figure 4 Lineweaver–Burk plots for vonoprazan inhibition of venlafaxine in rat livers microsomes. Data shown are the mean ± standard deviation of triplicate experiment. 
(A) Lineweaver–Burk plots for vonoprazan (0, 1.25, 2.5, 5, 10 μM) inhibition of venlafaxine (2, 4, 6, 8 μΜ) in rat livers microsomes. (B) Slope of Primary Plot. (C) Intercept 
of Primary Plot.

Figure 5 Mean plasma concentration–time profiles of venlafaxine (A) and O-desmethylvenlafaxine (B) after an oral administration of venlafaxine (20 mg/kg) to rats in the 
presence and absence of vonoprazan (5 and 20 mg/kg) (mean ± S.D., n=6); (1) Low-dose group was pretreat with vonoprazan (5 mg/kg, oral); (2) High-dose group was 
pretreat with vonoprazan (20 mg/kg, oral); (3) Control group was administered by venlafaxine (20 mg/kg, oral).
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ODV were significantly increased. Vonoprazan (20 mg/kg) 
had a more significant effect on enhancing the oral expo-
sure of venlafaxine. VEN undergoes first-pass metabolism; 
under the influence of vonoprazan, the first-pass metabo-
lism was reduced, thereby, increasing the drug absorption, 
which might be the reason for the increased AUC(0-t) and 
Cmax for VEN. The metabolite–parent ratio (MR) in rats 
administrated vonoprazan (5 and 20 mg/kg) increased sig-
nificantly (P < 0.05) compared with that in the control, 
implying that vonoprazan had obvious inhibitory effect on 
the transformation of VEN to ODV, and displayed dose- 
dependent effect on VEN metabolism. The results of in 
vitro and in vivo studies indicate that vonoprazan can 
significantly inhibit the activity of CYP3A4 or 2D6. In 
the present study, the significant alteration in MRODV in 

the presence of 5 and 20 mg/kg vonoprazan suggested that 
vonoprazan is capable of altering the formation of ODV, 
which is mainly metabolized by CYP2D6.15,20 As shown 
in Figure 5, while the slope of the concentration–time 
curve was similar in all the rats after oral administration, 
the coadministration of vonoprazan increased the AUC(0-t), 
Cmax and MRODV of VEN with a decrease in the total 
plasma clearance. These results indicate that vonoprazan 
can reduce the metabolism in the GI tract during the 
intestinal absorption. A dose of 5 mg/kg vonoprazan may 
provide the inhibitory concentration in vivo.

ODV is considered to have an antidepressant effect simi-
lar to that of VEN.22,23 CYP2D6 is an enzyme with high 
affinity and low volume, which dominates the VEN 
metabolism;17 its activity is considered to be a major intrinsic 

Table 4 Mean Pharmacokinetic Parameters of Venlafaxine (VEN) After Oral Administration (20 mg/kg) to Rats in the 
Presence and Absence of Vonoprazan (5 and 20 mg/kg)

Parameters VEN VEN + Vonoprazan

5 mg/kg 20 mg/kg

AUC(0-t) (µg·L−1·h−1) 260.40 ± 101.62 688.80 ± 160.61* 1,905.03 ± 548.19*
AUC (0-∞) (µg·L−1·h−1) 260.91 ± 101.43 693.96 ± 162.74* 1,922.61 ± 565.66*

MRT(0-t) (h) 2.09 ± 0.18 2.44 ± 0.30 3.28 ± 0.52*

MRT (0-∞) (h) 2.12 ± 0.17 2.52 ± 0.43 3.36 ± 0.56*
t1/2z (h) 1.39 ± 0.32 1.48 ± 0.46 1.28 ± 0.53

Tmax (h) 0.70 ± 0.21 0.95 ± 0.37 2.60 ± 0.55*

Vz/F (L·kg−1) 187.22 ± 129.65 62.08 ± 15.41 19.93 ± 7.19*
CLz/F (L·h−1·kg−1) 87.60 ± 37.78 30.02 ± 6.51* 11.50 ± 4.80*

Cmax (µg·L−1) 127.38 ± 41.53 261.43 ± 109.51* 525.11 ± 114.59*

Notes: n = 6 per group; data are expressed as mean ± SD. *Significantly different from control, P < 0.05. 
Abbreviations: AUC, area under the plasma concentration–time curve; CL, plasma clearance; Cmax, maximum plasma concentration; MRT, mean 
residence time; t1/2, half-life; Tmax, time taken to reach maximum plasma level.

Table 5 Mean Pharmacokinetic Parameters of O-Desmethylvenlafaxine (ODV) After Oral Administration of 
Venlafaxine (VEN; 20mg/kg) to Rats in the Presence and Absence of Vonoprazan (5 and 20 mg/kg)

Parameters VEN VEN + Vonoprazan

5 mg/kg 20 mg/kg

AUC(0-t) (µg·L−1·h−1) 155.32 ± 36.65 220.80 ± 31.51* 469.33 ± 68.58*

AUC(0-∞) (µg·L−1·h−1) 160.95 ± 43.45 224.59 ± 31.70* 491.64 ± 79.81*
MRT(0-t) (h) 2.82 ± 0.55 3.08 ± 0.48 3.92 ± 0.38*

MRT(0-∞) (h) 3.20 ± 1.16 3.28 ± 0.49 4.44 ± 0.52

t1/2z (h) 2.05 ± 1.05 2.01 ± 0.36 2.43 ± 0.75
Tmax (h) 0.75 ± 0.18 0.95 ± 0.37 2.60 ± 0.55*

Vz/F (L·kg−1) 373.67 ± 170.49 259.92 ± 41.47 141.68 ± 30.36*

CLz/F (L·h−1·kg−1) 131.82 ± 35.47 90.37 ± 11.76 41.74 ± 8.16*
Cmax (µg·L−1) 58.10 ± 14.09 69.72 ± 30.05 109.35 ± 13.42*

MR 1.64±0.52 3.06±0.29* 3.84±0.69*

Notes: n = 6 per group; data are expressed as mean ± SD; *Significantly different from control, P < 0.05.*MR ODV =AUC VEN/AUC ODV.15 
Abbreviations: AUC, area under the plasma concentration–time curve; CL, plasma clearance; Cmax, maximum plasma concentration; MRT, mean 
residence time; t1/2, half-life; Tmax, time taken to reach maximum plasma level.
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factor in the pharmacokinetics of VEN,11 but it is speculated 
that the clinical significance of altering the activity of 
CYP2D6 is limited.24 Both vonoprazan and VEN are sub-
strates of CYP2D6. The inhibitory mechanism of vonopra-
zan may be due to the competition between these two drugs 
for the CYP2D6 binding sites, leading to decreased VEN 
metabolism while increasing the plasma concentration of 
VEN and ODV.25 In addition, a portion of VEN metabolized 
by CYP3A4 was reported to be inactive N- 
desmethylvenlafaxine.26 Vonoprazan is mainly metabolized 
by CYP3A4 and exhibits a certain degree of activity.27 We 
suspected that the inhibition of CYP3A4 activity by vono-
prazan may block the formation of N-desmethylvenlafaxine, 
and support the formation to ODV via CYP2D6.13 Inhibition 
of VEN formatted into N-demethylation via CYP3A4 
results only in minor changes in its pharmacokinetics, 
because CYP3A4 has a small effect on VEN metabolism, 
in general.24 Moreover, VEN and ODV are both P-glycopro-
tein (P-gp) substrates. Hence, alterations in the activity of P- 
gp may essentially affect the absorption and metabolism of 
VEN,13 which may be the reason that vonoprazan reduced 
the metabolism of the VEN in the gastrointestinal tract during 
intestinal absorption and increased the AUC(0-t) and Cmax of 
VEN and its active metabolic ODV.28

Vonoprazan is a new PPI that was launched in 
December 2014. It has the advantages of new mechanism 
of action, faster onset time, longer acid inhibition time, 
and less drug and food influence. Vonoprazan has been on 
the market for a very short time, there are many clinical 
trials to support its clinical application, but still lack of 
medical experience and comprehensive clinical data, espe-
cially the part related to drug–drug interactions. This study 
explored the effects of vonoprazan on venlafaxine in vitro 
and in vivo and found that vonoprazan can significantly 
affect the absorption and metabolism of venlafaxine, 
which is an important reference for the verification of 
real DDI in the clinical environment in the future.

Owing to limited conditions, we have not been able to 
conduct experiments in a real clinical environment. On the 
basis of the current rat experiment results, further research 
would be under consideration in the future. In addition, 
specific inhibitory mechanism can also be explored in 
depth. Therefore, more rigorous clinical trials are needed 
to further confirm these findings.

In summary, our study investigated the effects of vono-
prazan on venlafaxine in vitro and in vivo. The results 
showed that vonoprazan inhibited the absorption and 
metabolism of venlafaxine, suggesting that attention 

should be paid to the effects of vonoprazan on venlafaxine 
in clinical applications. The clinical significance of these 
findings needs to be further evaluated in clinical studies.

Conclusion
The results of our study indicate that vonoprazan signifi-
cantly inhibits VEN metabolism in vivo and in vitro in a 
dose-dependent manner, and that this inhibition occurs 
through a mixed inhibition mechanism, involving competi-
tive and non-competitive inhibition. Vonoprazan (5 and 20 
mg/kg) could significantly change the pharmacokinetic para-
meters of VEN and ODV, when co-administered with VEN. 
Therefore, concomitant use of vonoprazan and VEN will 
require close monitoring of potential drug–drug interactions.
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